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Abstract

In order to increase the capacity and efficiency factor of gas turbines and internal combustion engines while
preserving their high reliability, the gas temperature and its distribution need to be measured in combustion chambers.
Values of these temperatures can exceed 1800°C in an oxidizing atmosphere. Therefore, designing temperature
transducers for measurements in such severe environments, special attention should be paid to the selection of
thermometric materials. The requirements of the necessary accuracy and temperature range over 1800°C in an
oxidizing atmosphere are fulfilled only by the temperature transducer based on iridium-rhodium alloys. The
characteristic curve of such sensing elements is individual and each temperature transducer is to be calibrated. The
paper discusses a technique of determining the individual characteristic curve of iridium-rhodium sensing elements of
high-temperature transducers. The preparation steps to be taken prior to the calibration and the main stages of
determining the characteristic curve are described. The general view of the experimental set for calibrating the
sensing elements is presented. Based on the calibration results, the form of approximating polynomial of the
individual characteristic curve is proposed.
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1. Definition of the research problem selected for the study

To raise the single-unit capacity and efficiency factor of aviation and industrial gas turbines and internal
combustion engines, it is necessary to increase the gas temperature and pressure in their combustion chambers.
Raising the temperature necessitates studies associated with measuring the gas temperature distribution in the
combustion chambers in order to achieve the desired reliability. Under the conditions of these measurements, the
temperature transducer (TT) is subjected to a strong influence of high temperatures (up to 2200 °C) in an oxidizing
atmosphere. Such temperature measurement conditions are rather severe. Therefore, the choice of thermometric and
construction materials should be paid special attention to, when creating TT designs.

2. Analysis of the recent publications and studies of the issue

The choice of construction heat-insulating materials for high TT is defined by such properties of these materials
as the high-temperature resistance in the measurement environment, thermal stability, gas tightness, heat capacity,
thermal conductivity, coefficient of linear thermal expansion, processibility, chemical compatibility with the
thermometric materials and materials of the sheath, impurities affecting the main properties. The results of studying
thermal and electrical insulators for high TT are presented in [1].
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Of the slowly oxidizing thermometric materials, iridium has the highest melting point. This makes it possible to
make thermocouples for measuring temperatures up to 2200°C in oxidizing atmospheres typical for the hydrocarbon
fuel post-combustion flow.

The requirements of the desired accuracy and temperature range in an oxidizing atmosphere are satisfied only by
using the thermocouple with the positive wires of iridium+60%rhodium (IR60) and negative wires of iridium (Ir) [2],
[3]. The characteristic curve is denoted by IR60/0. In foreign literature there are also iridium-rhodium thermocouples
with the characteristic curve IR60/40 with positive wires of iridium+60%rhodium (IR60) and negative wires of
iridium+40%rhodium (IR40) [4]. Thermocouples made of iridium-rhodium alloys are the only ones that can sustain
long-term use in harsh oxidizing conditions under high temperatures (1800...2200°C).

3. Aim of the research

The study aims at developing the theoretical and practical basis for using iridium-rhodium sensing elements of
high-temperature transducers and a system of engineering tools for testing their metrological characteristics and
calibration.

The said aim is to be achieved through pursuing such research objectives as substantiating the practicability of
using a TIP-0182 thermoelectric iridium-rhodium temperature transducer for measuring the temperature of the
hydrocarbon fuel combustion products when testing the instruments on the test stands, developing a technique for
determining the individual characteristic curve for the iridium-rhodium sensing elements, proposing a design of a set
for calibrating the iridium-rhodium sensing elements, coming up with the form of approximating polynomial of the
individual characteristic curve.

4. Results and their discussion

A typical thermoelectric temperature transducer with iridium-rhodium thermocouple wires is TIP-0182 for
measuring the temperature of hydrocarbon fuel combustion products when testing the instruments on the test stands.
The general arrangement of the two designs of the temperature transducer with longitudinal flow is presented in
Fig. 1, 2.

The main technical characteristics of TT are as follows:

o the temperature measurement range is from 650 to 2100°C;

o the permissible value of the intrinsic error does not exceed +1.5% of the measured temperature;

o the thermal response time does not exceed 2 s;

o the recovery factor is 0.96...0.98 for the Mach number M in the retardation chamber from 0.2 to 0.6;

o the number of heating, holding and cooling cycles in the temperature range from 20 to 2100°C is no less than
15 for the total operation time of 25 hours.

In design 1 (TIP-0182, Fig. 1), the retardation chamber is made by molding with further heat treatment with
silicon carbide powder. The two outlets of the retardation chamber are 2 mm in diameter and are located past the hot
end. The diameter of the outlets is designed so as to ensure gas flow retardation and provide conditions for achieving
a constant recovery factor. The ratio of the areas of the inlets F to the areas of the outlets nf, through which the gas
flow enters the retardation chamber and leaves it, nf/F=0.125. The sheath measures 5x1 mm. The thermocouple wires
are insulated by two-way beryllium oxide tubes. The insulated thermocouple wires and insulator in the sheath are
fixed with thermal cement F50. The TT is welded to the housing of the measurement probe.

In design 2 (TIP-0182-01, Fig. 2), each thermocouple wire is insulated by the one-way beryllium oxide tube and
is placed in the sheath. The resulting structure has a slot running along the housing, which functions as the TT
retardation chamber. The ratio nf/F =0.135. TT is fixed by fitting it onto the thermal probe. TT is held on the thermal
probe by friction.

Temperature transducers TIP-0182 were developed for measuring temperatures up to 2100°C in an oxidizing
environment. They are successfully used for studying new instruments on test stands.
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Fig. 1. The general arrangement of TIP-0182 temperature transducer: 1 — retardation chamber; 2 — thermocouple end;
3 —insulating tube; 4 - metal bushing; 5 — thermal cement F50; 6- protection housing

Fig. 2. The general arrangement of TIP-0182-01 temperature transducer: 1 - hot end; 2 — thermocouple wires insulated by
one-way tube; 3 - insulating tube

The characteristic curve of converting the sensing elements is individual (IR60/0) and each thermocouple i is to
be calibrated, which consists in assigning certain graduation lines the corresponding values of the parameter being
measured.

4.1. Calibration technique

Prior to calibration, it is necessary to carry out a visual examination so as to ensure that the general views of TT
and thermocouple sensing elements comply with the requirements set in the operation guidelines, to test the
continuity of the sensing element circuit using an ohmmeter for measuring the electrical resistance with the error not
exceeding £1.5% and to check the electrical resistance of the TT insulation with a megohmmeter with the nominal
voltage of 500 V and measurement range from 0.1 to 500 MOhm with the error below £10%.

The calibration was performed by comparing with the standard TT on the reels of thermocouple wire material of
iridium (Ir) 99.8 and iridium/rhodium alloy 60 (IR), each of which, before making the sensing elements, is a segment
of wire no less than 5 m long. The standard TT was the standard of properties of thermocouple wire materials made of
the alloys [wolfram+5%rodium] (the positive wire) and [wolfram+20%rodium] (the negative wire). The nominal
characteristic curve of the standard is BP 5/20 (A) according to the state standard of Ukraine [5] and EU standard [6].

Throughout the calibration, the following conditions were maintained: the ambient temperature (2015) °C; relative
humidity of the environment (60+20) %; air pressure from 84 to 106 kPa; absence of vibrations and magnetic fields.
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4.2. Preparation for calibration
The calibration was preceded by the following preparation steps:
o checking the availability of the instrument certificates, certification and examination documents for all the

calibration tools issued by metrological facilities, manufacturer’s certificates for the thermocouple wire of
iridium and iridium/rhodium alloy;

e pieces of wire no less than 80 cm long were cut from the beginning and the end of the thermocouple wire reel
and two thermocouples were made;

e to obtain the hot ends (of the sensing element), the ends of each thermocouple were welded together in argon
atmosphere; each couple and standard TT were fitted with two-way insulators of beryllium oxide;

o the obtained sensing element and standard TT were placed in the furnace in such a way so that their hot ends
were located in the zone of the minimum temperature gradient;

« the free ends of the sensing element and standard TT were thermostated at 0°C and using extension wires were
connected to the potentiometer set keeping the polarity (or to a digital millivolt meter using a switch). The
standard TT was connected to the input X;, and the sensing element to the input X,. The experimental setup for
calibrating the iridium-rhodium sensing elements consisted of the following parts: electrical furnace with the
control unit; iridium-rhodium/ iridium sensing elements to be calibrated; sample TT; potentiometer; argon
cylinder.

o the potentiometer set (or digital millivolt meter) was switched on and the function was checked according to
the specification and manual;

o the furnace was vacuumed to the value no more than 0.01 kPa and argon was fed in the operating space of the
furnace under the positive pressure of 20...30 kPa. The furnace was turned on and the desired mode of
electricity supply was set up.

It should be noted that throughout the preparatory stage and calibration, the appertaining safety measures should
be implemented.

4.3. Determination of the individual characteristic curve

The characteristic curve was determined in the temperature range from 600 to 2100°C at temperature points of
600, 1200 and 2100°C. The permissible tolerance of the temperature did not exceed +50°C. To ensure that, the
furnace heating mode was set up so that the heating speed did not to exceed 50°C/min.

When measuring the thermal electromotive force in each temperature point, the speed of temperature change did
not exceed 1...1.5°C/min [7]. The measurements started with the standard TT and ended with the last sensing element
to be calibrated. After that, all the measurements were repeated in the reverse order and so on until four readings in
each row were obtained. The time intervals between the readings of the thermal electromotive force within the whole
measurement cycle were approximately equal and did not exceed 30 s.

Then the furnace temperature was increased up to the next calibration point, and all the operations presented
above were repeated until the end of calibration.

Based on the results of calibrating the two sensing elements, the mean value of the thermal electromotive force

Eu at the calibration temperature is
Ey=titEd )
2
which is then reduced to the temperatures 600, 1200 and 2100°C using the expression:

Emi=Eti+(d—Ej At, @
tni
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where E, E; are the thermal electromotive forces of the thermocouples made from the beginning and the end of the
thermocouple wire reels at the calibration temperature t;; E,; is the thermal electromotive force of the thermocouple,
reduced to the temperature t, (t,= 600; 1200 and 2100°C); At=t,—t;; (dE/dt)y; is the mean response of the
thermocouples at temperatures t,.

The value of E,; was recorded in the report.

4.4. The algorithm of calculating the individual characteristic curve

The error of measuring the temperature of high TT depends on the dispersion of the values of the characteristic
curves and their stability. The accurate determination of the characteristic curve using mathematical tools based on
several point of the operating range makes it possible to reduce significantly the spread of characteristic curves for a
certain class of TT and to increase the accuracy of measuring the temperature of the object under study.

The individual temperature dependences obtained according to the above-presented technique were described
using the approximating polynomial:

£=3C,t', 3)

where E; is the value of the thermal electromotive force of the sensing element in mV for the temperature t measured
in °C; C; are the polynomial coefficients; i=1,2,...,n; n is the degree of the approximating polynomial.

The task consists in finding the best approximating polynomial E;. The coefficients C; that define the best
approximating polynomial are calculated using the least-squares method [8].

As a result of the above-presented study, the characteristic curve of iridium-rhodium sensing elements was
determined as the polynomial

E, =Eqp + Alt—600)+B(t-600)’, (4)

where Eg, is the value of the thermal electromotive force for the temperature 600°C, mV; A = 0.016339 mV/°C;
B = -0.00000376 mV/°C?.

The obtained individual characteristic curve applies only to the reels of the thermocouple wire of which the
sensing elements for the calibration were made. We also noted the poor ductility properties of the thermocouple wire
materials, which complicates making thermocouples.

5. Conclusion

1. The typical design of the temperature transducer with the iridium-rhodium sensing element for temperature
measurements above 1800°C in oxidizing environments was presented.

2. A technique for determining the individual characteristic curve of the iridium-rhodium sensing elements was
developed.

3. The preparation steps preceding the calibration were described.

4. A calibration set design for the iridium-rhodium sensing elements was proposed.

5. Based on the calibration results, the form of the best approximating polynomial for the individual
characteristic curve of the iridium-rhodium sensing elements was proposed.

6. The use of such thermocouples is viable only in vacuum and oxidizing environments, as in reducing
environments they rapidly change their thermoelectric properties.
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Bu3HayeHHS CTATHYHOI XaPAKTEPUCTUKH ipUAIMPOAI€BUX Yy TIMBHUX
€JIeMEHTIiB BUCOKOTEMIIEPATYPHUX TePMOINIEPEeTBOPIOBAYiB

Bacwiie @enunens, Spocnas FOcuk, Irop BacunbkiBchkuit
Hayionanvnuii ynisepcumem "Jlvgiscoka nonimexuixa”, gyn. Cmenana banoepu, 12, Jlvsis, 79013, Ykpaina

AHoTanis

Jnst miABUILCHHS MOTYKHOCTI 1 KoedillieHTa KOPUCHOT Il ra30BUX TypOiH i IBUTYHIB BHYTPILIHBOTO 3rOPSHHS
npu 3a0e3MeUeHHI 1X BHUCOKOT HaMiHHOCTI HEOOXiJHO BHMIpPIOBATH TEMIICpaTypy Ta3iB Ta ii po3moiail B Kamepax
3TOpsIHHS. 3HAYCHHS IUX TeMIlepaTyp MOXKyTh mepesunryBati 1800 °C B okucioBaIbHOMY cepenoBuili. ToMy npu
CTBOPEHHI KOHCTPYKIIIl TEepMOIEpETBOPIOBaUiB Ul BUMIPIOBaHHS B TaKMX CKIQJHUX YMOBax OCOOJIMBY yBary
HEOoOXiJTHO 3BEPHYTH Ha BHOIp TEPMOMETPHYHMX MaTepiaiiB. Bumoram HeoOXifHOI TOYHOCTI 1 TeMHepaTypHOTO
miamazony Bume 1800 °C B OKHCIIIOBAaJbHOMY CEPCIOBHWIII 3aJO0BUIbHSIE TUIBKA TEPMOIICPETBOPIOBAY 3
TEPMOENIEKTPOIaMi Ha OCHOBI ipHUit0 Ta ipunifiponieBux cromiB. CTaTHYHA XapaKTEPUCTHKA IEPETBOPEHHS TAKHX
YYTJIMBHX €JIEMEHTIB € IH/AMBIAyaJbHOIO 1 KOXEH TEepMOIEPETBOPIOBAaY IiJUIrae TpajyloBaHHIO. Po3risiHyTo
METOJIMKY BH3HA4Y€HHs IHAMBIAyaJbHOI CTaTUYHOI XapaKTEPUCTHKH MEPETBOPEHHS IPUIIHPOIEBUX UYTIMBUX
€JIEMEHTIB BHCOKOTEMIIEPATYpPHUX TepMOIIepeTBOptoBadiB. OMUCAaHO MiArOTOBYi poOOTH, sIKi HEOOXiTHO BUKOHATH 0
MPOBEICHHS TPAAYIOBaHHS Ta OCHOBHI €Tany BU3HAYEHHs CTATHYHOI XapakTepucTHKH. HaBeneHo 3aranbHUi BUTIISA
eKCIIEPUMEHTAIILHOT YCTaBH ISl TPaIyFOBaHHS Yy TJIMBHX €JIEMEHTIB. 3a pe3yJibTaTaMM I'PaylOBaHHS 3alpOIIOHOBAHO
(hopMy ampoOKCHMAIITHOTO ITOTIHOMA iHAWBIAYATbHOI CTATHYHOI XapaKTEPHCTHKH.

KarouoBsi ciioBa: TeMmneparypa; cTaTHYHA XapaKTepUCTHKA; TpalylOBaHHS; ipUIIAPO/II€B] Uy TINBI €IEMEHTH.
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