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INFLUENCE OF THERMODYNAMIC CHARACTERISTICS
OF A THERMOELECTRIC HEAT PUMP ON THE
PERFORMANCE AND ENERGY CONSUMPTION OF
A CENTRIFUGAL DISTILLER

The paper analyzes the operation of a thermoelectric heat pump in combination with a centrifugal
distiller for the regeneration of wastewater from a human life system in the conditions of future long-
term space missions. The time dependence of the specific energy consumption of the system at different
capacities of the heat pump is shown, the influence of the temperature difference of the heat carriers on
the efficiency of the heat pump is analyzed. Bibl. 24, Fig. 5, Tabl. 2.

Key words: thermoelectricity, heat pump, distiller.

Nomenclature Subscripts
CMED — centrifugal distiller; h —hot;
¢, — heat capacity, J/(kg-K) ¢ —cold;
G — liquid flow rate, 1/h; d — distiller;
O — heat flow, W; avg — average;
G — flow rate, kg/h; in — inlet;
I — current strength, A; out — outlet;
N — power delivered to THP, W; thp — heat pump;
n — revolutions, rpm; cd — motor

SPC — specific power consumption, W-h/kg;
THP — thermoelectric heat pump;

T, t — temperature, °C;

U — voltage, V;

Nup — heat pump efficiency.
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Introduction

One of the important requirements for water recovery systems from liquid waste in the conditions
of long-term space expeditions to the Moon, Mars and work on the International Space Station (ISS) is the
minimum energy consumption.

A team of engineers and scientists from Igor Sikorsky Kyiv Polytechnic Institute, the Institute of
Thermoelectricity of the National Academy of Sciences of Ukraine and the commercial company
"Termodistillation RV" developed in the period 2000 - 2003 a wastewater treatment system for operation in
microgravity conditions. In publications [1-5], this system is called the cascade distillation system (CDS).
The more correct name used here is Centrifugal Multistage Distillation (CMED) system. The system
contains two main components - the centrifugal multi-stage distiller itself and the thermoelectric heat
pump. Two methods are used to reduce energy costs: 1) the principle of multi-stage evaporation and liquid
concentration and 2) energy recovery through the use of a thermoelectric heat pump.

In [6 — 15], the integral characteristics of CMED of 3-stage and 5-stage distillation are given.
Shown are the results of testing when concentrating urine, atmospheric moisture condensate, sanitary water
and their mixtures at fixed operating parameters of the system, heat pump power (=400 W), rotor motor
speed, etc.

This paper shows the results of testing a centrifugal multi-stage distiller with a thermoelectric heat
pump, which was developed at the Institute of Thermoelectricity of the National Academy of Sciences of
Ukraine and manufactured by company ALTEC. The calculated characteristics of the parameters affecting
the efficiency ng, are given.

Methods for researching the characteristics of a centrifugal distiller with a thermoelectric
heat pump

Three identical five-stage centrifugal distillers have been developed and manufactured by
Termodistillation RV. Altec has manufactured two thermoelectric heat pumps designed and manufactured
by the Institute of Thermoelectricity of the National Academy of Sciences and the Ministry of Education
and Science of Ukraine (ITE). These distillers, together with thermoelectric heat pumps, were first tested at
Termodistillation RV and later transferred to Honeywell International Inc. The devices were then tested at
the Honeywell test benches and at the NASA test bench at the Marshall Space Flight Center.

The test results of distillers and THP presented here have not been previously published.

Fig. 1 shows a schematic diagram of a test bench for three distillers and two heat pumps.

The main and auxiliary equipment of the bench are connected by a system of pipelines that form
two circulation circuits. In one of them ("hot") the evaporated solution circulates, and in the other ("cold") -
distillate.

The test bench works as follows. The distiller's motor 1 is turned on, which provides the specified
speed of the distiller's rotor, and the necessary pressure is set in the apparatus by the vacuum pump 7,
which corresponds to the required boiling point of the solution. From the tank 13 the distillate fills the cold
circuit, which ensures the circulation of the distillate through the condenser of the distiller 1, the salt meter
9, the rotameter 14, the cold side of THP 2, the heat exchanger-cooler 3 and again the condenser of the
distiller. The "hot" circuit is filled from tank 4 to the level set by the regulator valve 6. In the "hot" circuit,
the solution circulates from the distiller evaporator 1 through the rotameter 14, the hot side of the THP 2
and again into the distiller evaporator 1. When electricity is supplied to THP 2, the condensate is cooled in
the "cold" circuit and the solution is heated in the "hot" circuit. The solution superheated in THP 2 relative
to the saturation temperature in the CMED 1 evaporator is partially evaporated, and the resulting steam is
used as a heating distiller in the subsequent evaporation stage; the steam obtained in the last stage of the
distiller is condensed in a contact condenser CMED 1. During the evaporation process, the concentration of

6 Journal of Thermoelectricity Ne2, 2021 ISSN 1607-8829



V.G. Rifert, L.I. Anatychuk, A.S. Solomakha, P.O. Barabash, V.G. Petrenko, O.P. Snegovskoy

Influence of thermodynamic characteristics of a thermoelectric heat pump on the performance and ...

dissolved substances in the hot circuit increases. Excess distillate from the "cold" circuit is automatically
discharged into the distillate collector 5. The fresh solution is fed through valve 6. To ensure the
stationary state of the distillation process, excess heat is removed by the heat exchanger-cooler 3 to the
environment.

z
2

l}
r, i *

6
5 10

v/ 1) N9 4/"~N9

Fig. 1. Schematic of the experimental test bench

[7 /4

A 4

1 — centrifugal vacuum distiller,; 2 — thermoelectric heat pump,

3 — heat exchanger-cooler,; 4 — initial solution; 5 — distillate collector; 6 — system power
regulator valve; 7 — vacuum pump, 8 — salt meter; 9 — salt meter; 10 — electronic scales,
11 —vacuum gauge; 13 — container with distillate for refilling the cold circuit;

14 — rotameters; 15— stop valve; 16 — containers for emptying circuits.

After the end of the experiment, the power supply of THP 2 is turned off, and the "cold" and "hot"
circuits are emptied into the corresponding containers 16.

The temperature was measured at the inlet and outlet of the thermopile on the hot (7, #,) and cold
sides (#;, t4), after the heat exchanger-cooler in the "cold" circuit (#) and at the inlet and outlet of the heat
exchanger-cooler on the cooling side (¢, t;). The temperatures in the "hot" and "cold" circuits were
measured by chromel-copel thermocouples, the measurement accuracy was + 0.1 °C.

The pressure in the apparatus was measured with a vacuum gauge 11 with a measurement scale of

ISSN 1607-8829 Journal of Thermoelectricity Ne2, 2021 7
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1 ... 0 bar (accuracy class 1.0) complete with a barometer.

The mass of the resulting distillate (product) and the initial solution was measured by electronic
scales, measurement accuracy + 2 g, measurement range + 10 kg.

The salinity in the "cold" circuit was measured by the Hanna salt meter (0...999 ppm).

The motor and heat pump drive powers were measured with a voltmeter and an ammeter, accuracy
class 0.5. The revolutions were measured with a tachometer with an accuracy of £1 rpm.

The test time (one test) was 60...120 min.

Results of the experimental study

At the Kiev Polytechnic Institute, studies (tests) of three CMEDs were carried out. Two heat pumps
were used in the experiments. The rotation speed of the heat exchange surface varied from 900 to 1300
rpm, the power of the thermoelectric heat pump varied from 100 to 600 W. The working fluids were
1) distilled water; 2) NaCl solution with a concentration of 5 ... 30%; 3) urine with a concentration from 5
to 50%.

Experimental determination of 14, depending on the input power and temperature difference

The heat flux generated at the outlet of the heat pump is defined as
0, =Gy, (1, —1)), (D

where ¢, and ¢, are the outlet and inlet THP temperatures, respectively, °C.

Nup— the efficiency is determined as 1, = 0, / Ny,

SPC — specific power consumption is defined as the total cost of input energy (power supplied to
the distiller's motor and power supplied to the thermopile) spent on the production of one kilogram of
distillate

(Neg + N,

SPC = , ()
d
The average temperature difference in a thermoelectric heat pump AT, is defined as:
t+t t,+t
ar uts) (4 4)’ 3)

e 2 2

where ¢; is temperature at the inlet to THP heating zone, °C; ¢, temperature at the outlet of THP heating
zone, °C; t; is temperature at the inlet to THP cooling zone, °C; ¢, is temperature at the outlet of THP
cooling zone, °C.

The temperature difference at the inlet to the thermoelectric heat pump AT}, is defined as:

AT, =t —t,, 4)

Table 1 provides an example of one test performed on a CMED with 5 steps at n = 1200 rpm on
urine. All the initial values necessary to analyze the process are indicated: revolutions, power, time,
temperature, costs, etc., and calculated values: supplied heat capacity, the degree of concentration of urine
at the inlet and outlet of the device, the concentration in the residue, the efficiency of the heat pump.
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Table 2 shows the main experimental parameters for each of the 32 tests performed in different
periods of time on different devices. It should be noted that the main characteristics of the three
manufactured centrifugal distillers, as well as two heat pumps, are identical (with the same parameters of
the initial liquid, revolutions and power), as well as two heat pumps: performance, specific power
consumption, distillate quality [16—19], which confirms the optimality of the developed CMED design in
combination with THP.
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Fig.2 shows specific power consumption versus time for three five-stage distillers with a heat
pump power of 400 W. In experiments on urine, the salt concentration increased over time up to 50%, and
it should be noted that the efficiency of the system weakly depends on the concentration of the solution
(see Fig. 2).

SPC, (W-h)/kg

250

200
150
a CD5-1
- #CD5-2
— - ¥ mcoss3
*aem9nnnl?
50
0
0 5 6 10 12 15 18 20 24 25 30 36 42 48 54 min
Fig. 2. Specific power consumption versus time for
urine, Ny =400 W, n = 1200 rpm.
Gd, kg/h
6
5 og o-0-0
o © 800 08 g
4 (8
3 el O THP-1
2 .
[ THP-2
1
o0
0 10 20 30 40 50 60 70
min

Fig. 3. System performance versus time for two samples of thermoelectric
heat pumps, Ny, = 400 W, n = 1200 rpm.

The most important indicator of heat pump efficiency, #up, has high values in the investigated
range of current strength (see Table 2). In general, the efficiency of a thermoelectric heat pump depends on
the average temperature difference and the temperature difference at the inlet to the heat pump. In our
works [20-21], this is analyzed and it is shown that the implementation of the process in the field of action
of centrifugal forces significantly intensifies heat transfer, which, in turn, favorably affects the efficiency of
the thermoelectric heat pump. As a result, the ng, of the heat pump in our case varies from 2 to 5
depending on the current power.

NASA tested the TIMES distiller at the end of the 20th century. The system uses a polymer
membrane that selectively allows water from the wastewater source to pass through. Power consumption is

10 Journal of Thermoelectricity Ne2, 2021 ISSN 1607-8829
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minimized by using solid state heat pumps. As a result, in experimental tests with non-concentrated urine,

the maximum efficiency of a thermoelectric heat pump was approximately equal to only two [22-24].

Table 2
Main results of the experimental study for 32 selected tests
o Revolutions Motor Heat pump Current Iplet temperature Average temperature Delivered Heat pump
Ne Liquid 1 > | power, Np, ower. Ny W strength, | difference, AT;,= | difference, ATavg = (#1 | thermal power, officieric
> TP w power, Nip, LA H-t3 +0)2- (Lt )2 oW Y> N

1 Urine 1200 76 386 14.5 12.2 18.8 780 2.02

2 Water 1000 76 430 17.7 9 16.8 1000 2.33

3 Urine 1000 76 235 11 9 15.8 600 2.55

4 Urine 1000 77 240 11 9.7 15 614 2.56

) Urine 1200 92 96.4 6.8 2.4 113 320 3.32

6 Urine 800 40 150 8.8 6.7 10 490 3.27

7 Urine 1000 71 150 8.8 8.8 12 459 3.06

8 Urine 1200 77 386 14 12 235 880 2.28

9 Urine 800 40 150 8.8 6.7 10 491 327

10 | Urine 1000 70 150 8.8 8.8 12 459 3.06

11 | Urine 1200 78 386 14 12 23.5 880 2.28

12 | Water 1200 79 106 7.6 3.9 5.8 360 34

13 | Water 1200 78 200 10.4 43 9.3 600 3.0

14 | Water 1100 63 100 7.3 3.5 6.8 380 3.8

15 | Water 1200 78 400 14.3 1.0 13.7 972 2.43

16 | Water 1100 78 603 12.8 13.4 15.5 1110 1.84

17 | Urine 900 59 150 8.7 53 10.5 495 33

18 | Urine 1100 78 200 10.0 5.0 10.3 640 3.2

19 | Urine 1300 100 63 2.0 1.5 3.8 351 5.4

20 | Urine 1300 99 61 2.0 6.2 8.0 263 4.3

21 | Urine 1300 98 100 7.0 3:2 73 330 33

22 | Urine 1300 99 155 4.6 6.8 9.3 496 32

23 | Water 1000 354 109 7.5 3.9 8.2 352 3.23

24 | Water 1300 104 110 7.5 3.9 6.3 402 3.66

25 | Water 900 35 200 10 5.1 10 492 2.46

26 | Water 1300 98 200 10 4.5 10.2 528 2.64

27 | Water 1100 78 606 17.6 10.5 16.5 196 1.94

28 | Water 1000 51 101 7.3 3.5 6.8 379 3.75

29 | Urine 1100 78 150 8.8 8.0 10.5 465 3:1

30 | Urine 1100 77 150 8.8 5.7 9.2 540 3.6

31 | Urine 1250 85 164 7.6 12 - 328 2.0

32 | Urine 1100 79 165 13 13.5 - 396 24

The influence of the average temperature drop, the temperature difference at the THP inlet and the

current strength on the efficiency of the ALTEC heat pump is shown in Fig. 4 and 5, respectively.

n thp

6

1

A3

10

15

20

25

AT,

avg

Fig. 4 Dependence of heat pump efficiency on the average temperature difference;
current strength: @ 1 —2..4A; @ 2—7...104; A 3 13...174;

11
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T‘lthp

AT

avg

Fig. 5 Dependence of heat pump efficiency on the temperature
difference at the inlet to heat pump.

Conclusions

The conducted experimental studies have shown that in the developed system of a centrifugal
distiller with a thermoelectric heat pump, it is possible to achieve high performance indicators of the
thermopile, the heat pump efficiency n, is in the range of 3...5. This can be achieved due to very intense
heat transfer processes in the field of action of centrifugal forces, which makes it possible to maintain a
minimum average temperature difference of the working fluids in a thermoelectric heat pump. The
obtained data will be used to create a mathematical model of a water distillation system (centrifugal
distiller + thermoelectric heat pump) and to design a water regeneration system for a given capacity with a
predicted specific power consumption.

The work was supported by the grant of the Ministry of Education and Science of Ukraine
"Development and preparation of innovative distillers for the concentration of thermosensitive solutions”,
State registration number: 0121U110195.
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INVESTIGATION OF PROPERTIES OF
NEW THERMOELECTRIC MATERIAL Lu;..Sc,NiSbh

The crystalline and electronic structures, thermodynamic, kinetic, energy and magnetic properties of
the thermoelectric material Lu;Sc,NiSb at temperatures T = 80 — 400 K have been studied. Depending
on the concentration of the alloying component in the solid solution Lu,.Sc,NiSb, different mechanisms
of Sc atoms entering the semiconductor matrix have been established, which leads to different rates of
generation of structural defects of acceptor and donor nature. The ratio of the concentrations of
existing defects of donor and acceptor nature determines the position of the Fermi level e and the
conduction mechanisms in Lu;.,Sc.NiSb. The investigated solid solution Lu,;..Sc,NiSb is a promising
thermoelectric material. Bibl. 18, Fig. 8.

Key words: electronic structure, electric resistivity, Seebeck coefficient.

Introduction

In [1-7], a study of a new class of semiconductor thermoelectric materials based on RNiSh
compounds (R-Y, Gd-Lu), which have a high efficiency of converting thermal energy into
electricity [8], was initiated. The study of RNiSb compounds showed that they crystallize in the structural
type of MgAgAs (F43m) [9], and their crystal structure is defective: in the crystallographic positions of 4a
R atoms and 4¢ Ni atoms there are vacancies. In turn, these vacancies form in the band gap ¢, of p-RNiSh
semiconductors structural defects of acceptor nature and the corresponding acceptor levels (zones), which
confirm the results of kinetic studies [10].

Thermoelectric materials based on p-RNiSb (R—Er, Lu) [4—6] were obtained by doping
semiconductors with Zr or Sc atoms by substituting rare earth metal atoms in the crystallographic position
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4a. This was accompanied by the generation of structural defects of donor or neutral nature, which allowed
to optimize the values of the of Seebeck coefficient a(7,x), thermal conductivity «(7,x) and electric
conductivity o(7,x) [8]. Thus, doping p-(Er,Lu)NiSh with Zr atoms (4d°5s”) [4, 5] led to the following
changes in crystal and electronic structures:

— substitution at position 4a of Er or Lu atoms for Zr atoms generates structural defects of donor
nature, because Zr has a larger number of d-electrons than, for example, the Lu atom (5d'6s”). In this case,
an impurity donor zone &,' appears in the band gap &;

— occupation of vacancies in position 4a by Zr atoms simultaneously eliminates structural defects of
acceptor nature and generates defects of donor nature and donor zone €.

In the case of doping of p-ErNiSh with Sc atoms (3d'4s%) in the Er;.ScNiSh semiconductor, no
donor level was formed, because Er and Sc atoms are located in the same group of the Periodic Table of
the Elements [6]. On the other hand, the occupation of vacancies in position 4a by Sc atoms creates defects
of donor nature with the appearance of the donor zone &y in the band gap Eq.

The following results of the study of structural, thermodynamic, kinetic, energy and magnetic
properties of semiconductor solid solution Lu;_.Sc,NiSbh will establish the nature of structural and energy
defects, which will make the process of optimizing the characteristics of thermoelectric material
predictable to maximize thermal energy conversion efficiency.

Research methods

The crystal structure, the distribution of the density of electronic states (DOS), and the magnetic,
thermodynamic, kinetic, and energy properties of Lu;.,Sc,NiShb have been studied. The samples were
synthesized by fusing the charge of the initial components in an electric arc furnace in an inert argon
atmosphere, followed by homogenizing annealing for 720 h at a temperature of 1073 K. Diffraction data
arrays were obtained using a powder diffractometer STOE STADI P (CuKa,-radiation). Crystallographic
parameters were calculated using the program Fullprof [11]. The chemical and phase compositions of the
samples were monitored by an energy-dispersive X-ray analyzer (EPMA) [12]. Calculations of DOS,
electron localization function (ELF), enthalpy of mixing (AH,.), and optimization of Lu;_,.Sc.NiSb crystal
structure parameters were performed using the Korringa-Kohn-Rostocker (KKR) method in the coherent
potential (CPA) and local density approximation (LDA) and the full-potential method of linearized plane
waves (FLAPW). KKR simulations were performed using the AkaiKKR software package [13] in the local
density approximation for the exchange-correlation potential with parameterization by Moruzzi, Janak,
Williams [14] in the semi-relativistic consideration of the core level and spin-orbit interaction. Elk software
package was used in FLAPW calculations [15]. Calculations were performed for a 10x10x10 k-grid in both
the LDA and generalized gradient approximations (GGA). The Brillouin zone was divided into 1000 k-
points, which were used to calculate the Bloch spectral function (band spectrum) and the density of
electronic states. The width of the energy window was chosen so as to capture the semi-core states of the p-
elements. Visualization of volumetric data was performed using the program VESTA [16]. Topological
analysis and interpretation of DOS and ELF was performed within the framework of Bader's theory [10].
The accuracy of calculating the position of the Fermi level was g £ 6 meV. Temperature and concentration
dependences of resistivity (p) and the Seebeck coefficient (o) were measured with respect to copper and
magnetic susceptibility (y) (Faraday’s method) of Lu;..Sc.NiSh samples, x =0 — 1.0, in the temperature
range 7= 80 — 400 K.
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Investigation of structural characteristics of Lu,.,Sc,NiSb

Microprobe analysis of the concentration of atoms on the surface of the samples established their
correspondence to the initial composition of the charge (Fig. 1), and X-ray phase and structural analyzes
showed that the diffraction patterns of samples Lu;.,Sc.NiSb, x =0—0.1, and ScNiSh are indexed in the
MgAgAs [9] structural type and contain no traces of other phases (Fig. 2a).

Electron Image 1 EDS Layered Image 1

50um 50 um
a) b)

Fig. 1. Photograph of the surface (a) and distribution of components
(b) of the sample Luy 9sScg.9,NiSh

Given that the atomic radius of Lu (rz,= 0.173 nm) is larger than Sc (rs.= 0.164 nm), it is assumed
that the values of the unit cell period a(x) Lu,..Sc.NiSb decrease when the Lu atoms are replaced by Sc
atoms (Fig. 4a. 2b). In this case, structural defects of neutral nature are generated in the Lu; ,Sc.NiSbh
semiconductor (Lu and Sc atoms contain the same number of external d-electrons). However, as can be
seen from the insert of Fig. 2b, the decrease in the values of the period a(x) Lu;..Sc,NiSh at concentrations
x=0-0.1 is nonlinear, which may indicate more complex structural changes than the replacement of Lu
atoms by Sc. Such changes can be caused by partial occupation of Sc vacancies at positions 4a of Lu atoms
and/or 4¢ Ni atoms. This will lead to the deformation of the unit cell and change its period a(x). However,
the accuracy of X-ray diffraction studies does not directly identify these changes.

Therefore, from the results of X-ray structural studies we can assume that the structure of the
semiconductor Lu;_,Sc,NiSh may simultaneously undergo the following changes:

— substitution at position 4a of Lu atoms by Sc atoms generates defects of neutral nature;

— occupation of vacancies in position 4a by Sc atoms simultaneously eliminates the structural defect
of acceptor nature and the corresponding acceptor zone ¢, in the band gap gg. At the same time, structural
defects of donor nature and the corresponding donor zone &,' are formed;

— occupation of vacancies by Sc atoms in position 4c¢ of Ni atoms simultaneously eliminates
structural defects of acceptor nature and the corresponding acceptor zone &,°, and in the band gap |
structural defect of donor nature is formed with the appearance of donor zone &p°.
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Fig. 2. Diffractograms of samples (a) and change of the period of
the unit cell a (x) (b) Lu;..Sc.NiSb

We simulated the change in the values of the period of the unit cell a(x) Lu;_.Sc.NiSb for the ordered
variant of its crystal structure (all atoms occupy their own crystallographic positions) using software
packages AkaiKKR [13] and Elk [15] (Fig. 3a).
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Fig. 3. Calculation of the change in the period of the unit
cell a(x) (a) and the enthalpy of mixing AH(x)
(b) solid solution Lu;_,ScNiSb: 1 — software package AkaiKKR,
2 — software package Elk

The results of modeling a(x) Lu;..Sc.NiSh are close to the results of X-ray diffraction studies
(Fig. 2b). Using the Elk software package we get a linear decrease of a(x) Lu;.Sc.NiSb, whereas modeling
with the AkaiKKR software package yields an inflection of x=~0.4 on the dependence of a(x).

Modeling of the electronic structure and experimental studies of the properties of Lu;..ScNiSb will
show the degree of adequacy of the assumptions made and will allow us to understand the mechanism of
entry of Sc atoms into the p-LuNiSh matrix.
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Modeling of thermodynamic characteristics and electronic structure of Lu;.,Sc,NiSb

Modeling of thermodynamic characteristics for a hypothetical solid solution Lu; ,Zr.NiSh,
x =0- 1.0, in the approximation of harmonic oscillations of atoms in the framework of density functional
theory (DFT) allows us to establish the energy feasibility of the existence of a substitutional solid solution.
Fig.3b shows the results of modeling by the KKR [13] and FLAPW [15] methods of changing the enthalpy
of mixing AH,,;(x) Lu,..Zr.NiSh. The nature of the behavior of the AH,,;(x) dependences obtained by both
modeling methods shows the energy feasibility of the existence of a substitutional solid solution for the
studied Lu;..Zr.NiSh, x = 0 — 0.10. In turn, the dependences AH,,;(x) Lu,..Zr.NiSb differ slightly. Thus, the
dependence AH,;(x), obtained using the Elk software package [15], shows that its growth in the
concentration range x = 0 — 0.4 is associated with the energy feasibility of forming a substitutional solid
solution when Lu atoms in crystallographic position 4a are replaced of atoms Sc. In addition, from Fig. 35,
curve 1, it is also seen that the enthalpy dependence of the mixing AH,,;(x) Lu;..Sc,NiSb passes through the
maximum at x = 0.4, and then decreases monotonically. In turn, the dependence AH,;(x) Lu;..Sc,NiSb,
obtained using the software package AkaiKKR [13], contains a maximum of x = (.7.

Important parameters that characterize the results of doping the LuNiSh semiconductor with Sc
atoms to obtain the thermoelectric material Lu;.Sc.NiSh are the behavior of the Fermi level g, the band
gap &, and the zones of continuous energies. Based on the assumption that the crystal structure of
Lu;..ScNiSb is ordered, using the Elk software package [15], the distribution of the density of electronic
states (DOS) was modeled (Fig. 4a). It is seen that in LuNiSh the Fermi level € lies in the middle of the
band gap &,, which is characteristic of intrinsic semiconductors [17], and the band gap €,= 190.5 meV.
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Fig. 4. Calculation of DOS (Elk software package) for ordered (a) and unordered
(AkaiKKR software package) (b) variants in the crystal structure Lu;.,Sc.NiSb

The results of DOS modeling for the ordered variant of the crystal structure Lu;_,.Sc.NiSb, x =0.125,
(Elk software package [15]) show the redistribution of DOS (Fig. 4a) and the increase in the band gap &,.
The Fermi level ¢ lies in the middle of the band gap &,, because the atoms Lu and Sc are located in the
same group of the Periodic Table of the Elements, and the generated structural defects are neutral.

DOS simulation for the ordered variant of the ScNiSh crystal structure (Lu;..ScNiSb for x =1.0)
gives a band gap &,= 247.6 meV, which is greater than that of LuNiSb. In this case, the Fermi level ¢ also
lies in the middle of the band gap &,. We can predict that p-ScNiSb will become the basic semiconductor for
thermoelectric materials.

Therefore, DOS simulations for the ordered variant of the LuNiSh and ScNiSh structure do not
correspond to the results of experiment [2, 3, 5, 6], which show that the main carriers are holes (p-type
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conductivity) and the Fermi level g lies near the valence band €. Based on these results, a model of
the crystal structure of p-LuNiSh and p-ScNiSb was proposed, the essence of which is the presence of
vacancies in positions 4a and 4¢ of Lu (Sc) and Ni atoms, respectively.

The DOS calculation for the disordered variant of the Lu;.,.Sc.NiSbh crystal structure (Fig. 4b) was
performed using the model we proposed in the DOS calculations for the YNiSh compound [7]. The model
of the structure of the semiconductor Lu;.+,Sc.Ni;.5,Sb is considered, in which at position 4a the Lu atoms
are replaced by Sc atoms. In addition, the Lu atoms partially move to the 4¢ position of the Ni atoms, and a
vacancy (Vac) occurs simultaneously in this position. Moreover, how many Lu atoms additionally move to
the 4c¢ position of Ni atoms, so many vacancies appear in this position. That is, if the atoms of Lu at the
number x=0.01 move to the position 4c¢ of the atoms of Ni, then there are additional vacancies with a
concentration of x=0.01 Therefore, at position 4¢ of Ni atoms we have: Ni — x=10.98, Lu — x=0.01,
Vac — x=0.01. In this model of the Lu,,Sc,NiSbh crystal structure, the calculation of the distribution of
DOS shows the presence of the band gap €., and the Fermi level ¢ lies near the valence band ¢y (Fig. 4b).
This means that the values of the Seebeck coefficient a(7,x) at all investigated concentrations and
temperatures will be positive in the experiment.

It is clear that this model is correct only for a small number of Sc impurity atoms, because even
partial occupation of the position 4c of Ni atoms by Lu atoms significantly deforms the structure with its
subsequent decay. The disadvantage of this model is also the generation of a significant number of energy
levels in the band gap &,, which intersect with the zones of continuous energies and fix the Fermi level €F.
This makes it difficult to determine the real band gap &, and the value of the activation energy €,"(x) from
the Fermi level g to the valence band ¢y.

Modeling the electron density distribution and the Elk electron localization function by introducing
Sc atoms into the LuNiSh compound structure by substituting Lu atoms in the 4a crystallographic position
(Fig. 5) gives a clear idea of changes in the crystal and electronic structures of Lu; ,.Sc,NiSh thermoelectric
material.

LuNiSb

Fig. 5. Simulation of electronic density of Lu;.,Sc.NiSb, x=0-1.0, (Elk software package)

The following results of experimental studies of kinetic, energy and magnetic properties will show
the degree of adequacy of the proposed disordered model of the crystal structure of Lu;..Sc,NiSbh to the real
structure of the semiconductor.

Investigation of kinetic, energy and magnetic properties of Lu;.,Sc,NiSh

Temperature and concentration dependences of resistivity p and the Seebeck coefficient o of Lu;.
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Sc.NiSbh samples are shown in Fig. 6, 7. The dependences In(p(1/7)) and a(1/7) are typical for doped and
compensated semiconductors with high- and low-temperature activation sites, which indicates the presence
of several activation mechanisms of conductivity [17]. In addition, high-temperature activation regions on
the In(p(1/7T)) dependences for all studied samples Lu,,Sc,NiSh (Fig. 6a) show that the Fermi level & is
located in the forbidden band &,, and positive values of the Seebeck coefficient a(7) (Fig. 6b) that specify
its position — near the valence band g;. Thus, holes are the main carriers of Lu,.,Sc.NiSb electricity at
almost all temperatures studied.
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Fig. 6. Temperature dependences of resistivity In(p(1/T)) (a) and the Seebeck coefficient a(1/T) (b) Lu;.
SceNiSh; 1 —x=0.1; 2—x=0.07; 3 —x=1; 4 —x=0.04; 5 —x=0; 6 —x=0.01

The change in the values of the resistivity In(p(1/7)) Lu;..Sc.NiSb is described by the known
expression (1):
p p
-1 -1 81 -1 83
T)= exp| ——— |+ exp| ——— |, 1
p (1)=p 1:{ kBTJ Jo 1:{ kBTJ (1)
where the first high-temperature term describes the activation of current carriers €,°(x) from the Fermi level
er to the level of continuous energy zones, and the second, low-temperature term, is the jumping
conductivity at impurity states £;°(x) with energies close to the Fermi level g.
Temperature dependences of the Seebeck coefficient a(1/7T) Lu,..Sc.NiSb (Fig. 6b) are described

using expression (2) [18]:
kgl &“
== L —y+1 , 2
a=- { o J 2)

where vy is a parameter that depends on the nature of the scattering mechanism. From high- and low-
temperature activation regions of the a(1/7) dependence, the values of activation energies €,%(x) and &;%(x),
respectively, were calculated, which, as shown in [10], are proportional to the amplitude of large-scale
fluctuation of continuous energy zones and small-scale fluctuation of heavily doped and compensated
semiconductors [17].

24 Journal of Thermoelectricity N2, 2021 ISSN 1607-8829



Romaka V. A., Stadnyk Yu.V., Romaka V.V., Demchenko P.Yu., Romaka L.P., Pashkevych V.Z....

Investigation of properties of new thermoelectric material Lu;.,Sc,NiSb

250

=80 K

=380 K

»

180

200 40 1004 160
L30 - 140
_ o) = 80+ o
2150+ & E =~
a 0> G 120 X
E [° \:; =604 - i
~1004 =
¥ L10 " £ L1000 S
2\ e 40 /
&
. e -0 17: y s
WSS e 20 4
1e 20 b<‘ 0

T 60
0.10

0.04 0.06 0.08

x (Sc)

0.04 0.06 0.08 0.10 0.00 0.02

x (Sc)

0.00 0.02

Fig. 7. Change in the values of resistivity p(x,T) (1) and the Seebeck coefficient o(x,T)
(2) Lu;ScNiSb at different temperatures

Thus, in the case of p-LuNiSh, the Fermi level ¢ is located at a distance g,°= 10.2 meV from the
valence band €y, and the amplitude of modulation of continuous energy bands is £,*= 35.7 meV. For the p-
ScNiSh semiconductor, the Fermi level &r lies at a distance ¢,"= 30.1 meV from the valence band ey, and
the amplitude of modulation of the continuous energy bands is ;%= 23.1 meV. High values of activation
energy &,” in both p-LuNiSh and p-ScNiSh semiconductors indicate the presence of a significant number of
uncontrolled donors, and the position of the Fermi level € is determined by the ratio of concentrations of
ionized acceptors and donors. And if the nature of the acceptors in p-LuNiSb and p-ScNiSb is due to the
presence of structural defects in the form of vacancies, the origin of the donors lies in the plane of purity of
the original components and sampling technology.

Note that the semiconductors p-LuNiSh, Lug93Scyo7;NiSb, LuyepScy 10NiSb and
p-ScNiSb in the low-temperature regions of the dependences In(p(1/7)) there are activation regions,

only in

indicating the mechanism of hopping & localized states. On the other hand, the presence of &;"-
conductivity in a p-type semiconductor with a significant concentration of acceptors (vacant nature of
defects in the structure of p-LuNiSh and p-ScNiSb) indicates the presence of a compensating donor
impurity. And if in the form of p-LuNiSh and p-ScNiSb the presence of donors can be explained by the
degree of purity of the components and the peculiarities of its synthesis and homogenizing annealing, then
what generates jump &;"-conductivity at concentrations Sc, x = 0.07 ta x = 0.10?

And why for other samples of Lu;..Sc,NiSb at low temperatures the values of resistivity increase with
increasing temperature (metallic conductivity)?

The answers to these questions lie in the plane of changes in the structure of Lu;_,Sc,NiSbh, which will
be shown below. Metallization of low-temperature conductivity for individual Lu;,Sc.NiSb samples
indicates the close location of the Fermi level €r to the valence band flow level, which significantly
facilitates the ionization of acceptors and the appearance of a significant number of free holes of the
valence band gy. It is known that the activation energy of the jumping conductivity &;” shows the degree of
filling of holes in the p-type semiconductor of the conductivity of small-scale fluctuations. As soon as the
holes are filled with small-scale fluctuations, the activation of the holes between the potential wells will not
be carried out, and there will be no low-temperature activation sites on the resistivity dependences
In(p(1/7)). It is obvious that in samples Lu; ,Sc,NiSh, x = 0.01 — 0.04, there is a significant number of
ionized acceptors at low temperatures, which leads to overlapping of wave functions of impurity states near
the Fermi level &7 and, as a consequence, to the absence of jumping mechanism &;”-conductivity. In this
case, the impurity acceptor zone intersects with the valence band ¢y, forming a "tail", which is manifested
by metallic conductivity at low temperatures. These experimental results are close to those calculated when
modeling the distribution of DOS for the disordered variant of the Lu;..Sc,NiSb structure (Fig. 4b).
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Fig. 8a shows the change in the values of the activation energy of current carriers ;" from the Fermi
level €r to the valence band flow level (positive values of the Seebeck coefficient a(x, T) (Figs. 6b, 7)). We
can see that doping the base semiconductor p-LuNiSh with a neutral impurity Sc leads to a drift of the
Fermi level & from the flow rate of the valence band towards the middle of the band gap &,. Recall that in
p-LuNiSh the Fermi level was at a distance €,"= 10.2 meV from the valence band €y, and in the case of Lu;,.
Sc.NiSh, x=0.10, at a distance £,"= 67.9 meV. This is possible either in the case of the emergence and
increase in the number of donors, or a decrease in the number of acceptors with a constant number of

donors.
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Fig. 8. Change in the values of activation energy &,%(x) (1) and specific magnetic susceptibility y(x)
(2) (a) and thermoelectric power Z* (b) Lu,;..Sc,NiSb

In the analysis of structural changes, we noted that as a result of the introduction of Sc atoms into the
structure of the LuNiSbh compound, it is possible for Sc atoms to occupy vacancies in position 4a, which
simultaneously eliminates the structural defect of acceptor nature and the corresponding acceptor level.
This creates a structural defect of donor nature with the appearance in the band gap ¢, of the corresponding
donor band &,', which supplies free electrons, making the semiconductor Lu;..Sc,NiSh strongly doped and
compensated. This mechanism of structural changes of Lu;,..Sc,NiSbh, which generate the appearance of the
donor zone ¢p', is the most real in the semiconductor and is consistent with the results of kinetic and
energy studies.

The following interesting feature follows from the nature of the behavior of €,"(x) Lu;_,.Sc,NiSh (Fig.
8a). We can see that at the concentration range x = 0 — 0.07 the change of activation energy values &,"(x) is
almost linear, and the velocity of the Fermi level & from the valence band &, is constant and is
Aer/Ax = 4.9 meV/%Sc. At a concentration of x > 0.07, the angle of inclination of the dependence &,°(x)
becomes steeper, which indicates an increase in the velocity of the Fermi level e from the valence band gy
to Aes/Ax =11.2 meV/%Sc. Different velocities of the Fermi level ¢ from the valence band gy to the
middle of the band gap &, Lu,..Sc.NiSb show different velocities of generation of structural defects of
acceptor and donor nature. It can be seen that at the concentration x > 0.07 the number of donors grows ~2
times faster than at the site x = 0 — 0.07. And the reason for this is different changes in the crystal structure
of Lu;..ScNiSb depending on the concentration of Sc impurity atoms.

The results of changes in the values of resistivity p(x,T), the Seebeck coefficient a(x, ) (Fig. 7) and
Fermi level e (Fig. 8a, curve 1) are consistent with the results of experimental measurements of magnetic
) Lu;Sc.NiSb, x =0—0.10, at room temperature (Fig. 8a, curve 2). Studies have shown that the Lu;.
S¢NiSh semiconductor is a Pauli paramagnet in which the magnetic susceptibility is determined
exclusively by the electron gas and is proportional to the density of states at the Fermi level gz As can be
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seen from Fig. 8a, curve 2, the dependence y(x), as well as p(x,T) and a(x,T) (Fig. 7), has a plateau in the
area of concentrations x = 0 — 0.02, which we associate with insignificant concentration of free electrons
generated by the formed donor band &,'. At higher concentrations Sc, the rate of change of the magnetic
susceptibility y(x) Lu;..Sc.NiSbh, as well as p(x,T) and a(x,T), increases, showing an increase in the rate of
free electron generation.

Thus, the study of electrokinetic, energy and magnetic properties of Lu,..Sc.NiSb showed at different
concentrations different rates of generation of structural defects of acceptor and donor nature, which is due
to different mechanisms of Sc atoms entering the semiconductor matrix. However, this issue requires
additional research, including structural, and modeling of the electronic structure of the semiconductor
solid solution Lu;_,.Sc,NiSb under different conditions of entry into the structure of Sc atoms, and the above
results will serve as reference points in the calculations.

Studies of the solid solution Lu;..Sc,NiSh showed that it is a promising thermoelectric material at
concentrations x = 0.02 — 0.07 with high values of the thermoelectric power factor (Fig. 80).

Conclusions

The complex nature of structural changes has been established as a result of a comprehensive study
of crystal and electronic structures, thermodynamic, kinetic, energy and magnetic properties of
Lu;_.ScNiSbh thermoelectric material obtained by doping p-LuNiSh with Sc atoms by substituting atoms in
4a crystallographic position. It is shown that, depending on the concentration of Sc atoms, they can occupy
different crystallographic positions in the Lu; .Sc,NiSh semiconductor matrix, which leads to different rates
of generation of structural defects of acceptor and donor nature. The ratio of the concentrations of existing
defects of donor and acceptor nature determines the position of the Fermi level € and the conduction
mechanisms in Lu;..Sc,NiSbh. The investigated solid solution Lu;.Sc,NiSb is a promising thermoelectric
material.
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JOCJIIIKEHHS BJIACTUBOCTENA HOBOI'O
TEPMOEJIEKTPUYHOI'O MATEPIAJNY Lu,..Sc.NiSh

Jlocniooceno Kpucmaniuny ma eieKmpoHHY CMPYKMYpU, MepMOOUHAMIYHI, KIHeMUYHI, eHepeemuyHi ma
MazHimHi eracmugocmi mepmoeiekmpuurno2o mamepiany Lu;_ ScNiSb 3a memnepamyp T=80-400 K. V sanexcrnocmi
6I0 KOHYeHmpayii ae2yiouoeo KomnoHenmy y meepoomy posuuni Lu;  ScNiSb ecmanosneno pisui mexauizmamu
6X00JICeHHs. amomig Sc y mMampuyio HANnieNnpoGioHUuKd, Wo Npusooums 00 DIHUX WEUOKOCHel 2eHepyB8ants
CMpYyKmypHux Oegpexmie axyenmophoi ma 0oHopHoi npupoou. CniesiOHOUIeHHS KOHYeHmpayill HAs6HUx Oepexmis
OonopHOI ma akyenmopHoi npupoou eusnauac y Lu; Sc,NiSb nonoocennss pisus @Depmi e ma mexanizmu
nposionocmi. Jlocnioaxcenuti meepouti pozuun Lu; .ScNiSb € nepcnexmuenum mepmoereKxmpuiium Mamepiaiom.
Kiro4oBi ci1oBa: elekTpoHHA CTPYKTYpa, eeKTpooIip, koedimieHT Tepmo-epe. bion. 18, puc. §.
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HCCJEJOBAHUE CBOMCTB HOBOI'O
TEPMOJJIEKTPUUYECKOI'O MATEPUAJIA Lu;.Sc.NiSb

Hccnedosanvl  kpucmaninuueckas U 91eKMPOHHAS. CMPYKIMYPbl, MepMOOUHAMUYECKUe, KUHemuyeckue,
OHepeemuyecKue U MASHUMHblE — CEOUCmBa  mepmodiekmpuyeckoeo  mamepuana.  Lu; ,Sc,.NiSbnpu
memnepamype T = 80-400 K. B 3asucumocmu om KOHYeHMpayuu iecupyoujeco KOMROHEHMA 8 MmeepooM
pacmeope  Lu;  Sc.NiSb ycmanoeienvl pasnuynvie MexaHusmbl 6XO0JCOCHUss amomos Sc 6 mampuyy
NOMYNPOBOOHUKA, YMO NPUBOOUN K PA3HbLIM CKOPOCHSM 2€HEePUPOSAHUs. CMPYKMYPHLIX Oepekmos
axkyenmopuoll u OOHopHOU npupoodsl. CoomHowenue KOHYEHMPAYUll UMerowuUxcs O0epexmos OOHOPHOU U
aKyenmopHol Npupoovl  onpedesiem Noaodcenue ypoeHs Depmu € U MEXAHUIMbL  NPOBOOUMOCMU
Lu; ,Sc.NiSb.  Hccnedosannwiii  meepovii  pacmeop  Lu;. Sc,NiSb  sensemcsi — nepcnekmueHvim
mepmosiekmpuieckum mamepuaiom. buon. 18, puc. 8.

KnroueBble c10Ba: dIIEKTPOHHAS CTPYKTYpa, AJIEKTpoconpoTuBieHne, koaddumnment repmod/IC.
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THEORETICAL MODELS OF ORDERED ALLOYS
OF THERMOELECTRIC MATERIAL TERNARY SYSTEMS.
1. CHEMICAL BOND AND STATE DIAGRAMS OF In-Cd-Sb

Using the developed comprehensive approach for building theoretical models of ordered alloys of
ternary systems of thermoelectric materials, a diagram of the distribution of phase regions for
equilibrium in the solid state and isothermal sections based on intermediate binary compounds In-Sb,
Cd-Sb, In-Cd are constructed. Calculations of effective charges, effective radii, electron density
redistribution, and dissociation energy of nonequivalent hybrid orbitals (NHOs) in the In-Cd-Sb system
depending on interatomic distances are presented. The results of theoretical calculations can be used in
the development of technology for new thermoelectric materials based on ternary In-Cd-Sb systems.
Bibl. 13, Fig. 4, Tabl. 3.

Key words: state diagrams, phase transitions, chemical bond, nonequivalent hybrid orbitals,
dissociation energy.

Introduction

The search for new promising thermoelectric materials is increasingly reduced to the need to study
multicomponent systems. Several main features of such systems should be noted. First and foremost, it is
the formation of solid phases of variable composition within which there is a continuous transition in
chemical composition and a gradual transition from densely packed crystal lattices to layered structures
with corresponding changes in physical properties.

The nature of the chemical bond in such compounds varies from metallic to ionic non-polar in layered
sublattices. In turn, a change in the chemical bond of the aforementioned compounds is reflected in a change in
the structure of the short-range order of the interatomic interaction, which, in turn, is associated with the
peculiarities of the phase diagrams and phase transformations, both in the solid state and in melts.

However, it should be noted that there is no consistent theory of phase transformations from the
standpoint of chemical bonding. In this regard, the task was to obtain theoretical schemes of state diagrams
of ternary systems (for example, /n-Cd-Sh) using state diagrams of double alloys and to calculate the
necessary parameters using molecular models of microscopic theory. This approach allows us to generalize
the experimentally obtained results for binary and intermediate quasi-binary state diagrams [1-4] in the
case of ternary systems. In turn, this would make it possible to additionally use the capabilities of these
state diagrams: information on the nature of the phases and phase composition of a substance depending on
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temperature, pressure and concentration, volume, strength of electric and magnetic fields in the
development of technologies for obtaining thermoelectric materials based on ternary compounds. The
availability of such information makes it possible to approach the solution of the problem of a theoretical
description of the processes of melting and crystallization of such systems.

State diagrams

To solve this problem, it is necessary to generalize the results of experimental studies of binary state
diagrams [3-7], physicochemical properties and theoretical studies of quantum regularities of the initial
components [8, 9] when constructing state diagrams of ternary compounds. The developed theoretical
approaches were tested on /n-Cd-Sb ternary compounds. The choice was not accidental, because these
compounds analyzed the effect of low-temperature element /z on the formation of stable and metastable
phases in ternary systems. The action of In was carried out by constructing intermediate quasi-binary
isothermal sections /n-Cd-Sb (In-Cd, In-Sb, Cd-Sb) and solving the inverse problem. Its essence is that
when the analysis of a complex multicomponent system with intermediate compounds is impossible, the
study of such systems should be carried out by dividing them into simpler, according to established rules
and patterns [10]. The elements /n, Cd, Sb and state diagrams of binary compounds /n-Cd, In-Sb, Cd-Sh
were selected as initial data. A triple state diagram of /n-Cd-Sb should be constructed on the basis of the
analyzed theoretical and experimental rules and regularities.

The presented work begins with the assumption that intermediate ternary compounds with the desired
properties based on the elements /n, Cd, and Sb exist and it is necessary to find the conditions for their
production. Fig. 1 shows a diagram of the distribution of phase regions for equilibrium in the solid state of Cd-
In-Sb. Fig. 2-4 show isothermal cross sections at temperatures: £, = 200 °C, #; = 300 °C, #,= 400 °C.

In Figs. 1-4 the following designations are introduced:

6 — solid phase based on intermediate ternary compound /n-Cd-Sb;
o — solid solution based on Cd;

B — solid solution based on /n;

v — solid solution based on Sb;

L —liquid (liquid phase);

€ — solid solution based on intermediate binary compounds Cd-In;
p — solid solution based on /n-Sb;

o — solid solution based on Cd-Sb.

Cd In

Fig. 1. Distribution diagram of phase regions for equilibrium in the solid state of Cd-In-Sb
According to Fig. 1, each quasi-double cross-section based on the ternary compound corresponds to
a closed set of points and lines of compatible crystallizations of the two phases. These quasi-double cross-
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sections divide the total three-component /n-Cd-Sb system into six secondary ternary systems. It should be
noted that in the presence of additional experimental data on intermediate quasi-double sections in the
ternary system, the number of secondary ternary systems may be greater.

Fig. 2 shows the isothermal section at a temperature ¢ = 200 °C, which is lower than the melting point of
Cd and Sb, but higher than the melting point of In. From Fig. 2, it can be concluded that a significant part of
the section is occupied by liquid L. Present in Fig. 2 is a condom triangle with equilibrium phases
L+a+eg; L+p+e Two-phase equilibrium is realized by primary precipitates of ¢ + y crystals; p + v, as
well as € — crystals (based on the /rn-Cd compound) and liquid.

Fig. 2. Isothermal section of Cd-In-Sb at t= 200°C

Sb

Fig. 3.Isothermal section of Cd-In-Sb at t= 300°C

Fig. 3 shows an isothermal section at # = 300 °C, which is below the melting point of Sb, close to the
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melting point of Cd and above the melting point of /n. There are conode triangles with equilibrium phases
L+toa +¢ L+P+e o+o+y, pto+y. The primary precipitates of Cd and In crystals and the
intermediate binary compound Cd-In are in equilibrium with the liquid.

The third isothermal section corresponds to ¢ = 400 °C (see Fig. 4), which is higher than the melting
point of Cd and /n and below the melting point of Sb. Three-phase equilibria are represented by conode
triangles o+ o+ d; y+to+9; y+p+9; p+p+ 90, two-phase equilibria — by linear surfaces o+ c; o +7v;
pryptPidtp;dty;6+o.

Fig. 4.Isothermal section of Cd-In-Sb at t= 400 °C

Thus, these isothermal sections make it possible to:

1. determine the quantitative ratios of coexisting phases and their concentrations;

2. establish the limits of phase equilibrium in the liquid-crystal regions (melting diagram), as well as the
equilibrium of the phases associated with polymorphic transformations in the solid state;

3. distinguish state diagrams corresponding to a continuous series of solid solutions with points of equal
concentrations where liquidus and solidus touch (the composition of both phases at these points is the
same);

4. separate the boundaries of eutectic-type state diagrams, when the components are mixed in all ratios in
the liquid state, from diagrams with limited solubility in the solid phase of the peritectic type;

5. predict cases of incongruent melting, when the chemical compound during melting decomposes into
solid and liquid phases, the composition of which differs from the composition of the original
compound.

However, isothermal sections do not indicate the temperature points of the phase transitions. In such
cases, for multicomponent systems, methods are used that combine analytical and topological approaches
with calculations of the energy of interaction of components in both phases, which increases the role of
theoretical calculations in constructing state diagrams of ternary systems.

It should also be borne in mind that the theoretical analysis of numerous empirical dependencies is
associated with a revision of views on the problem of interatomic interaction, as well as with the
emergence of qualitatively new concepts, which are not always the result of the development of existing
theories, but generally deny some of them.
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Theoretical models of ordered alloys and chemical bond
The simplest relations reflecting the quantum regularities of the structure and interatomic
interaction of binary compounds were given in [8, 9]. They were obtained by postulating the linear
dependence of the number of electrons on the outer shell of the atom on the logarithm of its Fermi radius
AlgR,

R,. The relationship between the tangent of the angle of inclination fga = A—and the
n
electronegativities does not allow changing compared values arbitrarily.
A good agreement of the experimental data gives the following dependence:
IgR; = lngtZ) —xtga y, (1)

where thj) 1s the radius of the atom in the unexcited state and x is valence.

Since equation (1) describes the change in R, of A i B atoms with a change in the number of
electrons in the orbits of each, then, assuming the equality of the absolute values of the charges of
interacting atoms, dependence (1) takes the form of a system of equations:

lgR:;f =lgRL(tj) —xtgay, (2)
lgR7 =1gR'Y + xtgag, (3)
di =R +R3, 4)

d is the sum of ionic radii equal to the interatomic distance.

The system of equations (2) - (4) considers the geometric conditions of contact of spherical electron
densities with different levels of density at the boundary. Therefore, additional criteria are needed to
translate system (2) - (4) into the formalism of quantum chemistry, taking into account the fine structure of
the chemical bond. For this, it is necessary to analyze the dependence of interatomic distances on effective
charges. The analysis results showed that at an arbitrary point, apart from d, = d,;,, the charge density at
the ion boundary is different. The formation of the AB bond is accompanied by the transition of electrons
to other directions of interatomic interaction, that is, the bond becomes donor. In this case, the escape of
electrons (+Agq) or their localization (-Ag) in the given direction of the bond equally changes the values of
the charges that this pair has at d; = d,,;,. With this approach, the system of equations (2) - (4) turns into a
system that allows the theoretical part to be matched with the experimental one and was solved with a
known d;. Thus, as a result of taking into account the quantum interpretation of the empirical material, the
expression for the energy of chemical bonds takes the form:

- ci|Roq + Ryp .
D(l) _ ( Uu. u ) Czdl 1 , (5)

A-B T
(tgaq+1gap)| df -R R, i

where R () and 1ga 4 py are coefficients of equations (2) - (4) for atoms 4 and B, and R, and R,

are effective radii of their ions, in A4-B bonds of length d;; i is the number of nonequivalent interatomic
distances in compound; ¢, and ¢, are constants, ¢; is coefficient reflecting the relationship between the
dimensional and energy characteristics of the interatomic interaction (in the case of using non-systemic units,
when the distance is measured in angstroms, c¢; is measured in electron volts) and ¢, is a coefficient depending
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on the type of crystal structure and chemical bond and is chosen dimensionless.

The equations presented were used to calculate the effective charges, effective radii, and dissociation
energies of nonequivalent chemical bonds described by nonequivalent hybrid orbitals in melts of cadmium
and indium antimonides. The peculiarity of the chemical bond in crystals is that each Cd atom in its
immediate environment has three Sbh atoms and one Cd, and each Sbh atom has three nearest Cd atoms and
one Sh atom. Altogether five NHO families, differing both in the interatomic distances and the composition
of components (@1, ¢, @3 correspond to Cd-Sb bonds of different length, as well as @4 (SH-Sb) 1 @5 (Cd-
Cd). The structure of In-Sb was similarly evaluated. The results of calculations of the coefficients of
equations (2) - (4) of the initial components are given in Table. 1. Effective charges, effective radii and
dissociation energies of NGOs in CdSh and InSb crystals are given in Tables 2 and 3. In this case, the
values of the coefficients ¢ and ¢, in the first approximation are chosen equal to one.

Table 1
Cocfficients of equations (2) - (4) of the initial components
Z Element R, (A) tga
48 Cd 1.51 0.097
49 In 1.66 0.106
51 Sb 1.45 0.074
Table 2

Effective charges, effective radii and dissociation energies of CdSb NHOs

Cd-Sb Sb-Sb Cd-Cd
Parameters

1 02 ?s3 P4 s

di"(A) 2.8400 | 2.9100 | 2.8100 2.8100 2.9900

d™"(A) 2.8390 | 29102 | 2.8102 2.810 2.9846

RY(A) 1.4406 | 1.4813 | 1.4239 - 1.4947
R*(A) 1.3990 | 1.4290 | 1.3860 1.405 -

Aq (9,) 0.2100 | 0.0860 | 0.2630 0.185 0.0500

D' (eB) 2.0300 | 1.9800 | 2.0500 2.3180 1.734
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Tabnuysa 3
Effective charges, effective radii and dissociation energies of InSb NHOs

InSh
Parameters
?
di"(A) 2.7973
d™"(A) 2.797
R"(A) 1.1839
R*(A) 1.6137
Aq (¢)) 0.385
D' (eB) 1.9893

Discussion of results

Analysis of the results obtained has shown that the algorithm of distribution of phase regions of
equilibrium of ternary systems in solid state and the refinements introduced by constructing isothermal
cross-sections and calculating the energy of interatomic interaction of the initial components depending on
the interatomic distances are in good agreement with the results of studies of thermal rearrangements of
atoms when forming the short-range order of chemical bond which is responsible for the appearance of
stable and metastable phases in the melts of ternary systems presented in [11 — 13].

The results presented in the article expand the technological possibilities of obtaining new materials
by taking into account the peculiarities of the fine structure of the chemical bond, triple phase diagrams,
eutectic-peritectic and exothermic and endothermic reactions during the formation of short-range order in
melts of In-Cd-Sb ternary systems.

A diagram of the distribution of phase regions in the solid state and isothermal sections have been
constructed, which refine the dynamics of the formation of short-range order of chemical bonds in ternary
systems of /n-Cd-Sb melts.

Conclusions

1. A diagram of the distribution of phase regions in the solid state and isothermal sections have been
constructed, which refine the dynamics of the formation of short-range order of chemical bonds in
ternary systems of /n-Cd-Sb melts.

2. A method for calculating chemical bonding parameters in ternary /n-Cd-Sb systems is proposed.

W

Calculations of effective radii and dissociation energies in ternary /n-Cd-Sb systems are performed.

4. The obtained theoretical results are consistent with the results of calculations of the parameters of
chemical bond, using the methods of microscopic theory and the results of studies of thermal
rearrangement of atoms in melts, and can also be used in the development of technological modes for
obtaining new materials based on /n-Cd-Sb for use in thermoelectricity.
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TEOPETUYHI MOJEJII YIIOPAJAKOBYBAHUX CIIJIABIB
HNOTPIMHUX CUCTEM TEPMOEJEKTPUYHUX MATEPIAJIIB.
1. XIMIYHUM 3B’30K TA JIATPAMUM CTAHY In-Cd-Sh

Bukopucmosyrouu pospobaenuti komniekchuil nioxio 0as nob6y0oeu meopemuyHux Mooeieu
YNOPAOKOBYBAHUX CNAABIE NOMPIUHUX CUCTNEM TMEePMOeIeKMPULHUX Mamepianie no6y008aHo cxemy
po3nodiny gazosux obaacmeil O pieHO8azu y meepoomy CMAHi ma i30mepMiuHi nepepisu Ha
ocHo6i npomidichux oinaprux cnonyx In-Sb, Cd-Sb, In-Cd. IIlpedcmasneno pospaxynku epexmusHux
3apsodis, epexmusHux paoiycie, nepeposnooily ereKmpoHHOI 2ycmuHu ma eHepeii oucoyiayil
HeekegigareHmHux 2iopudnux opoimanreu (HI'O) 6 cucmemi In-Cd-Sb ¢ 3anedxcnocmi 6i0
Midcamomuux gioodaneli. Pezynomamu meopemuunux pospaxyHkié Moxcyms Oymu GUKOPUCMAaHI
npu  po3podyi MexHON02Iil 00epIUCAHHS HOBUX MEPMOCIeKMPUYHUX MAmepiane HaA OCHO8L
nompiunux cucmem In-Cd-Sb. bion. 13, puc. 4, maon. 3.

Kuarouosi cioBa: niarpamu craHiB, ¢pa3oBi nepexoau, XiMiYHAN 3B’ 530K, HEEKBIBaJEHTHI T10OpHaHI
opOiTai, eHepris aucomiarii.
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TEOPETUYECKHUE MOJEJIN YIIPABJIAEMBIX
CILTABOBTPOMHBIX CUCTEM TEPMOJJIEKTPUUYECKHUX
MATEPHUAJIOB. 1. XUMHUYECKAS CBA3b U TIUAT'PAMMDbI

COCTOSAHUA In-Cd-Sb

Hcnonvzys  paspabomanuvlii. KOMAAEKCHbIL NOOX00 Ol NOCMPOCHUs. MEeOpemuyeckux Mooeretl
VROPAOOUUBAEMBIX CNIAGOE MPOUHBIX CUCEM MEPMOINCKMPUUECKUX MAMEPUATIO8 NOCMPOEHA CXemd
pacnpedenenus azosvix obracmeil 0Nl PAGHOBECUsl 68 MBEPOOM COCMOSHUU U U30MEPMUYECKUE
CeueHUsl Ha OCHOBe NPOMEXCYMOYHbIX OunapHwvix coedunenuil In-Sb, Cd-Sb, In-Cd. Ilpedcmasnensi
pacuemol 3PGekmusHvix 3apsa008, IPOEKMUSHbIX PaAOUyCcos, nepepacnpeoeietust JeKmMpOHHOU
NJIOMHOCIMU U IHEP2UU OUCCOYUAYUU HEIKBUBAICHMHBIX cuOpudnbix opoumanei (HI'O) 6 cucmeme In-Cd-
Sbh 6 3asucumocmu om MeNCAMOMHbIX PACCMOsHUL. Pesymsmamsl meopemuueckux pacuemosg mozym
UCNONIL306AMbCSL NPU PA3PAOOMKE MEXHONOSUU NOTYYEHUSI HOBbIX MEPMOINEKIMPUYECKUX MAMEPUANO8 Ha
ocroge mpotnvix cucmem In-Cd-Sb. bubn. 13, puc. 4, maban. 3.

KawueBble cjioBa: auarpaMMbl  COCTOSIHHME,  (DasoBBIE  MEPEXOMBl, XHMHYECKas  CBS3b,
HEIKBUBAJIEHTHBIE THOPUIHBIE OPOUTAIIH, SHEPTHS AUCCOUAIINH.
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TEST OBJECT FOR AUTOMATED
MEASUREMENT OF CHARACTERISTICS OF
POLARIZING THERMAL IMAGERS

The growing popularity of increasing the efficiency of remote surveillance by analyzing the degree of
polarization of optical radiation in the infrared spectrum requires the development of theoretical and
practical methods for determining the characteristics of a new class of optoelectronic devices -
polarizing thermal imagers. In contrast to the calculation methods, the issues of practical
implementation of measuring benches are currently insufficiently studied. This paper proposes and
analyzes options for the structure of test objects for experimental studies of polarizing thermal imagers.
A metal plate is considered, which can tilt relative to the line of sight, as well as a spherical metal
surface that does not require additional mechanical drives. In the former case, the degree of
polarization, ellipticity, and polarization angle are varied by changing its angular orientation in the
vertical and horizontal planes. The spherical surface forms a photometric body, in which the radiation
of concentric zones has a certain constant degree of polarization. Such test objects provide
measurements of the noise equivalent temperature difference NETD and the minimum resolvable
temperature difference MRTD of polarizing thermal imagers for different polarization states of the
input radiation, which is characterized by the intensity, degree of polarization, ellipticity and
polarization angle. Bibl. 17, Figs. 9.

Key words: polarizing thermal imager, test object, spatial resolution, temperature resolution,
measuring bench

Introduction

Thermal imaging surveillance systems are widely used in various fields of science and
technology [1-3]. Thermal imagers can be particularly effective in the study of thermoelectric effects,
which are understood as a set of physical phenomena due to the relationship between thermal and electrical
processes in metals and semiconductors [4]. Thermoelectric phenomena include the Seebeck, Peltier and
Thomson effects. To evaluate the efficiency of thermoelectric converters, there is a need for non-contact
measurement of the static and dynamic temperature state of the converters [5].

The principle of operation of classical thermal imagers is based on the conversion of the brightness
(intensity) of the radiation of the surveillance object and the background of the plane of objects into an
adequate distribution of the brightness of the image of the target environment (TE) on the display screen.
The limiting characteristics of such thermal imagers are determined by the radiation contrast of the TE. In
recent years, developers have been actively trying to use the polarization properties of the radiation of TE
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elements to significantly improve these characteristics. As a rule, radiation from the target is partially
polarized, while radiation from the background is natural [3,6]. Thus, under certain conditions, polarimetric
images demonstrate a significant increase in the signal from the object and suppression of background
noise.

The main characteristics of polarized radiation are intensity, degree of polarization, azimuth and
ellipticity of polarization [7-9]. To measure these characteristics in the infrared (IR) region of the spectrum,
polarizing thermal imagers (PT) are used. At the same time, the main characteristic of any classical thermal
imager is the energy resolution, which is determined by the threshold radiation contrast of the surveillance
object located against the background.

To determine and measure the energy (temperature) resolution, test objects specified by the
relevant standards or methods are used. There is a considerable body of monographs and papers devoted to
the calculation and measurement of the energy resolution of classical thermal imagers [2, 10-12]. At the
same time, there is practically no scientific and technical information on the choice of test object for
modeling and measuring the main characteristics of PT. A rather important factor in the experimental
determination of the characteristics of the PT at the present stage is also the possibility of automating this
process, for example, in conditions of large-scale production.

Problem statement

The purpose of this paper is to substantiate the choice of a test object and develop methods for
measuring the characteristics of polarizing thermal imagers. These measuring instruments must take into
account the current standards for modern thermal imaging and be amenable to automation of measurement
processes.

The main characteristics of thermal imagers

The generalized characteristics of thermal imagers are spatial and thermal resolution, which
determine the quality of thermal imaging and temperature sensitivity. To measure the temperature
sensitivity, the noise equivalent temperature difference NETD is used [2,10].

Polarization parameters of partially polarized radiation

Test object must assure measurement of the noise equivalent temperature difference NETD and
minimum resolvable temperature difference MRTD for different polarization states of output radiation
which is characterized by the intensity [/, polarization degree P, ellipticity y and polarization
angle 0 (Fig. 1).

The process of obtaining elliptically polarized light has been considered in monographs [13—15]. The
generalized equation of this type of polarization can be represented as:

2

+y—2—2§%cosA(p:sin2A(p, @8

b

where Ag is phase difference between linearly polarized in mutually perpendicular planes components Ey;
and E,; of partially polarized radiation, x = Ey; a = Ey;; y = Eo; b = E,; are ellipse parameters.

Eq.(1) is the equation of an ellipse arbitrarily oriented relative to the optical axis 00 of the crystal
(phase plate) (Fig.1). The orientation of the ellipse is determined by the polarization angle 6, and the shape
of the ellipse is determined by the angle of ellipticity y. Depending on these angles, elliptically polarized
light is converted into linearly polarized light, as well as circularly polarized light with rotation of the

— — — = =
resulting vector E,. = E_ + E, = X + 3 to the right or left.

42 Journal of Thermoelectricity Ne2, 2021 ISSN 1607-8829



Kolobrodov V.G., Tymchyk G.S., Mykytenko V.1, Kolobrodov M.S.
Test object for automated measurement of characteristics of polarizing thermal imagers

In the general case, the ellipse (1) is located inside a rectangle of size 2E,; x 2E.; and touches its
contour at four points (Fig. 1). If the third term in Eq.(1) is zero, then the axes of the ellipse are parallel to
the y and y axes.

The polarization angle @ is the angle between the main axis of the ellipse and the horizontal axis x,
which is determined by the components of the electric field of light:

2E, E,, cosAp

2 2
E, + Eoy

1920 = , e 0<0<m. 2)
The angle of ellipticity  is given by the ratio of the lengths of the minor and major axes of the
ellipse:

+b
tgy=—, ne —m2<y<m/?2 3)
a

The angle of ellipticity y is also determined by the components of the electric field of light:

2E, E,, cosAp

, ne 0<0<m. 4
E, +E;, @

g2y =

Polarization of thermal radiation

Studies of the laws of thermal radiation of heated objects indicate that metal surfaces have a higher
degree of radiation polarization compared to dielectric and transparent surfaces. The greatest degree of
polarization is observed in the radiation of polished surfaces when observed at a large angle relative to the
normal to the surface. This is due to the laws of refraction of radiation at the "metal - air" boundary.

According to Kirchhoff's law, the spectral emissivity &(4) of the surface of the observed object,
which is in a state of temperature equilibrium, is equal to the absorption coefficient a(4) and is related to
the reflection coefficient R(4) by the relation:

PT

Fig. 2. Radiation and reflection of light incident at an inclined angle ¢ 1
from metal to the "metal - air" boundary
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e(M)=a(r)=1-R(2). %)

The amplitude of thermal radiation E, at the “metal-air” boundary is partially polarized, where the
parallel component Etll is greater than the perpendicular component Et 1 (Fig. 2). The axis of sight
(observation) of PT is located in the X} plane of observation.

Using Kirchhoff’s law (7) and Fresnel’s formulae for partial energy reflection coefficients R j and R,

[15, 16], we obtain formulae for calculating the parallel and perpendicular components of (partial) radiation
coefficients

E, 4n, cose,
e =|—| = — ®)
E COSE, + 21, COSE, + 1, + K,

DS}

B 4n, cose, 9
e e p— , ©
‘ (n] +K; )coss2 + 2n,cosg, +1

where n. =n; —jKx; is a complex refractive index of metal; &, is refracting (viewing) angle. The resulting
emissivity is the average of the parallel and perpendicular components

1
e=—(e+e.). (10)

DOP(gv)z—zL(g”)_g(SV) (11)

where €, = g, is viewing angle.
The dependences of partial emissivity factors & (£,) and £ J_I:Euj and the degree of polarization

DOP(g,) at the “aluminum-air” boundary on the viewing angle £,, are shown in Figs. 3 and 4. For the
radiation of the aluminum surface, the perpendicular component is larger than the parallel component. The
perpendicular component increases with increase in viewing angle to a maximum value of about 0.92, and
then decreases at large angles. The perpendicular component decreases monotonically with increase in
angle g, The overall emissivity factor & increases slightly with increase in angle &, The degree of
polarization with increase in viewing angle increases to a maximum value of 92% at gv=90°. When
constructing plots to take into account the roughness and oxidation of the surface of the aluminum plate,
the complex refractive index n. = 4.45 — j3.3 was used.

On the contrary, for the “dielectric-air” boundary, the partial components of the emissivity factor
decrease with increase in viewing angle. The overall emissivity factor decreases with increase in viewing
angle in proportion to COSg,. The degree of polarization of the surface radiation also increases with
increase in the angle &,, but has a smaller value compared to the radiation of the surface of metals.

44 Journal of Thermoelectricity Ne2, 2021 ISSN 1607-8829



Kolobrodov V.G., Tymchyk G.S., Mykytenko V.1, Kolobrodov M.S.
Test object for automated measurement of characteristics of polarizing thermal imagers

0.8 \

0,7 = \

-
degr

\

\
0,4 e —— ] \\
; T~ \\
n I

0 10 20 30 40 0 60 70 80 90

N

Fig. 3. Dependences of partial emissivity factors of the aluminum surface

on the angle e, at n. = 4,45 —j3.3

D(ey)

0.9
0.8 a

o /I

s /1

/ \
\
\
\

0.4 ’/Kf
0.3 —
0,2
0,1
» /
0 10 20 30 40 50 60 70 80 90

b

degr

Fig. 4. The dependence of the degree of polarization of the radiation of the aluminum

surface on the viewing angle £ at n. = 4,45 —j3.3

ISSN 1607-8829 Journal of Thermoelectricity Ne2, 2021 45



Kolobrodov V.G., Tymchyk G.S., Mykytenko V.1, Kolobrodov M.S.
Test object for automated measurement of characteristics of polarizing thermal imagers

Thus, the analysis of the laws of thermal radiation of the metal surface shows the following:
1. The radiation is partially polarized, which is due to the difference in emissivity factors for linearly

polarized light in surveillance plane £ and the plane £ perpendicular to it,

2. The parallel component of linearly polarized radiation Ejj(&,,) in surveillance plane with increase

in viewing angle monotonically decreases from 0.44 at g, = 0° to zero at &, = 90°.

3. The perpendicular component of linearly polarized radiation E n I:E uj in surveillance plane with
increase in viewing angle €, increases from 0.44 to maximum value 0.92 at &, = 80°, and then
decreases to zero at at &, = 90°..

4. The degree of polarization DOP(g,) of radiation of aluminum surface with increase in viewing
angle g, increases from zero to maximum value 0.83 at &, = 80° and decreases to zero at g, = 90°.

5. For small viewing angles &, < 30°, which is characteristic of typical surveillance cases, the degree
of polarization does not exceed 10%, and the resulting emissivity factor is

%E"H EJ_=U,‘51‘38

Selection of test object

For experimental studies of classical thermal imagers and measurement of their characteristics, test
objects are used, which are located on a uniform background [9,10]. The schematic of a setup for
measuring the characteristics of PT is shown in Fig.5. The schematic of a setup for measuring the
characteristics of the PT is shown in Fig. 5. The background emitter 1, the test object 2, and the studied
polarizing thermal imager 3 are successively located on the optical bench [17].

As a background, it is proposed to use a metal (aluminum) plate covered with black lacquer, which
has an emissivity factor close to one. Therefore, such a plate will be considered as a completely black
body, the surface of which radiates according to Lambert's law. The rear surface of the background plate is
covered with thermoplastic. There is a heater between the thermoplastic and the aluminum plate, and
thermocouples for temperature measurement in the four corners of the plate. This ensures a uniform
temperature background.

The heater allows changing the surface temperature of the plate in a given range. The plate is
located perpendicular to the optical axis of the PT. In this case, the radiation entering the PT from the
background, will be unpolarized, i.e. Pb =0 (Fig. 4). This is characteristic of most natural background
sources of IR radiation.

Fig. 5. Schematic of the method for measuring the NETD of a polarizing
thermal imager (in the horizontal plane): 1 - background emitter; 2 — test object;
3 - polarizing thermal imager

46 Journal of Thermoelectricity Ne2, 2021 ISSN 1607-8829



Kolobrodov V.G., Tymchyk G.S., Mykytenko V.1, Kolobrodov M.S.
Test object for automated measurement of characteristics of polarizing thermal imagers

As test object 2, it is proposed to use a rectangular plate, the Foucault gauge or a spherical surface
made of aluminum with a complex refractive index n,=n - jk, which are located perpendicular to the
optical axis of the PT.

To measure the NETD, we will use a rectangular plate that can rotate about the vertical axis by the
viewing angle €, relative to the optical axis of the PT in the horizontal plane. By changing the angle €,, a
change in the degree of polarization P(g,) of the radiation entering the PT is achieved (Fig. 4). The test
object rotates about the vertical axis in the range from 0° to 8(0’. The temperature of the plate is equal to the
ambient temperature and is measured by temperature sensors.

The change of the polarization angle 0 is achieved by tilting (reversing) the plate relative to the
vertical plane of the optical system (Fig. 6).

Fig. 6. Schematic of the method for measuring the NETD of a polarizing thermal imager
at different polarization angles 6 (in the vertical plane): 1 — background emitter, 2 — test object;
3 - polarizing thermal imager

The technical implementation of the test object turns can be quite simple and allows automating
the measurement process.

To study the dependence of the NETD on the degree of polarization, it is proposed to use a
hemisphere made of aluminum. A certain point on the hemisphere surface will correspond to a variable
angle &, between the beam entering the PT and the normal to the surface, i.e. each point of the hemispheric
image has its own degree of polarization (Fig. 7).

PFT

Test object

Fig. 7. Schematic for measuring PT characteristics using a test
object with a spherical surface.
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Let us determine the dependence of the viewing angle g, of the surface of test object on the
deviation angle ® of the PT optical axis from the horizontal plane using Fig. 7. From the triangle ABO we
have g, = a + ® — o =g, — . From the triangles 44,0 and 44,8 we get

AA, = AOsino = 4 Btgo, , (12)

where AO =r,;, is radius of the spherical surface of test object; 4;B = BC + CA; = R + CA;, where
BC =R is the distance from PT to test object.

From the triangle 44;0 we have OA; = rycosa. Then CA; = OC— OA; = ry(l-cosa). Let us
substitute the obtained relations to Eq.(12)

rsino = (R + C4,)igo =[ R+ r,, (1-cosa) |igw
We write the obtained transcendental equation in the form
sina=[Rn +(1—cosa)]tga), (13)
where Rn = R/ry, is the normalized distance from the PT to the test object.
The solution of Eq. (13) are the dependences of the viewing angle €, = a + ® on the change in the

direction ® of the optical axis of thermal imager for different values of the normalized distance from the PT
to the test object R,, which are shown in Fig.8.

&y, degr

90

80 / A

ﬂ J 1A B
20 1///
. Z// desr
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Fig. 8. Dependence of the thermal imager viewing angle ¢, of the test object spherical surface
on the deviation angle w of the PT optical axis from the horizontal plane
for different values of the normalized distance from the PT to the test object R/ry: 1-2; 2—5; 3—10
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The emitter in the form of a spherical surface can be used to form particles of polarized radiation
with different degrees of polarization. The degree of polarization will be determined by formula (11), the
plot of which is shown in Fig. 4. The angular position @ of a point on the surface of a sphere, which
corresponds to a certain degree of polarization, is found from the relation DOP(w) = DOP(e,~a).

The dependence of the deviation angle o of the PT optical axis on the angle €, is determined from
Eq. (13), or the plots shown in Fig. 8. In turn, the degree of polarization DOP(®) is found from the plot
shown in Fig. 4. The calculated dependence DOP(®) is given in Fig. 9.

DOP(w)
0,8
0.6
0,4
0.2 7
/ doo.
0 Leet— egr
0 2 4 6 8 10

Fig. 9. Dependence of the degree of polarization DOP (w) of the spherical surface
radiation on the angle of deviation w of the PT optical axis for the normalized
distance from the PT to the test object R/ry, = 5

The analysis of the obtained dependence indicates the following:

1. If the optical axis of the PT coincides with the optical axis of the experimental setup, i.e. when
o = 0, the degree of radiation polarization in the centre of the image of the test object is zero.

2. With a deviation of the optical axis of PT from the optical axis of the setup by the angle w, the
degree of polarization increases from zero to the maximum value 0.83 for the normalized distance from
the test object R/ry, = 5.

To measure the minimum resolving temperature difference of PT, it is reasonable to use in the
schematic shown in Fig.5 the test object in the form of a four-mark Foucault gauge [6,7].

Conclusions

1. A feature of the test object for measuring polarization characteristics is the ability to generate partially
polarized IR radiation with the given intensity, temperature contrast, polarization degree, ellipticity and
polarization angle.

2. Physical models of the test object are proposed in the form of a rectangular metal plate for measuring
NETD, a metal plate in the form of the Foucault gauge for measuring MRTD and a metal spherical
surface.
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3. The plates allow one to change the degree of polarization, ellipticity and polarization angle by changing
their angular orientation in the vertical and horizontal planes.

4. A spherical surface makes it possible to obtain an image of such a surface, the concentric zones of
which are formed by radiation having a certain constant degree of polarization.
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3pocmaroua nonynapuicme niosuweHHs eQexmusHOCmi OUCMAHYITIHUX CHOCIMEPENCEHb 30 PAXYHOK
aHanizy Cmynewio NoApu3ayii ONMuUYHO20 GUNPOMIHIOBAHHS 6 [HEPAUEPBOHOMY OIANA30HI CHEKmpy
8UMA2AE PO3POONEHHS MEOPEMUUHUX | NPAKMUYHUX MemoO0i8 GUIHAYEHHSI XAPAKMEPUCMUK HOB020
KIACY ONMUKO-eeKMPOHHUX NPUIAOI6 — NOJSIPUAYIUHUX meniosizopie. Ha 6iominy 6i0 pos3paxynkoeux
MemoOi8 NUMAHHS NPAKMUYHOL peanizayii GUMIPIOSANIbHUX CMEeHOI8 HaPa3l ONPaybOBAHI HeOOCMAMHbO.
B oawnivi cmammi 3anpononosano i npoananizoéaHo eapianmu CMpYKmypu mecm-o0’€kmie 0/is
EeKCNePUMEHMATNbHUX O00CTI0JNCeHb NOMAPUSAYIUHUX mennosizopie. Pozenanymo memanegy niacmumny,
WO MOJIce HAXUIAMUCH GIOHOCHO NIHIL 6I3Y8AHHS, A MAKOJIC chepudny mMemanedy NOGEpXHIO, KA He
nompebye 000amKo8UX MEXAHIYHUX Npueodis. B nepwomy eunadky cmyninvb nonspusayii,
eninmuyHicms i NOAAPU3AYIUHULL KYM  8apiloIombCsl  WISAXOM  3MIHU  ii Kymogoi opienmayii y
sepmuKanvHitl i eopuzonmanvhiti niowuni. Chepuuna nogepxmsi gopmye gomomempuune mino, 6
SAKOMY GUNPOMIHIOBAHHA KOHYEHMPUUHUX 30H MAE NeeHy NOCMIHY cmyniHb noaapusayii. Taxi mecm-
00’exmu  3a06e3neuyioms GUMIPIOBAHHS eKGI6AICHMHOT WYMY PI3HUYI memMnepamyp i MIHIMALbHOT
PO30iNbHOI pisHuUYyi memnepamyp NOJAPUIAYIUHUX MENIosi3opie O PI3HUX CMAHIE ROJApU3aAYil
6XIOH020  GUNPOMIHIOBAHHS, SIKE XAPAKMEPU3YEMbC  IHMEHCUBHICMIO, CHIYNeHeM  Noaspu3ayii,
eainmuyHicmio i noaspusayithum Kymom. bion. 17, puc. 9.
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TECT-OBBEKT JJIs1 ABTOMATU3UPOBAHHOI'O
N3MEPEHUSA XAPAKTEPUCTHUK ITOJIAPUZALIUOHHBIX
TEIIJIOBHU30POB

Bospacmarowas nonyasipnocme nogwiuienust dQppexmusHocmu OUCMAHYUOHHbIX HAOIIOOeHUll 3a cuem
aHanuza cmenenu NOAPUAYUU ONMUYECKO20 U3LYHUEHUS 6 UHPPAKPACHOM OUandazone Cnekmpa
mpebyem paspabomxu Meopemudeckux U Npakmudeckux Memooos OnpedeieHusi XapaKmepucmux
HOB020 KIACCA ONMUKO-IJIeKIMPOHHBIX NPUOOPOE — NOJIAPUSAYUOHHBIX MENL08U30p08. B omauuue om
pacuemuvix Memooo8 B0NPOCHl NPAKMUYECKOU Peaiu3ayuu U3MepumenbHbix CmMeHo008 8 Hacmosujee
8pemMsi  npopabomanvl HeOOCMamouno. B Oannoll cmamve NpeodniodceHbl U  NPOAHATUZUPOBAHDL
8apUAHMBL CMPYKMYPbl MECM-00beKMo8 ONAIKCNEPUMEHMATLHBIX UCCICO08AHUL NOAPUIAYUOHHDBIX
meniosuzopos  Paccmompena  memaniudeckass —NAACMUHA,  KOMOPAs — MOJCEN — HAKIOHAMbCS
OMHOCUMENbHO TUHUU BUBUPOBAHUS, d MAKJICe CPepuYecKyro MemaiiuyecKylo HOGepXHOCHb, He
mpebyowas OONONHUMENTbHbIX MEXAHUYECKUX Nnpueooos.B nepsom ciyuaecmenenv noaspuzayuu,
IIMUNMUYHOCTND U NOJIAPUIAYUOHHBILL Y2ON8aAPLUPYIOMCANYMEM USMEHEHUs ee Yel080l OPUeHMAayuu 6
6epmuKkaneHoli U eopuzonmanvhot  naockocmu.  Cghepuueckas — nosepxsocmv  opmupyem
Gomomempuueckoe meno, 6 KOMOPOM U3NYYEHUE KOHYCHMPUUECKUX 30H UMeen ONpeoeieHHYIO
HOCMOAHHYIO ~ cmeneHb  nojspusayuu.  Taxue — mecm-oOvekmovl — obecneyusarom — usmeperue
IKBUBAIEHIMHO20 WLYMA PAZHOCTIU MEMRePAmyp U MUHUMATIbHOZ0 PA30eIbHO20 PA3IUYUS MeMnepamyp
NOAPUSAYUOHHBIX  TENT0BU30PO6 OISl  PA3HLIX COCMOSHULL  NOJAPU3AYUU  BXOOHO20  UBTYYEHUs,
Xapakmepusyloweecss  UHMEHCUBHOCbIO, — CMENEHbl0  NOJIAPU3AYUY,  JJIUNMUYHOCIbIO U
NOAAPUZAYUOHHBIM Yeriom. bubn. 17, puc. 9.

KawoueBbie cjoBa: MO PU3aLIUOHHBIN TEIIOBU30p, TECT-00BEKT,IPOCTPAHCTBEHHOE
paszeneHue, TeMIepaTypHOe pa3eeHie, H3MEPUTEIbHBIN CTEH]]
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COMPARATIVE ANALYSIS OD THERMOELECTRIC
ENERGY CONVERTERS WITH PERMEABLE AND
SOLID THERMOELEMENTS

The paper describes methods for calculating the optimal parameters of two models of a thermoelectric
converter in the mode of electrical energy generation, namely, a sectional converter with the heat carrier
movement along the heat-absorbing junctions of thermoelements and a converter of permeable
thermoelements, in which the heat carrier passes through channels located along the height of the
thermoelement legs. The energy and economic indicators of such models are calculated and their comparative
analysis is carried out. Bibl. 32, Fig. 10, Table. 1.

Key words: sectional thermoelectric converter, permeable thermoelement, permeable thermoelectric
converter, thermoelectric generator

Introduction

In the modern world, two thirds of the thermal energy obtained from fuel combustion is not used, but
released into the environment [1,2]. Only with the exhaust gases of vehicles 30 - 35% of heat is lost, which
makes it impossible to save resources and preserve the environment. Thermal waste generated in
technological processes, during the incineration of waste, during the operation of turbines, internal
combustion engines and other heat engines can be utilized and converted into electricity by direct
thermoelectric energy conversion. In [3], it was noted that about 90% of thermal waste has a temperature of
up to 300 °C. This determines the relevance of the development and creation of thermoelectric generators
(TEG), designed for this temperature level.

Compared to mechanical and other heat recovery technologies, thermoelectric generators have a
number of undeniable advantages, such as compactness, quiet operation, reliability, durability and
environmental friendliness. TEGs have no moving parts and do not require costly maintenance due to wear
or corrosion of parts. Papers [4 — 20] describe examples of the practical application of TEG for generating
electricity from waste heat from industrial furnaces [5—10], gas turbines [11 —13], and internal
combustion engines on vehicles [2, 14 —20].
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In the generator, thermal energy is transferred to the thermopile by the flow of the heat carrier (gas
or liquid). The schematic of the thermoelectric converter (TEC) of the heat carrier energy is shown in Fig.
la. The generators use two models of converters, which differ in the thermoelectric modules used in them.
In the first model, the heat carrier is passed through a heat exchanger located in direct thermal contact with
the heat-absorbing surface of classical thermoelectric modules, the thermoelements of which are made of
solid materials (Fig. 1b). The heat carrier energy can be used more efficiently if additional heat exchangers
and thermoelectric modules operating at lower temperatures are used. For this option, the thermopile
consists of several sections of modules located in the direction of the heat carrier movement. The
temperature of the heat exchanger base, and, hence, of the heat-absorbing junctions of thermoelements of
each subsequent section will be lower than the previous one. In [3, 21], it was shown that the TEC model
with several sections is more efficient than a single-section one and allows increasing the generated
electric power.

b) )

Fig. 1. a) Schematic of a thermoelectric energy converter. 1 — heat exchanger,
2 — thermoelectric module, 3 — thermostat;
b) thermoelement of solid materials; c) permeable thermoelement.

In the second TEC model, modules of permeable thermoelements (Fig.1c) are used, which have
pores or channels, located along the height of the legs along which the heat carrier moves. Heat transfer
takes place not only in the area of junctions, but also in the bulk of thermoelectric legs. For the first time a
method of increasing the efficiency of thermoelectric energy conversion using permeable thermoelements
was described in the patent [22]. In [1, 23 —27], it is proposed to use porous structures for such
thermoelements. The theoretical analysis carried out in [1] showed that porous thermoelements, in
comparison with solid ones, significantly improve the parameters of the generator. From the conclusions of
theoretical studies of the indicators of channel permeable TEC, carried out in [28 — 30] by methods of
optimal control theory, it follows that their efficiency increases by a factor of 1.2 — 1.4 compared to
classical modules made of solid materials.

Hence, a question arises as to which of the TEC models, sectional or permeable, is more rational.
Therefore, the purpose of this work was to carry out a comparative analysis of the energy and economic
indicators of the sectional and permeable TEC and to establish which of the models is more effective for
practical use, in particular in systems for utilizing thermal waste.
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Method of calculating the parameters of sectional TEC

The schematic of sectional TEC is shown in Fig. 2. In the general case, the TEC contains N sections
located along the direction of the heat carrier flow. Each section consists of a heat exchanger through
which the heat carrier moves, classical thermoelectric modules made of thermoelements of solid materials.
We assume that the temperature TO of the heat-generating surfaces of thermoelectric modules is kept
constant.

1 sectional . isectional | | N sectional
T, 22
T T
1// YVYY ovyy T, vy 4
2= W SR
3 = T,

Fig. 2. Schematic of N-sectional TEC. 1 — heat exchanger, 2 — thermoelectric modules,
3 — thermostat, 4 — matched electric load.

The task is to evaluate the optimal parameters of each section, which ensure the maximum efficiency
of the TEC in the generator mode at a given temperature 7;, of the heat carrier at the inlet to the heat
exchanger and the mass flow rate m of the heat carrier.

The efficiency of TEC is determined as follows:

w

TG, T W

n
where G = ¢,m is total heat capacity of the heat carrier, ¢, is its specific heat, IV is total power generated
by TEC. Taking into account that, according to the conditions of the problem, T, and T;, are given, the
maximum value of ) corresponds to the maximum power W:

W=y, @)
i=l1
where W; is the power of the i-th section of TEC.

The following approximations are used to solve the problem.

1. In the steady state, the temperature of the heat exchanger base of the i-th section does not depend
on the coordinates and is equal to the temperature 7; of the heat-absorbing surface of the modules of the
i-th section.

2. Stirring in the flow of heat carrier is quite intense and the average temperature of the heat carrier
at the outlet of the i-th heat exchanger is equal to the temperature of the heat carrier at the inlet to the
(i + 1)-th heat exchanger, i.e.

T

in i+l

=T, . 3)
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3. The Seebeck coefficient o, the resistivity p and the thermal conductivity k are temperature
independent and have the same value for n- and p-type legs.

4. The heat transfer coefficient o of the heat carrier and its heat capacity ¢, are temperature
independent.

5. Heat loss to the environment is neglected.

According to these assumptions, the power of the heat transferred by the heat carrier of the i-th
section is determined as follows

0 =G(T,,-Ty) 4)

and is equal to the thermal power of convective heat exchange with the heat carrier in the i-th heat
exchanger, i.e.

Q =0,KS,;, (T, -T), (5)

where K =S, /S,,, is the ratio between the area of the heat exchanger base S, and the total cross-
sectional area S, of thermoelement legs in the i-th section.

The electric power generated by the thermopile of the i-th section is determined from the ratio
W,-=’7,-(7;3T0)Q,-zni(za%)G(THH_TH,«)a (6)

which takes into account condition (3) and notation 7, ,=7, . In this expression, 7n,(7,,7,) is the
maximum value of the efficiency of the thermopile of the i-th section, determined by formula [31]

T — -
n,(T,,T,)=———° M-l ,
T, M+T,/T,

(7

2

where M =\1+0.52(T, +T)), Z =2 The heat balance condition is fulfilled on the heat-absorbing
Jol's

surface of the i-th thermopile, namely

0,=0,, ®)
where Q,is the heating capacity of the i-th thermopile, which in the maximum efficiency mode satisfies
the relation [31]

KSye, ZM(TM +T,)(T, - T,)

th(T;’TO): L (M+1)2(M_1)

; ()]
where L is the height of thermoelement legs. Then, from the heat balance condition (8), the expression for

the heat carrier temperature 7, is obtained:

K ZMIM+T)T -Ty)
Ty, =T+ 2 :
a,KL M+1)"(M -1)

(10)

Using expressions (6), (7), (10), by formula (2) the total power of TEC is determined as a function of
temperatures of heat-absorbing junctions of thermoelements of all sections: W =W(T},...,T,;) . Computer

methods are used to find the optimal sequence of the temperatures of the junctions 7; and, accordingly, the
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temperatures of the heat carrier 7),,in the heat exchangers, at which the power W, and hence the efficiency
of the TEC, acquire maximum values.
Subsequently, for optimal temperature distributions 7; and 7,,, the power values of each section W; (
(6) are found, and from the ratio
L _a ([ -T,)
S 4w,

TEi

P (11)

the total cross-sectional area S, of the thermoelement legs of each section is calculated under conditions

N
of a given leg height L. The volume of thermoelectric material is determined by the formula V' = LZS

i=1

TEi *

Method of calculating the parameters of a permeable TEC

The permeable TEC is formed by series-connected permeable modules of thermoelements with
channels in the connecting plates and legs directed along the height of the legs. The model of a permeable
thermoelement is shown in Fig. 3.

X A

Fig. 3. Model of a permeable thermoelement. 1 — heat carrier container,
2 — thermoelement with channels for heat carrier, 3 — thermostat

As with the previous model of sectional TEC, we assume that the parameters of thermoelectric
materials are temperature independent and their value is the same for n- and p-legs. The lateral surfaces of
the legs are adiabatically isolated. The temperature 7, of the heat-generating junctions of permeable
thermoelements is kept constant. The heat carrier moves along the channels, gives off heat to the volume of
thermoelement legs and cools down.

Similar to the sectional TEC, the task is to find the optimal parameters of the permeable TEC that
provide the maximum efficiency at a given temperature T, of the heat carrier at the inlet to the channels
and the heat carrier flow rate m. The efficiency of a TEC is characterized by the efficiency of its individual
permeable thermoelement, determined by the formula

w.
n_ TE

S 12
CmeE(T;n _TE)) ( )

where myz is heat carrier flow rate for thermoelement, Wy, is power generated by thermoelement.
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To calculate the efficiency, it is necessary to solve a stationary boundary-value problem describing
the temperature and heat flux distributions in the thermoelement legs and the heat carrier flow. In the one-
dimensional approximation, the system of differential equations of this problem has the form [30]

a_Yy i,

dx K K

dg o’j oy o

—= T+—q+jp+—=(t-T), 13
dx K K 4P jS( ) (13)

a_ o (t-T),

dx ¢ my

where the following notation is used: T is temperature of the thermoelement, t is temperature of the heat

. 1 . dT ) . . . .
carrier in the channels, ¢ =—(0gT —Kd—j is specific heat flux in the thermoelement legs, S is cross-
Jj X

sectional area of the thermoelement leg material, j=1/S is current density in the thermoelement legs,
a,=a,PN,, [z is heat transfer coefficient in the channels, N, is the number of channels in the

thermoelement legs, P, is the perimeter of the channel.
The boundary conditions of the problem for the system of equations (13):

T(0)=T,, ¢(L)=T,, q(L)=0. (14)
The electric power generated by the permeable thermoelement is calculated by the formula
Wip =0, =0 (15)
where O, =c,m,, (T, —t(0)) is power of heat absorbed in the channels of permeable

thermoelement, Q, =¢(0)/S is the heat given off by the heat-releasing thermoelement surface to

the environment.

Therefore, according to expressions (12) and (15), the maximum efficiency of permeable TEC under
conditions of determined geometry and size of thermoelements is achieved if the heat carrier flow rate mzz
in the channels and current densities j in the thermoelement legs take optimal values. The optimization
problem lies in finding the maximum efficiency (12) of the permeable thermoelement, under the conditions
of constraints imposed on the thermoelement by the boundary value problem (13) — (14). This problem is
solved by the methods of optimal control theory using the Pontryagin maximum principle [32]. Optimality
conditions and examples of solving such a problem are given in [29, 30]. The problem is solved with the
help of computer tools.

The results of solving the problem are the optimal values of the electrical power W7z and the heat
carrier flow rate mre for the thermoelement, which ensure maximum efficiency. The number of series-
connected thermoelements Nyg in the generator thermopile to ensure the specified heat carrier consumption
m, the total power W and the volume of the thermoelectric material  are calculated by the formulae

NTEzm/mTE7 W=WyNpy, V=NiLS. (16)

Thus, the methods for calculating and optimizing the parameters of the sectional and permeable TEC
are fundamentally different. The sectional model requires optimization of the generator thermopile as a
whole, and in the permeable model it is sufficient to optimize the parameters of a separate thermoelement.

ISSN 1607-8829 Journal of Thermoelectricity Ne2, 2021 59



L.I Anatychuk, L.M. Vikhor, R.V. Kuz, R.G. Cherkez
Comparative analysis od thermoelectric energy converters with permeable and solid thermoelements

This feature is explained by the fact that due to the difference in the flow patterns of the heat carrier in
these TEC models, solid thermoelements in different sections operate in different temperature conditions,
and permeable thermoelements - in the same. Accordingly, there is a need for a correct comparison of the
theoretical results of optimization of the sectional and permeable TEC in order to identify a more rational
model of the converter for its further practical implementation.

Results of calculating the parameters of sectional and permeable TEC and their
comparison

To compare two TEC models made of Bi,Tes;-based materials, the maximum efficiency, the
generated power and the corresponding values of thermoelectric material consumption and its unit cost
were calculated. The calculations were carried out at the same for both models given values of the heat
carrier flow rate and its temperature at the inlet to the TEP heat exchanger. The initial data for the
calculation are presented in Table 1.

TEC indicators depend on the intensity of heat transfer, characterized by the heat transfer coefficient
ar and the heat transfer area. The coefficient o was chosen the same for both TEC models. As for the heat
exchange area, for the sectional model it depends on the ratio between the area of the heat exchanger base
and the total cross-sectional area of thermoelectric legs in the sections, characterized by the coefficient K.
For a permeable TEC, the heat exchange area depends on the number of channels of a given diameter
located on an area S = 1 c¢m” of the thermoelectric material. Therefore, for calculating the optimal TEC
indicators, the heat exchange area cannot be a predetermined value. Therefore, the parameters of the
sectional TEC were calculated for two options, namely, for the rational case of heat exchange with the
coefficient K = 3.5 and for the “ideal” case when the temperature of the heat-absorbing junctions of
thermoelements is considered equal to the temperature of the heat carrier in the heat exchanger, i.e. heat
transfer does not affect the TEC parameters. For the permeable converter model, the calculations were
performed for the TEC with a different number of channels.

Table 1

Values of quantities used to calculated TEC parameters

Quantity Value
Seebeck coefficient [, pV/K 230
Resistivity [1, Ohm[Jcm 1.25. 107
Thermal conductivity [1, W/em[JK 0.015
Coefficient of heat exch.
oefficient o e32 exchange 0.015
Uz, W/ em K
Specific heat of heat carrier (gas CO,) 1000
Cp> J/(g‘ K)
Heat carrier flow rate m, g/s 1.150107
Heat ier t t t the inlet to heat
eat carrier temperature at the inlet to hea 100 — 300
exchanger T, [IC
Temperature of heat-releasing surface 50
of TEC T,, [IC
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The results of calculating the parameters of two TEC models are shown in Fig. 4-10. First of all, it
was necessary to determine the rational number of sections for a sectional TEC and the rational height of
the legs for a permeable TEC.

Fig. 4 shows the dependences of the maximum efficiency on the number of sections N of the
converter and the height of the legs L of permeable thermoelements. The calculations were carried out at a
heat carrier inlet temperature 7;,= 300 °C, for a sectional TEC with a leg height of 1 cm, K = 3.5 and for a
permeable TEC with 25 channels per 1 cm” of material area. With an increase in the number of sections or
the height of the permeable legs, the efficiency for both TEC models grows and tends to the same value, in
this case up to Nmwx=4 %. This is due to the increase in the area of heat transfer, which allows more
complete use of the thermal power of the heat carrier, which for both models in this case is

Opea =¢,m(T,, —T,)=287.5 W. For a sectional TEC, it is advisable to use 3 —4 sections, and for a
permeable TEC, the height of legs up to 2 c¢m is rational. It is clear that a further increase in the number of

sections or height does not significantly increase the efficiency, but drastically increases the thermoelectric
material consumption.

KKD, %

425 - - : - - - - - - -
800 b e e e
n L . ™ 5 &

350 bbb s 2 sutis o ek
3,25“..5.. .:....:....:....:...g...5....5....5....
250 ..t/ k..
7%} M S TS N SN T S S N S
0 1 2 3 4 5 6 7 8 9 10 1"
N
L, cm

Fig. 4. n(N) — the efficiency of sectional TEC versus the number
of sections N. n(L) — the efficiency of permeable TEC versus
the height L of thermoelement legs.

Fig. 5 shows the dependence of the efficiency of a sectional TEC with a different number of sections
on temperature T;, of the heat carrier at the inlet to the heat exchanger. The calculations were made taking
into account the heat transfer between the heat carrier and the heat-absorbing surface of the TEC (solid
lines) and for the "ideal" case in the approximation when heat transfer is not taken into account (dashed

lines), that is, the heat transfer coefficient a, - .
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Fig. 5. The efficiency of sectional TEC with regard to heat exchange
(solid lines) and without heat exchange (dashed lines). The height of thermoelement legs is 1 cm.

The efficiency depends on the number of sections. These results emphasize the conclusion that the
most rational model is a three-section TEC. A further increase in the number of sections does not lead to a
significant increase in the efficiency of thermal energy conversion.
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Fig. 6. The efficiency of permeable TEC with a different number
of channels on 1 cm’ of thermoelectric material area.
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Fig. 6 shows the dependence of the efficiency on the temperature 7;, of the heat carrier at the inlet to
a permeable TEC with a leg height of 1 cm and a different number of channels per 1 cm® of the
thermoelectric material area (channel diameter 1 mm). From comparison of these results with the data for
the permeable TEC in Fig. 6 it follows that for T;, = 300 °C the efficiency of permeable thermoelements 1
cm high with 50 channels and 2 cm high with 25 channels are practically the same. Consequently, in a
permeable TEC, it is advisable to increase the area of heat exchange with the heat carrier by increasing the
number of channels, rather than increasing the height of the legs, because this will not lead to an increase in
the volume of the thermoelectric material.

For comparison, Fig. 7 shows the dependence of the efficiency of the heat carrier temperature at the
inlet to the heat exchanger for sectional (solid lines) and permeable (dashed lines) TEC. The efficiency
values of the most rational TEC designs, namely a three-section TEC and a permeable TEC with 50
channels per 1 cm?, do not differ significantly. At a heat carrier temperature T}, =300 °C, the efficiency of
these TEC options reaches 3.5%.
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0,5

T,
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Fig. 7. Comparison of the efficiency of sectional and permeable TEC.

The efficiency of permeable TEC increases if you increase the number of channels for the heat
carrier. Under these conditions, the area of heat exchange between the heat carrier and the thermoelectric
material is enlarged, which increases the efficiency. The rational number of channels is from 50 to 100.
Further increase in the number of channels does not significantly increase the efficiency.

To increase the efficiency of sectional TEC, it is advisable to improve the heat transfer system
between the heat carrier and the hot surface of the thermopile in order to improve the convective heat
transfer between the heat carrier and the heat exchanger. Under these conditions, the efficiency increases
and approaches the value of the efficiency in the ideal case when heat transfer does not affect the efficiency

(Fig. 5).
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Fig. 8 shows the results of calculating the maximum electrical power for different designs of TEC.

At a heat carrier temperature of 300 °C, the power of a 3-section TEC and a permeable TEC with 50
channels per 1 cm” is about 10 W.

W, w
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: : : : '
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100 150 200 250 300 T
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°C

Fig. 8 Maximum electric power of sectional and permeable TEC.

To compare the economic performance of the two TEC models, the volume of thermoelectric

material, its consumption and the unit cost of obtaining 1 W of electricity were calculated. The results are
shown in Fig. 9, 10.
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Fig. 9. Consumption of thermoelectric material for sectional and permeable TEC per
1 W of generated electric energy.
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Fig. 10. Unit cost of material for sectional and permeable TEC.

According to these parameters, a permeable TEC which has from 50 to 100 channels per 1 cm” in the
legs of thermoelements is more efficient. Material consumption and unit cost for such a TEC is 25 - 35%
less compared to a three-section converter.

Note that the economic characteristics of TEC significantly depend on the temperature of the heat
carrier at the inlet to the heat exchanger. With a rise in temperature from 100 °C to 300 °C, the material
consumption and the unit cost of both sectional and permeable TEC decrease by a factor of 25.

Conclusions

The calculation and comparison of the parameters of sectional and permeable TEC allow the
following conclusions:

1. In the ideal case, when the heat exchange area between the heat carrier and the thermoelectric
material increases infinitely, the efficiency of a sectional thermoelement made of classical thermoelements
of solid materials and a converter made of permeable thermoelements will be the same.

2. The most rational real models are a 3-section TEC of classical thermoelements and a permeable
TEC, which has 50 channels per 1 cm® of thermoelectric material. The efficiency of these TECs is not
much different.

3. In terms of economic indicators, a TEC made of permeable thermoelements is a better model, for
which the consumption of thermoelectric material and the unit cost of 1 W of electricity can be 25 - 35%
less than that of a sectional TEC.

4. Further research is needed on the effect of an increase in the heat exchange area in permeable
modules and a decrease in the height of the legs of thermoelements made of solid materials in classical
modules for each section on the energy and economic indicators of TEC.
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DETERMINATION OF THE TEMPERATURE
DEPENDENCES OF THERMOELECTRIC PARAMETERS
OF MATERIALS USED IN GENERATOR THERMOELECTRIC
MODULES WITH A RISE IN TEMPERATURE DIFFERENCE

A method is proposed for determining the thermoelectric parameters of materials used in generator
thermoelectric modules in the case when the cold side of module is thermostated, and the temperature
difference across the module gradually increases due to a rise in the hot side temperature with the help
of an electric heater. A detailed physical model of this method is considered and the results of
estimating possible values of measurement errors are presented.

Key words: measurement, electric conductivity, thermoEMF, thermal conductivity, figure of merit,
thermoelectric module.

Introduction

Further progress in thermoelectricity largely depends on the quality of thermoelectric material,
which is determined by the figure of merit Z of the material and on which the efficiency of thermoelectric
power converters depends, namely the efficiency of generators, the maximum temperature difference and
coefficient of performance of coolers, and the heating coefficient of heaters. In this case, the most effective
are experimental methods of material optimization, which are reduced to creating a set of samples of
materials of different composition and with different concentrations of impurities, measuring their
electrical conductivity, thermoEMF, thermal conductivity and determining the figure of merit Z. In this
procedure, the correct measurement of these material parameters plays a decisive role. Preliminary studies
carried out at the Institute of Thermoelectricity of the National Academy of Sciences and the Ministry of
Education and Science of Ukraine made it possible to develop methods and create equipment for accurate
determination of the properties of thermoelectric materials by the absolute method, the accuracy of which
exceeds the accuracy of world analogues by a factor of 3-5.

The task of creating measuring equipment for studying the parameters of materials used in ready-
made thermoelectric power converters remains important. This information is necessary both for
optimizing the thermoelectric material for its specific applications, and for improving the design of the
thermoelectric converters themselves, improving the technology for creating connecting junctions, and also
expanding the possibilities for quality control of the finished product. The most suitable for solving this
problem is the absolute method for measuring the parameters of generator thermoelectric modules and
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equipment ALTEC-10002 based on it [8]. At the Institute of Thermoelectricity, a method for determining
the thermoelectric parameters of the module leg material when measuring its parameters by the absolute
method is developed, a detailed physical model of this method is considered and the results of estimating
possible error values are given. However, practical implementation of this method encounters difficulties
due to the fact that for measurements it is required to create a small temperature difference (about 10 °C) at
temperatures of both sides of the module up to 500—600 °C.

The purpose of this work is to create a method for determining the thermoelectric parameters of
materials used in the generator thermoelectric modules for the case when the cold side of module is
thermostated, and the temperature difference on the module gradually increases due to a rise in the hot side
temperature.

Description of the method for determining the o, a, k, Z of the legs material when measuring
parameters of a generator thermoelectric module

The method for determining the average values o, o, k, Z of the legs material making up the module is as
follows:

— determination of electrical conductivity ¢ by the measured value of the AC resistance of the module and
the known design of the module;

— determination of the Seebeck coefficient o by the measured values of module EMF and temperature
difference between the heater and the heat sink (with regard to corrections);

— determination of thermal conductivity k according to the measured values of heat flow through the
module (using a heat meter) and the temperature difference between the heater and the heat sink (taking into
account corrections and minimizing heat loss).

The average values of electrical conductivity, thermoEMF, thermal conductivity and figure of merit of the
material of thermoelectric module legs are determined by the formulae

1 h,
c=——0o , )
R%N @b
E
o =A, )
(Te, —Tx,)
0
K = 4N h , (3)
(Tey —Tx,) a, - b,
o’c
Z=—", “)

K

where Ry, is module resistance measured on alternating current; a; X by is the cross-section of legs; /#; is the
height of legs; N is the number of pairs; £ is the EMF of module; 7%, is the temperature on the heat-leveling plate
located on the hot side of module; 7¢, is the temperature on heat meter located on the cold side of module;
O is heat flow through the module measured by heat meter.

In Fig. 1: O is heat released by heater 11; Q; is heat transferred from heater 11 to the “hot” side of
module 5; O, is heat transferred from heat leveling plate 6 to shield 7 by convection; Qs is heat transferred
from heat leveling plate 6 to shield 7 by radiation; Q,, QO is heat transferred from heater 11 to shield 7
through heater wires; Os, Qo is heat transferred from heater 11 to shield 7 through potential heater wires; Qs

72 Journal of Thermoelectricity Ne2, 2021 ISSN 1607-8829



Anatychuk L.I., Lysko V.V.
Determination of the temperature dependences of thermoelectric parameters of materials used in ...

is heat transferred from heater 11 to shield 7 through the module clamp; O is heat transferred from heater
11 to shield 7 by convection; Qs is heat transferred from heater 11 to shield 7 by radiation; Q;; is heat
transferred from heat leveling plate 6 to shield 7 through wires of thermocouple 21; O;, is heat transferred
from module 5 to shield 7 by convection; Q;; is heat transferred from module 5 to shield 7 by radiation;
Q14, Q9 1s heat transferred from module 5 to shield 7 through module wires 4 and 23; Q;s is heat
transferred from heat meter 2 to shield 7 through wires of thermocouple 25; O;s is heat transferred from
the “cold” side of module 5 to heat meter 2; O;; is heat transferred from heat meter 2 to shield 7 by
convection; Qs is heat transferred from heat meter 2 to shield 7 by radiation.
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Fig. 1. Schematic for determining the thermoelectric parameters of materials when measuring
the parameters of generator thermoelectric modules using thermal switches and radiation shield:
1 — device for providing the required “cold” temperature of module; 2 — heat meter,

3,10, 16, 18, 22, 24, 26 — thermal switches, 4, 23 — module wires; 5 — module; 6 — heat leveling plate;
7 — gradient radiation shield; 8, 20 — heater wires; 9, 19 — potential heater wires; 11 —module heater,
12 — shield heater; 13 — clamping mechanism racks, 14 — clamping bar; 15 — clamping screw;

17 = bell jar; 21, 25 — thermocouples.

In this case, due to the temperature dependence of the thermoelectric parameters of material,
measurements should be carried out at small temperature differences. Therefore, to apply this technique on
equipment for measuring generator modules, in which temperatures can be in the range of 7, = 30 - 90 °C,
T, = 30 - 600 °C, additional operations are required to determine the parameters of materials with a rise in
temperature difference.

In general, the method for determining the average values o, o, x, Z of the legs material with a rise in
temperature difference will include the following steps.

1. Accurate measurements of ¢, a, K, Z with temperature difference up to 10 K in the temperature
range of the cold module side T, = 30 — 90 °C (for instance: T, = 30 °C, T}, = 40 °C).

2. Determination of 6, a, k, Z at temperature differences greater than 10 K.

2.1. Determination of thermal conductivity k.
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To determine the thermal conductivity at each subsequent value of the temperature difference, the
value of thermal conductivity obtained from the results of previous measurements is used. It allows
dividing the thermal resistance K, of the leg into two parts (Fig. 2): thermal resistance K7 "' of the leg
section from x = 0 to x = L', where the temperature difference is equal to the difference of the previous
investigated point — (Th ¥ — T¢);

- thermal resistance K" of the leg section from x = LM to x = L= Ly, where the temperature
difference is equal to (Th ¥ — Th ™) = 10 K.

1.Tx=L'=L,) =T, 2. T(x=L’=L,,) =T, = T, +AT: N. T(fL”=Lgm); T) =T +AT;
T’ =TH=L") T,” =T(x=L")
T(x) L T(x) x T(x) L
Jo JO Jo ;
e i et B il i e P
T] '---LI' — T'hN’I-—--L‘N'l ———— ) KT
h
KN»I
b e | Titmeiffecn it st s .

Fig. 2. Procedure for determining the thermal conductivity of the legs material with a rise

in temperature difference

Then the value of thermal conductivity at temperature (Th "~ + Th *')/2 will be determined by the
formula

N N-1 N _ AN-1
K(T2 +T2 )= Ltotal. = Q Q — , (5)
2 a,-b (12" -1,) - (12" - 1,)
2.2. Determination of the Seebeck coefficient a.
T2Y + T2V EY —EN!
o )= N N-1 ? (6)
2 (12" -1,)- (12" - T,)

2.3. Determination of electrical conductivity o.
Electrical conductivity can be determined according to the procedure described in paragraph 2.1 for
thermal conductivity, using electric resistance R instead of thermal resistance Kr.

QN—l
TV + TN L - 0"
()= > ()
a - 1RN_RN_1'QQN

2.4. Determination of the figure of merit Z.
The figure of merit of the leg material is determined by the classical ratio
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zm:%. ®)

where:
a(T)=Ay+ A T+A4, - T*+..+4,-T", )
o(T)=B,+B,-T+B, T*+..+B,-T", (10)
«(T)=C,+C,-T+C,-T*+..+C,-T", (11)

where 4;, B;, C;, are coefficients of polynomials, # is polynomial degree.

Results of estimation of possible errors of the proposed method

To test the proposed method for determining the temperature dependences of the thermoelectric
parameters of materials used in generator thermoelectric modules with a rise in temperature difference, a
computer experiment was carried out in the COMSOL Multiphysics application package. To do this, a
computer model of thermoelectric generator module Altec-1061 was created with the following
parameters: number of pairs — 56; leg height — 3 mm; leg cross section — 1.8 mm x 4.2 mm; ceramics
thickness — 0.65 mm; ceramics area — 40 mm x 40 mm; interconnect thickness — 0.25 mm.

The temperature dependences of the thermoelectric properties of module legs material based on Bi-
Te are given by polynomials

a(T) = 178.25+0.6507-T — (3.9x107)-T * + (5x10°)- T, (12)
o(T) = 1356.2 — 6.1067-T+ (1.38x10%)-T> — (7x10°)- T, (13)
K(T) = 1.4987 + (2x10™)- T — (8x10°)- T2 + (7x10™)- T2, (14)
B a’(T)-o(T) 1
Z(T)——K(T) - (15)

The cold side of the module was thermostated at a temperature 7c = 30 °C. The temperature of the
hot side gradually increased, starting from 74 = 40 °C with a step of 10 °C and at each subsequent step
according to the computer simulations of temperature and electric potential distributions found in the
module, the average values o, a, Kk, Z of legs material were calculated by formulae (5) - (8) of the procedure
described in paragraph 1.
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Fig. 3. Temperature dependences of the thermoelectric properties of Bi-Te based material
(the lines indicate the dependences constructed using polynomials (5)-(8),
the marks “X” are the results obtained by a computer experiment using the
proposed measurement technique).

Fig. 3 compares the temperature dependences of the thermoelectric properties of module legs
material obtained by a computer experiment in COMSOL Multiphysics using the proposed measurement
method and given by polynomials (12) - (15). According to the results of computer simulations, the errors
in determining the o, a, k, Z of legs material with a rise in temperature difference by the proposed method
do not exceed 2-3%. The proposed method is easier to implement and is the basis for the modernization of
"ALTEC-10002" equipment for measuring the parameters of thermoelectric generator modules.
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Conclusions

1. A method is proposed for determining the temperature dependences of the thermoelectric properties of the
legs material of generator thermoelectric module when measuring its parameters by the absolute method. A
detailed physical model of this method is considered and an estimate of possible errors is made.

2. Computer experiment has been used to confirm the possibility of determining the thermoelectric parameters
of materials used in generator thermoelectric modules in the case when the cold module side is thermostated,
and the temperature difference on the module gradually increases due to a rise in its hot side temperature. In
so doing, the errors in determining the o, a, K, Z of legs material do not exceed 2-3%.
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COMPUTER DESIGN OF A THERMOELECTRIC GENERATOR
FOR HEAT AND ELECTRICITY SUPPLY TO HEAVY-DUTY VEHICLES

The physical model of the thermoelectric generator for the autonomous system of pre-heating of high-
power vehicles is considered. The design of heat exchangers of heat supply and exhaust systems, which
allow to ensure the optimal mode of operation of thermoelectric modules, has been determined by
computer design. The design of a thermoelectric generator with an electric power of up to 350 W has
been developed, which will be enough to supply electric energy to preheaters with a thermal power of
25-30 kW. Such a system, taking into account the thermal energy of the thermoelectric generator, will
be equivalent to more powerful preheaters (36 - 40 kW), but will not require the use of battery
electricity. Bibl. 8, Fig. 9, Table. 1.

Key words: starting heater, thermoelectric generator, physical model, computer simulation.

Introduction

Operation of vehicles at low ambient temperatures requires the use of methods of preliminary
thermal preparation of engines for start-up. The most common methods of preheat treatment of engines
used for heavy-duty civil and military equipment include refuelling the engine cooling system and
lubrication system with hot antifreeze and engine oil, the use of furnaces that heat the crankcase by direct
flame, heating air filters by introducing filter heads for small amounts of fuel from a special electric glow
plug, the use of heaters to heat the air entering the engine cylinders, etc. However, these methods of
preheating engines are inefficient and time consuming. Therefore, pre-heaters are used more and more,
which run on vehicle fuel and heat the engine coolant [1, 2]. An effective method of solving the problem of
discharging the battery of vehicles during the operation of preheaters is the use of a thermoelectric
generator that operates from the heat of the heater and provides autonomous power to its components [3 -
5]. Moreover, the electric energy excess of thermal generator can be used for battery charging and power
supply to other equipment.

The Institute of Thermoelectricity has created an experimental sample of a thermoelectric preheater
with a thermal power of 3.5 kW and a maximum electric power of 100 W for heating vehicles with an
engine capacity of up to 4 liters [6, 7].

Preliminary analysis [8] shows the prospects for such uses to improve the operational capabilities of
heavy-duty vehicles, including armoured vehicles.

The purpose of this work is to develop and optimize the design of a thermoelectric generator for the
autonomous source of heat and electricity for heavy-duty vehicles.
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Physical model of a thermoelectric generator and its mathematical description

To find the optimal design of the generator, it is necessary to consider its physical model (Fig. 1). The
model consists of five sections, each of which containing a hot heat exchanger, thermoelectric modules and a cold
heat exchanger. The design of heat exchangers of each section must be optimized to achieve the optimal mode of
operation of all thermoelectric modules. The model provides a separate heat source — air heater on diesel fuel.
Heat is supplied to the hot heat exchanger of the generator due to forced convection of hot fuel combustion
products moving in the heat exchanger channels. Heat removal from thermoelectric modules is carried out by a
liquid coolant that is forcibly circulating in the system.

K

- HA KA 3
R R

e .quu

Fig. 1. Physical model of a thermoelectric generator for heat and electricity
source for armoured vehicles.: 1 — heat source; 2 — hot heat exchanger (radiator);
3 — thermopile; 4 — cold heat exchanger; 5 — thermal insulation

The thermoelectric converter is composed of standard thermoelectric modules Altec - 1061 that are
most suitable for creation of thermoelectric recuperators. The optimal temperature of the hot side of
modules is about 280 - 300°C, and of the cold side — 30 - 50 °C.

The heat Q,; which comes to the hot heat exchanger of i-th section is passed by way of convection
and radiation:

7.\ T
_ G(i) (i)
Oy = Ay '(Tcm _Tr(i))'SRm tE4; 07| & ( 100] -4 '[_100] “Sky s (1)

where oy, is convective coefficient of heat exchange from the hot gas to heat receiving surface of the hot
heat exchanger of the i-th section; 7¢; is the average gas temperature in the hot heat exchanger of the i-th
section; T,; is the average temperature of the heat receiving surface of the hot heat exchanger of the i-th
section; Sg;) is the area of heat receiving surface of the hot heat exchanger of the i-th section;
& = (exnT1)/2 is the effective degree of blackness of the “hot gas-heat receiving surface” system of the hot
heat exchanger of the i-th section; &, is the degree of blackness of the heat receiving surface of the hot
heat exchanger of the i-th section; oy is Stephan-Boltzmann constant; ¢¢ is the degree of blackness of gas;
A, 1s the absorptivity of the heat receiving surface of the hot heat exchanger of the i-th section.

Heat O, is removed from the cold side of thermoelectric modules with the flow of heat carrier which
circulates in the cold liquid heat exchanger 4:

QZZgT.cpT.(T&x_Tfmx)a (2)
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where g7 is heat carrier consumption; c,r is heat capacity of heat carrier 7j,, Ty, are temperatures of heat
carrier at the inlet and outlet of system for cooling thermoelectric modules, respectively.

As long as the cold liquid heat exchangers are combined into one hydraulic loop with engine cooling
system 5, the heat dissipated from the modules is used to preheat the engine.

The main losses of heat are determined as follows:

1) O; — with reaction products (water H,0, carbon dioxide CO; and nitrogen N,):

O, =C,-m, '(TG(sux.) _71)): 3)

where C. is the average heat capacity of reaction products, m, is the mass of reaction products, T u is the
temperature of reaction products at the outlet from the generator.
2) O, — on the thermal insulation:

AS,.
7 (T; = To), 4)

Q4 =
where 4 is thermal conductivity of insulation material; S,. is the surface area of the hot heat exchanger not

occupied by thermopile; L is the thickness of thermal insulation layer.
Thus, the heat balance equation for this physical model of thermoelectric generator can be written as:

Q:Qo"'in(i)"'Qf"Qsa
O, =P+0,+0,.

)

where # is the number of sections in the hot heat exchanger of thermoelectric generator.
The relationship between the velocity v and the hot gas temperature 7 in the heat exchanger is
determined by the formula:

s ol | KO -
K, Pro-7-d" 14>

where K(O,) is coefficient that determines the amount of oxygen necessary for full combustion of fuel, d
is the diameter of combustion chamber; K; and K, are coefficients that determine the amount of carbon
dioxide, water, nitrogen and air which formed as a result of full combustion of fuel and are derived with
regard to specific values of gas volatility degrees i, Mendeleev-Klapeyron constant R and gas molar mass
I; g, 1s air consumption; pry is air density at a given ambient temperature 7.

The solution of the system of thermal balance equations (5) allows determining the main energy and
structural parameters of the generator. It was implemented in the Comsol Multiphysics application package
by finite-element method in two steps which aimed at determining;:

— the effective geometry of the hot heat exchanger and optimal fuel consumption and air velocity v to
assure maximum operating temperature of thermopile hot junctions;

— the effective geometry of the cold heat exchanger and optimal heat carrier consumption to assure
the necessary operating temperature of thermopile cold junctions.
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The input data for the calculation of structural parameters of the heater hot heat exchanger are the
dependences of electric power P,,,, and the efficiency n,,q of the used thermoelectric generator modules of
the type Altec-1061 (Fig. 2).

593

Fig. 2. Dependences of efficiency n (a) and electrical power P (b) of thermoelectric module
of the type Altec-1061 on the hot Ty and cold T, module side temperatures

Results of computer design of a thermoelectric generator

Computer model comprises 5 sections, each of which has landing pads for 8 thermoelectric modules
(Fig. 3). Each section has N; channels of diameter d; for passing of heat carrier. In so doing, the total cross-
sectional area of channels in each section was the same, and increasing the number of channels with a
simultaneous reduction of their diameter was achieved by increasing the area of heat exchanger of each
successive section.

Fig. 3. Computer model of the hot heat exchanger of thermoelectric generator in the
Comsol Multiphysics applied package: 1-5 — heat exchanger sections, 6 — channels for
heat carrier passing; 7 — places of thermoelectric modules arrangement

Optimal geometry of each section was determined from the condition of assuring optimal
temperature mode on the hot side of all thermoelectric modules — about 280-300°C.

An example of temperature distribution in the hot heat exchanger of thermoelectric generator in the
Comsol Multiphysics application package is given in Fig. 4.

82 Journal of Thermoelectricity Ne2, 2021 ISSN 1607-8829



Anatychuk L.1., Lysko V. V.
Computer design of a thermoelectric generator for heat and electricity supply to heavy-duty vehicles

IE:\D

500

P 00

350

50 : : mm

a0

300

Fig. 4. Example of temperature distribution
in the hot heat exchanger of the generator

Table 1 shows the computer simulation of the geometric parameters of the heat exchanger (number
N; of channels of each section and their diameter d;, area of the heat exchanger), which allow providing the
required temperature mode.

Table 1.
Results of optimization of the hot heat exchanger design
Section 1 | Section2 | Section3 | Section4 | Section 5

Number of channels N; 8 16 32 72 144
Channel diameter d;, mm 21.2 15.0 10.6 7.1 5.0
Heat exchanger area Sg(), m” 0.037 0.053 0.075 0.112 0.158
Average temperature of module

308.0 309.1 301.6 293.3 281.8
landing pad T(@), °C

The temperature distribution of gas passing through the heat exchanger is shown in Fig. 5.
Coordinate x defines the position in the direction of the gas flow in relation to the heat exchanger.

In order to determine the temperature distribution in the cold heat exchangers of the heater (Fig. 6),
the process of heat transfer from the thermoelectric module to the vehicle heating system by heat exchange
between the cold side of the thermopile and the heat carrier flow, which circulates in the channels of the
cold heat exchanger at speed v and temperatures T;, and T,,, respectively at the inlet and outlet of the heat
exchanger was studied.
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Fig. 5. Temperature distribution of gas inside the hot heat exchanger
of thermoelectric generator (for a heat exchanger
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Fig. 6. Example of temperature distribution
in the hot heat exchanger of the generator

Fig. 6 shows an example of a heat exchanger with channel diameter 4 mm with heat carrier
consumption 0.05 m*/h. Figs. 7, 8 also show the distributions of heat carrier velocity and temperature in the
heat exchanger.

As a result of simulation, we obtained the dependences of temperature difference between the inlet
and outlet from the cold heat exchangers on the geometry of channels and on the heat carrier consumption

(Fig. 9).

v, m/s T,°C
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Fig. 9. Dependence of temperature difference AT between the inlet and outlet of cold heat exchanger
system on heat carrier consumption G,, and channel diameter d,

For the case of heat exchanger system comprising 40 individual heat exchangers with channel
diameter 4 mm, combined into one hydraulic loop by two series links, 20 pcs each, to ensure the necessary
operating temperatures of the cold module side (30 - 50°C), the consumption of heat carrier pumped
through the system should be 0.5 - 0.7 m’/h.

The results served the basis for the design development of thermoelectric generator with electric
power up to 350 W which will be sufficient for supply with electric energy of starting preheaters of the
type PROHEAT M90 24V (with useful thermal power 26 kW and electric power consumption up to 230
W) or OJD30.8106010 (with useful thermal power 30 kW and electric power consumption up to 140 W).
Such a system with account of thermal energy of thermoelectric generator (about 10 kW) will be equivalent
in thermal power 36 - 40 kW (but autonomous) and will allow replacing the starting preheater of the type
PJD - 44111 (with useful thermal power 37 kW and electric power consumption up to 340 W), which is
widely used in heavy-duty civil and military equipment.
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Conclusions

1. A physical, mathematical and computer models of a thermoelectric generator for the heat and

electricity supply to heavy-duty vehicles were developed. Computer simulation has been used to
determine the optimum design of heat exchanger systems for heat supply and removal, which allows
to ensure the required operating mode of thermoelectric modules.

. A design of thermoelectric generator of electric power up to 350 W and thermal power up to 10 kW

was developed. Combined with a starting preheater of thermal power 25-30 kW, the generator
creates an autonomous starting preheat system with thermal power up to 40 kW This system can
replace a similarly powerful starting preheater and does not require the use of battery power.
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KOMII'IOTEPHE TIPOEKTYBAHHSA TEPMOEJIEKTPUYHOTI'O
I'EHEPATOPA VI JKEPEJIA TEILJIA TA EJIEKTPUKHU UIA
TPAHCIIOPTHHMX 3ACOBIB BEJIMKOI ITOTYKHOCTI

Pozensnymo  @izuuny mooenb  mepMOeneKmpuyHo2o  2eHepamopa Ol AGMOHOMHOI  CUCmeMU
NepeonycKo8020 po3icpisy mMpancnopmuux 3aco6ié eeauxoi nomyocrhocmi. LLisixom xomn tomepnozo
NPOEKMY8ANHS BUSHAYEHO KOHCMPYKYIT Men100OMIHHUKIG cucmeM niogedeHHs: ma 6i08edeHHs menia,
KL 003601510Mb  3a0e3neyumu  ONMUMAIbHULL  PelcuM  poOOmu  MepMOoeNeKmpPUUHUX  MOOYIIIE.
Po3pobreno koncmpykyilo mepmoenekmpuiHo2o 2eHepamopa ei1ekmpuyHoro nomysicuicnio 0o 350 Bm,
SAKOI gucmavamume Oisl JHCUBTIEHHSL eIeKMPUYUHOI0 EHEePRIcio NePeonyCKOBUX HASPIGHUKIE MENi080I0
nomyoichicmio 25-30 xBm. Taxa cucmema, 3 6paxysamnusam mennogoi eHmepeii mepmoerekmpuiHoco
eenepamopa, Oyoe eKsisaleHmHOI0 OLbUL NOTYHCHUM NepeOnycKosum HazpisHuxkam (36 — 40 kBm), ane
He  nompebysamume npu  pobOOMi  GUKOPUCMIAHHS — eIeKMPUYHOi  eHepeii  aKymynsmopa.
bion. 8, puc. 9, maén. 1.

Kawu4oBi cjioBa: mnepeayCKOBHI HAarpiBHHK, TEPMOEIEKTPHUYHUIM TeHepaTop, (isMyHa MOJIEIb,

KOMIT'FOTEpHE MOJETIOBAaHHS.

Anarnuyk JL.U. akao. HAH Ykpaunut
Jlucsko B.B. kano. ¢usz.-mam. nayx

'Mucruryt Tepmosnexrpuuectea HAH u MOH Vkpaunsr, yi. Hayxwu, 1,
UYepuosubl, 58029, Ykpanna, e-mail: anatych@gmail.com ;
*YepHOBMIIKHMIT HALMOHANBHEIH yHUBepcuTeT uM. FOpus deapkoBuya,
yi1. Korroounckoro, 2, Yepnosibl, 58012, YkpanHa

KOMIIBIOTEPHOE TPOEKTUPOBAHUE TEPMOJJIEKTPUYECKOI'O
IF'EHEPATOPA JJISI UCTOYHUKA TEIIJVIA U 3JEKTPUKU J1JIsA
TPAHCHOPTHBIX CPEJICTB BOJIBIIIOM MOIITHOCTH

Paccmompena usuueckas moodenvb mepmoINeKmpudeckozo cenepamopa 0jis a6MOHOMHOU CUCTHEMbL
NpeonyCcKo8020 pazocpesa MpaHCHOPMHbIX cpedcms 0obuiol mowHocmu. I[lymem KOMNbIOMEPHO20
NPOEKMUPOBAHUS ONpedeNeHbl KOHCIMPYKYUU Men1000MeHHUKO8 cucmem noodgoda u omeood menid,
noseonsiowue  0becnedums  ONMUMAIbHBIL  PENCUM  pabomvl  MEPMOINEKMPUYECKUX — MOOYIell.
Paspabomana xoncmpyxkyus mepmodeKmpudecko2o 2eHepamopa 1eKmpudeckol MowHocmvio 00 350
Bm, xomopou Oyoem xeamamv 015t nUMaHUs dNEKMPULECKOU dHepauell nPeonyCcKoeblx Omonumenell
mennogou mownocmvio 25-30 «kBm. Taxas cucmema, ¢ yuemom  MenuioGou  dHepauu
MEPMOINEKMPUYECKO20 — 2eHepamopa, O6ydem  9KeusaleHmua 0Oojiee MOWHBLIM — NPEeONnyCKOGbIM
omonumensim (36 — 40 kBm), Ho e nompebyem npu pabome UCHOILIOBAHUSL EKMPULECKOU IHEP2UU
axkymynsamopa. bubn. 8, puc. 9. Tabn. 1.

Key words: preheater, thermoelectric generator, physical model, computer simulation.
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ON THE PROSPECTS OF USING THERMOELECTRIC COOLERS TO
MAINTAIN OPTIMAL AIR TEMPERATURE IN THE INTAKE
MANIFOLD OF INTERNAL COMBUSTION ENGINE
FOR IMPROVING ITS PERFORMANCE CHARACTERISTICS

The paper deals with the problem associated with increasing the efficiency of the operation of road
transport in conditions of high ambient temperatures, substantiates the need to take special measures to
maintain the optimum air temperature at the engine inlet. According to the results of the analysis, it is
established that the ambient temperature has a significant impact on the efficiency of the internal
combustion engine. The use of a thermoelectric system is proposed, which makes it possible to maintain
the optimum temperature in the intake manifold in order to improve the performance of the engine.
Descriptions of the proposed thermoelectric system and the concept of its operation are presented.

Bibl. 11, Fig. 4.
Key words: internal combustion engine, natural and climatic factors, thermoelectric cooler,

performance characteristics.

Introduction

The transport industry is one of the basic sectors of the Ukrainian economy, has a developed network
of roads, which creates the necessary prerequisites to meet the needs of transport users in the provision of
transport services and the economic development of the national economy of the country. The current state
of the transport industry does not fully meet the modern requirements for the effective implementation of
energy-saving technologies and ensuring the priority of environmental safety requirements, which is due to
the low level of implementation of modern technologies and the implementation of innovative policies in
the transport industry. In this regard, the problem of increasing the efficiency of road transport operation is
one of the most significant, which is confirmed by the National Transport Strategy of Ukraine for the
period up to 2030 [1].

Analysis of previous research

Modern designs of intake systems of internal combustion engines (ICE) through the use of various
design solutions, first of all, provide a low concentration of harmful substances in the exhaust gas and high
economic performance. At the same time, the performance indicators of internal combustion engines have
faded into the background, which is caused by the strengthening of international standards for
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environmental safety and fuel efficiency for road transport. As you know, the performance of internal
combustion engines in different modes of operation, environmental and economic indicators depend not
only on improving the design of the engine, but also on the efficiency of combustion of fuel-air mixture in
engine cylinders, which in turn is determined by its qualitative and quantitative composition.

The effect of intake air temperature on the performance characteristics of internal combustion
engines is widely covered in [2—6].

In works [7 - 9], based on the results of research work carried out to determine the optimal air
temperature in the engine intake manifold, it is noted that the air temperature at which the optimal
parameters of the engine operating cycle are provided is 40...60°C. In real conditions of vehicle operation,
maintaining such a temperature regime of air at the inlet is practically impossible due to the influence of
various changing factors, primarily climatic and road, as well as loading, speed and thermal modes of
operation of the internal combustion engine. In addition, the turbocharger and other technology that boosts
the engine also contribute to the increase in temperature under the hood of a modern engine. In this regard,
the air temperature at the inlet of the internal combustion engine, depending on the operating conditions
and the number of additional equipment, can vary widely, which significantly affects the work process (the
filling of the cylinders with the air-fuel mixture and its quality deteriorate) and the heat balance of the
engine.

It should be noted that the electronic engine control systems of modern cars equipped with various
sensors to ensure the optimal composition of the air-fuel mixture, despite their technical excellence, do not
fully take into account the influence of variable factors that manifest themselves during the operation of the
car. For example, in hot climates, the temperature of the air in the intake manifold during engine operation
at idle and partial loads rises to 80 © C and above [10]. An analysis of changes in global temperature in
relation to the average temperatures of 1951-1980 shows that the duration of periods of abnormally high
temperatures has increased significantly on average over the past decades due to global climate
trends (Fig. 1).
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Fig.1. Global land and ocean temperature index [11].

Air cooling, in particular for turbocharged diesel engines, is widely used to improve engine
volumetric efficiency by increasing air density and improving cylinder filling. This is usually done due to
the air/air heat exchanger. Ambient air is used as a cooling medium (coolant), and therefore the degree of
cooling of the air entering the engine is strictly related to the ambient temperature. Record-breaking high
ambient temperatures in recent years lead to a significant decrease in the efficiency of the standard heat
exchanger and, as a result, to a significant increase in intake temperature, which leads to a decrease in the
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efficiency of road transport operation (including its energy performance).

Therefore, one of the promising ways to improve the performance of road transport in high ambient
temperatures is to ensure optimal air temperature at the intake of the internal combustion engine.

In this regard, there is a need to develop methods and devices, taking into account modern
technological solutions, to ensure the optimal temperature of the incoming air to the engine, in order to
ensure the preparation of the optimal composition of the air-fuel mixture and its quantity, depending on its
operating modes.

To solve this problem, the authors proposed an air-to-air thermoelectric system (Fig. 2), which
automatically maintains the optimum air temperature in the engine intake manifold when the vehicle is
operated at high ambient temperatures or high engine load.

Intake manifold air

temperature sensor Thermoelectric cooler with
the internal radiator

Temperature sensor of the
external radiator of the
thermoelectric cooler

Electronic
control unit

A4

Fan of the external radiator
of thermoelectric cooler

\4

Load sensor

Fig. 2. Block diagram of the proposed thermoelectric system

The electronic control unit provides maintenance (stabilization) of the optimum air temperature in
the intake manifold by controlling the thermoelectric cooler (TEC - Thermoelectric Cooler) and the fan of
the external radiator of TEC with simultaneous monitoring and display of operating status and system
parameters. Temperature stabilization is carried out by changing the electric power supplied to the TEC.

Research results

The proposed thermoelectric system (Fig. 3) consists of an internal combustion engine, an intake
manifold, an air cleaner, an electronic control unit, a thermoelectric converter with internal and external
radiators, an external radiator temperature sensor, an external radiator fan, an air temperature sensor in the
intake manifold, and a load sensor.

The main element of the proposed thermoelectric system is a thermoelectric module consisting of a

thermoelectric converter, the principle of operation of which is based on the Peltier effect. The most
important features of thermoelectric cooling modules are: the ability to cool the object below the ambient
temperature, fairly accurate temperature control and small size. The use of thermoelectric modules often
offers a simple solution to complex technical problems of thermal energy management and provides
significant advantages over alternative technologies.
The principle of operation of the proposed thermoelectric system is as follows: during engine operation, the
electronic control unit receives signals from air temperature sensors in the intake manifold and external
radiator of the thermoelectric cooler and load sensor. Depending on the level of these signals, the
electronic control unit smoothly changing the power on the thermoelectric converter provides the required
temperature of the internal (cooling) radiator.
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Fig. 3.Block-diagram of the proposed thermoelectric system:
1-ICE, 2-intake collector, 3-air cleaner, 4-electronic control unit, 5-thermoelectric converter,
6-internal (cooling) radiator, 7-external radiator fan, 8-external radiator with temperature sensor,
9- air temperature sensor in the intake collector, 10- load sensor.

In order to prevent a decrease in the efficiency of the thermoelectric system, the degradation of the
thermoelectric module and its failure when exceeding the allowable heating temperature of the hot side of
the thermoelectric converter, the electronic unit controls the fan of the external radiator (on and off), which
facilitates the transfer of heat from the hot surface of the TEC in the underhood of the car.

The proposed thermoelectric system provides the following modes of operation:

— under conditions of optimal air temperature in the intake manifold, air from the air cleaner
enters the engine cylinders through the disconnected thermoelectric converter and the intake manifold;
in conditions of exceeding the optimum air temperature in the intake manifold or in acceleration and full
load modes, the electronic control unit connects the thermoelectric converter to the on-board network,
which leads to a decrease in the temperature of the internal radiator, while the air temperature in the intake
manifold decreases due to heat exchange of air from the air cleaner with the internal radiator of
thermoelectric converter. Depending on the signal level of the air temperature sensor in the intake
manifold, the electronic control unit, smoothly changing the power on the thermoelectric converter,
provides the required temperature of the internal radiator, which leads to an improvement in the
performance of the internal combustion engine.

At the Department of Engines and Heat Engineering of the National Transport University, an
experimental sample of the proposed thermoelectric device (Fig. 4) was made and its functional tests were
carried out to assess the possible effectiveness of the proposed approach to solving the above problem.

Functional studies to ensure the optimum air temperature at the engine inlet at high ambient
temperatures were carried out in the engine test laboratory of the National Transport University. The
experimental setup (Fig. 4) consists of a VW BBY engine installed on a brake test bench, a working sample
of the proposed thermoelectric device, electronic thermometers with remote sensors, and a ceramic-metal
heating element that heats the air at the inlet to about 60°C.
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Fig. 4. Experimental sample of the proposed device
mounted on a VW BBY engine

Based on the results of the first stage of experimental studies, the possibility of applying the

approach proposed by the authors to the implementation of energy-efficient technologies in road transport

was confirmed. The use of a thermoelectric system, the operation of which is based on the Peltier effect,

makes it possible to reduce and maintain the set air temperature in the intake manifold.

In the future, it is planned to carry out computational studies in order to determine the number of

thermoelectric modules and the required area of air heat-dissipating radiators of the thermoelectric module

to ensure the required air temperature in the intake manifold and experimental studies in order to determine

the expected efficiency of using the proposed device to improve the performance of internal combustion

engines at high ambient temperatures and full loads.

Conclusions

1.

Based on the results of the research, a thermoelectric system is proposed that ensures the stabilization of
the optimal air temperature in automatic mode in the engine intake manifold when the vehicle is
operated at high ambient temperatures or high engine load.

Based on the requirements for temperature control systems, such as automatic maintenance of a given
temperature in a given volume with a certain accuracy, regardless of its change in the environment,
small weight and size, short time to enter the operating mode, low power consumption, the authors
proposed the use of thermoelectric coolers, the operation of which is based on the Peltier effect.

. The proposed device has a compact form factor compared to other technologies, is easy to implement

and capable of providing the necessary design and operational characteristics, is environmentally
friendly and does not require maintenance.

According to the results of functional tests of a working sample manufactured at the Department of
Engines and Thermal Engineering of the National Transport University, the possibility of using the
proposed thermoelectric system to reduce the air temperature in the intake manifold under conditions of
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10.

11.

high ambient temperatures was confirmed.
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