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Abstract. The article presents the results of modeling a multipoint contact in the thermoelectric method of
testing. Sources of thermoelectromotive force (thermoEME) have shown different influences, according to their
type, on the load characteristics of the equivalent source obtained by parallel connection of several
thermocouples as shown in the explanatory figures. The presented model is implemented in the NI LabVIEW
package, which is freely available. The model was verified on three types of thermocouples (copper-constantan,
copper-nichrome, and chromel-alumel), which have.been connected in parallel in different quantities. The
calculated load characteristics of the equivalent sources differ from the experimental ones by no more than 6%.
The results of modeling the load characteristics of the equivalent thermoEMF sources obtained by parallel
connection of different quantities of two types.of thermocouples are presented. It is shown that in order to obtain
reliable data, it is necessary to provide an equivalent source load of at least 1 kOhm.

Keywords: thermos EMF, equivalent source, parallel connection, multipoint contact, load
characteristics, superpositionimethod.

1. Introduction

Thermoelectric testing is used in many areas of industrial production. One of the undoubted advantages
of the thermoelectric method is the possibility of rapid testing. Another advantage is the simplicity of the
technical implementation of this method, the compactness and autonomy of thermoelectric testing devices,
ease of sample preparation, and intuitive testing procedure, which does not require special training of
personnel. The main application area of the thermoelectric method is testing of metal products: sorting by
steel grade, quality control of heat treatment, decarbonized layer, plastic deformation [1-20]. In scientific
research, the thermoelectric method is used to measure the Seebeck coefficient [21].

A whole lineup of various thermoelectric devices is being produced for thermoelectric testing purposes.
The Taiwanese company ACTTR produces Seebeck coefficient analyzer SETARAM SeebeckPro, the
French company DIRECTINDUSTRY produces Seebeck coefficient and electrical resistance analyzer SR-3
Linseis, the German company NETZSCH produces NETZSCH SBA 458 Nemesis for thermoelectric testing,
the Japanese company ADVENCE-RICO produces ULVAC ZEM-3 for measurement of the Seebeck
coefficient and electrical conductivity, the English company QM-PLUS produces MMR Seebeck System for
measuring the Seebeck coefficient of metals, the Russian company VELMAS produces a thermoelectric
analyzer of metals and alloys TAMIS, and Tomsk Polytechnic University manufactures « THERMO
FITNESS TESTING» for differential thermoelectric testing.
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Despite the wide range of manufactured devices, all of them have disadvantages associated with low
repeatability of test results [21 —22]. This can be attributed to the inhomogeneity of the surface of the tested
sample in terms of chemical and phase composition. It should be noted that the influence of the
heterogeneity of the chemical composition on thermoEMEF is noted in the works of Karzhavin and Sungtaek
[23, 24].

2. Formulation of the problem

To reduce the influence of such factors as inhomogeneity in chemical and phase composition, it was
proposed to use electrodes with a linear or planar contact [25]. In this case, as the authors indicate, a
multipoint contact is obtained. Each contact will be characterized by its own thermoEMF, as: a result of
alloyed iron, where carbides appear in the structure. Each point of contact will have different thermoelectric
characteristics in relation to iron. The value of the carbide phase can vary from 5 to 30 % of the:surface area
of the sample, depending on the degree of alloying (Fig. 1) [26]. The equivalent thermoEMF will be
determined by the parallel connection of these sources. Their number will depend on the size of the
electrodes and the surface roughness (Fig. 2).
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Fig.2. Projection of multi-point contact between the
surfaces of the electrodes and the alloy steel

Fig.1. Carbides in alloy steel.

In this case, the equivalent thermoEMF is measured, which is composed of a parallel connection of
thermoEMF sources with different thermoelectric characteristics: EMF value, internal resistance, power, and
also different contact resistance. One approach to studying this mechanism is to use various types of
thermocouples connected.in ‘parallel to simulate the circuit of multipoint contact (Fig. 3) [27-28].
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Fig.3. Equivalent electrical circuit for thermoelectric testing with a multipoint contact, Rjr 1... Rirn— internal
resistances, E;...Ex — EMF sources, Rjr1... Rjrx— contact resistances, Eevs — equivalent EMF source
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2. Model Development

The model development began with the circuit as a foundation, containing several thermoEMF sources
connected in parallel to a common load (Fig. 4). Such a scheme reflects a multi-point contact, in which a
thermoEMF source appears at each point of contact. In this case, taking into account the inhomogeneity in
the chemical and phase composition of the surface of the tested sample, the characteristics of thermoEMF
sources can be either the same or different.
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Rijr Rjr2 Rjrn

Fig.4. Equivalent circuit multipoint contact of the test sample with the electrode, Riry... Rirn— internal resistances,
Ei...Ex — EMF sources, Rj1... Rjrn — contact resistances, 4 — ammeter, /"= voltmeter

The model algorithm implements the calculation of currents from each thermoEMF source based on the
superposition method. The current flowing through the load from the.first EMF source is determined by the
formula:

E
L= : , (M

Rlaad |_I (Riri + Rjri)
(R[rl + Rjrl) + an
Rload + Z(Riri + Rjri)
i=2

where [ is the current of the first thermoEMF source, £ is the EMF of the first source, Rjiis the internal
resistance of the EMF source under the'number 7, R;; is the contact resistance of the EMF source under the
number i, and R0 1S the load resistance.

The current flowing through the load from the second EMF source is determined by the formula:
E, , )

Rload |jRirZ + Rjr2) |_| (Riri + Rjri)
(=3

1, =

(RirZ +Rjr2)+ n
Rlaad + (Rir2 + Rer) + z (Riri + Rjri)
i=3
where [, is'the current of the second thermoEMF source and £» is the EMF of the second source.
In‘general terms, it can be written that the current flowing through the load from the k-th EMF source
will be determined by the formula:

I = !

k-1 n
Rload [:I_l (Kri + Rjri) |:||_| (Riri + Rjri)
(]eirk + Rjrk) + 2:—11 l:k-;l
Rload + z(&ri + Rjri) + z(&ri + Rjri)
i=1 izk+1
where I is the current of k-th thermoEMF source and Ey is the EMF of the k-th source.
The total current in the load (/ioad) is the sum of the currents from all thermoEMEF sources, it is also the

current of the equivalent source:

Ievs :Ilaad = z]l . (4)
i=1

) 3)
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Through the current and internal resistance of an equivalent source, its EMF can be determined:
E, =1,,1IR, , 5)

where R; is the internal resistance of the equivalent thermoEMF source; I..s is the current of the equivalent
thermoEMEF source.
The load voltage can be found by Ohm's law:

Uload = Iload [Rload : (6)

Using this technique, it is possible to calculate the load voltage, current and EMF of an equivalent
source when any number of thermoEMF sources are connected in parallel.

3. Software Interface

The software was developed by NI LabVIEW software package. It calculates the load characteristics of
the equivalent thermoEMF source when an unlimited number of parallel thermoeléctric sources, that can
have both the same and different characteristics. The obtained characteristics ‘of the equivalent thermoEMF
source can be used for further analysis. The user interface includes five diffetent functional tabs (Figures 5-
6). The "Read" tab is designed to launch a file from the database (Fig.(5). The database contains
experimental data of thermoEMF sources (currents and internal resistances.for 11 different values of load
resistance under three different temperature conditions: 100 °C,200:°C, 300 °C). The "Temp Database" field
specifies a database file for temporary storage of current data that are used in the process of calculating the
load characteristic of an equivalent thermoEMF source. The “Adding New Type” tab is responsible for
adding characteristic data of new thermoEMF sources to be simulated. The “Edit” tab is intended for editing
the initial values in the database in case of an error. The “Delete” tab is intended for deleting the recently
added 6 columns of experimental data of thermoEMF sources. The Simulate tab is responsible for
calculating and presenting the results. It contains:function buttons such as "Temperature" to set the
temperature, and "Number of type X" to select the desired number of thermopower sources to be
investigated.

After adjusting the input data in accordance with the test condition, the program displays the calculated
output data, such as the dependence of the load voltage "VL", load current, internal resistance and equivalent
thermopower on the load resistance "RL" (Fig. 6).

Read | Adding NeinType | \Eaif)| Delete | Simulation |

RL Tipe 0-100-R | Type 0-1001 | Type 0-200 Type 0-200-1| Type 0-300-R | Type 0-300-1] Type 1-100-R | Type 1-100-1| ~ &
1 0.0100 0.6865 0.0044 07117 0.0097 0.7048 0.0154 0.1005 0.0318 (

0.0500 3.0789 0.0mo 3108 0.0022 3.0682 0.0035 04362 0.0072 i
I 0.1000 54532 0.0006 54377 0.0013 5.3900 0.0020 07701 0.0040 i

0.5000 11.7059 0.0003 11.7496 0.0006 11.7102 0.0009 1.6679 0.0016 1

1.0000 14.8458 0.0002 13.0899 0.0005 141828 0.0007 22184 0.0011

3.3000 18.3857 0.0001 18,3930 0.0002 18,2029 0.0005 27434 0.0008

6.8000 20.0378 0.0001 18.6942 0.0003 20,1806 0.0004 3.0308 0.0004

10.0000 21.52%4 0.0001 21.5708 0.0002 21,5831 0.00023 3.0357 0.0003

57.0000 21.6277 0.0000 21.7798 0.0001 21,7014 0.0001 3.0267 0.0001

100.0000 | 21.7099 0.0000 21.3153 0.0001 211913 0.0001 3.0563 0.0000 E

1000.0000 | 21.5446 0.0000 21.9116 0.0000 22,0004 0.0000 3.0673 0.0000 1

1000000001 0.0000 0.0000 01.0000 0.0000 0.0000 0.0000 01.0000 0.0000 ‘Jﬂ
- =

Simulation Database

qn|C:\Usars\|.Jsar\Desktop\h'vﬁr'nt),'\T}'vermocoup\elr’|putDatabase‘csv | =

Temp Database sTop
3[Ca\UserstuseriDesktophinfinibATemporanDatabase.cov | &=

Fig.5. The “Read” tab in the program interface
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Read | Adding New Type | Edit | Delete  Simulation ‘
Tempreture Mumber of Type X
;.
e o |2 i 7 ; P : r ‘
TS €N o O T O - - -
ThemoEMF  Load Voltage | Load Current | Internal Resistance |
Tweo x|
Report
100°C 5 Typed &)
10°c (1 Type 1 5
100°C 11 Type 2 g
'IU_O’C 11 Type 3 5
100°C 1 Type 4 5
100°C 1 Type 5
LR | Tvpe6
10°C 1 Type 7
100°C 1 Type B
100°C 11 Type 9
100°C 1 Type 10
0°c |1 Type 11
i D
| | x| ! 10
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Fig.6. The “Adding New Type” tab in the program interface

The Add button is used to add new data to previous calculations. The "Simulate" button is used to start
the simulation process. The simulation result is saved in a temporary file, which is indicated on the "Read"
tab. The "Report" field displays the number of thermocouples that were used in the calculations.

4. Model verification

In order to verify the model, a set of experimental data is needed that reflects the electrical
characteristics of typical thermoEMF sources and their combinations. Experimental studies were carried out
on a specially made installation, which comprises a thermal chamber, in which investigated thermocouples
are put, a voltmeter, a variable load, a microcontroller and a personal computer to control all the components
of this installation [12, 29]. The thermocouples that are chosen to emulate experimental sources of
thermoEMF are of types: copper-constantan, copper-nichrome and chromel-alumel. Fig. 7 shows the
experimental characteristics of thermoEMF sources, each experimented individually: copper-nichrome,
chromel-alumel, and copper-constantan.

Ulgug (MV.

0,01 1 100 10000 R, (€2)

Fig.7. Experimental load characteristics of three thermocouples:
(a) copper-constantan, (b) copper-nichrome, (c) chromel-alumel

The obtained characteristics of the three types of thermocouples were loaded into the developed
simulation program and used to calculate the load characteristics of the equivalent thermoEMF source, which
is composed of various combinations of the experimented thermocouple types. The influence of the copper-
constantan thermocouple on the load characteristic of the equivalent thermoEMF source is presented in
Fig.8.
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Fig.8. Load characteristics of equivalent thermopower sources for various combinations of thermocouples, (a)
experimental results, (b) simulation results. Line No. 1, line No. 2, and line No. 3 indicate combinations of 4:4:4, 1:4:4,
and 0:4:4, respectively. (the first digit in the thermocouple combination corresponds to the.copper-constantan
thermocouple, the second to copper-nichrome and the third to chromel-alumel)

Here Fig. 8.a shows the results of experimental studies, and Fig.8. b shows the results of program
simulation. Line No. 1 in the figure indicates a combination of 4:4:4, line No. 2 indicates a combination of
1:4:4, and line No. 3 indicates a combination of 0:4:4.

The combinations indicate the number of thermocouples connected in parallel and their type. The first
digit in the thermocouple combination corresponds to copper-constantan thermocouple, the second to
copper-nichrome and the third to chromel-alumel, so the combination 4:4:4, for instance, means that four
copper-constantan thermocouples, four copper-nichrome. thermocouples and four chromel-alumel
thermocouples were connected in parallel. The Fig.8 graphs shows a significant effect of copper-constantan
thermocouple on the load characteristic of the equivalent thermoEMF source. The maximum value of
thermoEMF is 3 mV for four thermocouples, 2.5 mV for one thermocouple and 1.9 mV for no thermocouple.
The calculated values were 3.13 mV, 2.35 mV.and 1.98 mV. The maximum deviation of the calculated data
from the experimental ones did not exceed.6 %.

The influence of a chromel-alumel thermocouple on the load characteristic of the equivalent

thermoEMEF source is presented in Fig. 9, where Fig. 9.a shows the results of experimental studies, and fig.
9.b shows the results of simulation.

3.5 |Upad 3.5 | Ujpaa
(mV) 1

A
E

3
[

= N
— V] ] V]
\
= = N
/] — ] (] 9] W
(]

3

Rload (Q) 0 Rload (Q)
0.01 1 100 10000 0,01 1 100 10000
a) b)
Fig.9. Load characteristic of an equivalent thermoEMF source for various combinations of thermocouples, (a)
experimental results, (b) simulation results, line No. 1 - combination 4:4:4, line No. 2 - combination 4:4:1, line No. 3 -

combination 4:4:0, (the first digit in the thermocouple combination corresponds to the copper-constantan thermocouple,
the second to copper-nichrome and the third to chromel-alumel)
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By studying the graphs of Fig. 9, we can conclude that chromel-alumel thermocouple has a noticeable
effect on the load characteristic of the equivalent thermoEMF source. The maximum value of thermoEMF is
3 mV for four thermocouples, 2.39 mV for one thermocouple and 2.14 mV for no thermocouple. The
calculated values were 3.13 mV, 2.49 mV and 2.19 mV. The maximum deviation of the calculated data from
the experimental ones did not exceed 4.3 %.

The influence of copper-nichrome thermocouple on the load characteristic of the equivalent
thermoEMF source is presented in Fig. 10, where Fig. 10.a shows the results of experimental studies, and
figure 10.b shows the results of simulation.

By analyzing the graphs of Fig.10, we can conclude that chromel-alumel thermocouple has a noticeable
effect on the load characteristic of the equivalent thermoEMF source. The maximum value of thermoEMF is
6.47 mV for four thermocouples, 4.89 mV for one thermocouple and 3 mV for no thermocouple. The
calculated values were 6.46 mV, 5.1 mV and 3.15 mV. The maximum deviation of the calculated data from
the experimental ones did not exceed 5 %. As can be seen from Figures 8-10, the model calculates the
characteristics of equivalent thermoEMF sources with an error that does not exceed 6%, and it can be used
for further theoretical analysis.

7 Uload 7 Uload
(mV) m 3
S 5 P (mV)
5 5 2
4 2 4
3 3 1
1
2 2
1 1
0 Rload (Q) 0 Rload (Q)
0,01 1 100 10000 0.01 1 100 10000
a) b)

Fig.10. Load characteristic of an equivalent.thermopower source for various combinations of thermocouples, (a)
experimental results, (b) simulation results, line No. 1 - combination 4:4:4, line No. 2 - combination 4:1:4, line No. 3 -
combination 4:0:4, (the first digit in the thermocouple combination corresponds to the copper-constantan thermocouple,
the second to copper-nichrome and the third to chromel-alumel)

5. Theoretical Studies of Equivalent Thermoelectric Source Characteristics Caused by
Multipoint-Contact Probing

Simulation of theoretical cases is important for studying possible properties that may arise due to the
different characteristics of each thermoelectric source on the surface of the tested object in case of multipoint
contact between the electrodes and the tested object. In other words, the value of thermoEMF of individual
thermoelectric sources can vary over a wide range, which will lead to a change in the characteristics of the
equivalent source.

Two types of thermoEMF sources (thermocouples) were used in the simulation. Their number in
parallel connection is designated X:Y, where X is the number of thermocouples of the first type, and Y is the
number of thermocouples of the second type. For example, the designation 1:1 corresponds to a parallel
connection of one thermocouple of the first type and one thermocouple of the second type, and the
designation 2:6 corresponds to a parallel connection of two thermocouples of the first type and six
thermocouples of the second type. Fig. 11 shows the load characteristics of equivalent sources obtained from
the simulation. In this case, two types of sources were used, differing in the thermoEMF value by 25 %.
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Fig. 11 shows that at a load of more than 100 Q, the deviation of the equivalent thermoEMF is no more
than 12 % for any ratio of two types of thermoEMF sources connected in parallel. For a load of 1 k€, the
deviation will be no more than 8 %.

Ulaa (mV)

0.01 0.1 1 10 100 1000
——1:1 —e—-12 —e—-1:6 —8—2:6 ——10:20 —e—50:100

Fig.11. Load characteristics of an equivalent thermoEMF source obtained by parallel connection of two types of
thermoEMF sources that differ by 25% (number of connected thermoEMF sources for the colored lines correspond to
combination scales 1:1, 1:2, 1:6, 2:6, 10:20, 50:100)

Fig. 12 shows the characteristics of the equivalent source, obtained as a result of simulation, for two
types of thermoEMF sources that differ in thermoEMF by 50 and 100 %:

12 Uload 14 Ul°"d
(mV) | (mV)
10 | 9]
10
8
8
6 6
4
Q 4
Rload ( ) Rload (Q)
2 2
0 A L 0
0.01 0.1 1 10 100 1000 0,01 0.1 1 10 100 1000
. L, . ——1:1 ——122 1:3
s —&— 15 o1 14 —e—L5  —e—IS
o— 26 109 e— 50100 ——26 —e— 1020 —@—50:100
a) b)

Fig.12. Dependence of the load voltage on the load resistance for an equivalent source obtained by parallel connection
of two types.of thermoEMF sources, differing by 50 % (a) and 100 % (b), (number of connected thermoEMF sources
for the colored lines correspond to combination scales 1:1, 1:2, 1:6, 2:6, 10:20, 50:100)

As the number of parallel-connected thermoEMF sources increases, the absolute value of the equivalent
thermoEMEF increases. It can also be noted that the load resistance has a strong influence in the range from
0.01 to 50 Ohms on the value of the equivalent thermoEMF. In the range above 50 Ohms the influence
decreases and at loads above 1 kOhm the differences are insignificant. Fig. 12 shows that at a load of more
than 100 €, the deviation of the equivalent thermoEMEF is no more than 6 % (Figure 12.a) and no more than
20 % (Figure 12.b) for any ratio of two types of thermoEMF sources connected in parallel. For a load of
1 kQ, the deviation will be no more than 7 % (Fig. 12.a) and no more than 18 % (Fig. 12.b).

6. Experimental application

Experimental studies were carried out on the « THERMO FITNESS TESTING» device (Fig. 13.a). For the
study, two grades of steel ShKh15 (Standard: GOST 801) and U8 (Standard: GOST 1435) were taken, from
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which two samples were made for the study. One of the two samples served as a reference, and the other as a
tested steel product. To obtain contact close to a point, the sensor was placed at an angle to both samples, so
that there was only one point of contact (Fig. 13.b). To obtain a planar contact (in our case, a linear contact
was obtained), the contact line of the sensor was placed parallel to one of the surfaces of each sample. The
size of the contact line of the sensor with the samples was 10 mm, which, with the surface roughness of the
sensor and the manufactured samples Rz 100, provided about 50 to 100 contact points.

a) b)

Fig.13. «THERMO FITNESS TESTING» thermoelectric testing device, a= electronics unit with sensor, b —
location of the sensor and samples during testing

The main technical characteristics of the thermoelectric testing device for metals and alloys «THERMO
FITNESS TESTING» are given in Table 1. It should be noted that thermoelectric testing devices are
indicator-type devices.

Table 1. Technical characteristics of the device < THERMO FITNESS TESTING».

No. | Parameter name Unit Value
measurements

1 Supply voltage Volt 220

2 Sensor temperature setting range Degree Celsius 50...170

3 Accuracy of maintaining the'set:sensor temperature Degree Celsius +5

4 Threshold voltage setting limits during'sorting uv 0,01...0,4

5 ThermoEMF measurement range uv 0...49,99

6 Device readiness time minutes 15

7 Turning on the “Accepted” signal EMF is less than threshold voltage

8 Turning on the “Not accepted” signal EMEF is greater than threshold
voltage

The results. of experimental studies using the «THERMO FITNESS TESTING» showed that the
differential thermoEMF fluctuations were +0.42 uV for ShKh15 when implementing a contact close to a
point contact and +0.14 pV for a planar contact. For U8 steel, respectively, £0.31 uV for a point contact and
+0.12 pV for a planar contact. Thus, the conducted studies confirmed the prospects of using electrodes with
planar contact to reduce the influence of inhomogeneity of the chemical composition on the result of
measuring thermoEMF,

7. Conclusion

The conducted studies have shown the importance of taking into account the thermoelectric
characteristics of various chemical compounds that are on the surface of the test object. To obtain high
repeatability of test results, it is necessary to increase the load resistance of an equivalent thermoEMF
source. Under the circumstances of thermoEMF sources with load characteristics differing up to 50 %, the
load resistance should be more than 1 kQ. In this case, the deviation of the maximum thermoEMF value of
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the equivalent source will be no more than 10 % for any number of thermoEMF sources connected in
parallel. With large differences in the load characteristics of different thermoEMF sources (up to 100 %), the
deviation of the maximum thermoEMF value for an equivalent source will be about 20 % for any number of
thermoEMF sources connected in parallel. In addition, to ensure a fluctuation of less than 5%, it is necessary
to have at least 10 points of contact of each electrode of the testing probe with the test sample, and the load
resistance must be equal to or greater than 1 kOhm. However, if the value load resistance is 100 Ohms, then
the number of contact points should be more than 30.

The conducted studies also showed the same nature of the dependence of the voltage on the load for
three different types of thermoEMF sources: copper-constantan, copper-nichrome and chromel-alumel. A
similar nature of the dependence is also observed for equivalent thermoEMF sources formed by various
combinations of these thermocouples.
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