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EVOLUTION OF CENTRIFUGAL DISTILLATION SYSTEM
WITH A THERMOELECTRIC HEAT PUMP
FOR SPACE MISSIONS

Part 1. Review of publications on centrifugal distillation
in the period of 1990 — 2017

The article describes the main results of the development and testing of a multistage centrifugal vacuum
distillation (MCVD) system with a thermoelectric heat pump (THP). For the most part, these works
present information on the integral characteristics of the system, namely: distillate capacity, specific
energy consumption per unit mass of the obtained distillate and distillate quality during evaporation
(concentration) of an aqueous solution of NaCl, urine and mixtures of urine with condensate and urine
with condensate and hygienic water. Bibl. 29, Tabl. 5.

Key words: thermoelectricity, heat pump, distiller

Introduction

Purification of liquid human waste is highly relevant for the success in long flights to the Moon and
Mars and the work of astronaut teams, both at these space objects and at the International Space
Station (ISS).

Within the span of 2000-2009, a team of engineers and researchers from "Thermodistillation" Co
("TD" Co), Igor Sikorsky Kyiv Polytechnic Institute (KPI) and the Institute of Thermoelectricity of the
National Academy of Sciences and the Ministry of Education and Science of Ukraine (ITE) developed a
wastewater purification system by the method of multistage centrifugal vacuum distillation (MCVD) using
a thermoelectric heat pump (THP) as a heat source. Its use can significantly reduce the energy costs for the
operation of the system, which makes it competitive among similar space water purification systems.

The purpose of the work is to analyze the evolution of centrifugal distillation system with a
thermoelectric heat pump for space missions.
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Characteristics of MCVD with 3 stages and THP

The first prototype of MCVD had three stages of distillation and was developed and manufactured as
far back as in the 80s by order of NIIKHIMMASH (Russia, Moscow). Brief data about this device was
given in the reports [1] and contained information about some of its parameters at a capacity of up to 3 1/h.

The publications [2 — 6] also provide brief information on the characteristics of a 3-stage distiller. In
[2], tables are given indicating the distiller's capacity for purified water (Gp = 0.5 - 3.0 kg / h) and specific
power consumption (SPC) with no information on the power consumption for THP (Wrnp) and the degree
of water recovery from the initial liquid.

In [3], the calculated values of the distiller’s capacity for purified water Gp =f(Wtnp) are given
without explaining the method for calculating the parameters, the degree of water recovery, and the
rotation speed of heat-exchange surfaces n (rpm).

In [4], a table is given with the data: Gp=2.5-3.0kg/h; SPC=120 W-h/kg (specific power
consumption); Rec =90 % (degree of fluid recovery). Information on Wrnp, the duration of the distiller
operation and the quality of the resulting product is not presented.

In [5], there is a plot of the capacity of a 3-stage distiller versus NTHP and the specific power
consumption (155 — 165 W - h / kg), but without specifying the rotor speed and the degree of concentration
of the initial liquid.

In [6], a comparison is made of the main characteristics of a three-stage distiller in combination with
THP, a vapor compression distiller (VCD), and a TEMES thermoelectric evaporator.

In [7], the operation of the system under extreme conditions was studied, in the event of failure of
individual subsystems

Characteristics of MCVD with 5 stages and THP

In [8], the design and operation of a 5-stage distiller in combination with a thermoelectric heat pump
was first described, as well as a test bench created on the basis of “TD” Co for testing centrifugal distillers
in conjunction with THP under various operating conditions.

In 2001, the first five-stage distiller was developed and manufactured for Honeywell International
Inc. [8]. At the suggestion of the customer, it was called the cascade distiller - CD, and the multistage
centrifugal vacuum distillation system with a thermoelectric heat pump, manufactured in Ukraine in “TD”
Co, was called the cascade distillation system - CDS.

Altogether, in the period from 2000 to 2007, three identical five-stage centrifugal distillers were
developed and manufactured by “TD” Co: the first one, as mentioned above, in 2001, the second in 2002,
the third in 2006. All three appliances complete with thermoelectric heat pumps ALTEC 7005, developed
and manufactured by the Institute of Thermoelectricity of the NAS and MES of Ukraine (ITE) [21 — 29],
were transferred to Honeywell International Inc. These devices have been tested in various versions at
several test benches in the United States, including the NASA test bench.

Before shipment to the USA, each of the devices was tested at the “TD” Co. test bench.

Table 1 presents the first test results of a 5-stage distiller in the process of urine processing at
different speeds and power of the THP.

In total, over 300 tests with the following range of input parameters were carried out at the test bench
of "TD" Co in the period of 2000-2007 in the process of working out the design and passing tests of five-
stage distillers (3 copies) and heat pumps (2 copies): the rotation speed of the rotor 100 - 1500 rpm, THP
power (40 - 520) W, initial (recyclable) liquids: water, aqueous NaCl solution (2-4 %), urine. Results
obtained: capacity (max.) - 6.7 kg/h; liquid recovery rate (max.) - 0.95, specific power consumption
(min.) — 76 W-h/kg.

[8 — 16] describe the stages of CDS development and testing at the test benches of TD Co,
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Honeywell International Inc. and the Marshall Center (NASA JSC), which confirms the priority authorship
of TD Co and ITE of NASU in the design and manufacture of relevant CDS elements.

In [10-12], CDS submitted by Honeywell International Inc to Johnson Space Center (NASA JSC)
for testing were described in detail. The results of tests on concentrating in a centrifugal distiller an aqueous
solution of NaCl in an amount of 21 1 and urine in an amount of 111.8 kg, as well as the evaporation of 25.5 kg
of distillate are presented. Data is given on the capacity of the distillers (2.7 - 5.1) kg/h, specific power
consumption (88.8 - 116) W - h/kg and the degree of water recovery 0.88 - 0.95.

Table 1
Results of testing 5-stage distiller (urine)
Specific
Rotation rate, | Power CD-5, Power TI,{P Avera.Lge ;)ower Degree of
THP, Efficiency capacity, ) water
consumption

rpm W w Vh Whs/a | ooV
1100 65 255 2.07 3.70 86.5 0.89
1100 65 382 1.88 4.72 94.7 0.91
1200 84 251 2.30 3.84 87.2 0.88
1200 85 380 2.02 4.90 94.9 0.91
1200 90 400 1.77 5.04 97.2 0.92
1250 96 406 1.90 4.95 101.4 0.95
1300 106 379 2.08 5.08 95.5 0.92
1300 106 411 1.89 5.38 96.1 0.90

In [12, 13] the results of tests on concentration in CD of urine, condensate of atmospheric moisture
and sanitary water are presented. The data obtained is close to the results contained in [9, 10] in terms of
capacity (~5kg/h), specific power consumption (~ 100 W - h/kg) and the quality of the distillate
obtained. There is no data on the power consumed by the heat pump and the rotation speed of the distiller
rotor.

[14] outlines the results of CDS testing during purification of wastewater in the amount equivalent to
that which can accumulate within 30 days of flight of a crew of 4 people. In total, about 1500 kg of
wastewater was recycled as two different solutions. Solution 1 consisted of urine and atmospheric moisture
condensate, solution 2 consisted of urine, atmospheric moisture condensate and sanitary water.

The integral test parameters for each of the solutions are as follows:

— solution 1 - capacity 4.1 kg/h with a power of THP 300 W ;.

— solution 2 - capacity 5.2 kg/h with a THP power 400 W;

— the degree of water recovery (recovery) from solution 1 - 93.4 £ 0.7%, from solution
2-90.3+5 %;

— the specific power consumption in both cases was ~ 100 W h/kg ;.

— the quality of the distillate upon evaporation of both solutions corresponded to the requirements for

drinking water, except for the pH value, which was < 5.

In [15], the characteristics of three centrifugal distillation technologies were compared: a vacuum

compression distiller (VCD) developed in the USA from 1962 to 2008 (currently operating in the ISS

system), a centrifugal evaporator with a wiped-film rotating disk (WFRD) and cascade distillation systems
(CDS).

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2019 7
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The initial (evaporated) liquids were the same two solutions as in [11], and in the same quantities (as
for the 30-day mission).

The total characteristics of the test results are shown in tables 2 and 3.

The work also presents data on the quality of the product obtained during the experiment. CDS
performed better in all test modes when they met the requirements of drinking water standards.

Expert evaluation of the test results: the VCD system will be successful with a probability of 84 % -
90 % and a risk of 3 %; CDS will be successful with a probability of 84 % -87 % and a risk of 5 %; the
WEFRD system will be successful with a probability of 52 % -61 % and a risk of 7 %.

Table 2

Testing results (1 solution)

CDS VCD | WFRD

Capacity (kg/h) 3.7 1,63 16.1

Specific power consumption (W h/kg) 109 188 85
Average power (W) 375 279 1252

Table 3
Testing results (2 solution)

CDS VCD | WFRD
Capacity (kg/h) 4.88 1.87 16.8
Specific power consumption (W h/kg) 110 163 86
Average power (W) 485 296 1293

[16] claims that CDS is one of two distillation technologies that are currently being developed to
support closed-loop water recovery from mixed waste streams expected for long missions.

The same report presents the results of experiments at the test bench of Honeywell International, Inc.,
in which the effect of the rotation speed of the distiller rotor on the quality of the resulting product was
studied. It was found that the best water quality using CDS can be achieved at a rotor speed of
1300 ... 1400 rpm.

The report concludes as follows. “At the current stage of CDS development testing, the system
worked as expected and with acceptable performance when processing reference test solutions (water,
aqueous NaCl (2-4%), urine). A preliminary comparison of the reference data with previous tests shows
that upgrading the system prior to the current CDS prototype did not show any significant impact on
system performance. Similarly, the current testing cycle has shown that CDS is capable of handling analog
ISS waste streams and performance values are close to those observed for less complex basic test solutions.
This final result is an important step towards demonstrating CDS technology as part of the ISS payload.
CDS testing will continue to evaluate updated THP projects, a management system, and new wastewater
stabilization methods. In addition, the CDS prototype will also continue to be used as a test bench to inform
of currently developed generation 2.0 of CDS system”.

The reports [17, 18] present the main parameters of CDS obtained by processing six solutions (see
Table 4 [18]) in order to determine the possibility of using CDS for the recovery of all types of wastewater
under the conditions of the international space station. In the experiments, 8 to 9.8 kg of each solution was
processed. The quality of the distillate obtained, the temperature level and the mass flow rate satisfy the
required requirements (Expected distillate delivery specification) (see Table 5). As a result, it was
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concluded that CDS can be used on the ISS and there is a need for additional tests to improve the operation

of the heat pump and control system in long space missions (Generation 2.0 of CDS).

Table 4
Parameters of CDS
Specific power
Solution type Batch, kg Recovery, % Capacity, kg/h consumption,
W h/kg
Deionized water 9.01 +£1.39 84.6 +4.7 4.56 £0.11 748 +79
2% NaClI (1) 9.78 £ 0.02 85.3+1.2 4.27 £0.03 86.5 +£0.9
OxonePTU 9.81+0.01 83.1+2.7 4.40 £0.04 97.2+0.3
ISSPTAU 5.79 £0.03 78.4+'1.6 3.89 +0.00 95.9 £6.3
JSSAIt-PTAU 9.77 £0.03 84.4=0.8 3.98 £0.04 105.0 £2.7
2% NaClI (2) 9.76 £0.02 83.0 +0.6 4.32 £0.09 84.6 £1.5
Table 5
Quality of CDS distillate obtained
Parameter Specification Oxone ISS Baseline ISS Alt
Temperature level 61-99 °F ~72.0 ~72.0 ~72.0
Flow rate 0-5 Ib/hr 10.0 8.6 8.8
Conductivity <400 pmho/cm 46 100 67
pH 3-8 4.1 3.8 3.9
Ammonium <3 ppm <0.6 <0.6 <0.6
Total organic carbon <150 ppm 8.27 18.7 26.6

Our works, in particular, [20, 21], present the results of studying the influence of primary parameters,
namely the distiller rotor rotational speed (n CD) and the thermoelectric heat pump NTHP power on the
CDS capacity (GCDS) and the system specific power consumption (SPC). It was found that with
decreasing Wrp the SPC value decreases. For example, with Wgp = 200 W and a rotational speed of 1000
rpm with the same value of SPC = 82 — 87 W h / kg, and with Wrup =400 W, SPC=100-110 W - h/ kg.

Conclusions

The works from 1990 to 2017 have been reviewed which describe the results of the development,
manufacture and testing at the test benches of TD Co, Honeywell Co and NASA of centrifugal distillers
CD with 3 and 5 stages and a thermoelectric heat pump THP. During the tests, by means of CD an aqueous
NaCl solution, a mixture of urine and sweat condensate, and a mixture of urine, atmospheric moisture
condensate, and sanitary water were concentrated (evaporated). The stability of the distillers with the high
quality of the resulting product — water was shown. In the JSC Center alone, 1575 kg of wastewater were
processed in 352 hours, which corresponded to an average system capacity of about 5 1/h. The degree of

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2019 9
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water recovery in these tests reached 93 %. In 2015, NASA plans (roadmap) recorded that the CDS system
was chosen for promising space flights. For unknown reasons, the works on CDS are currently stopped.

It should be noted that in the majority of publications devoted to the study of the functioning of
various centrifugal distillers, their integral, average for the full cycle of operation, characteristics (capacity,
SPC, product quality) are given, and practically no information is available on the effect produced on the
operation of the distiller by such important indicators as heat pump power NTHP and the distiller rotor
rotational speed.

References

1. Rifert V., Barabash P., Goliad N. (1990). Methods and processes of thermal distillation of water
solutions for closed water supply systems . SAE Paper 901249, 20th Intersociety Conference on
Environmental Systems (Williamsburg, July 1990).

2. Samsonov N., Bobe L., Novikov V., Rifert V., et al. (1994). Systems for water reclamation from
humidity condensate and urine for space station. SAE Paper 941536, 24th International society
Conference on Environmental Systems (June, 1994).

3. Samsonov N.M., Bobe L.S, Novikov V., Rifert V.G., Barabash P.A, et al. (1995). Development of
urine processor distillation hardware for space stations. SAE Paper 951605, 25th International
Conference on Environmental Systems (San Diego, July 1995).

4. Samsonov N.M., Bobe L.S, Novikov V., Rifert V.G., et al (1997). Updated systems for water recovery
from humidity condensate and urine for the International space station. SAE Paper 972559, 27th
International Conference on Environmental Systems (Nevada, July 1997).

5. Samsonov N.M., Bobe L.S, Novikov V., Rifert V.G., et al. (1999). Development and testing of a vacuum
distillation subsystem for water reclamation from urine. SAE Paper 1999-01-1993, 29th International
Conference on Environmental Systems, 1999.

6. Rifert, V., Usenko V., Zolotukhin I., MacKnight A., Lubman A. (1999). Comparison of secondary
water processors using distillation for space applications. (1999). SAE Paper 99-70466, 29th
International Conference on Environmental Systems (Denver, July 1999).

7. Rifert V, Stricun, A., Usenko, V. (2000). Study of dynamic and extreme performances of multistage
centrifugal distiller with the thermoelectric heat pump. SAE Technical Papers 2000, 30th International
Conference on Environmental Systems (Toulouse; France, 10-13 July 2000).

8. Rifert, V., Usenko V., Zolotukhin I., MacKnight A. and Lubman A. (2001). Design optimisation of
cascade rotary distiller with the heat pump for water reclamation from urine. SAE Paper 2001-01-2248,
31st International Conference on Environmental Systems (Orlando, July 2001).

9. Rifert, V. G., Usenko V.I., Zolotukhin 1.V., MacKnight A. and Lubman A. (2003). Cascaded distillation
technology for water processing in space. SAE Paper 2003-01-2625. 34st International Conference on
Environmental Systems (Orlando, July 2003).

10. Lubman A, MacKnight A, Rifert V, Zolotukhin I and Pickering K. (2006). Wastewater processing
cascade distillation subsystem. design and evaluation (2006). SAE International, 2006-01-2273, July
2006.

11. Lubman A., MacKnight A., Rifert V., and Barabash P.,(2007). Cascade distillation subsystem
hardware development for verification testing. SAE International, 2007-01-3177, July 2007.

12. Callahan M., Lubman A., MacKnight A., Thomas H.and Pickering K.. Cascade distillation
subsystem development testing (2008). SAE International, 2008-01-2195, July 2008.

13. Callahan M., Lubman A., and Pickering K. (2009). Cascade distillation subsystem development:
progress toward a distillation comparison test. SAE International, 2009-01 -2401, July 2009.

14. Callahan M., Patel V. and Pickering K. (2010). Cascade distillation subsystem development: early

10 Journal of Thermoelectricity Nel, 2019 ISSN 1607-8829



Rifert V.G., Anatychuk L.1., Barabash P.O., Usenko V.1, Strikun A.P....

Evolution of centrifugal distillation system with a thermoelectric heat pump... (Part 1.)

results from the exploration life support distillation technology comparison test. American Institute of
Aeronautics and Astronautics, 2010-6149, July 2010.

15. McQuillan Jeff, Pickering Karen D., Anderson Moly, Carter Layne, Flynn Michael, Callahan Michael,
Vega Leticia, Allada Rama and Yeh Jannivine Distillation technology down-selection for the
exploration life support (ELS) water recovery systems element (2010). 40th International Conference
on Environmental Systems, AIAA 2010-6125.

16. Patel V., Au H., Shull S., Sargusingh M., Callahan M.. (2014). Cascade distillation system — a water
recovery system for deep space missions. [CES-2014-12, 44 International Conference on
Environmental Systems (Tucson, Arizona, July 2014).

17. Loeftelholz David, Baginski Ben, Patel Vipul, MacKnight Allen, Schull Sarah, Sargusingh Miriam,
Callahan Michael (2014). Unit operation performance testing of cascade distillation subsystem. /CES-
2014-0014, 44th International Conference on Environmental Systems, (Tucson, Arizona, 13-17 July
2014).

18. Callahan Michael R., Sargusingh Mirian J. Honeywell cascade distiller system performance testing
interim results. American Institute of Aeronautics and Astronautics.

19. Sargusingh Miriam, Callahan Michael (2015). Development of an exploration-class cascade distillation
subsystem: performance testing of the generation 1.0 prototype. ICES-2015-150, 45th International
Conference on Environmental Systems, 13-17 July 2015.

20. Rifert Vladimir G, Barabash Petr A., Usenko Vladimir, Solomakha Andrii S., Anatychuk Lukyan I.,
Prybyla A.V. (2017). Improvement the cascade distillation system for long-term space flights. 68th
International Astronautical Congress (IAC) (Adelaide, Australia, 25-29 September 2017 IAC-17-
A1.IP.25).

21. Rifert V.G., Anatychuk L.I., Barabash P.A, Usenko V.I., Strikun A.P., Prybyla A.V. (2017).
Improvement of the distillation methods by using centrifugal forces for water recovery in space flight
applications. J. Thermoelectricity, 1, 71-83.

22. Rifert V.G., Usenko V.I., Anatychuk L.I., Rozver Yu.Yu. (2011). Development and test of water
regeneration from liquid waste on board of manned space crafts with the use of thermoelectric heat
pumps. J. Thermoelectricity, 2, 14-25.

23. Anatychuk L.I., Brabash P.A., Rifert V.G., Rozver Yu.Yu., Usenko V.I., Cherkez R.G. (2013).
Thermoelectric heat pump as a means of improving efficiency of water purification systems for
biological needs for space missions. J. Thermoelectricity, 6, 78-83.

24. Aanatychuk L.I.., Prybyla A.V. (2015). Optimization of thermal connections in thermoelectric liquid-
liquid heat pumps for water purification systems of space application. J. Thermoelectricity, 4, 45 — 51.
25. Anatychuk L.I. Prybyla A.V. (2015). Optimization of power supply system of thermoelectric liquid-

liquid heat pump. J. Thermoelectricity, 6, 53 — 58.

26. Anatychuk L.I., Rozver Yu.Yu., Prybyla A.V. (2017). Experimental study of thermoelectric liquid-
liquid heat pump. J. Thermoelectricity, 3, C. 33 — 39.

27. Anatychuk L.I., Prybyla A.V. (2017). Limiting possibilities of thermoelectric liquid-liquid heat pump.
J.Thermoelectricity, 4, 33 — 39.

28. Anatychuk L.I., Prybyla A.V. (2017). The influence of quality of heat exchangers on the properties of
thermoelectric liquid-liquid heat pumps. J.Thermoelectricity, 5, 33 — 39.

29. Anatychuk L.I., Prybyla A.V. (2017). On the coefficient of performance of thermoelectric liquid-liquid
heat pumps with regard to energy loss for heat carrier transfer. J. Thermoelectricity, 6, 33 — 39.

Submitted 19.02.2019

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2019 11



Rifert V.G., Anatychuk L.1., Barabash P.O., Usenko V.1., Strikun A.P....

Evolution of centrifugal distillation system with a thermoelectric heat pump...(Part 1.)

Pudepr B.I'., oox. mexn. nayx '
Anatmayk JLL., axao. HAH Ypain®?
bapa6am I1.0., kano. mexn. nayx’
Ycenko B.1., oox. mexn. nayx!
Conomaxa A.C., kano. mexn. nayk'>
Ierpenxo B.I'., kano. mexu. nayx’
Mpudyna A.B., kano. ¢iz.-mam. nayx >3
Crpukyn A.IL!

'HTY «KIIW», Byn. [onitexuiuna, 6, Kuis, 03056, Yxpaina;
[HCTUTYT TepMoeneKTpHKH, By Hayxn, 1,
Yepnismi, 58029, Ykpaina, e-mail: anatych@gmail.com;
*YepuiBelpkuii HallioHaMbHU yHiBepcuTeT iMeni FOpis denpkoBuya,
ByJ1. Komrobuncrkoro 2, UepHisii, 58012, Ykpaina

EBOJIIOIISI CACTEMM BIJINEHTPOBOI JIMCTHJISIIII
3 TEPMOEJIEKTPUYHUM TEIIJIOBUM HACOCOM
JIJISI KOCMIYHUX MICIH
Yactura 1. Orsan myOsrikarii mo BiAICHTPOBIH
muctunsnii B mepion 1990 — 2017 pp.

Y cmammi onucani ocnoeni pesyibmamu po3pobok i eunpobyeansb cucmemu 06a2amocmyniHuacmor
8ioyenmpogoi saxyymuoi oucmunayii (CME/) 3 mepmoenexmpuunum mennosum nacocom (THP). V yux
pobomax 0aHi 8 OCHOBHOMY BI0OMOCHI NO IHMESPALHUX XAPAKMEPUCIMUKAX POOOMU CUCMeEMU, a came:
NPOOYKMUBHOCE N0  OUCIMUTIAMY, NUMOMIU 8UMpami eHepeii Ha OOUHUYIO MACU 00epHCYBAHO20
oucmunsamy i SKOCmi OUCMUTIAMY NPU BUNAPHOBAHHI (KOHYeHmMpPYsarHi) 600siHo20 posyuny NaCl, ypuru u
cymiuterl — ypuHu 3 KOHOEHCAmoM, YPUHU 3 KOHOEHCamom i 2icieHiuHoto 8oodoro. bion. 29, Tabn. 5.
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3BOJIIOIUSA CUCTEMBI IEHTPOBEKHOW TUCTUJLISIIANA
C TEPMODJIEKTPUYECKHUM TEIIJIOBBIM HACOCOM
JIJII KOCMUYECKHUX MACCHIA

Yacts 1. O630p myOIuKaImii mo MeHTPOOEIKHOM
Juctwanuy B nepuon 1990 — 2017 rr.

B cmamve onucanvl ocnogHbie pesynivmamol pazpabomox u UCHbIMAHUL CUCTEMbl MHO2OCHYREHYamou
yenmpodedicnoll sakyymuou oucmunasiyuu (CME]]) ¢ mepmosnekmpuueckum mennogoim Hacocom (THP).
B smux pabomax damnvi 6 0CHOBHOM c6e0eHUsL NO UHMESPATLHBIM XAPAKMEPUCIUKAM PAOOMbl CUCTEMB,
a UMEHHO: NPOU3BOOUMENLHOCIU NO OUCIUIANY, VOEIbHOMY pacxo0y SHepeul HA eOUHUYy MAccol
nonYyuaemMo2o OUCIMUIIAMA U Kayecmsy OUCMULIAMA NPU GbINApUSaHul (KOHYEHmMpuposanuu) 600HO20
pacmeopa NaCl, ypunvl u cmeceti — ypuHvl ¢ KOHOEHCAMOM, YPUHbL C KOHOEHCAMOM U 2USUeHUYeCKOU
6000tl. bubn. 29, Tabn. 5.

KiioueBble ciioBa: TCPMOIJICKTPUICCTBO, TEIIOBOM HacoC, JUCTUILIATOP.
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VISCOUS FLUID APPROXIMATION WHEN
SIMULATING Bi;Te; BASED THERMOELECTRIC
MATERIAL EXTRUSION PROCESS

In the process of extrusion, billets of material are deformed under virtually perfect plastic conditions.
Such a process can be simulated using the hydrodynamic theory, where a material is regarded as a
fluid of very high viscosity which is a function of velocity and temperature. The internal friction of the
moving layers of the material serves as a heat source, so it is also necessary to use the heat transfer
equation in conjunction with the hydrodynamic aspect of the problem. This approach is especially
effective for simulating the extrusion process of thermoelectric materials when large deformations are
present. This paper presents the results of an object-oriented computer simulation of the process of hot
extrusion of Bi;Tes based thermoelectric material. Cases of producing cylindrical samples of circular
cross section for various matrix configurations for single-stage and multi-stage extrusion are
considered. The distributions of temperature and flow velocity of material in the matrix are obtained, as
well as stress distribution in the matrix due to external pressure and thermal loads, which formed the
basis for optimization of equipment for producing extruded thermoelectric material. Bibl. 5, Fig. &,
Tabl 1.

Key words: extrusion, thermoelectric material, modeling.

Introduction

The hot extrusion process is widely used in the production of thermoelectric materials [1 — 3]. The
essence of it is punching a thermoelectric material through a hole in a heated mold. The main advantage of
this method is associated with an improvement in the strength characteristics of material. Moreover, their
thermoelectric properties can remain at the level of the properties of materials obtained by crystallization
from the melt.

Since hot extrusion is usually carried out at sufficiently high temperatures, the structure of the
extruded material is formed in the process of plastic deformation, resulting in a deformation texture. The
extrusion conditions, namely the shape of the die, the temperature and strain rate, the strain value, the
structure of the initial billet, affect the final structure and properties of the extruded material. One of the
effective ways to study the influence of these conditions on the formation of the structure and texture of the
extruded material is mathematical simulation of the extrusion process in combination with the experimental
results of structural studies [4].

The purpose of this work is to create a computer model of the hot extrusion process of Bi»Tes based
thermoelectric material to study the distributions of temperature and material flow velocity in the matrix, as
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well as the stress distribution in the matrix due to external pressure and thermal loads, which can be the
basis for optimization of equipment for producing extruded thermoelectric material.

Physical, mathematical and computer extrusion models

To build a computer model of the hot extrusion process, the application package of object-oriented
simulation Comsol Multiphysics was used [S5]. In extrusion processes, the initial billets of material are
deformed in a hot solid state under practically ideal plastic conditions. Such processes can be simulated
using the hydrodynamic theory, where a material is regarded as a fluid of high viscosity which is a function
of velocity and temperature. The internal friction of the moving layers of material serves as a heat source;
therefore, heat transfer equations are also used in conjunction with the hydrodynamic aspect of the
problem. This approach is especially effective for simulating the extrusion of thermoelectric materials in
the presence of large strains. In addition, the developed computer model allows one to determine stress
distribution in the matrix due to external pressure and thermal loads.
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Fig. 1. Physical model of extrusion process

The physical model of the extrusion process is shown in Fig. 1. The model considers the stationary
case of flow through matrix 1 of the cylindrical billet of material 2 obtained by cold pressing.

To find the distributions of velocities and temperatures, one should solve the following system of
equations [5]

pu-Vu) = V{—PI+77(Vu+(VM)T)—§77(V~u)I}+F;
V-(pu)=0; (1)
pCu-VT=V-(NT)+0,:
0, = (Vi (V) = 2(V-a)]): Vi

with the corresponding boundary conditions:
— thermostated lateral surface of matrix: 7= T,
— convective heat exchange of the lateral surface of sample after leaving the matrix
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—n-(=kVT)=mh(T-T,),
— heat removal along structural members, not shown in Fig.1, from lower matrix part and upper part
of thermoelectric material billet:
- (-RVT) = (T~ T,), ~n-(~¥T) = h,(T~T,).
— thermal insulation of upper matrix part:
-n-(—kVT)=0,
— input pressure on the billet: p = p;,
— atmospheric pressure at sample exit from the matrix: p = po = 1 atm,
— equality to zero of fluid velocity at the boundary of contact with the matrix: u =0,
— equality to zero of liquid velocity component perpendicular to the lateral side of the sample after
leaving the matrix u n =0,
where: u is velocity field, p is density, p is pressure, n is dynamic viscosity factor, k is thermal
conductivity, F is vector field of mass forces, Qvh is volumetric heat source due to internal friction, / is unit
matrix, 4, - hs are heat exchange coefficients, 7y is ambient temperature.
Heating due to internal friction and contact thermal resistance at the boundary of contact between
material and matrix are taken into account. The properties of thermoelectric material and matrix material
used in simulation are given in Table 1.

Table 1
Material properties

Thermal conductivity, W/(m*K) 4
1. Thermoelectric material Density, kg/ m * 7600
Heat capacity, J/(kg*K) 150
Thermal conductivity, W/(m*K) 24.3
2. Steel (matrix) Density, kg/ m * 7850
Heat capacity, J/(kg*K) 500

The properties of thermoelectric material, which in simulation is considered to be a high-viscosity
fluid, were determined experimentally, and their correlation was verified with the published data. For this
model, it was necessary to determine the equivalent viscosity of the test fluid. The equivalent von Mises
stresses can be found from the general deviator stress tensor [5] as

or, using 7 = 2n€, where & is strain rate, 77 is velocity, as

0, =\0n’c € . (3.2)

Representing the equivalent strain rate as

3
P = 55:5

the expression (3.2) can be re-written as
Geqv = 377¢qu :

Strain rate tensor is determined as follows

18 Journal of Thermoelectricity Nel, 2019 ISSN 1607-8829




V.V. Lysko
Viscous fluid approximation when simulating bistes based thermoelectric material extrusion process

T
g.:Vqu(Vu) :l

2 2
Shear velocity:
7 =l7= %7‘ y
Accordingly,
=57
Flow rule

O =Kf

eqv
The flow rule specifies that plastic flow occurs when the equivalent stress o, reaches the flow stress, f.

Viscosity is defined as

Ky

3¢,

The magnitude of the total flow stress is given by the expression for the generalized Zener-Hollomon

1/n
asinh (Zj
A

LA

n

function

1 . (=
where: 4 =2.39*%10% 1/s, n =2.976, 0.=0.052 1/MPa, Z = ﬁye(ﬂj , O=153kJ/mole, R=8.314 J/K*mole

[5].

Fig. 2 shows a mesh of finite element method which is used in Comsol Multiphysics.
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Fig. 2. Finite-element method mesh.
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Computer simulation results

Velocity fields and temperature distributions in the matrix and thermoelectric material obtained by
computer simulation for different matrix configurations (angles y) are shown in Fig. 3-6. The velocity in
mm/min and temperature in degrees Celsius are marked in colour.

gamma(4)=1.047198 Slice: Velocity (mm/min) gamma(i)=1.047198 Slice: Temperature [degC) ,o
450
450
440
430
420
410
400
390
380
370
Zz 360
I_. Yy v353.83
a) b)
Fig. 3. Velocity field (a) of thermoelectric material inside the matrix and temperature
distribution (b) in material and matrix (y = 30°)
gamma(3)=0.785398 Slice: Velocity (mm/min) gamma|2)=0.785398 Slice: Temperature (degCh T, OC
25
20
1
" °
10
5
Z
Ly
a)

Fig. 4. Velocity field (a) of thermoelectric material inside the matrix and temperature
distribution (b) in material and matrix (y = 45°)

gamma(2)=0,523599 Slice: Velocity (mm/min} gamma(1)=0.523599 Slice: Temperature {degC) T“’c
20
15
10
5
V4
Loy
v336.63
a) b)

Fig. 5. Velocity field (a) of thermoelectric material inside the matrix and temperature
distribution (b) in material and matrix (y = 60°)

20 Journal of Thermoelectricity Nel, 2019 ISSN 1607-8829



V.V. Lysko

Viscous fluid approximation when simulating bistes based thermoelectric material extrusion process

gamma(l)=01 Slice: Velocity (mmjmin) gammail}=0.1 Slice: Temperature (degC)

20
440
15 420
10 400
380
| 5
7 p 360
Ly £
i 340
v330.54
a) b)
Fig. 6. Velocity field (a) of thermoelectric material inside the matrix and temperature
distribution (b) in material and matrix (y = 90°)
Matrix configuration for the case of three-stage extrusion is shown in Fig. 7.
d, h,
h,
h,
h!i
Fig. 7. Matrix for three-stage extrusion of thermoelectric material
Velocity field and temperature distribution for this case are shown in Fig.8.
Slice: Velocity (mm/min) Slice: Temperature {degC)
T°C
i 450
i 445
30 440
e 435
N 430
° 425
j° 420
z ) i 415
L.y 2 410
a) b)
Fig. 8. Velocity field (a) of thermoelectric material inside the matrix and temperature
distribution (b) in material and matrix for the case of three-stage extrusion
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The developed computer model can serve the basis for optimizing the design of equipment for

extrusion of BiyTe; based thermoelectric material in order to improve its efficiency and to enhance the

quality of the material obtained.

Conclusions

L.

A computer model of the hot extrusion process of Bi>Te; based thermoelectric material has been created
which can be used to study the distributions of temperature and material flow velocity in the matrix, as
well as stress distribution in the matrix due to external pressure and thermal loads.

The temperature and velocity field distributions have been obtained depending on matrix configuration
for the case of single-stage extrusion of Bi,Te3; based thermoelectric material.

. The behavior of thermoelectric material in its passage through the matrix for the case of multistage

extrusion of Bi,Tes based thermoelectric material has been studied.
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YV npoyeci excmpysii 3acomoexku mamepiany Oeopmyromvcs 6 RPAKMUYHO (0ealbHO NIACMUYHUX
ymosax. Taxuu npoyec modce OymMu 3M00€lIbOSAHUL 3 BUKOPUCINAHHAM Meopii 2iOpoouHamiku, oe
mamepian po3ensioaemuvcs K piOuHa 3 0ydce BUCOKOK 8'3KICMIO, WO 3a1edcums 6i0 weuokocmi i
memnepamypu. Buympiwne mepmsa wapis, wo pyxaromuvcs, mamepiany € makoxc 0xcepenom menid,
MOMYy HeOOXIOHO —GUKOPUCMOBY8AMU MAKONC DIGHAHMS NEPeHocy menia 6 CYKYRHOCMI 3
2I0poounamiuno yacmunor 3adaui. Taxuul nioxi0 € 0cobauso epekmuenum O MOOENIOBAHHS
npoyecy excmpy3ii mepMOeneKmpuYHUX Mamepianie, Koau npucymui Oinvuwii Oegopmayii. YV Oauiti
pobomi HasedeHo pe3yrbmamu 00'€KMHO-OPIEHMOBAHO20 KOMN'IOMEPHO20 MOOENI08AHH Npoyecy
eapsuoi  excmpysii  mepmoenekmpuyHo2o mamepiany Ha ocHoei BixTe;. Poszenawymo eunaoxu
00epIHCAHHA YULTHOPUYHUX 3PA3KI8 KPY21020 nepepizy Ol pisHux KoHugicypayit mampuyi y npoyecax
oonocmyninuacmoi ma 6azamocmyninuacmoi excmpysii. Ompumani po3nodinu memnepamypu i
weuokocmi medii mamepiany 8 mampuyi, d Makoxc po3noodil Hanpye y Mampuyi 3d paxyHox
306HIWHBO20 MUCKY U MENI08UX HABAHMAICEHb AU 8 OCHO8Y ONMuMi3ayii YCmamKky8aHHs OJis
00epIHCAHHA eKCPYO08aAH020 mepMoerekmpuyHozo mamepiany. bion. 5, puc. 8, maén. 1.
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MPUBJINKEHUE BSA3KOM )KUJIKOCTH ITPY MOJAEJTUPOBAHUM
ITPOLHECCA 3KCTPY3UU TEPMOJJIEKTPUYECKOI'O
MATEPHAJIA HA OCHOBE Bi;Te;

B npoyecce sxcmpysuu 3acomoexu mamepuaia OeQopmMupylOmcs 6 Npakmudecku UOeanrbHbiX
naacmuyeckux ycnogusax. Taxoil npoyecc modxcem Obimb CMOOEIUPOBAH C UCHONb306AHUEM MEOPULL
2UOPOOUHAMUKY, 20€ MAMEPUATl PACCMAMPUBAEMCI KAK JICUOKOCHb C O4eHb 6bICOKOU 653KOCHbIO,
3agucsawell om CKOpocmu u memnepamypuvl. Buympennee mpenue Odsudicywuxcs cnoee mamepuana
CYIACUM 8 Kayecmee UCMOYHUKA MENjd, NOIMOMY HeOOXOOUMO UCNONb306AMb MAKICE YPAGHEHUs.
nepeHoca menia 6 COBOKYNHOCHU ¢ eUOPOOUHAMUYECKOU cmoporoul 3adayu. Taxou nooxoo sensemcs
0cobenHo  dpexmusHbiM  ONsl  MOOEIUPOBAHUSL  NPOYeccd  IKCMPY3UU  MepPMOINEKIMPUYECKUX
mamepuanos, kozoa npucymcmeyiom oOoavuiue Oegopmayuu. B Hacmosweln pabome npusedeHbl
pe3yibmamuvl  00bEKMHO-OPUESHMUPOBAHHO20 KOMNUBIOMEPHO20 MOOEIUPOBAHUsl npoyecca 2opsdell
IKCMPY3UU MEPMOINEKMPUYECK020 Mamepuana Ha ocHoge BirTes. Paccmompenvl ciyuau nonyyerust
YUTUHOPUYECKUX 00pazyo8 Kpyano2o cedeHus Osi PA3IUYHbIX KOHpueypayuu Mmampuybl npu
OOHOCMYNneHYamou u MHococmynenyamou sxkcmpysuu. Ilonyuensl pacnpedenenus memnepamypuvl u
CKOpOCU meyeHusi Mamepuaia 6 mMampuye, a Makdice pacnpedeienus Hanpsidicenull 6 Mampuye 3d
cuem GHewHe20 OAGNeHUs U Menjio8blX HA2PYy30K, KOMOpble JRe2lud 6 OCHO8Y ONMmuMU3ayuu
060py008amsL 05t NOTYYEHUs: IKCMPYOUPOBAHHO20 MEPMOTIeKmMpUuieckoeo mamepuana. bubn. 5, puc. 8,
mab6n. 1.

KaioueBble ci10Ba: SKCTPY3usi, TEPMODIICKTPUUYECKUIT MaTepUall, MOJICTUPOBAHHE.
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FEATURES OF STRUCTURAL, ENERGY, ELECTROKINETIC AND MAGNETIC
CHARACTERISTICS OF Ti1.xScxCoSb THERMOELECTRIC MATERIAL

The crystalline and electronic structures, electrokinetic, energy and magnetic characteristics of the
Ti;:ScxCoSb thermoelectric material were investigated in the ranges T=80—400 K, x=0.005-0.15.
Mechanisms of simultaneous generation of structural defects of the acceptor and donor nature were
established. It was shown that the structure of TiCoSb basic compound is defective, comprising defects
of the donor and acceptor nature as a result of location in the tetrahedral voids of additional Co*
atoms and the presence of vacancies at the 4a position of Ti atoms. The introduction of impurity Sc
atoms into TiCoSb compound by substitution at the 4a position of Ti atoms generates the acceptor
defects, and the ratio of concentrations of available donors and generated acceptors determines the
position of the Fermi level er, type, and the mechanisms of conduction for Ti;ScCoSb. Bibl. 12, Fig. 8.
Key words: electronic structure, electrical resistivity, Seebeck coefficient.

Introduction

Semiconductor thermoelectric materials based on the 7iCoSh half-Heusler phase have high
efficiency of thermal energy into electrical energy conversion [1 — 8]. In the above mentioned works, the
optimization of the parameters of thermoelectric materials to obtain the maximum values of thermoelectric
figure of merit [9] was performed by doping the TiCoSh semiconductor, owing to which the resulting
materials become heavilydoped and strongly compensated semiconductors [10].

The authors of [1-8] predicted that structural defects of the donor nature will be generated in the
crystals of TiCo;.NixSh, TiCo;xCuxSbh,Ti;«VyCoSb and Ti;.MoxCoSb semiconductor solid solutions, since
Ni(3d*4s*) and Cu (3d'°4s") atoms have more 3d-electrons than Co(3d’4s?), and V (3d°4s*) and Mo(4d°5s")
atoms have more 3d-electrons than 7i (3d°4s*). However, in the course of experimental studies, it was found
that the results of simulating the energy and kinetic characteristics of the above materials do not agree with the
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(experimental) measurement results. Such a discrepancy does not allow predicting and obtaining material with
pre-assigned characteristics, due to which they were excluded from the number of promising thermoelectric
materials. Inparticular, introductionof V, Mo and Ni atoms in to the structure of 7iCoSh compound was
accompanied by a simultaneous generation of structural defects of the acceptor and donor nature whose
ratios determine the kinetic properties of thermoelectric material.

The question arises as to thenature of the acceptors in the above semiconductors.

The authors of [5] assumed that the structure of 7iCoSbh basic semiconductor is defective and
comprises at the 4a position of 7i atoms the vacancies which will be further denoted by, which, in fact,
generates acceptors.Moreover, it was notex cluded that impurity atoms will occupy other positions which
will also generate acceptors. For instance, on introducing to the structure of 7iCoSh compound of V" atoms
by substituting at the 4a position of 7i atoms, which generates donors, there may beal so a simultaneous
partial occupation by V atoms of the 4c¢ crystallographic position of Co atoms, which will result in
generating structural defects of the acceptor nature (/' atom has a smaller number of 3d-electrons
than Co atom).

The importance of understanding the structural and energy features of 7iCoSb basic semiconductor is
crucial because it gives a vision of ways to optimize the characteristics of a thermoelectric material by
doping with a certain type and concentration of impurities. After all, a prerequisite for achieving maximum
efficiency of thermal into electrical energy conversion is doping of material with a type of impurity that
coincides with the type of majority carriers of the basic semiconductor array, when the Fermi level e
approaches the percolation level of the continuous energy band [11].

In this context, it is interesting to investigate 77;..SciCoSb thermoelectric material obtained by
substituting 77 atoms with Sc atoms (3d'4s?®) at the 4a position. In this case, structural defects of the
acceptor nature must be generated in the crystal, since Sc atom has fewer 3d-electrons. In turn,
electrokinetic studies will confirm whether a solid substitutional solution is being realized, that is, whether
the conductivity type of Ti;..Sc.CoSbsemiconductor will change from electron to hole. The investigations
pursued will give insight into the nature of defects of 7iCoSbbasic semiconductor, which will make the
process of optimization of the characteristics of thermoelectric material predictable.

Investigation procedures

The object to be investigated included crystalline structure, electronic density distribution (DOS),
the magnetic, thermodynamic, kinetic and energy characteristics of 7i;..ScxCoSb. The samples of
Ti;:ScxCoSb so lid solution were sun the sized by melting the chargeo finitial components in the electrical
coven in the inerter go at most here with subsequent homogenizing annealing for 720 hours at a
temperature of 1073 K. Diffraction data arrays were obtained with the use of Guinier-Huberpowder
diffractometer (imageplatesystem, CuKa; radiation). Crystallographic parameters were calculated by means
of Fullprof program [12]. The chemical and phase compositions of the samples were controlled by
microprobe analyzer (EPMA, energy-dispersive X — ray analyzer). The electronic structure of 77;..ScxCoSb
was simulated by the Green-function method (the Korringa-Kohn-Rostoker (KKR) method) in coherent
potential approximation (CPA) and local density approximation (LDA) [13]. For calculations by KKR
method use was made oflicensed soft ware AkaiKK at the 4a position R and SPR-KKR in LDA for
Moruzzi-Janak-Williams (MJW) exchange-correlation potential with parameterization [14]. The Brillouin
zone was broken into 1000 k-points which were used for simulation of energy characteristics by calculating
DOS. The width of the energy window was 22 e V and was chosen to capture all semi-corestates of p-
elements. For calculations by linear muffin-tin orbital (LMTO) use was made of full potential (FP) in the
representation of plane waves. The LDA approximation with MJW parameterization was also use dasex
change-correlation potential. The accuracy of calculating the position of the Fermi level /= +6meV. The
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temperature and concentration dependences of the electrical resistivity (p) and the Seebeck coefficient (o)
with respect to copper and magnetic susceptibility (y) (Faraday’s method) of 7i;..ScxCoSbh samples in the
ranges: T = 80-400 K, N»"~9.5:10" cm>-1.9-10*"-cm™ (x = 0.005-0.10).

However, at temperatures T> 400 K, the solubility of Sc atoms increases, and the change in the free
energy values AG (x) (Helmholtz potential) at a temperature 7= 800 K passes through the minimum in the
concentration range x~0.35 (Fig. la, curve 5). Therefore, the compositions of 7i;..ScyCoSb, x = 0-0.15
samples under study are within the solubility range, as also evidenced by the absence of extraneous phases

therein.
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Fig. 1. Change in the values of thermodynamic potential AG(x) at different temperatures (a):
1-0K;2—-200K; 3—400K; 4—600K; 5— 800 T; 6 — 1000Kand unit cell period a(x)
of Ti;-ScxCoSb: 1 — simulation, 2 — experiment(b)

Taking into account that the atomic radius of Sc¢ (nSc = 0.164 nm) is larger than that of
Ti (#Ti = 0.146 nm), it is logical to increase the values of the elementary cell period a(x) of
Ti1..Sc:CoSb (Fig. 1b). Such a behavior of the value of period a(x) may indicate the realization of a solid
Ti;..Sc:CoSbh substitutional solution and at the 4a position of 7i atoms structural defects of the acceptor
nature will be generated. In so doing, in the band gap ¢, of semiconductor solid solution 7i;..Sc.CoSb the

impurity acceptor zone ch £:°will be formed.

The refinement of the crystalline structure of the 7i,.ScxCoSb in vestigated phases allowed us to
obtain the values of the Bragg discrepancy factor (Rg:) between the model representation of the structure
and the experimental results, which showed high accuracy and quality of the simulation process, in
particular: Rp=3 % for x =0.005, Rp:=1.5% for x=0.03, Rp;=2.6 % for x=0.05, Rg: = 3.5 % for
x =0.07 and Rg: = 3.7 % for x =0.10. With regard to the small number of impurity Sc atoms dissolved in
the TiCoSb compound array, and the low accuracy of the X-ray method, we were unable to detect any other
structural changes in structural studies, such as the occupation by impurity atoms of other crystallographic
positions or vacancies.

We also simulated a change in the values of the unit cell period a(x) of Ti;.ScxCoSb provided that all
crystallographic positions of 7iCoSb compound are occupied in accordance with the structural type
MgAgAs [15], and impurity Sc atoms will displace 7i atom sat the 4a position. If we compare the
experimentally obtained change in the values of period a(x) of 7i;.Sc.CoSb(Fig. 1b, curve 2) with the
course of dependence a(x) obtained by calculations (Fig. 15, curve 1), then the curves are close to parallel.
The result, at first glance, is amazing. If the course of the calculated and experimentally obtained
dependences a(x) of Ti;..ScxCoSh do not coincide, then this may indicate the inability to take into account
all the features of the structure when modeling. This is normal! However, the values of the periods a(x) for
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TiCoSb basic compound, to which the impurity Sc atoms are introduced, do not essentially coincide,
forming Ti;..Sc.CoSh semiconductor solid solution.

What is the reason for this and why are the experimentally obtained a(x) values of 7iCoSb less than
the calculated ones?

We believe that the difference in the values of period a(x) is a manifestation of vacancies in the
structure of 7iCoSh compound, which reduces its volume and, accordingly, the value of period a(x). This
conclusion is consistent with that previously obtained in [5]. If we conventionally combine the values of
the period a(x) of TiCoSb compound obtained experimentally (Fig. 1b, curve 2) with the value obtained by
the simulation (Fig. 1b, curve 1), then the dependences a(x) of 7i;..ScxCoSbh coincide within the experiment
accuracy.

Consequently, structural studies of 7i,..ScxCoSh semiconductor solid solution suggest the ordering of
its crystalline structure, and substitution at the 4aposition of 7i atoms with Sc will generate structural

defects of the acceptor nature.

Research on the electronic structure of Ti;.xScxCoSb

To predict the behavior of the Fermi level €r, the band gap &, and the kinetic characteristics of
Ti;1xScxCoSb, the electron density (DOS) distribution (Fig. 2) was calculated for an ordered variant of the
structure in which 77 atoms at the 4aposition are substituted with Sc.
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Fig. 2. Distribution of the electron density of states DOSof Ti;.xScxCoSbfor the ordered structure

As can be seen from Fig. 2, in the 7iCoSh half-Heusler phase, the Fermi level € (dashed line) is
located in the band gap &, near its middle, but closer to the percolation level of the conduction band &c.
Since the replacement of 77 atoms with Sc generates structural defects of the acceptor nature, already at
Ti0.995¢0.01CoSb concentration, the Fermi level g7 will drift from the conduction band ¢ and take a position
in the mid gap &,. At higher concentrations of the acceptor impurity, the concentration of acceptors will
increase, and the Fermi level e will approach and subsequently intersect the percolation level of the
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valence band ey of Ti;..ScxCoSb: there will be a dielectric-metal conductivity transition, which is the
Anderson transition [16]. Approximation of the Fermi level € to the percolation level of the valence band
gy will change the sign of the Seebeck coefficient o (7, x) from negative to positive, and the intersection by
the Fermi levels er of the percolation level of the valence band &y will change the conductivity of Ti;.
«ScxCoSbh semiconductor from activation to metallic [10,16]: the activation regions will disappear on the
dependences In(p (1 / T) and the resistance values p will increase with temperature. The change in the
density of states at the Fermi level g(er) is slower.

The distribution of the electron localization function (elf) in Ti;.ScxCoSb solid solution (Fig. 3)
indicates that there is a strong localization in 7iCoSh compound between Co and Sb atoms, whereas around
Ti atoms there is a more closed spherical shell. Substitution at the 4aposition of 7i atoms with Sc reduces
the localization of the electron density around Co atoms in the direction of Sc atoms and slightly affects the
electron density distribution between Co and Sb atoms.

TiCoSb

7}.[!_'.-‘ 'SCU_:_‘T CWOSb

5

o

Fig. 3. Distribution of the values of electron localization function (y=0,4) in plane [101] and
electron density isosurface(0,053 e/(103 nm?)) forTiCoSbandTiy 755co.2sCOSb

The DOS electronic state density distribution for the ordered 7i;.Sc.CoSbh structure allows
simulating the behavior of the resistivity, the Seebeck coefficient a(x, 7), thermoelectric power Z*, etc.
(Figs. 4, 5a). Simulating the behavior of the Seebeck coefficient a(x,T) yields, as expected, positive values
at all concentrations and temperatures, and maximum values of a(x,T) are achieved at concentration
x =~ 0.08. In the range of concentrations of Sc atoms, x = 0.08—0.11, maximum values of the thermoelectric
power factor Z* calc are predicted (Fig. 4b).

Fig. 5a shows a dependence inverse to the density of states at the Fermi level g(er), whose values are
proportional to the electrical resistivity of the thermoelectric material 7i;..ScxCoSb. It can be seen that the
dependence 1/g(er) passes through the maximum at the concentrations of Sc atoms, x~0.01, and then
decreases rapidly and reaches quasi-saturation at x > 0.10.This behavior of 1/g(er) is understandable, since
the increase in the dependence on the plot x = 0-0.10 is related to the intersection by the Fermi level g7 of
the mid gap, which causes the smallest values of g(er) and the maximum values of the semiconductor
electrical resistance. At higher concentrations of Sc, x >0.01, the Fermi level &r will approach the
percolation level of the valence band &y, leading to the appearance and growth of the concentration of free
holes, as well as the density of states at the Fermi level g(er). Experimental studies of the magnetic, kinetic,
and energy characteristics of a 7i;4xSc:CoSb solid solution will show the correspondence of these
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calculations to the real processes in thermoelectric material.

Ti, Sc CoSh r4 1601 T ..Sc CoSb 4

1204 /// \\

000 003 006 009 012 0.15 000 003 006 009 012 015
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a b
Fig. 4. Simulation of change in the values of the Seebeck coefficient a(x,T) at temperatures:
1-80K; 2-160K; 3—250K; 4— 380 K(a) and thermoelectric power factor Z"cuc.(b)
of Ti1xScxCoSbfor the ordered structure

Research on magnetic susceptibility of Ti;.xScxCoSb

Interesting are the results of measuring magnetic susceptibility x of thermoelectric material
Ti1.Sc:CoSbh (Fig. 5b), which are basically consistent with the results of simulating the electronic structure
of a semiconductor. Studies have shown that 77;..Sc.CoSb samples, x > 0.005, are Pauli paramagnetics in
which the magnetic susceptibility  is determined solely by electron gas and is proportional to the Fermi

density of states g(er).
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Fig. 5. Simulation of change in the values 1/g(er) (a) and experimental dependence of magnetic
susceptibility x(x) at temperature T=300 K(b) of Ti;.xSc:CoSb

As can be seen from Fig. 5b, the dependence y (x) at x > 0.03 rapidly changes the slope, enters the
plateau and is almost unvaried up to x = 0.15. That is, the increase in the concentration of the acceptor
impurity and the possible increase in the concentration of free holes little changes the value of the state
density at the Fermi level g(er). Such behavior of i (x) (% ~ g (¢r)) is possible, provided that the Fermi level
erintersects the percolation level of valence band €y7i,.xSc.CoSb with subsequent drift over the continuous

energy band, as shown by the DOS simulation results (Fig. 2).
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Researchon the electrokinetic and energy characteristics of Ti;«ScxCoSb

The temperature and concentration dependences of the resistivity p and the Seebeck coefficient o of
Ti;xScxCoSb are shown in Figs. 6 and 7.
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Fig. 6. Temperature dependences of electrical resistivity In(p(1/T)) and the Seebeck

coefficient a(1/T) of thermoelectric materialTi;xScxCoSb.

The dependence In(p(1/7)) of TiCoSb is approximated using the well-known relation [10]:

p (M =p" exr{

_a

Jio e

&
k,T |

(1

where the first high-temperature term describes the activation of current carriers €,°=100.6 mcV from the
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Fermi level € to the percolation level of continuous energy bands, and the second, low-temperature term,
the hopping conductivity through impurity donor states £3* = 5.1 mcV. In turn, the temperature dependence
of the Seebeck coefficient a(1/7) TiCoSb is approximated using the expression [16]:

kgl &°
a="B| 2yl 2
e(kBT 7 J (2)

where y is a parameter depending on the nature of scattering. The activation energy €,°=214.1 mcV was
calculated from the high-temperature region of the a (1/7) dependence, which, as shown in [17], is
proportional to the amplitude of large-scale fluctuation of continuous-energy bands, and from the low-
temperature region, the value of activation energy €3;°=10.2 mcV, proportional to the modulation amplitude
of small-scale fluctuations of heavily doped and strongly compensated semiconductors [10, 17].

The results obtained for T7iCoSh coincide with those previously obtained in [1-8]. Strong
compensation, i.e. close concentration of ionized acceptors and donors, is indicated by the results of studies
of the Seebeck coefficient a (Fig. 6). Thus, in the temperature range 7=80-90 K, TiCoSb is a hole-type
semiconductor, as evidenced by the positive values of the Seebeck coefficient: ago k=7.75 mcV/K and
a9ox=0.71mcV/K. At higher temperatures, the sign of the Seebeck coefficient o (095 kx = -6.33 mcV/K)
changes and electrons become the majority carriers.

Obviously, in the crystal of the TiCoSbh compound, both donor and acceptor defects are present,
generating corresponding donor and acceptor energy levels (zones) in the forbidden zone. At low
temperatures, the electron energy is insufficient to flow into the conduction band &c (for donor ionization),
and impurity acceptor states are small. A temperature of 80 K or less is sufficient for ionization of the
acceptors and the holes become the majority carriers. With a rise in temperature, when donor ionization
becomes possible, the concentration of electrons and their contribution to conductivity increases. Under these
conditions, the Seebeck coefficient changes from positive to negative, and the Fermi level g at T;y~90 K
crosses the mid gap &,.

Addition to the 7iCoSb of the lowest concentration of Sc atoms in the experiment by replacing the 7i
atoms radically changes the behavior of the resistivity p and the Seebeck coefficienta of 77io.9955¢0.00sC0Sb.
In the 80-350 K temperature range, the resistivity values p increase with a rise in temperature, and the
conductivity of Ti.9955¢0.00sCoSb is metallic. That is, the addition of the lowest concentration of Sc atoms in
the experiment (x = 0.005) to be generated by the acceptors changed the position of the Fermi level ¢r in a
way that can only cause the appearance of donors in a semiconductor. Thus, if in 7iCoSb the Fermi level g
was in the band gap, then the metallization of the conductivity of Tig.9955¢0.00sCoSbh indicates that it not only
approached the conduction band, but also crossed its percolation level, and electrons remain the majority
carriers. This is indicated by the negative values of the Seebeck coefficient a of Tip.9955¢0.00sCoSb. This is
only possible if donors of so far unknown nature are generated in a semiconductor.

The metallization of the conductivity of 779.9955c0.00sCoSh does not correspond to the results of the
simulation of the electronic structure. After all, it was predicted that at the smallest concentration of Sc
acceptor impurity, the Fermi level er would drift from the conduction band ¢ to the mid gap &,.. Therefore,
in the high-temperature region of dependence In(p(1/7)) there must be an activation region associated with
the thermal throw of electrons from the Fermi level er into the conduction band ¢¢, and the value of the
electron activation energy €,” should be greater than in the case of 7iCoSb.

The discrepancy between the simulation results and the experimental studies of the kinetic
characteristics of the semiconductor at the lowest concentration of impurity Sc(x = 0.005) can be the result
of both the low quality of the synthesized sample and the incomplete consideration of the features of the
crystalline structure of Tip9955co.00sCoSh when simulating the characteristics. However, metallographic
studies of the 7i;..Sc,CoSb samples [18] established their homogeneity and correspondence between the
sample composition on the surface and the charge components before synthesis.
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On the other hand, the presence of extremes at the temperature of ~ 350 K on the dependences
In(p(1/7)) and o(1/T) of Tio995Sco.00sCoSh indicates the appearance and participation in semiconductor
conduction of free holes, which caused the Fermi level grto return to the band gap &, This result is consistent
with the simulation results, which provided for the generation of acceptors in the 77;..SccCoSb crystal.

At a higher acceptor concentration in the 7ip99Sco01CoSh sample, the dependence In(p (1/7)) is similar to
that for the Tip995Sco00sCoShb sample, but fundamental changes occurred in the behavior of the Seebeck
coefficient a(1/7), which reflects the dynamics of changing the ratio of electrons and holes in the conductivity of
a semiconductor. Thus, in the temperature range of 80-350 K, the sign of the Seebeck coefficient is negative,
and hence electrons are the majority carriers. However, as can be seen from Fig. 6, the dependence of a(1/7) has
a minimum at a temperature of ~ 300 K, following which, with a rise in temperature, the values of the Seebeck
coefficient o rapidly decrease in the absolute value and change sign at temperatures 7> 340 K: holes become
the majority carriers in 7i.99Sco.01CoSb. The positive values of the Seebeck coefficient a indicate to this.

This behavior of the Seebeck coefficient is understandable and predictable, since the substitution of
Ti atoms by Sc atoms generates in the crystal structural defects of the acceptor nature. In 7iCoSb at high
temperatures, when all structural defects of both the donor and acceptor nature are ionized, the sign of the
Seebeck coefficient o was negative, indicating the predominance of defects of the donor nature over the
acceptor. Thus, the substitution of 77 atoms with Sc at x = 0.005 did not radically alter the ratio of donors
and acceptors in favor of the latter. However, even at x = 0.01 and all higher concentrations of impurity Sc
atoms introduced into the structure of the TiCoSh compound, the number of structural defects of the
acceptor nature is outweighed by the number of donors, as indicated by the positive values of the Seebeck
coefficient o of 771..Sc.CoSbh at temperatures of 80-400 K. Hence, in T7.9955¢0.00sCoSb and Tip.99Sco.01CoSh
semiconductors, electrons and holes are simultaneously involved in electrical conductivity, the relationship
between which (compensation ratio) varies with temperature.

The dependences In(p (1/7)) of Ti1xSc:CoSb reflect the dynamics of changing the position of the
Fermi level er with respect to the continuous energy bands. Thus, in Tip.975c0.03CoSb in the temperature
range 7= 80-320, the Fermi level € is in the valence band ey, as evidenced by both the positive values of
the Seebeck coefficient o and the metallic type of conductivity (the resistivity values increase with a rise in
temperature). The presence of an extremum on the dependence In(p (1/7)) at the temperature 7=320 K and
the formation of the activation region with its growth shows that the Fermi level gr left the valence band &y
and settled in the band gap &, of the semiconductor. This may occur if the donors present in the crystal are
ionized, but their concentration is insufficient to change the type of conductivity.

At even higher concentrations of Sc(x > 0.05), the number of structural defects of the acceptor nature
generated in the crystal far exceeds the number of donors, which leads to the entry of the Fermi level &rinto
the valence band ey. This is indicated by positive values of the Seebeck coefficient a - free holes are the
majority carriers, and the conductivity is metallic in nature.

Changes in the values of the resistivity p(x,7) and the Seebeck coefficient a(x, 7) of the 7i1..ScxCoSb
semiconductor at different temperatures (Fig. 7) complement the considerations regarding the nature of the
current carriers.

The increase in the concentration of impurity Sc atoms in the structure of the 7iCoSh compound
from x=0.005 to x=0.01 is accompanied by an increase in the resistivity values, for example, at a
temperature 7= 80 K, from p (x = 0.005) = 268.4 mcQm to p (x =0.01) = 587.8 mcQm (which does not
correspond to the data in Fig. 8a, this data seems to be for 7= 380 K). This behavior of p (x, 7) is caused
by a decrease in the concentration of free electrons upon their "freezing" into impurity acceptor states,
which would logically lead to an increase in resistance values. In so doing, the majority carriers up to
temperatures 7 <350 K are electrons, as indicated by the negative values of the Seebeck coefficient o(x,
T).At higher temperatures, the concentration of free holes in the 7799Sco.01CoSh sample becomes larger

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2019 33



V.A.Romaka, Yu.V. Stadnyk, L.P. Romaka, V.Ya Krayovskyy, V.V.Romaka, A.M. Horyn, M.B.Konyk, .M. Romaniv...
Features of structural, energy, electrokinetic and magnetic characteristics of tij..scxcosb thermoelectric...

than of electrons, and the sign of the Seebeck coefficient a(x, 7) is positive (Fig. 7). It can be stated that the
Ti0.99S¢0.01CoSb semiconductor is heavily doped and fully compensated when the concentrations of ionized
donors and acceptors are close, and the Fermi level f is located in the mid gap &,. This conclusion is in
complete agreement with the results of the electronic structure calculation for the case of the
Ti0.995¢co.01CoSh semiconductor (Fig. 2).
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Fig. 7. Change in the values of electrical resistivity p(x,T) (a) and the Seebeck coefficiento
(x,T) (b) of Ti;-«ScxCoSb atdifferent temperatures: 1 — 80K, 2—-160K, 3-250K, 4-380 K

At higher concentrations of impurity Sc, the values of the resistivity p(x,T) of Til-xScxCoSb decrease
rapidly, and at concentrations x>0.06 this change is already insignificant. At these
Ti1xScxCoSb concentrations, the majority carriers are free holes, as indicated by the positive values of the
Seebeck coefficient a(x,7) (Fig. 7).Therefore, a sharp decrease in the values of p(x,7) in the concentration
range 0.01 <x <0.08 is associated with the intersection by the Fermi level €r of the mid gap &, and the
approach to the percolation level of valence band ey, which will be crossed at x =~ 0.08, causing a fast
increase in the concentration of free holes as the ionization energy of acceptors decreases. The intersection
by the Fermi level €r of the percolation level of the valence band &y and the motion in this zone make no
significant contribution to the change in the concentration of holes, which causes quasi saturation of the
dependence p(x, T) at concentrations x > 0.08.

Thermoelectric power factor of Ti1.xScxCoSb

We mentioned above that in thermoelectric semiconductor material a prerequisite for achieving
maximum efficiency of thermal into electrical energy conversion is doping the material with a type of
impurity that coincides with the type of majority carriers of the basic semiconductor array, and the Fermi
level er approaches the band of continuous energies. In this case, the values of electrical conductivity
o(x,T) will be already high due to the appearance of a large number of free current carriers, and the values
of the Seebeck coefficient a(x,7) will be even higher.

As can be seen from Fig. 8, in the case of thermoelectric material 77;..ScxCoSb, the above conditions
are achieved at concentrations x = 0.08-0.10, and the values of thermoelectric power factor Z* are
maximum. In this context, it is appropriate to refer to the results of simulating the behavior of the
thermoelectric power factor Z* calc. Tii..ScxCoSh (Fig. 4b), which almost coincide with the results of
experimental measurements. The obtained result confirms the promising outlook of thermoelectric material
Ti1xScxCoSb, and further studies of thermal conductivity processes will allow establishing the conditions
for obtaining the maximum efficiency of thermal into electrical energy conversion.
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Therefore, kinetic studies of the 7i..Sc:CoSh semiconductor solid solution showed that, at low
concentrations of impurity Sc atoms, there is a discrepancy between the results of electronic structure
simulation and experimental measurements. Since we optimize thermoelectric characteristics by doping the
TiCoSb basic semiconductor, it is crucial to understand the characteristics of its crystalline and electronic
structures. After all, any compound or semiconductor solid solution only then becomes a thermoelectric
material when their structural, energy, kinetic, etc. the characteristics will be clear and predictable. In other
words, when investigating 77,..5c.CoSbh, we are required to identify the causes that cause unpredictable
behavior of the characteristics.

Ti, Sc,CoSh

Z*, uW/K’em

04 yv— ~
T

0.00 003 006 009 0.12 015
x (Sc)

Fig. 8. Change in the values of thermoelectric power factor Z* of Ti;..ScxCoSb at T=380 K

It can be assumed that the discrepancy in the results observed in 7i;..ScxCoSb thermoelectric material
is due to an incomplete understanding of the spatial arrangement of atoms and their impurity energy levels
generated in the 7iCoSb source compound. Below we examine this problem in more detail.

Features of the electronic and crystal in structures of TiCoSb compound

In order to refine the crystalline and electronic structure of 7iCoSh compound, electron density
distribution (DOS) simulations were carried out under different variants of occupying by atoms of
crystallographic positions, as well as occupying by atoms of tetrahedral voids in the structure (Fig. 9),
which make up ~ 24% of the unit cell volume [6,7]. After all, there is a cause-effect relationship between
the crystalline and electronic structures. Thus, to calculate the energy of an electron in the first Brillou in
zone, one must know the spatial location of the atoms or their absence (vacancies) at the unit cell nodes.
On the other hand, the slightest structural changes affect the local symmetry and DOS values. Therefore,
the adequacy of the results of simulating the electronic structure of a semiconductor and the results of
experimental studies, such as kinetic and/or energy characteristics implies that the model of its structure is
adequate to spatial arrangement of atoms in the crystal. That is why the results of the calculation of the
electronic structure in comparison with simulation results make it possible to obtain information about the
crystal structure, which is not available for x-ray methods of investigation [6].

Let us analyze the results of calculating DOS of TiCoSb compound for several variants (Fig. 9).

a). In the case when vacancies are present at the 4acrystallographic position of 77 atoms, which are ~
1 at. % of all Ti atoms, the compound formula takes the form: (7io9900.01))CoSb. The resulting structural
defect has an acceptor nature, and an impurity acceptor level (band) &4, appears in the band gap &, of the
semiconductor near the valence band &y, which fixes the position of the Fermi level g7 (Fig. 9). We will
obtain a model of the electronic structure of a doped hole-type semiconductor with a conductivity type.
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This conclusion coincides with the results of [5]. Adding Sc (3d"'4s%) impurity atoms to the structure of the
semiconductor (Tio.990.01))CoSh by occupying the 4a crystallographic position of Ti(3d?4s*) will have the
following consequences:

- generation of structural defects of the acceptor nature as a result of substitution of 77 atoms, since
the Sc atom has a smaller number of 3d electrons;

- a decrease in the concentration of structural defects of the acceptor nature present in the crystal
upon occupation by Sc atoms of vacancies.

As a result, we obtain a hole-type conductivity semiconductor 77,..ScxCoSb.This variant of the
spatial arrangement of atoms does not correspond to the given experimental results.

b). If additional Co* atoms (~ 1 at.%) occupy the tetrahedral voids of the structure (internode) of the
TiCoSb compound, its formula will take the form TiCo(Co* 01)Sh. We obtain a classical doped
semiconductor of electronic conductivity type, in the band gap of which an impurity donor level (band) €p
appeared, which fixes the position of the Fermi level er (Fig. 9).Now the addition of Sc impurity atoms to
the structure of the 7iCo (Co*y;) Sb semiconductor in the manner described above will generate structural
defects in the acceptor nature. As the concentration of impurity Sc atoms increases, the degree of
compensation increases, and the Fermi level ¢F drifts from the conduction band &c through the middle of
the band gap &, to the valence band ¢y.. This will change the conductivity type of the semiconductor from

electron to hole.
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Fig. 9. Calculation of the distribution electron density of states
(DOS) of TiCoSb compound for different variants of spatial arrangement of atoms.
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This variant of the crystalline and electronic structures of the 7iCoSh compound does not fully
reflect the results of the experiment because it does not answer the question of the absence of activation
sites on the dependence In(p(1/7)) at concentrations when the Fermi level g7 departs from the conduction
band &c and approaches the valence band &y.

¢). The presence of 1% of vacancies at the 4c position of Co atoms and the location of 1% additional
Co* atoms in tetrahedral voids of the structure is described by the formula 7i(C00.990.01))(Co " 0.01)Sb (Fig. 9).
In this case, structural defects of the donor nature are generated in the crystal due to the arrangement of Co
atoms in the voids of the structure. Since Co atoms are involved in the formation of both the conduction
band and the valence band of the semiconductor, in the presence of 1% of vacancies at the 4¢ position of
Co atoms, there is a mutual compensation of the donor-acceptor energy levels, which explains their
absence in the band gap &,.. That is why the energy scheme of such a spatial arrangement of atoms in their
own crystallographic positions (or lack thereof) contains only the impurity donor level and is identical to
the previous case (b) and the conclusions drawn.

d). The closest to the results of the experiment is a variant of the simultaneous presence of 1% of
vacancies at the 4a position of 7i atoms and 1% of additional Co* atoms in the tetrahedral voids of the
structure, which can be described by the formula (Tio.9000.01))Co(Co"0.01)Sh (Fig. 9). In this case, vacancies
at the position of 7i atoms generate structural defects of the donor nature, and the corresponding acceptor
level (zone) &4 appears in the band gap &,. In turn, additional Co* atoms in the voids of the structure
generate a structural defect of the donor nature, and in the band gap &, the corresponding donor level (zone)
ep will appear. It is quite logical to locate the Fermi level er between the generated energy states of the
donor and acceptor nature. The slightest changes in the ratio between defects in the acceptor and donor
nature of the semiconductor, generated, for example, by different modes of thermal annealing of the
samples and their cooling, the purity of the initial components during synthesis, etc., will cause a change in
the position of the Fermi level e relative to energy levels ingg. For this reason, in the temperature range
T=280-90 K TiCoSbh is a semiconductor of the hole type of conductivity, as evidenced by the positive
values of the Seebeck coefficient o, and at higher temperatures its sign changes and electrons are now the
majority carriers (Fig. 6,7b).

The addition of impurity Sc atoms to such a semiconductor by substitution at the 4a position of the
Ti atoms generates structural defects of the acceptor nature, which initially will increase the degree of
compensation and, as a consequence, lead to an increase in the resistivity p (x, T) (Fig. 7a). And only at
concentrations of impurities Sc, x > 0.03, the Fermi level eris located in the impurity acceptor zone £4°, as
indicated by the positive values of the Seebeck coefficienta(x,7) (Fig. 7b) at all temperatures and the
presence of high-temperature of the activation region on the dependence of In(p (1 / 7)) (Fig. 6).

Therefore, doping the 7iCoSbh semiconductor with Sc acceptor impurities introduced into the
structure by substitution at the 4a position of the 77 atoms made it possible to detect defects of the donor
nature in the structure of the 7iCoSh base compound as a result of the occupation by Co* atoms of
tetrahedral voids in the structure, which gave rise to a corresponding donor level (zone) €p in the band gap
€. The ratio of concentrations of the donor and acceptor levels present in the 7iCoSh compound structure
determines the location of the Fermi &r level in the semiconductor, and doping with its acceptor impurities
will change the mechanisms and type of conductivity of 77,..5¢cxCoSb.

Conclusions

1. The result of a comprehensive study of crystalline and electronic structures, kinetic, energy, and
magnetic characteristics of the 77/-xScxCoSbh thermoelectric material is establishment of the nature of
structural defects of the donor and acceptor nature. It is shown that structural defects of the donor and
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acceptor nature are present in the 7iCoSh base compound as a result of the location in the tetrahedral
voids of the structure of additional Co* atoms and the presence of vacancies at the 4acrystallographic
position of 7i atoms. Introduction to 7iCoSbh compound of impurity Sc atoms by substitution at the 4a
position of 7i atoms generates structural defects of the acceptor nature, and the ratio in 7i;..Sc.CoSh of
concentrations of available defects of the donor and acceptor nature determines the location of the
Fermi level er and the mechanisms of conductivity.

. The work was performed in the frame work of grant of the Ministry of Education and Science of

Ukraine Ne 0118U003609.
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METHOD FOR TAKING INTO ACCOUNT THE PHASE TRANSITION
IN BIOLOGICAL TISSUE DURING COMPUTER-AIDED SIMULATION
OF CRYODESTRUCTION PROCESS

The paper presents a method for taking into account the phase transition in biological tissue
during computer-aided simulation of cryodestruction process. The physical, mathematical and
computer models of biological tissue are constructed with regard to thermophysical processes,
blood circulation, heat transfer, metabolic processes and the phase transition. As an example, we
consider the case when there is a cooling element on the surface of biological tissue at a
temperature of -50 ° C. The temperature and heat flux distributions in biological tissue are
determined in cooling mode. The results obtained make it possible to predict the depth of freezing
of biological tissue at a given temperature exposure. Bibl. 28, Fig. 7, Table. 1.

Key words: biological tissue, temperature exposure, cryodestruction, phase transition, computer
simulation.

Introduction

It is well known in medical practice that temperature exposure is an important factor in the
treatment of many diseases of the human body [1-3]. One of the promising areas is cryodestruction, i.e.
a set of surgical treatment methods based on local freezing of the human body biological tissue. To
perform cryodestruction, it is necessary to cool a certain part of the human body to a temperature of
-50 °© C. Today, such cooling is realized with the help of special cryotools using liquid nitrogen [4 §].
However, the use of liquid nitrogen has a number of disadvantages, namely nitrogen does not provide
cooling with the required accuracy of maintaining the temperature, and there are risks of overcooling
with negative consequences. Moreover, liquid nitrogen is a very dangerous substance and requires
proper care when used, and delivery of liquid nitrogen is not always available, which limits the
possibility of using this method. This opens up prospects for the use of thermoelectric cooling for
cryodestruction, which can be used for cooling to a temperature of (0 + -80) © C. Thermoelectric medical
devices make it possible to precisely set the required temperature of the working tool, the time of
temperature exposure on the corresponding part of the human body and provide a cyclic change of
cooling and heating modes [1 — 2,9 — 12].

Computer models of biological tissue created so far, on the surface of which there is a cooling
element, make it possible to simulate thermophysical processes with regard to blood circulation, heat
transfer and metabolic processes [13 19]. However, the existing computer models do not take into
account the phase transition in biological tissue when it is cooled to a temperature below 0 © C, which
leads to errors in computer simulation of temperatures and heat fluxes.
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Therefore, the purpose of this paper is to develop a method for taking into account the phase
transition in biological tissue during computer simulation of the cryodestruction process.

Physical model

We constructed a physical 2D model with axial symmetry (Fig. 1) of the human body biological
tissue 1 on the surface of which there is a cooling element 2. This model is a structure of two
homogeneous rectangular bars and is characterized by the following thermophysical properties:
thermal conductivity x, specific heat C, density p, blood perfusion rate ws, blood density ps, blood
temperature 73, specific heat of blood Cj, specific heat release O..: due to metabolic processes and
latent phase transition heat L (table 1). The corresponding section of biological tissue 1 is considered
as a volumetric heat source g, where:

4=0,ut+pPy Cp-0,(T,-T). (1)

The geometric dimensions of biological tissue 1 are a, b, and, accordingly, of cooling element
2 - ¢, d. The temperatures at the boundaries of biological tissue 1 and cooling element 2 are 7}, T>, T3,
T,. The temperature inside biological tissue is 7; = +37 ° C. The temperature of cooling element is
Ty = -50 ° C. The ambient temperature is 75 = +22 ° C. The upper surface of biological tissue with
temperature 73 is in a state of heat exchange with the environment (coefficient of heat exchange o and
emissivity €) at temperature 7. The lateral surface of biological tissue is adiabatically isolated.

Ya

22—

d L, Toa
b T

—

0 f C‘ TI a _________ _x,.

Fig. 1. Physical 2D model with axial symmetry:
1 — biological tissue, 2 — cooling element.
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Table 1.
Thermophysical properties of the human body biological tissue in normal [20-25]
and frozen states [26, 27]
. . . . . Measurement
Thermophysical properties of biological tissue Value nits
u
Heat capacity of normal biological tissue (C;) 3600 Jm? -°C
Heat capacity of frozen biological tissue (C>) 1800 Jim?®-°C
Blood heat capacity (Cp) 3600 Jm? -°C
Blood density (ps) 1000 kg/m’
Thermal conductivity of normal biological tissue (x;) 0.5 W/m -°C
Thermal conductivity of frozen biological tissue (x:) 2 W/m-°C
Latent heat of phase transition (L) 250-10° J/m?
Blood temperature (7}3) 37 °C
Upper temperature of phase transition (77) -1 °C
Lower temperature of phase transition (7%) -8 °C
Blood perfusion in biological tissue (ws) 0.0005 ml/s-ml
Metabolism in biological tissue (Qmer) 4200 W/m®
Mathematical model
In general, the heat transfer equation in biological tissue is given by [20-27]:
oT
C'EZV'(K'VT)-'—pb'Cb'(’Ob'(T;_T)J'_Qmet’ )

where C, xk are specific heat and thermal conductivity of biological tissue, p, is blood density, C, is
specific heat of blood, ®, is blood perfusion, 7, is blood temperature, T is temperature of biological

tissue; O, , is heat which is released due to metabolic processes.

The term on the left side of equation (2) is the rate of change of thermal energy contained in a
unit volume of biological tissue. The three terms on the right side of this equation represent,
respectively, the rate of change of thermal energy due to thermal conductivity, blood perfusion, and
heat metabolism.

The equation of heat transfer in biological tissue (2) is solved with the corresponding boundary
conditions. The temperature on the surface of cooling element is 7, =-50°C. The temperature inside

44 Journal of Thermoelectricity Nel, 2019 ISSN 1607-8829




L.1. Anatychuk, R.R Kobylianskyi, R.V. Fedoriv
Method for taking into account the phase transition in biological tissue during computer-aided...

biological tissue is 7; = + 37 © C. The lateral surfaces of biological tissue are adiabatically isolated
(¢ = 0), and the upper surface is in a state of heat exchange (heat transfer coefficient o and emissivity
€) with the environment at a temperature of 7.

40| =a-(-T)+e-o-(T} -1}, 3)

where a is coefficient of convective heat exchange of the surface of biological tissue with the
environment, € is emissivity, ¢ is the Boltzmann constant, 75 is temperature of biological tissue
surface, 75 is ambient temperature (75=+22°C).

At the initial time t = 0 s, it is believed that the temperature in the entire volume of biological
tissue is 7'=+37 ° C, that is, the initial conditions for solving equation (2) are as follows:

T(x,y,0) = Tp. (4)

As a result of solving the initial boundary value problem (2) - (4), the temperature distributions
T (x, y, t) and heat fluxes in biological tissue are determined at an arbitrary time. As an example, in
this paper we consider a case in which the temperature of cooling element is 7, = -50 © C. However, it
should be noted that the proposed method allows considering cases where the temperature of cooling
element 71(¢) changes in any temperature range or according to a predetermined function.

During the freezing, the cells will undergo a phase change at the freezing point, with the loss of
latent heat of the phase transition (L) occurring and the temperature in these cells will not change. The
phase transition in biological cells occurs in the temperature range (-1 + -8) © C. The properties of
biological tissue in normal and frozen states are shown in Table 1. In the temperature range
(-1 = -8) °© C, when cells are frozen, the latent heat of the phase transition is absorbed, which can be
simulated by adding an appropriate value to the heat capacity [26, 27].

When biological tissue is frozen, the vessels in the capillaries are narrowed to freeze all blood in
the capillaries, and the value tends to zero. In addition, the cells will not be able to generate metabolic

heat when frozen and Q, , will be zero at a temperature below zero.
In the frozen state the properties of biological tissue will have the following values (5)-(8):
G T>-1°C
-8°C<T<-1°C (5)
T <-8°C

L C +C,
+
-1-(-8) 2
C2

! T>-1°C
k=412 —8°C<T <-1°C (6)
T <-8°C

4200 T>-1°C
0 =10 —8°C<T<-1°C (7)
0 T<-8°C
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0,0005 T>-1°C
@, =40 —8°C<T<-1°C (8)
0 T<-8C

Computer model

A computer model of biological tissue was created with a cooling element on its surface.
Comsol Multiphysics software package [28] was used to build the computer model, which enables
simulating thermophysical processes in biological tissue taking into account blood circulation, heat
exchange, metabolism processes and phase transition.

The distribution of temperatures and heat fluxes in biological tissue was calculated by the finite
element method, the essence of which is that the object under study is divided into a large number of
finite elements and in each of them a function value is searched that satisfies given second-order
differential equations with the corresponding boundary conditions. The accuracy of solving the
formulated problem depends on the level of partitioning and is ensured by the use of a large number of
finite elements [28].

As an example, Figs.2 - 3 show the distributions of temperature and isothermal surfaces in the
bulk of the human body biological tissue on the surface of which there is cooling element at a
temperature of 7= -50°C.

AT, °C

0 110

40 -30

50

Fig.2. Temperature distribution in the bulk of biological tissue on the
surface of which there is a cooling element at a
temperature of T = -50°C.
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Fig. 3. Isothermal surfaces in the bulk of biological tissue on the surface of
which there is a cooling element at a temperature T = -50°C.

Computer simulation results

Fig. 4 shows temperature distribution in the section of biological tissue on the surface of which
there is a cooling element at temperature T =-50°C at time moment t=500s. In this case, /; is
temperature level T = -8°C and [, is temperature level T =-1°C.

Y, mm

1]

’ { B T°C
-]
4 il 30

20

30f

=20

40k

45 |

S0k

5 o 5‘ 1‘0 1% EIG- 2‘5 3‘0 s dIU -1‘5 SIG-
X, mm
Fig. 4. Temperature distribution in the section of biological tissue on the surface of which there is a cooling
element at a temperature T = -50°C at time moment t = 500 s:
1 — temperature level T = -8°C and [, is temperature level T = -1°C.
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Fig. 5 shows the dependence of the motion of phase transition zone (crystallization zone of
biological tissue) on the time of temperature exposure. From Fig.5 it is seen that maximum freezing
depth of biological tissue is about /~ 10 mm at a temperature of cooling element T =-50°C.

{, mm

10

T T T T T T Y T T T »
0 100 200 300 400 500 t e

Fig. 5. Dependence of the motion of phase transition zone (crystallization zone of biological tissue)
on the time of temperature exposure at a cooling element temperature T = -50°C:
1 — temperature level T = -8°C and [, — temperature level T = -1°C.

Computer simulation was used to determine the dependence of the freezing depth of biological
tissue on temperature at different time intervals (Fig. 6) and on the time of temperature exposure at a
cooling element temperature T = -50 ° C (Fig. 7).

Figs. 6 and 7 show that at t = 60 s the biological tissue is cooled to a temperature of T =10 ° C
at a depth of 1 ® 4 mm, and at t = 180 s - at a depth of | = 5 mm and at t = 480 s - at a depth of | = 7
mm.

It is established that with increasing temperature exposure, a deeper cooling of biological tissue
is attained. That is, with prolonged temperature exposure (T = -50 °© C), destruction of the

corresponding section of biological tissue can be achieved.
T.°C
35| =
30 '
251
20
15!
10}
51

0 5 10 15 20 25 30 35 40 45 5
X, mm

Fig.6. Temperature distribution in biological tissue
at different time moments of temperature exposure: 1 —t=60s; 2—t=120s; 3—t=180s;
4—1=240s;5—-t=300s, 6—-1t=360s;7—t=420s; 8—t=480s.
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Fig. 7. Time dependence of temperature at different depth h of biological tissue
at cooling element temperature T = -50°C: 1 —h=0; 2—h=1mm; 3—h =3 mm,
4—h=5mm; 5—h=7mm; 6-h=9mm;7—h=10mm.

Thus, a technique was developed for taking into account the phase transition in biological tissue

during computer —aided simulation of cryodestruction process, which makes it possible to predict the

results of local temperature effect on biological tissue and to determine the temperature and heat flux

distributions at any given time with a predetermined arbitrary time function of change in the

temperature of cooling element 7).

It should be noted that the obtained results make it possible to predict the depth of freezing of

biological tissue at a given temperature exposure, taking into account the phase transition to achieve

the maximum effect during cryodestruction.

Conclusion

1.

A technique was developed for taking into account the phase transition in biological tissue during
computer-aided simulation of the cryodestruction process, which makes it possible to predict the
results of local temperature effect on biological tissue and to determine the temperature and heat
flux distributions at any given time with a predetermined arbitrary time function of change in the
temperature of cooling element 7(%).

. Physical, mathematical and computer models of biological tissue on the surface of which there is a

cooling element at a temperature of 7=-50°C have been created with regard to thermophysical
processes, blood circulation, heat transfer, metabolic processes and phase transition.

. Using computer simulation, the distribution of temperature and heat fluxes inside the biological tissue

was determined in cooling mode at a cooling element temperature 7= 50 °C. The dependence of the
freezing depth of biological tissue on the temperature of cooling element and the time of temperature
exposure was established. The maximum freezing depth of biological tissue was determined, which is
1 = 7-10 mm at a cooling element temperature 7= 50 °C.
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Y pobomi nasedeno memoouxy epaxysanHs Gaz06020 nepexody 6 OI0N0IYHIN MKAHUHI Npu
KOMN 10mepHOMYy MOoOenioeanHi npoyecy Kpiodecmpykyii. Tlobyoosano ¢hizuuny, mamemamuyny ma
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bion02iuHOT MKAHUHU NPU 3a0aHOMY memnepamypHomy enausi. bion. 28, puc. 7, maoxn. 1.
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B pabome npusedena memoouxa yuumuleanus (azoeo2o nepexooa 6 OUOIOSUHECKOU MKAHU Npu
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U Meniosvlx NOMOKO8 6 Ouoso2UUeCKOl MKAHU 6 pedcume oxaadcoenus. Iloryuennvie
pesyavmamosl  0aiom B03MONCHOCb NPOSHO3UPOBAMb  2TYOUHY NPOMEP3AHUS  OUON02UYECKOU
MKAHU Npu 3a0aHHOM memnepamypHom exusnuu. bubn. 28, puc. 7, mabn. 1.
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ON THE EFFICIENCY OF SPIRAL GYROTROPIC
THERMOELEMENTS IN COOLING MODE

In this paper, the characteristics of BiSh, Ag>Te and InSb materials in constant magnetic field were
considered. Analytical and numerical methods were used to study the basic relations for the calculation
of optimal parameters of spiral gyrotropic thermoelements in cooling mode. The dependences of
maximum temperature difference for gyrotropic thermoelements of various shapes were obtained. It was
shown that at constant magnetic fields the use of BiSb is more reasonable in the temperature range of
80-120 K, whereas in the range of 200 — 300 K it is worthwhile to use Ag:Te. Bibl. 25, Tabl. 2, Fig. 14.
Key words: gyrotropic medium, magnetic field induction, spiral gyrotropic thermoelement.

Introduction

Thermoelectric devices are known to be widely used in power engineering, refrigeration and
measurement techniques. However, the possibilities of practical application of thermoelectricity depend on
the progress in physics of thermoelectric power conversion, since the main feature of thermoelectric
devices is their ability to use interconversion of the electrical and thermal energies [1-12]. Advances of
thermoelectricity in the area of instrument engineering are mainly achieved on the basis of physics of
thermocouple elements. The generalized theory of thermoelectricity afforded an opportunity to develop
methods for devising new types of thermoelements. Their application in anisotropic media helped to
discover, create and research a variety of basically new types of thermoelements with unique features
which significantly expanded the potential of thermoelectricity. Searching for new types of thermoelements
based on the gyrotropic media is one of the best lines in the development of thermoelectric applications.
These opportunities of thermoelectricity are little studied, and their implementation will make it possible to
expand the element basis of thermoelectricity, create thermoelectric products of enhanced performance and
increase the competitiveness of such power converters.

Of vital importance is the avenue for increasing the efficiency and reliability of power converters for
their application in instrument engineering. Another advantage offered by gyrotropic thermoelements is the
absence of internal junctions, assuring reliability and ease of manufacture, possibility of junction-free
connection of rings into a space spiral structure, which sufficiently increases the functionality of
thermoelements, especially when used in refrigeration and measurement technique.

The purpose of the work is to evaluate the efficiency of spiral gyrotropic thermoelements in cooling
mode for their subsequent use in refrigeration and measurement technique.

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2019 55



T.V. Zakharchuk, I.A. Konstantynovych, A.V. Konstantynovych, A.V. Forbatiuk
On the efficiency of spiral girotropic thermoelements in cooling mode

Mathematical model

Thermal conductivity equation for homogeneous gyrotropic medium is given by

KAT +p,j° + 20, jya—T—jxa—T =0, (1)
ox oy

ne T — temperature, p, is electrical resistivity in gyrotropic medium; « is thermal conductivity; j is
modulus of electric current density vector; j,,j, are projections of j vector in the Cartesian coordinate
system; o, =0, B is asymmetric part of thermoEMEF tensor; Q. is the Nernst —Ettingshausen coefficient;
B is magnetic field induction.
ThermoEMF tensor in gyrotropic medium is of the form

o, o, 0

o=[—-a, o, 0], 2)
In the polar coordinate system, with regard to the system axial symmetry, we have

. _oT j oT
KAT +p, > +20,B| j,———2-°=|=0, (3)
or r op

where 7 is the thermoelement radius; /., j, are the radial and azimuthal components of the current density

vector.

Cooling mode

There is a variety of references describing the properties of gyrotropic materials [1-8]. For BiSbh, Ag»Te
and /nSh materials subject to constant magnetic field the temperature dependences of the figure of merit were
built [1-4].

0.0020

1) ] e S
0.0010

0.0005

0 100 200 300

T K

3

Fig. 1. Figure of merit Z shown as a function of temperature T
(1 — BiSbh, 2 — Ag:Te, 3 —InSbh) [1-4].
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The simulation of gyrotropic thermoelements for Ag,Te material was carried out. The
thermoelements were exposed to the magnetic field with induction of B=1T. Fig. 2 shows a three-

dimensional model of temperature distribution in the spiral gyrotropic thermoelement (round section) [13].
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Fig. 2. Model of temperature distribution in the spiral gyrotropic
thermoelement (round section)

Fig. 3 shows a three-dimensional model of temperature distribution in the spiral gyrotropic
thermoelement (square section).
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Fig. 3. Model of temperature distribution in the spiral gyrotropic
thermoelement (square section)

Assuming that the hot side of spiral gyrotropic thermoelement is adiabatically isolated and ignoring the
losses through the side surfaces of the thermoelement, one can use the formula for calculating maximum
temperature difference AT,... between the sides of spiral gyrotropic thermoelement [5]. Using the data
presented in Fig. 1, it is possible to obtain the dependence of maximum temperature difference on the hot side
temperature of thermoelement for BiSb, Ag,Te and InSb (Fig. 4).

AT K

40 :
-~ Round section

- == Square section

Fig. 4. ATyax shown as a function of Ty (1 — BiSb, 2 — Ag>Te, 3 — InSh)

From Fig, 4 it can be seen that the use of 4g,7e material in the temperature range of 200 — 300 K yields the
highest values of (AT)ma, at 7>=300K the value of (AT)mx~37 K. It means that the use of Ag>Te is more
reasonable in the temperature range of 200-300 K, and in the temperature range of 80 — 120 K it is worthwhile to
use BiSh— (AT) ~17K for round section.
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Conclusions

1.

The analytical and numerical methods were used to study the basic relations for the calculation of optimal
parameters of gyrotropic thermoelements in cooling mode. For Ag,Te material, computer simulation was
performed and the temperature distributions in gyrotropic thermoelements were obtained.

2. It was shown that the use of 4g,Te material is more reasonable in the temperature range of 200 — 300 K, when
(ADmax=37K, and in the range of 80— 120K it is worthwhile to use BiSh — (AT )max ~ 17K for round
section.
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IMPO EGEKTUBHICTH CHHIPAJIBHUX T'TPOTPOITHUX
TEPMOEJIEMEHTIB Y PEXKUMI OXOJIO/KEHHA

Poszenanymo xapaxmepucmuxu mamepianie BiSb, Ag.Te ti InSb ¢ nocmitinomy mazHimuomy noJi.
Jlocniooiceno OCHOBHI ChigBIOHOWIeHHS O PO3PAXYHKY ONMUMATbHUX NApAMempie CRIpATbHUX
2IPOMPONHUX MEPMOENIEMEHMIE Y PEHCUMI OXONOONCEHHA, AHATTMUYHUMU MA YUCTOSUMU MEMOOAMU.
Ompumano 3a1eiCHOCmi MAKCUMANbHOI pisHUYI memnepamip 01 2iPOMPONHUX MeEPMOeTeMeHmi8
pisnux gopm. Ilokazano, wo npu nOCMIHUX MAZHIMHUX NOJSAX OOYLIbHO eukopucmosysamu BiSh 6
memnepamypromy oianazoni 80 — 120 K, a Ag>Te oaa 150 — 300 K.

Karo4oBi ciioBa: ripoTpornHe cepesoBHile, IHAYKIISI MarHITHOTO TI0JISI, CIIPaIbHUMN TpOTPOITHUI
TEPMOEIIEMEHT.
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Ob DOPEKTUBHOCTHU CIIMPAJIBHBIX 'MPOTPOIIHBIX
TEPMOY2JIEMEHTOB B PEXKUME OXJIAKAEHUSA

Paccmompenvr xapakmepucmuxu mamepuanos BiSb, Ag:Te u InSb ¢ nocmoannom maznumnom noe.
Hccneoosanvi ocHogHble COOMHOWIEHU 0N PACYENO8 ONMUMATLHLIX NAPAMEMPO8 CHUPATHHBIX
2UPOMPONHBIX MEPMOINEMEHINOE 8 PeXHCUME OXTANCOCHUS, AHANUMUYECKUMU U YUCTOBLIMU MEMOOaMU.
Honyyenvr  3agucumocmu  MAKCUMAIbHO20 — nepenada  memnepamyp  Oas  UPOMPONHbIX
MepMOINeMeNmos  pasiuunol  gopmol. Ilokazano, umo npu NOCMOAHHBIX MASHUMHBIX HOJIAX
yenecoobpasno ucnoavzosame BiSb 6 memnepamyprnom ouanazone 80 — 120 K, a Ag>Te ons

150 — 300 K. buba. 13, puc. 4.
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Cherkez R.G. EFFECT OF LEG SEGMENTATION ON THE
EFFICIENCY OF PERMEABLE THERMOELEMENT
OF Co-Sb BASED MATERIALS

The results of computer research on the effect of leg segment length of Co-Sb-based material on energy
conversion efficiency are presented. The optimal operating modes of a 2-segment thermoelement are
determined whereby the maximum efficiency values are realized. The possibility of 1.1-1.2-fold increase
of the electric power generated by using 2-segment permeable thermoelements of Co-Sb-based
materials is demonstrated. Bibl. 14, Fig. 2.

Key words: permeable thermoelements, segmented materials, computer design, Co-Sb based materials.

Introduction

This paper contributes to further research started in [1] and is dedicated to the use of thermal waste
by means of permeable segmented thermoelements. It is known that the use of segmented legs in
thermoelements allows increasing the efficiency and the generated electric power [2]. This is achieved
both due to expansion of the operating temperature range at leg segmentation, and due to the choice of
materials with maximum figure of merit value over the entire temperature range. At the same time, in the
course of recent decades, the researchers’ attention has been drawn to promising materials, namely Co-Sb
based scutterudites [3], which hold much promise for being used in high-temperature legs of thermoelectric
generators in the temperature range up to 800 K. They are characterized by rather high values of the
Seebeck coefficient and electrical conductivity. Maximum ZT values of such materials are 1-1.1 at a
temperature of 700 K [4 —5].

However, studies on the use of permeable thermoelements of Co-Sb based segmented materials have
not been encountered in the literature. Therefore, the purpose of the work is to determine the characteristics
of permeable segmented thermoelements of Co-Sh based materials in electric energy generation mode, as
well as to find their optimal operating conditions and parameters whereby maximum efficiency of thermal
into electric energy conversion is realized.

Physical model and its mathematical description

A physical model of permeable thermoelement in electric energy generation mode is represented in
Fig. 1. The thermoelement consists of #n- and p-type legs whose physical properties are temperature-
dependent. Heat input is realized by passing heat carrier along the legs through the channels (pores). Each leg
comprises N, and N, segments, and the contact resistance of compound is 7. The lateral surfaces of the legs
are adiabatically isolated; heat carrier temperature at thermoelement inlet 7,, is assigned. The temperature of
cold junctions 7. is thermostated.
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L.
T “._"‘_‘ -

TS

Fig. 1. Physical model of permeable segmented thermoelement.
1, 8, 9 — connecting plates; 2, 10 — connecting layers;
3,5, 6, 7—segments of n-type leg, 4,14 — heat carrier;
11, 12, 13 — segments (sections) of p-type leg.

A system of differential equations describing the distribution of temperatures and heat fluxes in a steady-
state one-dimensional case, in the infinitely small part dx of each k-th segment of n- and p-type legs, in the
dimensionless coordinates is given by relations [7]:

ﬂ:_ﬂ T—Lq,
dx K, K,
2 - N k=1,..,N (1)
ﬂ: %yt T+0“kj q+jp, +(X‘TPKNKZIT (t-T), np
dx  x, K, (S-S¢)J X, <x<ux,
dr _arBeNey (o,
dx Gce,

n,p

where [ }E is channel perimeter; Nx is the number of channels, Sk is cross-sectional area of all the channels,
S is a section of leg together with the channels, G is heat carrier consumption in the channels, ¢, is specific
heat of heat carrier, ¢ is heat carrier temperature at point x, 7 is leg temperature at point x, o.,is heat-transfer

coefficient, a, K, p are the Seebeck coefficient, thermal conductivity and resistivity of leg material.
Specific heat fluxes ¢ and the reduced density of electric current j are determined through

0 . )

where O is power of heat flux passing through thermoelement leg, / is electric current, S is cross-sectional
area of thermoelement legs, / — the height of the branch.

The boundary conditions necessary for solving (1) with regard to the Joule-Lenz heat release due to
contact resistance ry at points of connection of leg segments are formulated as:

Tn,p (O)ZTC’ tn,p(l):Tm’ qn,p(l)zo’

L ()=T () a0, () =g, () o=

n,p

&)

where indices "-" and "+" denote the values of functions immediately to the left and right of the interface of
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segments xi; k=1, ..., N is the index which determines leg segment number.

For seeking optimal values of doping impurities which determine carrier concentrations in leg
segments it is necessary to assign the dependences of material parameters o, k, p on temperature and
concentration of carriers (or impurities). The main task in the design of permeable segmented generator
thermoelement is to determine such agreed parameters (reduced current density j in the legs, heat carrier
consumption in channels G, concentration of doping impurities in materials of each segment) whereby the
efficiency of the thermoelement reaches a maximum.

The efficiency will be determined through the relation of electric power P generated by the
thermoelement to a change in heat carrier enthalpy:

- . “4)
ZGCP (Tm - T()

np

The maximum efficiency can be conveniently reduced to achievement of functional minimum:

J= 1{2{&,, (T, —TC)}} - ln[Z{Gc,, (T, —1(0)) + q(O)M—I(;—O+;—°JH. (5)

n,p n,p n V4

This problem was solved through use of the Pontryagin maximum principle [8], yielding the
necessary optimality conditions:
1. Optimal values of specific current density in thermoelement legs j must satisfy the equalities

k

{ } ZI[ +\v§ G ﬁ} dx=0, 6)

where ( AN AN A )W are right-hand sides of equations (1), y :(\yf,w’g,\u’;)w is pulse vector function

[3, 4], which is found from solving the additional system of differential equations

d o o, a,l ol N

Vi _ %tk Ry, — k]kRz_ e T LA SV

dx K, K, (S—SE)]k Gce,

d j o, J
i:‘]k_wl _A\sz (7)
dx %, K,

dy, an 11<N1<lk (IT]" 11<NK

= W, — Vs,
dx (S—SE)]k Gce,

n,p

where

R =1+ dlnocT_dan T+1,
dar dr a

12< dln6+dan(T+ij.
a‘c dT dr o

R =R+

n,p

with the boundary conditions
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2. Optimal values of heat carrier consumption G in the channels
oJ oot oy Lo
—-l—= + —— vy, ——+y,—— | dxr=0. 9
[aGL %ﬂ“" oG e VG| ©)
3. Optimal values of doping impurities in each segment material Cy are found from the relations
1 k k k
I 9. 9.
FL gy 22 g b 22 dx =0, k=1..., Nup. 10
!{\Vl ac, VY, ac, VY; ac, » P (10)

In the case of thermoelement design for fixed segment materials the optimality conditions (10) are
disregarded. Such a method as applied to thermoelectric power conversion is described in many works, for
instance [2, 9], and was used for creation of computer program and research on permeable segmented
thermoelement of Co-Sb based materials.

Results of computer research on permeable segmented generator thermoelement based on
Co-Sb

Results of calculations of the efficiency and electric power dependence on leg segment height are
represented in Fig.2. This figure shows the dependences for 1- and 2-segment legs of permeable
thermoelement for different heat carrier temperatures at the inlet to thermoelement. The data is given for
the case when the cross-sectional area of the leg together with the channels was S= 1 cm?, the contact
resistance at point of connection of legs was ro=5-10° Qm-cm?. The calculation was made under
thermostating of cold junctions at a temperature of 7,=300 K for different values of heat carrier
temperature at the inlet to thermoelement 7,,= 900 K, 1100 K, 1500 K. In so doing, the temperature of
thermoelement hot junctions was program controlled, so as not to exceed 800 K — the boundary value of
the temperature dependences of Co-Sb based materials.

As a result of calculations, the optimal values j, G and doping parameter x were found whereby
maximum efficiency of thermal into electric energy conversion is realized. The dependences of the efficiency
and power on the leg height were determined.

The dependence of maximum efficiency m and specific electric power W of permeable generator
thermoelement at optimal values of j, G and doping parameter x of legs on the leg height /; for different heat
carrier temperatures is shown in Fig. 2. The data is given for channel diameter di=0.1 cm and the number of
channels N, = 25 pes per 1 cm?’.

It is seen that the generated electric power has a maximum at leg segment height which is in the area
of 1.0-1.6cm. A gain in electric power with the use of a 2-segment leg can be 10-20 %. No essential
efficiency gain with the use of a 2-segment leg is observed at the value of contact resistance
r0=510° Qm-cm”.
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Fig.2. Dependence of efficiency and specific electric power W of permeable
generator thermoelement on leg segment height I..

This is due to the negative influence of the Joule-Lenz heat at points of connection of leg segments.

Higher efficiency values can be achieved with a decrease in contact resistance at points of connection of
leg segments.

Conclusions

1.

The effect of leg segmentation in permeable thermoelement of Co-Sb based materials on the basic power
conversion characteristics was determined. Optimal parameters of a 2-segment permeable thermoelement
whereby maximum power conversion efficiency is realized were found.

. It is shown that the electric power generated by a 2-segment permeable thermoelement of Co-Sh based
materials can be 1.1-1.2 fold higher.
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BIIJIMB CETMEHTYBAHHS BITOK HA EOEKTUBHICTD
MPOHUKHOI'O TEPMOEJIEMEHTA 3 MATEPIAJIIB HA OCHOBI Co-Sh

IIpusedeno pezynomamu Komn 10MepHUX 00CAIONHCEHb GNAUBY QOBUCUNHU Ce2MEeHMI8 GIMOK 3 Mamepianie Ha
ocnogi  Co-Sb na egexmuenicmo nepemsopenns euepeii. Busnaueno onmumansvui pexcumu pobomu 2-
CEe2MEHMHO20 mepMoenemMenma, 3a AKoi peanizyiomvcs maxcumanvhi 3navenns — KKJ[. Iloxasamo
MOJICIUBICMb  NOKPAWEHHS  eNeKMPUYHOI  NOMYJICHOCII, WO 2eHEePYEMbCs NpU  GUKOPUCMAHHI  2-
Ce2MeHMHUX NPOHUKHUX mepMoeneMenmie 3 mamepianie Ha ocrogi Co-Sb, 6 1.1-1.2 pasu. bion. 14, puc. 2.
KoaiouoBi ciioBa: NpoHUKHI TEpMOENIEMEHTH, CETMEHTHI MaTepiain, KOMIT I0TepHE MPOSKTYBaHHS,
Matepianu Ha ocHOBi Co-Sb.
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BJIUSHUE CETMEHTUPOBAHUSA BETBEH HA
IOPEKTUBHOCTDb IPOHUITAEMOI'O TEPMOY2JIEMEHTA U3
MATEPHUAJIOB HA OCHOBE Co-Sh

Ilpusedenvl pesyrbmamvl KOMAbIOMEPHBIX UCCICO08AHUL GIUSAHUSL ONUHbL CE2MEHMO8 Gemeaell U3
mamepuanog Ha ocHoge Co-Sb Ha 3ppexmuenocmv npeobpazosanus sHepeuu. Onpedenervl
ONMUMATbHBIE PEJCUMbl pAbOMbL 2- Ce2MEHMHO20 MEPMOINEMEHMA, NO KOMOPbIM Peaiu3yomcs
Mmakcumanvrvle 3Hadenus KIIJ. Tlokazana 603M0diCHOCHb YIYYULEHUs. NeKMPULECKOU MOWHOCMU,
KOMOpasi 2eHepupyemcsi npu UCHONb308AHUU 2-CE2MEHMHbIX NPOHUYAEMbIX MEPMOINEMEHMOE U3
mamepuanog na ochoge Co-Sb, 6 1.1-1.2 pasa. bubn. 14, puc. 2.

KioueBble cioBa: npouuyaemvie mepMOINIEMEHMbl, CE2MEHMHble MAMEPUAbl, KOMHbIOMEPHOE
npoexmupogarue, mamepuanvt Ha ocHoge Co-Sb.
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DESIGN OF AN ANNULAR THERMOPILE FOR A SINGLE
ACTING CURRENT SOURCE

The results of studies on the creation of an annular thermopile for a current source with a
pyrotechnic heat source are presented. The method of computer simulation confirmed the
possibility of creating an annular thermopile with predetermined geometric dimensions, providing
an output power of 2W at a voltage of 5V. Bibl. 2, Fig. 4, Tabl. 3.

Key words: thermoelectric battery, current source, rated voltage, output power.

Introduction

In connection with a significant expansion of the scope of autonomous control systems at
military facilities, the issue of developing electric power supplies intended for various electronic
devices becomes urgent.

Such power supplies have increased requirements for their performance and specific energy
characteristics. In addition to their small weight and size parameters, they must meet the requirements
for the probability of trouble-free operation after long (at least 10 years) storage in warehouses as well
as in the field. In addition, they must maintain their performance under conditions of high climatic
and mechanical loads.

The combination of these requirements directs developers to create power supplies that work
on the principle of direct conversion of one of the types of energy (chemical, mechanical or thermal)
into electrical energy. At the same time, special requirements are imposed on the design of current
source, the implementation of which requires new technical and technological solutions. From the
information given in [1], thermoelectric (TE) current sources are most in line with the requirements
for single acting power supplies.

The main parts of TE current sources which determine their efficiency include a heat source in
which capacity mixtures based on zirconium and barium chromate are best suitable [1], and a
thermoelectric converter of corresponding design.

However, the nature of using the aforementioned power supplies has determined their specifi-
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city, and the assessment of the present state of development of TE current sources on the basis of the
analysis of scientific and technical information is a problem.

The purpose of this work is research to create a high performance annular thermopile for a
single acting TE current source.

Annular thermopile

Ref. [2] provides descriptions of dozens of thermoelectric generators (TEGs) with different heat
sources based on gaseous, liquid or solid fuels. Such TEGs can operate for a long time under
conditions of climatic and mechanical influences close to normal. Constructive designs of TEGs, as
well as their specific energy characteristics cannot be applied in a single acting TE current source. At
the same time, the experience of creating thermopiles for such TEGs is the basis for the creation of
optimum, both from the point of view of design and from the point of view of technology of
manufacturing high performance thermopile for a TE current source. The closest analogue in this
regard is a thermopile consisting of 8 series-connected spiral elementary thermopiles located in a
circle on the inner surface of the cylindrical body of a TE current source [1]. The space between the
spiral thermopiles is filled with a heat-resistant compound to ensure the mechanical strength of the
thermopile in a TE current source.

With a number of obvious advantages over the constructions of the well-known TE current
sources, the thermopile design described in [1] has a number of disadvantages. In particular, the
manufacturing technology of spiral thermopiles is very complicated, which is financially costly for
serial production of TE current sources. Besides, spiral thermopiles are made of extruded thermoelectric
material with a low thermoelectric figure of merit (Z ~ 2 * 10-3 K). Therefore, an annular thermopile was
created, in which the legs of thermoelements are made of high-performance Bi,Tes;.

Computer design of an annular thermopile for a current source

Taking into account the requirements of the technical specifications under the contract
Ne 3/2019 ot 16.04.2019 the thermoelectric converter for a TE current source should be designed with
an inner diameter of 39 mm and an outer diameter of 50 mm in the form of an annular thermopile
consisting of the calculated number of elementary single-row thermopiles, providing an output voltage
of 5V and an electric power of 2W at a working temperature drop of not more than 300K. In turn,
thermopiles should consist of a given number of thermoelements connected in series with an optimal
combination of weight and size characteristics and thermoelectric properties.

Therefore, for computer design, we used the model of the thermopile structural unit - a
thermoelement consisting of n- and p-type legs, connecting materials, and heat-leveling insulating
ceramic plates, Fig. 1.

e 04\5
3

Fig. 1. Physical model of the structural element of

thermopile. 1, 2 — thermoelement legs of n- and p-
type conductivity; 3 — copper connecting plates, 4
— lower ceramic plate; 5 —upper ceramic plate.
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The temperatures on the heat-releasing and heat-absorbing thermoelement surfaces 7, and 7,
are fixed, the lateral surface is adiabatically isolated. Parameters of thermoelectric materials are
functions of temperature. 7, determine maximum efficiency and maximum electric power, it is
necessary to find the distribution of temperatures and current density in thermoelement legs.

The solution of this problem is realized by the numerical method of successive approximations
using the Comsol Multiphysics software environment.

Mathematical description of the model

To describe the flows of heat and electricity in such a thermoelement, we used the laws of
conservation of energy:

diviv =0, (1)
and electric charge:

divi =0, )
where:

W=g+U 3)

G =kVT +alj 4)

j=-0VU -0aVT (5)

(W is energy flow density, ] is electric current density, U is electric potential, T is temperature,

a, o, k are the Seebeck coefficient, electric conductivity and thermal conductivity of materials).
Taking into account (3) - (5) yields:

W=—(k+a’cT +aUc)VT —(acT +Uc)VU . (6)

Then the laws of conservation (1), (2) will take on the form:
—V|(x +a’6T + aUc)VT|-V[(acT +Us)VU]=0, )
- V(eaVT)-V(cVU) =0. (8)

These second-order nonlinear differential equations in partial derivatives (7) and (8) determine
the distributions of temperature 7 and potential U in the materials of thermoelement legs, contact,
connecting and insulating layers of the thermoelement.

The boundary conditions for solving equations (7) and (8) were chosen as follows. The
temperatures of the heat-absorbing and heat-releasing surface of the thermoelement 7), and 7. were
recorded. The potential value on the connecting plate of the n-type leg was set to zero. On the other
connecting plate of the p-type leg the value of U was set, which is half the thermoEMF generated by
the thermoelement. In turn, the value of the generated thermoEMF was determined by the system of
equations (7) and (8) in the absence of current flow through the thermoelement.

At the boundaries of the legs of thermoelements and connecting plates, connecting plates and
ceramics, the conditions of equality of temperatures and heat flows were taken into account.

The general equation of the “Comsol Multiphysics” program is as follows:

V(-CVM + oM +v)+3M +BVM = f (9)
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where
C:{Cn C12i|’ a:{an 0‘12}’ y:|:yn ’Y12:|’ 6={611 612}’
G, G, O, Oy Yar Yo 0, Oy

/i T
ARG HREH

From the analysis of Egs.(7) - (10) it follows that Eq.(9) can be simplified as:
V(-CVM)=0. (11)
The differential equation for matrix components is given by:
V(-C,\VT)+V(-C,VU)=0
V(-C,VT)+V(-C,,VU)=0 }

Comparing the laws of conservation in the form of (7), (8) with equations (12), we obtain
coefficients for a computer model:

(12)

k+o’cT+aUc oaocT+Uc
C= . (13)

(o]0 (&)

Computer research results

Using this method, the energy characteristics of elementary thermopiles for TE power supplies
were calculated. The temperature dependences of the thermoelectric parameters «, o, k¥ of materials
based on bismuth telluride of n- and p-types of conductivity ((n-Bi,Te;s), and (p-Bi,Te;) were used as
input data, Fig. 2.
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X< 24 / Fig. 2. Temperature dependences
= e - of thermoelectric parameters for
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The temperature dependences (Fig. 2) were approximated by one-dimensional polynomials in
the form of o’ = o""(T), 6"" = o""(T), k'’ = k"’(T), whose coefficients were entered into computer

program.

As a result of simulation we obtained the distributions of temperature and electric potential for

one of thermoelements which form elementary thermopiles (Fig 3).

The calculated electric parameters of thermoelement (voltage U, power P, efficiency 7 ) at
operating temperature gradients A7 = 473 K, 523 K and 573 K on its surfaces are represented in

Table 1.

550

500

450

400

350
a)

Fig. 3. The distribution of temperatures (a) and electric potential

T,K
600

(o) in thermoelement

Parameters of thermoelement

b)

U,
x
! 3
2.5
2
1.5
1
0.5
0

AT, K U,V P, W n, %
473 0.035 0.1 5.8
523 0.045 0.16 6.7
573 0.05 0.18 6.9

B

1072

Table 1

Taking into account the above data, the temperature and electric potential distributions were
found (Fig. 4), as well as the energy characteristics of elementary thermopile for a TE current source

(Table 2).
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Fig 4. The distribution of temperatures (a) and electric potential (b) in elementary thermopile.
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Table 2

Characteristics of elementary thermopile for a TE current source

TE current source
AT, K
Uuv P,W n, %
473 0.105 0.31 6.0
523 0.135 0.48 6.7
573 0.145 0.56 7.0

Based on the data given in Table 2, the electrical characteristics of an annular thermopile were
calculated for a TE current source at operating temperature gradients AT = 200°C, 250°C and 300°C
(Table 3).

Table 3

Calculated electrical characteristics of an annular thermopile

TE current source
AT, K
Uuv P, W
473 3.78 11.16
523 4.86 17.28
573 5.22 20.16
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Thus, taking into account the estimated calculations and the data given in the Tables 2-3 it
follows that to achieve the assigned electrical power and voltage of a TE current source, an annular
thermopile of each sample must consist of 36 series-connected elementary thermopiles. For a TE
current source -1 the optimal number of thermoeclements in one elementary thermopile is 3 pcs
(6 legs).

It should be noted that computer design of thermoelectric converters was carried out for the
maximum power mode, when the resistance of the thermopile is equal to the value of the external
load. In fact, the operating mode of a TE current source will be different and a significant power
reserve of power supply will ensure the required voltage values.

Moreover, a number of factors that affect the initial characteristics of a TE current source were
not considered in computer design. In particular, the influence of contact resistances at the boundaries
of thermoelement legs with connecting plates, at the boundaries of connecting plates with ceramics is
not taken into account. In addition, heat loss from the side surfaces of the thermopile legs and the layer
of heat-conducting glue K - 400 is disregarded.

However, the calculations confirmed the reality of achieving the output characteristics of a TE current
source at a given operating temperature difference not exceeding 300K.

Conclusion
Computer simulation and experimental studies confirmed the possibility of creating an annular

thermopile with an outer diameter of 50 mm and an inner diameter of 39 mm for a thermoelectric
current source, providing an output power of at least 2 W at a voltage of 5V.
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ON THE EFFICIENCY OF THERMOELECTRIC
AIR-CONDITIONERS FOR VEHICLES

The paper presents the results of calculations and comparative analysis of the integral efficiency of
thermoelectric and compression air-conditioners, subject to their use for air conditioning in vehicles
during the whole year in different climatic conditions. Bibl. 25, Tabl. 2, Fig. 14.

Key words: thermoelectric air-conditioner, compression air-conditioner, efficiency.

Introduction

General characterization of the problem. The upward trend in the number of cars is well known.
Already in 2010, their number exceeded 1 billion [1] and this figure is growing rapidly. Along with this,
the requirements for safety, ecology and comfort in vehicles are growing. So, there is a need to create
effective, reliable and environmentally friendly devices to ensure comfortable conditions in vehicles, i.e.
air conditioners [2 — 8].

The literature mentions the possibility of air conditioning in vehicles by various methods [2 — §].
Particular attention is paid to the use of compression air-conditioners. This is due to their relatively high
performance. However, they also have a number of disadvantages, in particular the presence of
environmentally hazardous refrigerants, which significantly reduces the attractiveness of such air-
conditioners. This situation is intensified by the transition to environmentally friendly modes of transport,
in particular electric cars [6 — 14].

The works [4, 8, 9] describe the use of thermoelectric converters for air conditioning in vehicles. Such
air conditioners have a number of advantages over compression, namely: the absence of harmful refrigerants
(environmentally safe), lower overall dimensions, high reliability and ease of maintenance [15, 16].

In addition, despite the higher maximum efficiency indicators of compression air-conditioners in
cooling mode, during their operation in vehicles throughout the year, one should use the integral efficiency
indicators (for both cooling and heating modes) in different time and geographical conditions, which can
significantly change the understanding of the energy situation of air conditioners. Such indicators will
become a true criterion for the energy efficiency of air conditioners in the real conditions of their operation.

The purpose of the proposed work is to determine the integral energy efficiency indicators of
thermoelectric and compression air-conditioners of vehicles in different operating conditions.
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Peculiarities of functioning of automobile air-conditioners in different climatic conditions
in the course of a year

To obtain full picture of the operating conditions of air-conditioners in different climatic zones [17],
we used data on the daily and monthly fluctuations of air temperature in different geographical regions of
the planet [18]. The work considers temperature conditions in 10 cities which correspond to the most
characteristic climatic regions of the Earth (Fig. 1): Kuala Lumpur (Malaysia) — equatorial climate;
Mumbai (India) — tropical monsoon climate; Aswan (Egypt) — tropical dry climate; Athens (Greece) —
Mediterranean climate; Ashgabat (Turkmenistan) — subtropical dry climate; Plimuth (Great Britain) —
moderate maritime climate; Kyiv (Ukraine) — moderate continental climate; Harbin (China) — moderate
monsoon climate; Point Hope (Alaska, USA) — subarctic climate; Tiksi (Russian Federation) — arctic climate.

Using the information obtained, you can determine the energy efficiency of the use of vehicle air-
conditioners in almost all regions of our planet.

SV

Fig.1. Climatic zones [17].

Figs. 2 - 11 show diagrams of annual temperature changes in different zones of the Earth. The line
shows the change in average air temperature during the year and the outline indicates its maximum
deviations. Analysis of these diagrams allows one to see the most general patterns of changes in
temperature conditions in climatic zones during the year. Thus, it can be seen from Fig. 2 that the
equatorial climate is characterized by virtually unchanged average air temperature during the year at
+26 °C; tropical monsoon climate is characterized by average temperatures of January +20 °C and July
+30 °C (Fig. 3); tropical dry climate is characterized by a more abrupt change in temperature during the
year - average January temperature +12 °C and July +35°C (Fig. 4); the Mediterranean climate is
characterized by an average temperature of January +7 ° C and July +22 °C (Fig. 5); subtropical dry
climate is notable for the most dramatic change in temperatures during the year - average January
temperature is 0 °C and July +40 °C (Fig. 6); temperate marine climate is characterized by slight
temperature changes - average January temperature +2 °C and July +17 °C (Fig. 7); temperate continental
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climate characterized by average temperatures in January -15 ° C and July +20 °C (Fig. 8); temperate
monsoon climate is characterized by average temperatures of January -20 °C and July +23 °C (Fig. 9);
subarctic climate is characterized by average temperatures of January -25 °C and July +8 °C (Fig. 10); the arctic
climate is characterized by very severe average temperatures of January — 40 °C and July 0 °C (Fig. 11).

Fig.2. Diagram of annual change of air temperature in
Kuala Lumpur, Malaysia [18] Fig.3. Diagram of annual change of air temperature in

Mumbai, India [18]

Fig.4.Diagram of annual change of air temperature in
Aswan, Egypt [18]

Fig.6. Diagram of annual change of air temperature in
Ashgabat, Turkmenistan [18]

Fig.5. Diagram of annual change of air temperature in
Athens, Greece [18]

06

Fig.7. Diagram of annual change of air temperature in
Plimuth, Great Britain [18]
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in Point Hope, Alaska, USA [18] Tiksi, Russian Federation [18]

Calculation of the integral efficiency of thermoelectric and compression air-conditioners
for different climatic zones

Calculation procedure
The selected calculation procedure lies in determination of the integral efficiency factor of air-conditioner
for transport k which is equal to the ratio between heat flow Q transferred by the air-conditioner and energy
costs for its functioning W (1).
0
K= (1
In so doing, in cooling mode, when the ambient temperature exceeds +20 °C (the temperature
difference between the air outside and inside the vehicle AT > 0 K ), heat flow Q is refrigerating capacity
of air conditioner, and, accordingly, factor « is coefficient of performance ¢ (2). In the case when AT < 0 K
(ambient temperature is lower than +20 °C), coefficient u is heating coefficient of air-conditioner (2).
AT >0K - K=§¢,
AT <0 K - K=L.

Further, the average values of the coefficient k were determined at certain time intervals, which are a
function of the temperature difference AT and the ambient temperature value. The 4 hours interval was

2)

selected. Thus, during the day 6 values of k were determined.
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It should be noted that, in accordance with the sanitary requirements for air-conditioned rooms [25],
the temperature difference between the ambient air and the cooled air-conditioner should not exceed 17 K.
However, depending on the value of the ambient air temperature, this difference is different [25]. These
requirements were also used in the calculations.

Then, the obtained data on energy conversion coefficients Kk averaged over a time interval were

summed up and their average value k was determined over a whole year (3).
n

Ki
]’i — i=0

n

, 3)

where 7 is the number of intervals in which the average value k was determined (7 =365-6=2190).

The following is a calculation procedure of k¥ and k for compression and thermoelectric air-
conditioners.

Compression air-conditioners

The data on the properties of compression air-conditioners in cooling and heating modes [2 - 24]
were used to determine in the form of polynomials the dependences of energy efficiencies of compression
air-conditioners on ambient air temperature and temperature difference between the air inside a car (20 °C)
and the ambient air.

It is significant that energy conversion coefficient of compression air-conditioners in heating mode is
lower than in cooling mode. Morover, as is shown in [15, 16], their effcieincy decreases with decreasing
power and and a rise in the ambient temperature. A compression air-conditioner was selected as a
prototype for calculations; its maximum cooling power 4kW corresponds to typical values for air-
conditioners of vehicles.

Based on the obtained data arrays, calculations were made of the averaged energy conversion
coefficients of compression air-conditioners to determine time intervals in the course of a year and their
integration was performed to obtain the values of the integral efficiency factor.

Table 1 shows the results of calculations in the form of integral efficiency factor values for different
climatic zones (climate types) — 1. equatorial climate; 2. tropical monsoon climate; 3. tropical dry climate;
4. subtropical dry climate; 5. Mediterranean climate; 6. moderate maritime climate; 7. moderate continental
climate; 8.moderate monsoon climate; 9. subarctic climate; 10. arctic climate.

As is seen from Table 1, with a change in climatic zones from equator to poles, the integral
efficiency factor of compression air-conditioners decreases from 3.18 to 1.2.

Table 1
Dependence of integral efficiency factor
of compression air-conditioners on different climatic zones
Climatic zones 1 2 3 4 5 6 7 8 9 10
Integral
_ 3.18 3.17 2.98 3.02 2.76 266 | 225206 | 1.5 1.2
efficiency factor

Thermoelectric air-conditioers
As is shown in [15, 16], the real coefficient of performance and heating coefficient of

thermoelectric air-conditioner are found from the relationships (4, 5):
coefficient of performance
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Qc za](Tc+QCN1)_O-5]2R_7‘*(T},_Tc_(Qth'i'Qch))

E =
L W W AW, W + W+ W,

4)

where %, are thermal resistances of heat-exchangers, Q.is refrigerating capacity, Qpis thermal
productivity, W,. is electric power of thermoelectric converter, o is the Seebeck coefficient, / is
electrical current, R is electrical resistance, A is heat transfer coefficient of heat exchangers, 7,, 7,
are the hot and cold side temperatures of thermoelectric converter, #, is additional power supply

of heat exchange system,

N, = (4 + 1) N, = (s + %)
XiXa2 X3Xa
Heating coefficient in this case will be given by:
W= 0, _ ol (T, + Q,N,) +0.5°R—MT, =T, = (Q,N, + O.N,)) (5)
L W W W, W + W+ W, '

The coefficient of performance and heating coefficient of thermoelectric air-conditioner are related
as:

b =g, 41, ©)

Relationship (6) indicates that the use of thermoelectric air-conditioner in heating mode has the
advantage over a similar mode of compression air-conditioner.

It is also noteworthy that unlike compression air-conditioners, the efficiency of thermoelectric air-
conditioners increases with decreasing power and a rise in air temperature [15, 16], which creates
additional advantages for them.

Fig.12 shows a typical dependence of the coefficient of performance of thermoelectric air-
conditioner on supply current for different values of temperature difference between its hot and cold sides.
The data is given for the ambient temperature of 30 °C. Similar dependences were obtained for all
considered temperature ranges and were written in the form of polynomials.

£

0 1 2 3 4 5 LA

Fig. 12 Typical dependence of the coefficient of performance of t
hermoelectric air-conditioner on supply current for different values of t
emperature difference between its hot and cold sides.
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Based on the obtained data arrays, the averaged energy conversion coefficients of thermoelectric
air-conditioners were calculated for the selected time intervals in the couse of a year and their integration
was performed to obtain the values of the integral efficiency factor.

Table 2 shows the results of calculations in the form of the values of the integral efficiency factor of
thermoelectric air-conditioners for different climatic zones.

As is seen from Table 2, with a change in climatic zones from equator to poles, the integral
efficiency factor of thermoelectric air-conditioners changes from 1.5 for a dry tropical climate to 3.06 for a
moderate maritime climate.

Table 2
Dependence of integral efficiency factor of
compression air-conditioners on geographic latitude
Climatic zones 1 2 3 4 5 6 7 8 9 10

Integral offici
negria;olrmency 199 209 | 15 | 214 | 262 | 3.06 | 238 | 221 | 175 | 1.55

Comparison of compression and thermoelectric air-conditioners

Thus, comparison of the values of averaged efficiency of thermoelectric and compression air-
conditioners from Tables 1 and 2 testifies to the advantage of compression air-conditioners under hot
climatic conditions of equator, tropics and subtropics (Fig.13). However, starting from moderate climatic
conditions, thermoelectric air-conditioners offer the advantage in efficiency up to 20 %.

—a— thermoelectric
— @ —compression

3,5 1

3,0

2,5

g, W

2,0

1,5

1s0 I ! | L 1 X 1 L I L I ! I X 1 ¥ 1 ' I .

climatic zone

Fig. 13. Comparison of the integral efficiency factor (e, u) of compression
and thermoelectric air-conditioners in different climatic zones.
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Fig. 14. Areas on the planet where the use of thermoelectric air-conditioners is rational.

To illustrate Fig.13, on the map of the Earth (Fig.14) areas have been plotted where the use of
thermoelectric air-conditioners has evident advantages in efficiency (marked in red), and the areas where
the use of thermoelectric and compression air-conditioners is approximately equal in efficiency (marked in
yellow).

As is seen from Fig.14, the rational areas of using thermoelectric air-conditioning includes almost all
Europe, China, Russia, Canada, part of the USA and the Mediterranean countries, which alongside with
other advantages thereof (ecological compatibility, lower mass-dimensional indicators), makes this variant
of air-conditioning attractive for use in automobile transport, especially in electric vehicles.

Conclusions

1. Calculations were made of the averaged efficiency factor of compression air-conditioners with their
constant use in the course of a year in different climatic zones. It was established that with a change in
climatic zones from equator to poles, the integral efficiency factor of compression air-conditioners is
reduced from 3.18 to 1.2.

2. Calculations were made of the integral efficiency factor of thermoelectric air-conditioners with their
constant use in the course of a year in different climatic zones. It was established that with a change in
climatic zones from equator to poles, the integral efficiency factor of thermoelectric air-conditioners is
changed from 1.5 for a dry tropical climate to 3.06 for a moderate maritime climate.

3. Comparison of the integral efficiency values of thermoelectric and compression air-conditioners
testifies to the advantage of compression air-conditioners in the hot climatic conditions of equator,
tropics and subtropics. However, starting from the moderate climatic conditions, thermoelectric air-
conditioners offer the advantage in efficiency up to 20 %, which, alongside with other advantages
thereof (ecological compatibility, lower mass-dimensional indicators, reliability), makes this variant of
air-conditioning attractive for use in automobile transport, especilaly in electric vehicles.
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