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1. INTRODUCTION

EMPERATURE is one of the most frequently measured

physical quantities. According to [1]: Statistical data

show that the percentage of temperature measurements
is 40 % of all measurements in industry. In some branches
of industry this percentage may be even considerably higher,
in particular in power industry it equals about 70 %. That is
why so many methods and sensors for temperature
measurements exist [1], [2]. However, technological
progress is challenging for existing measuring methods and
expands the need for measurements in new conditions [3]-
[6]. At the same time, requirements for accuracy of
measurements are increasing in industry and areas, where
temperature has been measured for a long time [1], [2], [7]-
[9].

Despite the variety of existing sensors, thermocouples
(TC) dominate in measuring praxis [1], [2]. Among the TCs
the most popular are base and refractory metal TCs [1], [2],
[10]. Noble metal TCs are used mostly as reference sensors
[1], [2], [10]. All TCs of all kinds without exception are
prone to degradation processes of their thermoelectrodes
[11]-[15].

Degradation processes run in the electrodes of TCs during
operation under the impact of the operating temperatures
and time. Their rate is function of the temperature at which
certain sections of TC are used. That is why thermoelectric
inhomogeneity of thermoelectrodes is gradually growing.

Thus, the phenomenon of degradation of TC electrodes
causes two interrelated temperature measurement errors
[15]:

1. Error due to drift of conversion characteristic (CC) of
TC (the change of CC with time) [15], [16];

2. Error due to the change of the generated thermo-emf
when the distribution of the temperature along TC
electrodes changes (temperatures of the reference and
measuring junctions remain the same) [7], [15], [17], [18].

A lot of effort has been directed to correct the first kind of
error using periodic verification [8] or calibration [19] of TC
and drift prediction [20]. However, this way does not lead to
considerable improvement of accuracy due to thermoelectric
inhomogeneity of TC electrodes [15]. To solve this problem
the methods of verification [8] or calibration [19], [21] in

situ as well as their combination have been developed.
However, these methods are efficient just when the
temperature field along TC electrodes is steady. That is why
the study of TC error in conditions of changeable
temperature field along TC electrodes (error due to
inhomogeneity) has been made in [7], [15], [18], [22].

The first known paper devoted to problems of
thermoelectric inhomogeneity was written in 1906 [23], and
the first known review and generalization of the existing
methods for investigating inhomogeneity was made in [24].
A lot of time passed since then, but the problem is still
topical [7] despite quite a big number of investigations of
inhomogeneity of TCs [11]-[17], [25]-[27].

2. THERMOCOUPLE WITH CONTROLLED PROFILE OF
TEMPERATURE FIELD

The method of rejection of impact of changes in
temperature field of measuring object on temperature
distribution along TC electrodes is stabilization of the
temperature field of TC measuring the temperature of the
object. Such a stabilization of the temperature field along
TC electrodes eliminates appearance of inhomogeneity of
these thermoelectrodes. Hence, the changes in the generated
thermo-emf of inhomogeneous TCs due to the change of
temperature field profile along them do not occur.

This method applies to a new TC based sensor, called
thermocouple with controlled profile of temperature field
(TCPTF) [28].

The TCPTF consists of the main TC (MTC) and several
temperature control subsystems that are located along it to
stabilize the temperature field of its electrodes (see Fig.1.),
so that error due to inhomogeneity of MTC cannot distort
readings. The system using TCPTF for temperature
measurements and its errors is considered in [28].

However, the design of TCPTF is prone to the error
caused by the heat flux ¢ (see Fig.l.) from the first heater
toward the measuring junction of MTC. This error can be
classified as an error of method. There are two measures
applied to reduce the impact of error of method, that is to
make the MTC able to measure the undistorted temperature
of environment 7T :
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1. measuring junction of MTC should be located
relatively far apart from the closest heater H1 (the ratio L,

to the MTC thermowell diameter is bigger than 10);
2. the temperature of heater H1 (its setpoint) should be
equal to the temperature of measuring junction of MTC.
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Fig.1. Design of TCPTF and the reason of error of method.

Therefore in an ideal TCPTF the heat flux ¢ due to lack

of temperature difference across L; is absent, and

consequently, error of method equals zero. However, some
dispersions in CC of thermocouples MTC and TC1 [29]
exist, due to which temperature difference AT;cg across
L, is not zero (see Fig.l., where the situation with

maximum error of method is given), consequently, the heat
flux ¢ and error of method appear. MTC and TC1 are of the

same type of thermocouples and their tolerance [29] is
ATy, so the temperature difference ATj-g, which calls

error of method across L, is

ATrcs :\/EATTC (D

Because of the heat exchange between the environment with
the temperature T and the surface of MTC thermowell (see

the right part of Fig.1.), the temperature difference between
the environment and the electrodes of the MTC across L is
described by the curve ATy, . Hence, the value AT, at

position L, is the maximum value of error of method of the
proposed TCPTF.

3. ANALYTICAL ESTIMATION OF ERROR OF METHOD

It is a very complex task to find AT,;, on the basis of
static distribution of temperature. However, it is not
necessary to determine the whole curve ATyz,; (see

Fig.1.). To estimate the upper limit of error of method
AT, it is enough to estimate the change of temperature at

the point L;, which corresponds to the magnitude of error of

method AT;,,. That is why the method for estimating

AT;,, based on its dynamic change of temperature
difference ATp-¢ has been developed.

Let us assume the temperatures of heater HI and the
measuring junction of the MTC are the same ( ATy =0).
Then at a certain moment heater H1 abruptly increases its
temperature and subsequently the temperature difference
between its temperature and the temperature of MTC
becomes equal maximum magnitude of ATj-¢ (see Fig.1.).
To describe the coming transition process, Newton’s law of
cooling is used [30]. Theoretically, this above mentioned
transition process never ends, but it is enough to estimate the
limit of it, as time approaches infinity. This limit
corresponds to the error of method AT;;, which is caused
by temperature difference AT;-g between heater H1 and
the measuring junction of MTC.

Let us write the heat balance equation for the thermowell
of the MTC to estimate error of method AT}, . Heater HI

emits the amount of heat flux ¢ during time dt. The heat is

absorbed by the metal thermowell and rises its temperature
on dT as well as the heat is dissipated in environment with
temperature T (see Fig.1.). According to Newton’s law of
cooling [30], let us write the differential equation for the
steady state mode to determine the dependence of
temperature of thermowell 7' on time ¢

qdt = cVpdT + aA(T - Tg)dt , )

where ¢ - heat flux due to temperature difference between

heater H1 and the measuring junction of the MTC; c-
specific heat capacity of thermowell material of the MTC,
V' - volume of the thermowell of the MTC; p - density of
thermowell material of the MTC; « - heat transfer
coefficient of steel to air; A4 - the area of external surface,
which is in thermal contact with the environment, that is the
area of thermowell of the MTC [31].

Notice that (2) assumes that the heater H1 is not on the
edge of the thermowell (as seen in Fig.1.), but it is in its
center. However, such an improper treatment of (2) does not
cause a significant error of estimation, when the heat flux ¢
emitted by H1 under the impact of AT~y corresponds to
the real one. Then the estimation of error of method is going
to be slightly overstated, which is acceptable. We calculate
the heat flux ¢ using the formula [30], [32]

AAT g A
q= TCS“*N (3)
L,
where A - thermal conductivity of the thermowell material
of the MTC; AT, - the temperature difference between

heater H1 and the measuring junction of the MTC; A4, -
the area of the surface through which heat flux is transmitted
(cross section area of the thermowell); L, - distance from
heater H1 to the measuring junction of the MTC [31].
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Fig.2. The change of error of method AT}, in time under the
temperature jump of heater H1.

Solution of (2) with respect to temperature of the
thermowell, thus with respect to the temperature of the
measuring junction of the MTC gives a function of time.

aAt
q c
T:TS+£(1—e D) 4)

ad
=
In (4), the term i (1—e “"?') actually corresponds to the

error of method AT;,,, and describes the change of error

of method in time (see Fig.2.). If time ¢ approaches infinity,

ad
—t
then the term e °? approaches zero. Thus, the upper limit
of error of method AT7;;, asymptotically approaches its

limit [31]

aAd
—t
A =lim 4 (1-¢ 7= (5)

4. DEPENDENCE OF ERROR OF METHOD ON MEASURED
TEMPERATURE
As it is shown in (2) - (5), error of method AT},

depends on several variables. We estimate its value for a
specific pattern of TCPTF using type K TC which has a
body made of stainless steel [28]. For such a sensor [32]

Ay =63x107m?; L=0.15m, A=55x10"m?* ,

w
a=44 ; 6
m?> x K ©
A=142 w 7
m X

The allowable deviation of CC of TC from the nominal
one depends on the temperature T,. According to [29], the
tolerance of CC ATy for the type K TC is

{AT e =+2.5°C for temperatures40-333°C; ®)

ATy =40.00757] for temperatures 333-1200°C.

We plug the values AT to (3) and obtain a set of data
plug to (5). Calculations give us the dependence of the upper

limit of error of method AT}, on measured temperature
Ty (see Fig.3.). It is obvious from the plot, AT;,, is a
function of the tolerance of TC ATj-. The upper limit of
AT, grows linearly for temperatures over 333 °C.

For lower temperatures, the upper limit of error of method
AT, remains constant, as for type K TC in this range the

tolerance ATy~ remains constant as well.
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Fig.3. Dependence of error of method A7}, on measured

temperature 7 .

5. METHOD OF THE EXPERIMENTAL STUDIES

All existing theoretical approaches to describe temperature
distributions in rigid bodies are based on simplifications in
physical processes which is a considerable obstruction for
adequate description of temperature distributions in studied
bodies. So, recently the main accent in studying temperature
fields is made on experimental data which are processed
later using theoretical means [33]. However, despite these
drawbacks of theoretical approaches, they allow evaluating
not just temperature distribution in studied bodies but also
discovering consistent patterns inherent to particular thermal
processes and outlining ways of purposeful control of them.

As the theoretical estimation has shown, the value of error
of method of TCPTF does not exceed a few tenths of a
Celsius degree. Since the error of the thermocouples is much
larger than the error of method of TCPTF, the direct
measurement of this error is impossible. That is why it is
proposed to use the relative method of measurements to
solve the problem. It is based on measuring the changes in
temperature which occur when changing the power of the
heater H1 (see Fig.1.). Then, each change of the temperature
is measured by the same measuring channel. Namely, the
systematic error of each channel in measuring small changes
will affect only the temperature and will not practically
affect the measured change. The systematic component of
the measurement error will be mutually adjusted. Since the
outcome of the experiment may be affected by some random
temperature changes of the environment during the
experiment time, the measuring junction of the MTC is
placed into the passive thermostat. Its temperature is
measured by an additional resistance temperature detector
(RTD).
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The general scheme of the experimental research of error
of method is shown in Fig.4. The block diagram of TCPTF
is in the top part of Fig.4. It shows all the sensors
participating in the experiment - thermocouples (the MTC
and the first zone of heating TCl) and the RTDs (of
reference junctions Rrl and of the passive thermostat of
measuring junctions Rt2). At the bottom of Fig.4. the
scheme of measurements’ running is shown. During the first
stage of the experiment, all the heaters are off. The
temperature of all the sensors is the same as in the ambient
air. It is necessary to measure the temperatures of all sensors
several times and to check if their temperatures do not
change more than random error of measurement channels.

During the second stage of the experiment the heater of
zone 1 is run at full power. This causes the temperature
change of the first heating zone, measured by TC1. After a
while the heat flux from the heater of zone 1 will change the
temperatures of the measuring junction of MTC and its
passive thermostat. One must periodically measure these
temperatures until they are steady (transition process of
heating comes to the end). Since the transition processes are
long-lasting during the temperature change, it is necessary to
take into account possible changes of temperature in the
thermostat of their reference junctions during the
temperature measurement with thermocouples.
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Fig.4. General scheme of the experimental research.

According to the scheme of Fig.4., the instruction of the
experimental research is compiled:

1. To place the reference junction of TCPTF into the
passive thermostat, where also the RTD is placed, and
connect the circuit of Fig.4. To keep TCPTF indoors without
heating zones during the whole day;

2. To measure (without turning on the heaters) ambient
temperature T, voltage drops Upy, across the reference

resistor Ry2, and Upp, across the RTD R;2 of the
reference junctions, thermo-emfs of the thermocouple of the
first zone E;, and MTC Eg, voltage drops Upy, across

the reference resistor Ry 1, and Ugy, across the RTD R;1

of the passive thermostat;

3. To turn on the full power of the first heating zone, to
keep TCPTF in these conditions for six hours;

4. To measure ambient temperature Tg,, voltage drops
Ugrnoz across the reference resistor Ry2, and Upryy
across the RTD R;2 of reference junctions, thermo-emfs of
the thermocouple of the first zone FE),, and the main
thermocouple Egp,, voltage drops Upgy, across the
reference resistor Ryl, and Ugp, across RTD Rylof the
passive thermostat;

5. To calculate resistance of the RTDs Ryl and R;2
before the heating of the first zone and R;1, and R;2,,
respectively after its heating by the formulas
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Ry1=Ry1- ,erzRNz-@,
RN1 RN2

R, =Ryl Urriz , Rp2, =Ry2- Urraz ’
Urniz Urnaz

where Ry1=160.7Q and Ry 2=109.83Q;
6. To calculate the temperatures of the reference junctions
before the heating of the first zone and after its heating T},

and Ty, , respectively by the formulas

where R;2=53Q ;
7. To calculate the temperatures of the first zone 7;, and
MTC T, before the first zone heating, and also the

temperatures of the first zone 7,,, and MTC T, after the
first zone heating, respectively by the approximate formulas

Tz =Eyz/S+ Ty , Tor =Er/S+Tyg,

Tizz =Eizz 1S +Tykz s Torz = Egrz | S+ Tykz »
where S=42uV is the
thermocouples which are used in the prototype of TCPTF;

8. To calculate the temperatures of the passive thermostat
before heating the first zone Tp; and after its heating Tpr, ,

sensitivity of the type K

respectively by the formulas

Ry1-R,1

Ryl, —R,l

T =

> PTZ =

E)

where R,2=100Q ;
9. To find the changes of the temperature during the time
of heating for the first zone. AT}, =1,,, —1,,, for the main

thermocouple, Alsr =757, —T;r and for the passive
thermostat , ATpy = Tppy, — Tpr, Tespectively;

10. The temperature change of the measuring junction of
MTC during the heating time of the first zone AT;; caused

by the change of the temperature of its environment, that
means by the temperature changes of the passive thermostat
ATpr, and actually by the error of method of TCPTF

Ayer - Fromthis A pr can be determined by the formula
Aygr = ATgr —Alpr ©)

11. To find the temperature 7, for which the combined
maximum permissible error of MTC and the thermocouple
of the first zone ATy~ is equal to the change of the

temperature of the first zone AT, , from (8).

Apparently, as it is defined in point 10 of the above
mentioned instruction, the value of A, is calculated

according to (9) as the difference, and the terms of (9) are
calculated in point 9, also as the differences. In addition, it is
clear that changes in temperatures AT;; and ATp, will be

small. This means that systematic error of measurement
results of individual channels (see points 2 and 4 above) are
virtually identical and will mutually adjust when calculating
the differences. Thus the measurement results will be mostly
affected by the random errors, rather short-term instability
of the measurement results.

The apparatus for the experimental studies was especially
designed with taking into account the need for providing
accurate relative measurements, so there was theoretically
estimated and experimentally investigated a short-term
(diurnal) instability of the results of its measurements not
exceeding £(0.0005+0.002(X/Xmax-1)) % in the measuring
range from 0 to 80 mV, that is £2 uV.

To assess the error of the experimental research of error of
method it is necessary to determine the sensitivity of all
measuring channels. This can be done when knowing the
voltage drops Uy, and Upy, across the reference resistors

Ryl and Ry 2, respectively. As it is shown in Table 1.,

presented in the next chapter, Upgy; =40mV, and
Ugryy = 70mV . As per the values Ry1=160.7Q and
Ry2=109.83Q2, the currents through R;1 and R;2 will
be equal to IN1=Upy/Ry1=0.25mA and

12=Upgn,/Ry2=0.65mA, respectively. The change in
voltage drops across them per degree of temperature change
(sensitivity) will be Spl=1I;1-a-Ry1=0.1mV/°C and
Sp2=1;2-a-Ry2=0.13mV/°C, When
instability of the measuring channel of voltage is
Ay =X2mkV (see the paragraph above), then the random

respectively.

error of measurement of temperatures of the passive
thermostat and the reference junctions will be
App =Ay /87120.02°C and Agp, =Ay /8;2~0.015°C,
respectively. The random error of the thermo-emf
measurement of MTC will be Ay =A, /S ~0.05°C .

It should be noted that the error of temperature

measurement of the reference junctions only

Arra
indirectly affects the result of the temperature change
measurements by the main thermocouple, in addition, it is
much lower than the random error of the thermo-emf
measurement A, that is why it is neglected.

The total random error of the error of method will be

AA g = + AL+ Ny + Ay 0.075°C,  (10)
representing a significant percentage of the value of the
error of method found in its theoretical estimation (see
Fig.3.). Therefore, it is reasonable to hold several separate
experiments to determine the convergence of the
measurement results.
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Table 1. The results of the measurements and calculations in the study of the error of method of TCPTF.

Stage of the | Measured Experiment | Experiment | Experiment | Experiment | Experiment
instruction | quantities #1 #2 #3 #4 #5
T, °C 19.76 18.66 18.72 18.72 20.88
Ugni» WV 43828 43812 43816 43821 43822
Urri> BV 29741 29678 29682 29691 29699
2 Upna> BV 75043 75121 75119 75113 75110
Upgra» WV 39262 39133 39141 39137 39144
E,,,uV 8 4 4 4 4
Eqr,uV 0 0 0 0 0
Ty, ,°C 21.26 21.03 20.96 20.85 20.88
Upniz > WV 43775 43732 43741 43748 43743
Urriz» WV 29838 29787 29793 29788 29793
4 Uprnazs LV 75012 75002 75008 75011 75017
Uprraz » BV 39477 39436 39428 39413 39421
E 7,1V 215 211 217 210 206
Egry, 0V 71 79 79 74 75
R;1,Q 109.05 108.86 108.86 108.82 108.91
R;2,Q 57.46 57.21 57.23 57.23 57.24
> R;1,,Q 109.54 109.46 109.46 109.42 109.45
R;2,,Q 57.80 57.75 57.73 57.71 57.72
Tk, °C 19.76 18.66 18.72 18.72 18.77
6 Tykz > °C 21.26 21.03 20.96 20.85 20.88
7,,,°C 19.95 18.76 18.82 18.81 18.87
Ter, °C 19.76 18.66 18.72 18.72 18.77
’ Tz ,°C 26.38 26.06 26.13 25.85 25.79
Torz,°C 22.95 22.91 22.84 22.61 22.67
Tpr, °C 21.24 20.79 20.80 20.85 20.91
8 Tprz»°C 22.39 22.20 22.20 22.11 22.19
ATy, ,°C 6.43 7.30 7.31 7.04 6.92
9 AT, °C 1.69 1.88 1.88 1.76 1.79
ATpp , °C 1.15 1.41 1.40 1.26 1.27
10 ATy, °C 4.93 4.93 5.07 491 4.81
11 T,°C 465 465 478 463 453
12 A e > °C 0.54 0.47 0.49 0.50 0.51

6. THE RESULTS OF THE EXPERIMENTAL RESEARCH

Fig.5. shows experimental arrangement to research the
error of method. It shows the passive thermostat of the
measuring junction of MTC, the first zone of TCPTF (heater
H1) and power supply of the RTD of the passive thermostat
of measuring junction of MTC. All thermocouples of the
investigated TCPTF (MTC and TC1 ... TC9) are type K
(their legs are made of chromel and alumel). Because of the
difficulties of machining stainless steels [34], [35] which are
resistant to high temperatures, the thermowell of MTC and
other constructive elements of the studied prototype are
made of regular constructional steel.

For RTD measurement there is used the potentiometer
circuit with its four-lead arrangement. The results of the
measurements and calculations, described in the instruction
of the experimental research, are presented in Table 1. As it
is seen from Table 1., five experiments have been
conducted, their results differ little so the censorship is not
required.

Values of the found error of method are given in Table 1.
line 10, and in line 12 - the temperature changes of the
heater H1 relative to the ambient temperature changes,
found as AT, =AT, —(ATy;, —ATg). In line 11 the

temperatures 7 are given, which correspond to the total
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permissible error of the type K thermocouples MTC and
TC1, equal to the temperature change of the first zone AT
in each experiment. The value of T is calculated according
to (8), provided that the errors of MTC and TCI are equal
and independent, and their total error is calculated as the
square root of the sum of squares of their individual errors
[36]. As a result of the conversion (1) we obtain

ATTCS )

7 (1)

Then we plug the values obtained in (11) to (8) and solve
(8) for T for each experiment.

ATre =

Power supply of RID for measunng
temperature of the thermostat of the
measunng juncion of MTC

Wire of measuring and
controlling system

1-st zone

Passive
thermostat of
the measuring
juncion

Fig.5. Experimental arrangement.

As can be seen from Table 1. , the values of the error of
method of TCPTF found experimentally have relatively
small spread (no more than + 8 %) relative to the mean
value, and their absolute values do not exceed values
estimated according to (10) error of the error of method
AA zr - Therefore, it can be considered that the
convergence of the experimental results is good enough, the
results themselves are correct and can be compared with the
results of the theoretical assessment of the error of method.

7. COMPARISON OF THE THEORETICAL AND EXPERIMENTAL
STUDIES

Parameters of the studied TCPTF, required for the
estimation of the theoretical value of the error method

Al -7, are given in (5) except the thermal conductivity of

the thermowell. The thermowell of the prototype is made of
structural steel whose thermal conductivity is

w
mx K

A =47

(12)

where A — thermal conductivity of the thermowell material
of the MTC [32].

Let us find for the values of the changes of the temperature
of the first zone AT,,, which are given in Table 1., the

theoretical values of the error of method. Obtained results
are summarized in Table 2. Given there are the temperatures
T, which correspond to the total permissible errors of MTC
and TCI of type K (row 11 of Table 1.), experimentally

obtained values of the error of method A, and theoretical

values of the error of method A\, . In the last line of

Table 2. there are shown the deviations of values of the error
of method obtained experimentally from their corresponding
values, found theoretically.

(13)

AA]imzr =Aypr — ATJ;/[ET

Apparently, obtained experimental and theoretical values
AA%r are commensurate with random error of the

equipment, estimated in chapter 5. From the above
mentioned, we can conclude that:

1. experimental studies are conducted correctly;

2. error of method of TCPTF is quite small even when the
structural steel is used.

Since the method of estimation of the error of method is
confirmed by the results of experiment, it can be used to
estimate the error of method of TCPTF, whose thermowell
is made of high-alloyed stainless steel resistant to corrosion
at high temperatures. For the experimental conditions the
error of method of the studied prototype will not exceed
0.13 °C, this is negligible even during measurement with the
highest accuracy exemplary thermocouples.

Table 2. Results of the comparison of the experimental and
theoretical values of the error of method.

. Expe- Expe- Expe- Expe- | Expe-
Phy§1f:al riment riment riment riment riment
quantities | 4 # #3 #4 45
T,°C 465 465 478 463 453
Ayer-°C | 054 | 047 | 049 | 050 | 0.51
Al r°C | 040 | 040 | 041 | 040 | 039
AAE . ec | 014 | 007 | 008 | 010 | 0.12

8. CONCLUSIONS

Experimental studies of the error of method of TCPTF, the
results of which are shown in this paper have shown that:

1. The proposed technique of the experimental studies
based on measuring the changes in temperature during the
experiment (relative measurements) enables accurate
enough study of the error of method of TCPTF, which is
caused by the heat flux from the auxiliary heaters of TCPTF
toward the measuring junction of MTC. The obtained results
of the experimental researches converge well with the
theoretical ones. It enables us to think that the theoretical
researches are correct;

2. The proposed method of theoretical assessment of the
error of method of TCPTF can be considered quite correct,
despite the simplified model of thermal processes. Deviation
of the values of the error of method, found using the
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proposed method of experiment from the values found
experimentally, is more than three times less than the errors
of exemplary thermocouples that can be used for calibration
of TCPTF. So, the proposed method of the experiment can
be used for the practical purposes;

3. The correctness of the proposed method of the
theoretical estimation of error of method of TCPTF shows
the way of reducing this error by increasing the thermowell
heat transfer area by applying either grooves or thread, or
mount additional fins on the end of the thermowell.

As it has been shown in this paper, the error of method is
quite small, therefore it is necessary to study the other errors
of TCPTF. Also it is worth optimizing the design of TCPTF.
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