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Abstract: Contact thermometers are used in a wide temperature range as well as under various media
and environmental conditions. The temperature can range from —200 °C to about 1500 °C. In this case,
the dynamic parameters (time percentage values ¢, and time constants 7) depend on temperature.
Several effects are superimposed. Constructional and material properties of the thermometer and the
installation location affect the dynamic behavior as well as the type and material properties of the
object to be measured. Thermal conductivity A, specific heat capacity ¢, and density p depend on
temperature. This temperature dependence can be mutually compensated for (see Section 3). At the
same time, the dynamic behavior is also influenced by the temperature-dependent parameters of
the medium. When the thermometers are installed in air, for example, the heat transfer coefficient o
decreases with increasing temperature, owing to the temperature-dependent material data of the
air, at constant speed v. At the same time, heat radiation effects are so strong that the heat transfer
improves despite the decreasing convective heat transfer coefficient. In this paper, a number of
examples are used to establish a model for the temperature dependence of the dynamic parameters
for various thermometer designs. Both numerically and experimentally determined results for the
determination of the dynamic characteristic values are included in the consideration.

Keywords: thermometer; dynamic; material properties; temperature dependence

1. Introduction

In the 1980s and 1990s, several works were published dealing with the temperature dependence of
the dynamic behavior of contact thermometers [1-3]. The authors had been working on this subject for
several years [4-6]. To evaluate the dynamic behavior of contact thermometers quantitatively, dynamic
parameters (time percentage values ¢y, time constants 7, or cut-off frequencies f) are used. They can
be described as both changing the medium temperature of the process and by generating a step
response when the temperature sensor changes from one medium with the temperature T; to another
medium with the temperature T, (T1 # T5). In previous standards for contact thermometers for the
determination of the dynamic behavior, the recording of step responses by AT ~ 20-40 K in water or air
was prescribed. However, conclusions cannot always be drawn from the obtained characteristic values
about the dynamic behavior under other conditions (e.g., when using thermocouples in the hot steam
range or in the exhaust gas systems of vehicles (temperatures up to 1100 °C)). The characteristic values
of sensors at such high temperatures were not determined by using the equipment of the Institute for
Process Measurement and Sensor Technology at the TU Ilmenau. Therefore, numerical calculations
were carried out. At the beginning, a simple wire-wound measuring resistor was considered for these
numerical calculations since only the temperature dependence of the material data of Al;O3 needs
to be taken into account, and analytical results can be used for the comparison of the numerically
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The time constant 7 is proportional to the inverse thermal diffusivity ¢:p/A as well as to ¢/A if the
density o is constant [6]. ANSYS software (mechanical APDL 17) was used for numerical calculations
(finite element analysis).
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2. Test Equipment

2. Test th ipment
For the experimental determination of the dynamic behavior, step responses were applied with
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A(tx) —uncertainty of the respective time-percent value;

A(h(t<)) —uncertainty in determining the normalized temperature;
S(h(tx)) —increase of the respective time-percent value;
A(ta)—uncertainty of the sampling time;

A(tvc) —uncertainty of the measuring device (HP 34410A);
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A(tx)—uncertainty of the respective time-percent value;

A(h(tx))—uncertainty in determining the normalized temperature;

S(h(tx))—increase of the respective time-percent value;

A(ta)—uncertainty of the sampling time;

A(tmg)—uncertainty of the measuring device (HP 34410A);
—uncertainty of the measuring switch (PREMA 2024);

Sensorsg(;
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A(tpau)—uncertamty by falling of the heat tube.
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wermal dirusivity a(d - = ﬂ ) Increased with rising temperature 10r the material used.

The cooling from different starting temperatures (see markers in Figure 4) to room temperature
were calculated. At the beginning of the temperature step (t = 0 s), a convective heat transfer
coefficient @ = 171 W-m2K-! and ambient air temperature T = 20 °C were set as the boundary
SEBRARH t #E right line of the axial-symmetrical model and all other surface lines were insufated
(Figure 4).
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Figure 5. FEA results for steps from different temperatures to T =20 °C.
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4. Investigations with Typical Industrial Thermometers
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rstly, the dyna avior of a simple sensor element at higher temperatures was investigated.
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air %ﬁg&%ﬁiﬁ%ﬁé‘gg&gpﬁgﬁeawring insert has holes at its tip to shorten the time cgnstant

compared to conventional measuring inserts.

\ measuring insert (d =6 mm; 0.5 mm wall thickness) ﬁ

sensor Pt100 (d =2.8 mm; / =30 mm)
Figute 7. industrial resistance thermemeter tsed:
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The results show the temperature dependence of dynamic parameters and a very good agreement
between the calculated ¥alues and the measured ones for t5y and tg3. mjcfwin this simulation, the
measuring insert, the infitience-of-a differentty fe‘rflﬁéfa_tﬁ}g—zjbh:cfolled environment, and the place of
installation were not con$fdered. Therefore, there is a difference-betweenithe results of FEA-calculation

(green line) and measurethent (green dashed line) for the time-percent value toq (Figure 8).
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Figure 8. Comparison of the results of FEA calculation and measurement (Me) for the industrial
recistance thermometer shown in Ficuire 7
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The temperature dependence of the inverse thermal diffusivity a' was different for the three
materials used—it increased with rising temperature for MgO, and it decreased with rising
temperature for the two metals (

The experimental data using this thermocouple in the test equipment (Figure 2) also showed a
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However, this was less than (approximately half as large as) the measurement of the resistance
thermometer;, wihicih cam e explaiined by the fact that the volume of the insulation eeramic was about
twice the volume of the thermocouple wires and the measuring insert. The increase in the thermal
diffusivity of the ceramic with rising temperature was more pronounced than the decrease in the
thermal diffusivity of the metals i fesponse o isitg tempeiatuie. The thermoecouples used in the
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hehetfentinconuiegsriicn ths, the fthehmeaimpla ovth e e ehewredcouplis hilt Basncbasuretiimaidehtst
evisldatadu in el dyroenidcheracteribti dyakmidiehavetenstar thisesdsatditiomader these conditions.

8. Egnelusisns

It was possible o verify the temperatire dependence of dynamic parameters of various
thermemeters thisugh humerical ealeulations and the measurements ebtained By using different test
equipment: For ceramic sensing resistors, a linear correlation betwesh dynathic parameters and the
inverse thermal diffusivity of e e maleish was i,

Eenerally, e dynamic PARRIRS AR O
e  Temperature-dependent material properties of medium and thermometer;

e  The thermometer design and installation conditions;
e  Heat transfer conditions;

e  Surrounding area.

Regarding the relation between thermometer design and the materials employed (in terms of
thermal resistance and capacity), the boundary conditions (particularly heat transfer coefficient),
the installation conditions, etc., are decisive. Therefore, predictions cannot be made easily and a
simple analytical model for the relation between the material parameters and the dynamic behavior of
industrial thermometers has not yet been formulated.
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