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Abstract

The paper reviews experimental methods of temperature measurements using various types of thermometers, including
liquid-glass thermometers, conductive resistance temperature transducers, and thermoelectric transducers. The principles of
functioning, constructional features, working temperature ranges, and equations of resistance versus temperature are described.
To improve the accuracy of measurements, methods of error correction are considered, in particular, parallax errors and
incomplete immersion of the thermometer in the measuring medium, the necessity of introducing a compensation for
temperature of free ends of thermocouples. The measurement procedure includes a step-by-step determination of temperature,
resistance, and thermal electromotive force for conductive and thermoelectric transducers, followed by finding the temperature
according to graduation tables. Examples of calculations using the procedure are described by comparing the tabulated and
measured temperature values, which makes it possible to evaluate the effectiveness of using these temperature transducers
when measuring certain temperatures in a thermostat. Examples of calculating the actual temperature based on the resistance
of platinum and copper thermometers are provided, as well as the thermoelectric force of Chromel-Copel thermocouples.
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Introduction

Temperature is a physical quantity that characterises
the degree of heat in a material object. It is impossible
to measure the temperature of a heated object directly,
since there is no material representation of this quan-
tity in nature, i.e. a standard measure. Therefore, to
achieve temperature measurements, methods based on
the determination of such properties of a substance that
are unambiguously correlated with temperature and are
available for measurement are used. These properties
are called thermometric properties, and temperature
measuring instruments are called thermometers.

The properties of objects include the volumetric
and linear expansion of objects (expansion thermometers
are used), the dependence of electrical resistance on
temperature (resistance thermometers are used), and
the occurrence of electromotive force when dissimi-
lar metals are heated in a junction (thermoelectric
thermometers are used).

In Ukraine, the principles of constructing tempe-
rature scales and methods of their implementation
are regulated by the State Measurement Standard
DSTU 4017-2001 [1], which is based on the Internatio-
nal Committee for Weights and Measures’ Regulations
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for the International Temperature Scale (ITS-90).
The ITS-90 encompasses temperatures above 0.65 Kel-
vin, and in some of its intervals is based on fun-
damental physical dependencies, and in other
intervals — on a series of well-established fixed points
that correspond to the balance states of certain pure
substances. In the intervals between the temperatures
of the fixed points, interpolation is performed using
formulas that determine the relationship between
the measurements of reference equipment and tem-
perature values.

The reference device that is used in a wide tempe-
rature range is a platinum resistance thermometer,
the sensing element of which is made of voltage-free
annealed pure platinum wire. The reference device that
is used in the temperature range 630.74...1064.43°C
is a thermoelectric thermometer with electrodes made
of platinum-rhodium (10% rhodium) and platinum.

1. Theoretical justifications for the measuring equip-
ment used
Expansion thermometers

Expansion thermometers are based on the pro-
perty of liquid, solid and gaseous objects to change
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their volume depending on heating, i.e. changes in
temperature. Expansion thermometers include liquid-
glass thermometers (LGTs), dilatometric, manomet-
ric, and bimetallic thermometers.

Temperature measurements using LGTs are based
on the difference in the coefficients of the volume
expansion between the liquid and shell material of
the thermometer. Most commonly, the mercury is
used as a working substance, as well as ethyl alcohol,
toluene, ethyl esters. The temperature measuring range
is 200°C...1200 °C. Mercury thermometers are designed
for temperatures of —30°C...+200°C. The advantages
of LGTs, such as simplicity of use, low cost, and
constant performance, have ensured their application.
Measurement errors with liquid thermometers may
be: 1) due to the parallax during the observer’s
readings; 2) due to the differences in the temperature
of the measured medium and the temperature of the
protruding part of a thermometer.

The first error is eliminated if the observer’s eye
is at the level of the liquid meniscus. To eliminate
the error caused by an incomplete immersion of the
thermometer in the measured medium, it is necessary
to introduce a correction for the temperature on
the protruding column of the thermometer by the
following formula:

At,=n-b-(1,~1),

where n is the number of degrees on protruding
column;

b is the expansion coefficient of the mercury
in glass, #=0.00016 (for alcohol 5=0.001);

t, is the temperature indicated by thermometer;

t, is the ambient temperature in the laboratory
at the moment of measurement, which is determined
by an assisted thermometer.

In [2], the components of the systematic error in
the temperature measurement using liquid thermometers
are discussed in detail. The relative weight of the
components varies depending on the conditions of
calibration, application, and construction materials,
while changing the size of thermometers improves
some error components and weakens the other ones.

Resistance temperature transducers

Resistance temperature transducers use the
temperature dependence of the resistance of metals
and semiconductor materials. The materials used for
conductive resistance temperature transducers are
mainly copper and platinum, which, unlike semi-
conductor materials, allow for manufacturing tem-
perature transducers with a high degree of stability
and interchangeability, i.e. with the same characte-
ristic.

According to DSTU 2858:2015 (to replace
DSTU 6651:2014) [3], there are the following types
of temperature transducers:

PRT is a platinum resistance thermocouple,
used to measure temperatures in the range from
—200°C to +850°C;

CRT is a copper resistance thermocouple, used
to measure temperatures in the range from —50°C
to +200°C;

NRT is a nickel resistance thermocouple, used
to measure temperatures in the range from —60°C
to +180°C.

Thermocouples function at a low current con-
sumption, and their temperature is basically equal
to the temperature of the medium. The operating
current in thermocouples usually does not exceed
10...15 mA. They are made of a thin wire (50, 70,
100 um) wound on a carcass made of electrical
insulating material and placed in a metal protective
enclosure furnished with fasteners and clamps for
their connection to circuits.

The dependence of platinum resistance on the
temperature in the range from 0°C to +650°C is
determined by formula [4]:

R =R, -(I+a-t+B-1),

where R is a resistance at 7=0°C, Ohm;
a=3.907%x107 (1/°C);
B = 5.7841x107 (1/°C?).
For copper resistance thermocouples, formula [4]
can be used:

R =R, -(1+0,-?),

where R, is a resistance at r=0°C, Ohm;

a, = 4.26x103 (1/°C).

Copper resistance thermocouples should be used
at temperatures not exceeding 200°C, in an atmo-
sphere free of humidity and corrosion, as these
thermocouples oxidise at higher temperatures.

Thermoelectric transducers

Thermoelectric transducers, or thermocouples,
combine two non-uniform conductors connected at
a single junction. The point where they are connec-
ted is called the working end of the thermocouple.
Their free ends are connected to a measuring in-
strument.

When a working end of the thermocouple is
heated, a thermal electromotive force (thermoEMF) is
induced, which depends on the temperature difference
between the working and free ends of the thermocouple.
Thermocouples are used to measure temperatures in
the range from —200°C to +1700°C. They are usually
placed in protective steel, porcelain, or quartz tubes.

Since the temperature of free ends of the ther-
mocouple is usually different from 0°C in practical
applications, a correction is required [5]. The correction
for the temperature of free ends can be introduced
by the value of the apparent thermoEMF as follows.
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Fig. 1. Experimental measurement scheme

The measured value of the thermoEMF is at the
temperature of free ends different from the gradua-
ted one (i.e., from 0 °C):

E=E,+AE,,

where E; is a thermoEMF at graduated condi-
tions, mV;

AFE, is the correction for the actual tempera-
ture of free-ends, which is determined according
to the tables, mV. It is considered in compliance
with DSTU EN 60584-1:2016 [6].

2. Procedure for experimental measurements and eva-
luations

To ensure metrological traceability (MT), the
results of experimental measurements were compared
with the values obtained using the reference means of
the measuring equipment. MT is ensured by calibrating
the measuring equipment, while the established
(or target, defined) accuracy of measurement results
is ensured by selecting the appropriate measuring
equipment, calibrating it and observing the conditions
or requirements for application of measuring equipment.

In experimental measurements, M T was determined
by observing the conditions of using the measuring
instruments, such as resistance temperature transducers
and thermocouples, which were calibrated using
reference tools in accredited calibration laboratories
that have the appropriate certificates for performing
calibration procedures.

The measurement scheme is shown in Fig. 1. The
procedure performance is ensured by:

1) Thermostat TS-16A (“TC-16A") (oil tank type
Ts-52 (“LI-527); panel with clamps and outputs for
connecting measuring instruments).

2) Resistance temperature transducers: copper
CRT-6097 (“TCM-6097”), platinum 46P (“46I1”);
and Chromel-Copel thermocouple TCC-0515
(“TXK-05157).

3) Universal digital voltmeter V7-21A (“B7-21A”).

4) Liquid-glass contact thermometers (alcohol
and mercury).

The procedure for implementing the measure-
ment experiment is described below.

At first, it is necessary to set up a contact
liquid-glass (mercury) thermometer included in the
temperature control circuit of the thermostat. Note
the reading of this liquid-glass thermometer ¢, in the
measurement table in accordance with the form of
Table 1. Turn on the “Electric motor” switches of the
thermostat. For the initial temperature of thermostat,
measure the output values of temperature trans-
ducers (CRT-6097, 46P, TCC-0515), and note them
in Table 1.

It should be mentioned that the resistance values
of copper R, and platinum R;,, temperature
transducers should be measured with the universal
digital device V7-21A when the switch of the measured
value type is set to “R, Q”, but when the switch is set
to “ml’=100", it is necessary to measure thermoEMF
E_ .. of thermocouple TCC-0515.

Observing the increasing readings of the contact
thermometer in the thermostat during the heating of
oil in the tank, it is necessary to fix the temperature
values at some points alternately, switching off and
on the thermostat. At these points, take the readings
of the temperature transducers and note their values
in Table 1.

Let us consider an example of determining the
actual temperature f, of the thermostat from the
resistance value R of an exemplary platinum re-

0 meas
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Table 1
Table of measurements
Liquid-glass Transducer PRT Transducer CRT Chromel-Copel thermocouple
thermometer
P Atp tnp Sp RO tab R()mea.\' tO x tab X meas tx Atc 60 AEk Er meas Ex np txk 6.\'/(
°C| °C |°C| % Ohm °C Ohm °C| °C | % | mV mV mV [ °C | %
Table 2
Graduation of the temperature transducer PRT
Resistance for the temperature in °C, Ohm
Temperature of the Transducer PRT, 46 Ohm
working end, °C
0 1 2 3 4 5 6 7 8 9

10 47.82 | 48.01 48.19 48.37 48.55 48.73 4891 49.09 49.28 49.46

20 49.64 | 49.82 50.00 50.18 50.37 50.55 50.73 50.91 51.09 51.27

30 51.45 | 51.63 51.81 51.99 52.18 52.36 52.54 52.72 52.90 53.08

40 53.26 | 53.44 53.62 53.80 53.98 54.16 54.34 54.52 54.70 54.88

50 55.06 | 52.24 55.42 55.60 55.78 55.96 56.14 56.32 56.50 56.58

60 56.86 | 57.04 57.22 57.39 57.57 57.75 57.93 58.11 58.29 58.47

70 58.65 | 58.83 59.00 59.18 59.36 59.54 59.72 59.90 60.07 60.25

80 60.43 | 60.61 60.79 60.98 61.14 61.32 61.50 61.68 61.86 62.04

90 62.81 | 62.39 62.52 62.74 62.92 63.10 63.28 63.45 63.63 63.81

sistance temperature transducer according to Table 2.
Using the liquid-glass thermometer, the reading
1,=68°C was fixed. The universal voltmeter measured
the reading R, ,,.,=58.06 Ohm when the contacts were
connected to the corresponding clamps of the plati-
num resistance temperature transducer. According to
Table 2, there is a value of 58.11 Ohm that is closest
to the one of R,,,,. The temperature marks in the
Table correspond to this value as follows: horizon-
tally “60” and vertically “7”. So, #, = 67°C.

To determine the resistance R, ,, from Table?2,
which corresponds to the liquid-glass thermometer
reading #,=68°C, proceed as Follows. In the Table,
it is necessary to find a corresponding value at the
intersection of horizontal marks “60” and vertical
marks “8”, R, ,,=58.29 Ohm.

The correction Af, for the protruding column of
mercury should also be included, and the tempera-
ture 7, for a liquid-glass thermometer should be
determined according to the following formula:

t =t tAr,

np p p

where Atp=n-0.00016‘(tp—tl);

n=(+2),°C

t, is the temperature determined using an auxi-
liary liquid-glass alcohol thermometer that is located
indoors.

The relative error of measuring the temperature
with a liquid-glass thermometer is determined by the
following formula:

t
§ =2—2.100%.

P to

Consider an example of determining the para-
meters when the contacts of the universal voltmeter
are wired to the corresponding clamps of the copper
resistance temperature transducer. Using the voltmeter,
R, 1e0s=07.71 Ohm was measured. According to Table 3,
let us look for the closest value to R, ,,,, (67.68 Ohm)
[5]. This value corresponds to temperature marks
in the Table as follows: horizontally “60” and verti-
cally “5”. So, t.=65°C.

When determining the resistance R_,, from Table 3,
which corresponds to the reading of a liquid-glass
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Table 3
Graduation of the temperature transducer CRT
T . . Resistance for temperature in °C, Ohm
th:r:vl())ignlgir?d, Transducer CRT, 53 Ohm

< 0 1 2 3 4 5 6 7 8 9

10 5526 | 5548 | 55.71 5594 | 56.16 | 56.39 | 56.61 56.84 57.06 57.29
20 57.52 | 57.74 | 57.97 | 58.19 | 5842 | 58.64 | 58.87 59.10 59.32 59.55
30 59.77 | 60.00 | 60.22 | 60.45 | 60.68 | 60.90 | 61.13 61.35 61.58 61.81
40 62.03 | 6226 | 6248 | 62.71 6293 | 63.16 | 63.39 | 63.61 63.84 64.06
50 6429 | 64.51 6474 | 6497 | 65.19 | 6542 | 65.64 | 65.87 66.10 66.32
60 66.55 | 66.77 | 67.00 | 67.22 | 67.45 | 67.68 | 67.90 | 68.13 68.35 68.58
70 68.80 | 69.03 | 69.26 | 69.48 | 69.71 69.93 | 70.16 | 70.39 70.61 70.84
80 71.06 | 71.29 | 71.51 7174 | 71.97 | 72.19 | 7242 | 72.64 72.87 73.09
90 7332 | 73.55 | 73.77 | 74.00 | 7422 | 7445 | 74.67 74.90 75.13 75.35

thermometer, 7,=68°C, in the Table, it is necessary
to find a corresponding value at the intersection of
horizontal marks “60” and vertical marks “8”, R, =
=68.350hm.

The absolute Af, and relative . errors of the
temperature measurement when the copper resis-
tance temperature transducer is connected to the
clamps are determined according to the following
formulas:

At =t —t,, 6, =&-100%.
ZO

The correction, which is determined according
to Table 4 for the ambient temperature (indoor
temperature) AE,, is added to each measured value

E. ... of the thermoEMF for the Chromel-Copel
thermocouple.

For example, the indoor temperature measured with
an auxiliary alcohol thermometer is 21 °C. According to
Table 4, it is necessary to find a corresponding value at
the intersection of horizontal marks “20” and vertical
marks “1”, AE, =1.38 mV. When connecting the
contacts of the universal voltmeter to the corresponding
clamps of the Chromel-Copel thermocouple, E. .. =
=2.97 mV was measured. After introducing the correction,
E ,,=E, ,...~AE =297 mV + 1.38 mV = 435 mV is
determined. According to Table 4, the closest value
to £, ,,(4.33 mV) is found. This value corresponds

to the temperature marks “60” horizontally and “4”
vertically. So, #,=64 °C.

Table 4
Graduation of the Chromel-Copel thermocouple
Temperature
of the working ThermoEMEF of Chromel-Copel thermocouple, mV, for temperature in °C
end, °C
0 1 2 3 4 5 6 7 8 9
10 0.65 0.72 0.78 0.85 0.91 0.98 1.03 1.11 1.18 1.24
20 1.31 1.38 1.44 1.51 1.52 1.54 1.70 1.77 1.84 1.91
30 1.96 2.05 2.12 2.18 2.25 2.32 2.38 2.45 2.52 2.59
40 2.66 2.73 2.80 2.87 2.94 3.00 3.07 3.14 3.21 3.28
50 3.35 3.42 3.49 3.56 3.63 3.70 3.77 3.84 3.91 3.98
60 4.05 4.12 4.19 4.26 4.33 4.41 4.48 4.55 4.62 4.69
70 4.76 4.83 4.90 4.98 5.05 5.12 5.20 5.27 5.34 5.41
80 5.48 5.55 5.62 5.69 5.76 5.83 5.90 5.97 6.04 6.11
90 6.18 6.25 6.32 6.39 6.46 6.53 6.60 6.67 6.74 6.81
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The relative error of the temperature measurement
when being connected to the clamps of the Chromel-
Copel thermocouple is determined by the following
formula:

5, =" 1000,
tO

Comparing the tabulated and measured values,
it is possible to make conclusions about the accuracy
of experimental measurements by different types of
temperature transducers at the selected temperature
values in the thermostat.

An important aspect for further analysis is the
uncertainty evaluation of the measurement results,
as well as its careful description and quantitative
estimation. In the subsequent studies, it is necessary
to consider in more detail an influence of systematic
and random errors which are caused by various factors:
deviation of the temperature of control data sets from
nominal values; influence of the temperature of free
ends of thermocouples; influence of external factors
(among which it is needed to notice fluctuations of
the ambient temperature). These factors can cause
a certain level of the measurement uncertainty.
Increased reliability and accuracy are achieved through
a comprehensive approach to analysing every possible

source of error and uncertainty, as well as using
standardised procedures. This will improve the quality
of experimental temperature measurements.

Conclusions

1. The procedure for performing experimental
measurements and examples of parameter calculations
to determine the temperatures in the thermostat using
platinum, copper resistance temperature transducers
and thermocouple are described. To compare the
results, the appropriate graduation tables are used,
which allow determining the nearest temperature value
and also make it possible to estimate the accuracy
of measurements by different types of temperature
transducers under selected temperature conditions.

2. An important aspect that requires further
research is the determination of the uncertainty
components and their evaluation. The analysis of existing
methods and the development of approaches to the
uncertainty evaluation for temperature measurements
will contribute to the improvement of the accuracy and
reliability of experimental data, which is important for
both scientific and applied applications. Ensuring the
metrological traceability and reliability of results will
improve the techniques of experimental research in the
field of thermometry.
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AnoTauis

V cratTTi po3rasHyTO eKCTIepUMEHTATbHI METOIM BUMiPIOBAHHS TEMITEPATYPU 3 BUKOPUCTAHHSIM Pi3HUX BUIIiB TEPMOMETPIB,

BKJIIOYAIOYM PIiAMHHO-CKJISIHI, TPOBIIHMKOBI TepMOIIEpEeTBOPIOBAaYi OMOPY Ta TEPMOEJEKTPUUYHI TepMOIEpPETBOPIOBAYi.
Oco6imBy yBary TpUIICHO MPUHLIMIIAM POOOTH, NETAaTbHOMY TOPSAKY IPOBEACHHS €KCIIEPUMEHTAJbHUX BUMiplOBaHb.
OnucaHo MPUHUMITKA POOOTH, KOHCTPYKTHUBHI OCOOJIMBOCTI, poOOYi Jiara30HU TeMrepaTyp, (hOpMYJIbHI 3aJIeXKHOCTI OIopy
Bin Temreparypu. g MiABUILIEHHS TOYHOCTI BMMIPIOBaHb PO3IJISIHYTO METOAM KOPEKIlil MOXMOOK, 30Kpema MOXMOKHU
napajlakca i HEMOBHOIO 3aHYPEHHSI TePMOMETpa y BUMIpIOBAJIbHE CEpelOBUIIE, HEOOXi[HICTh BBENEHHS MOMpPaBKU Ha
TeMIiepaTypy BiIbHUX KiHLIB Tepmoriap. CKJaja eKCIepUMMEHTAJIbHOI YCTAaHOBKM BKJIIOYAE TEPMOCTAT, YHiBepcaJbHUI
HUGPOBUI BOJABTMETP, KOHTAKTHI PIAMHHO-CKJISIHI TepMOMETpPU, MilHI # IJIJaTMHOBI TepMOIIEPETBOPIOBAaYi OINMOpy Ta
Tepmornapy. HaBeneHo MOKpOKOBMI OMUC €KCIIEPMMEHTY: Bill HajallTyBaHHSI KOHTAKTHOTO PiAMHHO-CKJISIHOTO TEpMOMETpa
10 BUMIpIOBaHHS OMopy TepMmornepeTrBopioBauiB Ta TepMOEPC Ttepmonapu y KOHTpoJbHUX TOoukax. BigzHaueHO BaXJIMBICTh
JNIOTPUMAHHSI CTaOiIBHOCTI TeMIepaTypyd Ta OCOOJMBOCTI MiAKIIOUEHHSI MpWialiB A0 CXeMU BUMipioBaHb. MeToauka
BUMIpIOBaHb Tiependadae MoeTartHe BU3HAYCHHST TEMIIEpaTypH, OIOpPY, TEPMOECICKTPOPYIIIfHOT CHIN IJIsST MPOBITHUKOBHX
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Ta TECPMOCICKTPUIHUX TCpMOHCpSTBOpIOBa‘-IiB, i3 TMOJANbIIUM 3HAXOMKEHHIM TEMIIEPATYpU 3TiIHO 3 rpaayroBajlbHUMUN

TaGJ’[I/IHHMM. OnucaHo IIpUKIIagn o0YHCIIeHDb i3 BUKOPUCTaAaHHAM METOIUKH 3a OOINOMOIOIO HOpiBHHHHH TaOJIMYHUX Ta

BUMIpSIHUX 3HAY€Hb TeMIIEpaTyp, 110 A€ 3MOTY OLIHUTU e(eKTUBHICTh BUKOPUCTAHHSI JTaHMX TEPMOIIEPETBOPIOBAYiB MPHU
BUMIipIOBaHHI TEBHUX TeMIlepaTyp y TepMmocTaTi. HaBeneHo npukiaau po3paxyHKy AiCHOI TeMrepaTypu Ha OCHOBi OTOpYy
IUIATUHOBUMX i MiIHUX TEPMOIIEPETBOPIOBAYIB, a TAKOX TEPMOECIEKTPUYHOI CHJIM XpOMeb-KorneaeBux Tepmornap. [loscHeHo
METOIMKY BpaxyBaHHS ITOIPABOK Ha TeMIIepaTypy Ta PO3PaxyHKY aOCONMIOTHUX i BITHOCHMX TOXMOOK IJIST KOXHOTO THITY
TepMoOIlepeTBOpIOBauiB. Pe3ynbTaTé MinKpeci ioTh BaXJIMBICTb KOMIUIEKCHOTO ITiAXOAY [0 BUMIpIOBaHb, BKJIIOYAIOUU
MpaBWJIbHE HAJIAITYBaHHS OOJIaIHAHHS, JOTPUMAaHHS YMOB €KCIIEPUMEHTY Ta PETEJbHUI aHai3 MOXUOOK.

KirouoBi ciioBa: TepMmoriepeTBOpIOBaY OIOpY; TEPMOIIapa; TEPMOEJIEKTPUIHUIN TepeTBOPIOBaY; MOXNOKA; TEPMOMETD;
rpanyloBaHHSI.
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