THEORETICAL AND EXPERIMENTAL STUDY OF THE ERROR
OF TEMPERATURE MEASUREMENT BY THERMOCOUPLES
IN THERMAL~INSULATION MATERTALS
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On the basis of a numerical study of the solution of a three-dimensional unsteady
heat-conduction problem, we formulate practical recommendations for the choice of
thermocouples to measure temperatures in thermal-insulation materials.

The contact method of measuring temperatures with thermocouples has been widely used in
the experimental study of temperature distributions in solids [1-2]. However, together with
its obvious advantages, this method has an inherent shortcoming: the thermocouple indicates
the temperature of the junction itself, which is generally different from the actual tempera-
ture at the point of measurement. This difference causes a systematic error in temperature
measurements made by the contact method [2].

It was shown in [3, 4] that when a thermocouple is located along the normal to the
heated surface of a sample of thermal-~insulation material, the error may reach 50-70% of the
actual temperature. The distortion can be substantially reduced if the thermoelectrodes of
the thermocouple are placed parallel to the heated surface of the sample, i.e.,, in an iso-
thermal plane [5]. At the present only approximate methods of estimating the accuracy of such
measurements are known [1].

We consider a two-electrode thermocouple with a junction whose thermoelectrodes are
located in an isothermal plane of the sample under study. To simplify the discussion we
replace the actual physical model of the thermocouple and the sample under study by the follow-
ing computational scheme.

In the region of the sample under study where the thermocouple is located we select a
rectangular parallelepiped Q: with edges of length L,, L., and Ls; (Fig. 1) such that the
distortion of the temperature distribution on its faces resulting from the presence of the
thermocouple is negligibly small. One face of the parallelepiped is heated by a radiation
flux qin(T) which is uniform over the surface but varies with time. This surface is cooled

simultaneously by natural convection (heat-transfer coefficient o) and by self-radiation.
The opposite face and the lateral surfaces of the parallelepiped are thermally insulated.
The thermocouple is placed in the sample under study at a depth Z.

We replace the actual cross section S of the thermoelectrodes {2, and Qa (a circle of

T
diameter dT) by a square cross section Sr of side r = dT/EYZ which has the same area as the

actual circular cross section. We assume that the temperature of the free ends of the
thermoelectrodes is constant and equal to the ambient temperature Tyy and that there is

perfect thermal contact between the material Q; under study and the thermoelectrodes ., and
3 of the thermocouple.

Under the assumption that there are no physicochemical transformations in the system of
bodies under study, we formulate the following mathematical model of the problem posed:
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Fig. 1. Computational scheme.
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where T'; and ', are the surfaces of contact of the lateral surfaces of the thermoelectrodes
and the material, I's is the surface of contact (junction) of the thermoelectrodes, I's is the
lateral surface of the parallelepiped, and S is the normal to the surface under consideration.

Problem (1)-(9) is a nonlinear nonstationary boundary value problem for a domain with
discontinuous coefficients. We solved it by the total approximation method [6]. We replaced
the three~dimensional heat-conduction equation (1) by a chain of one-dimensional equations
which we approximated by a two-layer difference scheme on a three-point pattern [6]. We

approximated the boundary conditions in conformity with the energy balmnce method. We solved
each difference eguation by the pivotal method.

The numerical solution determined the three-dimensional unsteady temperature distribu-

tion in the system of bodies considered. A FORTRAN-IV program was written to carry out the
algorithm developed.

An experimental test of the mathematical model formulated and the method of solving it
consisted in the following.

Three samples of kaolin fiber 30 x 30 x 30 mm were prepared. The surface of the samples
to be heated was covered with a black high-melting coating based on borosilicate glass which
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Fig. 2. a) Values of the temperatures recorded by thermo-
couples; b) variation of relative error. The curves were
calculated and the points are experimental: 1) ZT/dT =

10; 2) 30; 3) 100 (Chromel—Alumel 0.2 mm in diameter; 4)

Tact’ ZT/dT = 300 (Chromel—Alumel 0.05 mm in diameter).

T in °K, T in sec, § in Z%.

was opaque to radiation. Three Chromel—Alumel thermocouples 0.2 mm in diameter and one 0.05
mm in diameter were placed at the same depth 7 = 3 mm in each sample. The ratic of the length
of the thermoelectrodes positioned along an isotherm to the diameter of the thermocouple was
ZT/dT = 10, 30, and 100 for the 0.2-mm-diameter thermocouple, and ZT/dT = 300 for the 0.05-

mm-~diameter thermocouple. The thermocouple readings were recorded by a KSP-4 automatic
potentiometer. '

The samples were heated on a radiation heating bench [7]. The radiation flux density
incident on the surface of a sample recorded by an asymptotic sensor of the Gardon type [2]
was qin(T) = 120 kW/m?®. The ambient temperature was Tam = Te = 293°K. In accordance with

the dimensionless relations in [8], the heat~transfer coefficient for natural convection at
the heated surface of a sample was taken equal to o = 12 W/m?+°K. The thermal insulation of
the lateral surfaces of the samples ensured one-dimensional heating of the material under
study.

Since the largest pores of the kaolin fiber (0.001-0.004 mm) are appreciably smaller
than the diameter of a thermocouple junction (0.3-0.5 mm), thermal contact in their region
of contact can be considered close to perfect [9].

The values of the thermophysical properties of the material under study used in the
calculations were taken from [9], and those of the thermoelectrodes of the Chromel—-Alumel
thermocouples from [10]. The emissivity of the opaque coating based on borosilicate glass
was taken equal to 0.9.

In the calculations we considered a L; = 30, L = 30, Ly = 2.5 mm region near the
thermocouple. We determined the space—time net of the approximate discrete model of problem
(1)-(9) by comparing numerical and analytic solutions of a linear nonstationary heat-transfer
problem. The latter was obtained by the method of finite integral transforms [11]. We
assumed that the properties of the material under investigation in the regions Q;, 0z, and
Qs are constant and independent of temperature, and that there is no self-radiation from the
surface of the sample.

A comparison of the two solutions showed that for the finite difference approximation
of problem (1)-(9) with a 0.2-sec time step and a nonuniform space net with 35 x 35 x 10
nodes for L;, Lz, and Ls, respectively, the error of the numerical solution obtained for the
temperature does not exceed 3% of the analytic solution.

The calculated values of the temperature T,, of the thermocouple junction and the experi-

T
mental thermocouple readings are shown in Fig. 2a. The experimental values of the tempera-
tures are the arithmetic mean of three measured values. The accuracy of the determination
of the average result was found with a confidence coefficient of 0.95. The maximum mean-—
square error of the results over the whole range of measurements did not exceed 9.7%.
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Fig. 3. Error for thermoelectrodes of
various diameters. 1) 0.05; 2) 0.1; 3)
gég; 4 0.5 mm. a) ZT/dT = 30; b) ZT/dT =

Figure 2a shows that the readings of the 0.05-mm diameter thermocouple are in satis-
factory agreement with the calculated values of the actual temperature Tact' The values of

the temperatures recorded by the 0.2-mm-diameter thermocouples agree with the calculated
values of Tr. The maximum difference is 25°K, which lies within the limits of experimental
erroTr.

The relative error was defined as

89 = _ELLILZQQ__1QQ %,
Tac‘[ 4 am

where Ta is the calculated temperature of the sample outside the range of the perturbing

ct
action of a thermocouple at depth x = 7, In the experimental determination zf the arror,
the reading of the 0.05-mm-diameter thermocouple was taken as the actual temperature.
Figure 2b shows the variation of the relative error of the temperature measurement by the
0.2~mm~diameter thermocouples. It is clear that at early times the error may reach 30-50%,
and the absclute difference between the actual and distorted temperatures is 70-100°K (Fig.
2). TFor the relatively large value ZT/dT = 100 this difference reazches 20-23°K. The sub-

stantial increase in the relative error in certain time intervals can be accounted for by
the large temperature gradients which develop along the thermoelectrodes of a thermecouple
at the instant the front of the temperature wave reaches the thermocouple junction. As the
material is heated up, the temperature profile in the sample under study is flattened, and
the error decreases monotonically (Fig. 2).

The satisfactory agreement of the calculated and experimental values of the tempera-
tures and the magnitudes of the relative error show that the mathematical model of the prob-
lem corresponds to the actual thermal processes occurring in the sample under study and in
the thermocouple.

Let us consider the question of the choice of thermocouples for the correct measurement
of temperatures in thermal~insulation materials with thermal conductivities of the order of
0.1 W/m+*°K. The input data for the calculations are the same as in the preceding case,

The results of the investigation are shown in Fig. 3. In using thermocouples having
diameters less than 0.05 mwm to measure temperatures in thermal-insulation materials, the
relative error does not exceed 3%Z. Thermoelectrodes located on an isothermal surface should
be more than 1.5 mm long. The use of thermocouples with diameters greater than 0.1 mm to
measure temperatures in thermal-insulation materials (A ~ 0.1 W/m*°K) leads to errors of
10-30% even for relatively long thermoelectrodes (Fig. 3).

Investigations performed within the framework of the present study showed that the
recommendations formulated are valid for tungsten—tungsten-rhenium, platinumplatinum-
rhodium, Chromel—alumel, and Chromel—Copel thermocouples for various rates of heating of the
material under study.
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Similar calculations were performed for thermal-insulation materials of the fiberglass-
reinforced plastic type with thermal conductivities on the order of 0.5-1 W/m*°K. The
results obtained agree with the recommendations on the choice of thermocouples to measure
temperatures in fiberglass-reinforced plastics made in [5].

NOTATION
TT, temperature of region under study; To, initial temperature of system of bodies
considered; T, time; O’ densitys Cm, specific heat} Axm’ Aym’ Azm’ components of thermal
conductivity tensor; eg,, emmissivity of material under study; o, Stefan—Boltzmann constant.
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