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THEORY

P.V. Gorskiy, Doctor Phys.-math. science

Institute of Thermoelectricity of the NAS and MES of Ukraine,
1, Nauky str, Chernivtsi, 58029, Ukraine; e-mail: anatych@gmail.com

THE THERMOELECTRIC FIGURE OF MERIT OF
P.V. Gorskiy POWDER-BASED THERMOELECTRIC MATERIALS
OF THE Zn-Cd-Sb SYSTEM

The paper presents the results of calculating the thermoelectric figure of merit of powder-based
thermoelectric materials of the Zn-Cd-Sb system. In the process of calculations, we consider phonon-
phonon scattering due to normal and Umklapp processes, as well as phonon scattering on the
boundaries of powder particles. Moreover, charge carrier scattering on the acoustic phonon
deformation potential and on the boundaries of powder particles is taken into account. In so doing, the
effective mass of charge carriers, the Grumeisen tensor, the longitudinal and transverse phonon
velocities, as well as Umklapp parameter are considered to be isotropic and equal to the direction-
averaged values of components of corresponding tensors. Also, the dependence of charge carrier
mobility on the concentration of single-charge doping acceptor impurities is taken into account. As a
result of calculations, it is shown that, without sacrificing the thermoelectric figure of merit, for the
manufacture of legs of thermocouple thermoelements, instead of single crystals, if it is technologically
expedient, one can use powder-based materials of the Zn-Cd-Sb systems with the average particle
diameter (2+100) um. The results of calculations are not only qualitatively but also quantitatively
consistent with the experimental data. Bibl. 9, Fig. 4.

Key words: Zn-Cd-Sb system, thermoelectric material, thermoelectric figure of merit, powder, charge
carriers, phonons, scattering, normal processes, Umklapp processes, acoustic phonon deformation
potential, concentration dependence of charge carrier mobility.

Introduction

Powder-based thermoelectric materials, in comparison with single-crystal materials, have the
technological advantage that thermoelectric legs of such materials can be manufactured by hot pressing,
extrusion or electric spark plasma sintering (SPS), giving them any shape dictated by design of a particular
thermoelectric device. Moreover, the use of such materials instead of single crystals makes it possible to
automate and even robotize the technological process of manufacturing products, as well as to assure their
required mechanical strength, especially in the case of reduction in size.

Such materials can be made by grinding polycrystalline ingots to the desired size [1]. However, in
this case a question arises about the influence of material structure on its thermoelectric figure of merit,
hence, on the output characteristics of finished devices, for instance, thermoelectric generators. The
theoretical study of such influence on the materials of the Zn-Cd-Sb system by the example of zinc
antimonide is the purpose of the present paper.

Calculation of the thermoelectric figure of merit of powder-based materials of the Zn-Cd-Sb
system and discussion of the results

This calculation will be based on the approaches developed in [2, 3] using the results of [4]. In order
to calculate the thermoelectric figure of merit ZT of powder-based materials, we must know the relation
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between the thermoelectric characteristics of these materials, namely the thermoEMEF, electrical
conductivity and thermal conductivity and the average radius of powder particle. To obtain such a relation
when calculating the above characteristics, it is necessary to take into account not only the mechanisms of
charge carrier scattering inherent in single crystal, but also additional scattering on the boundaries of
powder particles. This scattering becomes essential, if the average radius of powder particles becomes
comparable to the mean free paths of charge carriers and phonons inherent in a single crystal.

We will start from calculating the thermoEMEF. According to previous theoretical papers and
experimental data [5,6], it is correct to assume that charge carrier scattering in materials of the Zn-Cd-Sb
system in the temperature region relevant for practical applications takes place with an energy-independent
cross-section. So, for materials with a parabolic band spectrum the respective scattering index » = —0.5. It
follows that the thermoEMF of material does not depend on the average radius of powder particles and,

=k_B{L(ﬂ)_n} (1)

e Fo(n)

where &z — the Boltzmann constant, e — electron charge, n — the reduced chemical potential, F,,(n) — the

therefore, is equal to:

Fermi integral which is determined as follows:

x"dx
F =|—-. 2
»() -([exp(x—n)ﬂ @
The reduced chemical potential is found from the equation:
87N N2 (m'k,T
2t ) RaC) . ©)

N n,

where N, — the number of equivalent valleys, m* — the effective mass of charge carriers which is
considered to be isotropic in case of powder, T — absolute temperature, 2 — the Planck constant, n, — the
bulk concentration of charge carriers which is considered to be equal to concentration of single-charge
doping impurities.

The electrical conductivity is determined from the general formula:

c=enyb. 4

In so doing, the mobility of charge carriers with regard to their scattering on the boundaries of

powder particles is found from the relation:

B elF, ( j‘j- (r/)y*y* 2Zy+1dzdy 5)
2\/ka E,(m)o5(r/1) \/y —2zy+1+1 ’

where / — the mean free path of charge carriers dependent on temperature and impurity concentration,

hence, on charge carriers, which is inherent in a single crystal, » — the average radius of powder particles
which are considered to be spherical. Therefore, part of material thermal conductivity related to free charge
carriers is determined as follows:

K, =LoT, (6)
where L — the Lorentz number equal to:
2 2
L:(k_gj {3172(")_41‘2 (ﬂ)} (7)
e) | F(n) F(n)

In conformity with the approach stated in [4], the mean free path of charge carriers in nanometers as

a function of temperature and charge carrier concentration is determined by the following semi-empirical
relation:
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1=95197"(n, /10" ] ", (8)

where n, — the bulk concentration of charge carriers in sm™.
Lattice thermal conductivity, with regard to charge carrier scattering on the boundaries of powder
particles is determined as follows:

3nph  ppp X exp(x/0) viki\y' —2zy+1
“aarorril )] o T
64y°0°k,T), 4 ) 1+k,Q,(x)\/y -2zy+1

vk v —2zy +1
vk il } Y dzdydx

1+ K0, (x)\y* =22y +1

he' exp (x/0)-

where &/ =16yzk§TTgr/(3npvfh4), k! =16y2k§TTgr/(3npvf’h4), Tp — the Debye temperature, y — the

direction-averaged Gruneisen parameter, p — crystal density, € =T / T,, v, and v, —are the direction-
averaged longitudinal and transverse acoustic wave propagation velocities. In this case, frequency

polynomials Q, (x) and Q, (x) are determined as:
0,(x)=x" + px, (10)

0,(x)=x(3.12560° + u). (11)

As a result, the thermoelectric figure of merit Z7 of material is determined as:
7T = a’oT/(x,, +K,). (12)
The results of calculations made in conformity with relations (1 — 11) for zinc antimonide powders

with particle radius 0.1 — 50 um are given in Figs.1 — 4.
In the process of calculations, the following direction-averaged parameter values of single-crystal

zinc antimonide were used: m” =0.343m,, N, =2, T, =225K, p= 6380 kg/m’, v, = 3890 my/s,
v, =2222m/s, y =1.08, u=4.925[5-8,9].

n
2

| 10 100 n, 10° sm®

Fig.1. Concentration dependences of chemical potential of charge carrier gas
at temperatures of:1 — 300; 2 — 400; 3 — 600 K

ISSN 1607-8829 Journal of Thermoelectricity Ne6, 2017 7



P.V. Gorskiy
The thermoelectric figure of merit of powder-based thermoelectric materials of the Zn-Cd-Sb system

0 ) 4 6 8 n,, 10" sm™
Fig. 2. Concentration dependences of the thermoelectric figure of merit of zinc antimonide at
a temperature of 300 K for powder particles of radius: 1 —50; 2—1; 3— 0.1 um

ZT
0.5

8 n, 10" sm”

L]
=
=2

Fig.3. Concentration dependences of the thermoelectric figure of merit of zinc antimonide
at a temperature of 400 K for powder particles of radius: 1 —50; 2 —1; 3 —0.1 um
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) ) |
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Fig.4. Concentration dependences of the thermoelectric figure of merit of zinc antimonide at
a temperature of 600K for powder particles of radius: 1 —50;, 2—1; 3 —0.1 um

From the figures, firstly, it is evident that in the studied range of concentrations, the charge carrier
gas is nondegenerate or weakly degenerate. Secondly, it is seen that a change in the radius of powder
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particles in the range (1 +50) um or diameter in the range (2 + 100) pm practically does not change the
thermoelectric figure of merit of material. And only transition to the submicron particles of radius 0.1 um
or diameter 0.2 pm reduces the thermoelectric figure of merit of material. This reduction is mainly due to
the fact that Umklapp coefficient u which determines the finite lattice thermal conductivity of materials of
the Zn-Cd-Sb system is essentially greater than unity, and in these materials the lattice thermal conductivity
is decisive.

Moreover, it is seen that at temperatures of 300 and 400 K in the investigated concentration range of
charge carriers there are maxima of the thermoelectric figure of merit of materials, and at a temperature of
600 K the maximum values of the thermoelectric figure of merit of materials are achieved at the end of the
interval.

As regards the specific numerical values of the maximum thermoelectric figure of merit of powder-
based materials of the Zn-Cd-Sb system, in the considered case of zinc antimonide at powder particle
radius, for instance, 50 um, these values at temperatures of 300, 400 and 600 K are 0.268, 0.443 and 0.832,
respectively, and are reached at charge carrier concentrations (6.1-8.2)-10", 9-10" and 10" sm>,
respectively. This result is not only qualitatively but also quantitatively consistent with the experimental
data [1].

Conclusion

1. Transition from single crystals of the Zn-Cd-Sb system to corresponding powder-based materials
with particle diameter (2 + 100) um scarcely changes the thermoelectric figure of merit of materials.

2. Reduction of the thermoelectric figure of merit of materials of the Zn-Cd-Sb system in going from
single crystals to powders with particle diameter less than 2 um is mainly due to the fact that
Umklapp coefficient which is responsible for phonon-phonon scattering at high temperatures and,
hence, forms the finite value of lattice thermal conductivity, in the above materials is essentially
higher than unity.

3. Maximum values of the thermoelectric figure of merit Z7 of powder materials based on zinc
antimonide with powder particle diameter 100 um in the range of charge carrier concentrations
(10'"°+ 10" sm™) at temperatures of 300, 400 and 600K are 0.268, 0.443 and 0.832, respectively,
which is in agreement with the experimental data.
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IactutyT Tepmoenexktpuku HAH 1 MOH VYkpainu, Byn. Haykw, 1,
UYepnisi, 58029, Ykpaina, e-mail: anatych@gmail.com

E®OEKTUBHICTb TEPMOEJIEKTPHUYHUX MATEPIAJIIB
CUCTEMM Zn-Cd-ShHA OCHOBI IOPOULIKIB

Y cmammi nasedeno pesynomamu po3paxyHKy e@eKmusHOCmi MepMOeNeKMPUUHUX — MAamepianie
cucmemu Zn-Cd-Sb na ocnoei nopowixie. Y npoyeci po3paxyHkie 6paxosamo po3scito8anis QOHOHIE
00HO20 HA OOHOMY, 00YMOGIEHe SIK HOPMANbHUMU Npoyecamu, max i npoyecamu NepekuoauHs, d
MAKodC pO3Cit0BAHHS (POHOHIE HA MedHcax 4acmuHok nopowky. OKpim mozo, 8pax08aHo po3cilo8anHs
HOCIi8 3apsady Ha Oepopmayilinomy ROMeHYIani aKyCmuyHuX (DOHOHI6 Ma HA MeXHCAX YACMUHOK
nopowky. Ilpu yvomy epexmusna maca nociig 3apady, mensop I pronaiizena, weuoOKoCcmi no3008X4CHIX
ma nonepeyHux (QOHOHI6 a MAKOJC napamemp NepeKUOaHHs B8ANCAIOMbCI I30MPONHUMU | PIGHUMU
VCepeOHeHUM 3a HANPAMKAMU 3HAYEHHAM KOMNOHeHm 8i0nogioHux meH3zopie. Takooc epaxosano
3ANEAHCHICG  PYXAUBOCI HOCII8 3apsdy 6i0 KOHYeHmMpayii 0OHO3APSOHUX JIe2VIOUUX aKYenmopHUX
Odomiwok. B pezyrbmami po3paxyHKie nokasauo, wo 06e3 empamu mepmoeieKmpuiHoi egpexmugnocmi
01 BUSOMOBGIEHHS 2I0K MEPMONAPHUX MEPMOENEMEHMIB 3aMiCb MOHOKPUCMALIE MOJICHA, KO Ye
MeXHON02IUHO 00YiNbHO, suxopucmosgysamu mamepianu cucmemu Zn-Cd-Sb na ocnosi nopowixis 3
cepeonim diamempom uacmunok (2 + 100) mxm. Pesyromamu po3paxynkie He auwie SKIiCHO, a U
KITbKICHO 1320021CY10MbCs 3 eKcnepumenmanvhumu oanumu. bion. 9, Puc. 4.

Kumiouosi cioBa: cucrema Zn-Cd-Sh, TepMOeIEeKTpUYHHN MaTtepial, TepMOeJIeKTpHYHa e(EeKTUBHICTS,
MOPONIOK, HOCii 3apsmay, (GOHOHHW, PO3CIIOBaHHS, HOPMaJbHI MPOIECH, TPOIECH MEPEKUIAHHSA,
nedopManiiHUi TMOTEHNIaN aKyCTHYHHX ()OHOHIB, KOHLEHTpaIllifiHa 3aJeKHICTh PYXJIMBOCTI HOCIIB
3apsmay.

Topcknii I1.B., ooxm. ¢pus.-mam. nayx

WNucTuTyT TEpMO3nIekTpruecTBa, yi. Hayku, 1, YepHoBupbl, 58029, Ykpanna
e-mail: anatych(@gmail.com

IOPEKTUBHOCTDb TEPMOJJIEKTPUYECKUX MATEPHUAJIOB
CUCTEMBI Zn-Cd-Sh HA OCHOBE IIOPOIIIKOB
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B cmamve npusedenvt pesynvmamol pacuemos @ ekmusHOCmU MepMOIIEKMPULECKUX MAMEPUATOE
cucmemvl Zn-Cd-Sb na ocnose nopowxos. B npoyecce pacuemos yumeno paccesnue ¢pornonos opye Ha
opyee, 00ycroenennoe KAK HOPMANbHLIMU Npoyeccamu, mak u npoyeccamu nepebpoca, a maxoice
paccesinue onoH08 Ha epanuyax uacmuy nopowika. Kpome mozo, yumeno pacceswue Hocumenei
3apada Ha 0ehopmMayuoHHOM NOMEHYUANe aKyCIMUYecKux GOHOHO8 U HA SPAHUYAX YACMUY NOPOWKA.
Ipu smom s¢hpexmusnas macca nocumeneii 3apsoa, mensop I pionaiizena, ckopocmu npoOOIbHbIX U
nonepeuHvIX POHOHO8, A Makdce napamemp nepedpoca npeonoaazaiomcs U30MPORHLIMU U PAGHBIMU
VCPEOHEHHbIM NO HANPABIEHUSIM 3HAYEHUSIM KOMIOHEHN COOMEEMCMEYIowux men3opos. Takoice yumena
3a6UCUMOCMb  NOOBUICHOCIU HOCUMeNel 3apsiod Om KOHYEHMpayuu OOHO3APAOHBIX JNeSUPYIOUWUX
akyenmopuvix npumeceli. B pezyismame pacuemos nokasano, 4mo 6e3 nomepv mepmodNeKmpuiecKoll
apexmusnocmu 0 U3COMOGNEHUsL  GeMBell  MEPMONAPHbIX — MEPMOIIEMEHMO8  6MECMO
MOHOKPUCALIO08 MOJICHO, €ClU 9MO MEXHOLO2UHECKU UYerecooOpasHo, UCNONb308aANb MAMEPUAb
cucmemvl Zn-Cd-Sb na ocnose nopouwikos co cpednum ouamempom wacmuy (2 + 100) mxm. Pesynomamol
pacyemog He MOAbKO KAYeCMBEHHO, HO U KOIUYECHBEHHO CO2NACYIOMCS € IKCHePUMEHMATbHbIMU
oannvimu. bubn. 9, Puc. 4.

KiroueBble ciaoBa: cucrtema Zn-Cd-Sb, TEpMODJIEKTPUYECKHI MaTepuai, TEePMOIJICKTpHUIECKas
3 PEKTUBHOCTD, IIOPOLIOK, HOCUTEH 3apsiia, GOHOHBI, paccesiHue, HOPMaJIbHBIE IIPOLECCHI, TPOLIECCHI
nepebpoca, JehOopMaIMOHHBIN TOTEHIMAT aKyCTHYECKHX (POHOHOB, KOHIIEHTPALMOHHASI 3aBUCHMOCTD
MIOJIBMYKHOCTH HOCUTEJIEH 3apsia.
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RESEARCH ON STRUCTURAL PERFECTION OF
CdSh THERMOELECTRIC MATERIALS
USING X-RAY DIFFRACTION METHODS

In this paper, the results of research on structural perfection of CdSb crystals with different
concentration of Te impurities using complementary X-ray diffraction methods are presented and it is
established at which concentration these crystals are sufficiently perfect. The proof of their high
structural perfection is that they were used to obtain Pendellosung fringes, dynamic oscillations of
X-ray beams. Such perfect crystals with a certain content of impurities can be successfully used to
create thermoelectric devices. Bibl. 10, Fig. 4.

Key words: Te impurities, X-ray diffraction methods, Pendellosung fringes, dislocation, dynamic
oscillations of intensity, rocking curves, wedge-like samples.

Introduction

Manufacturing of optothermoelectric devices, thermoelectric comparators, thermoelectric elements
for indication of radiant fluxes, active photovoltaic devices, thermoelectric sensor elements, etc. [1 — 5],
requires highly perfect profiled or plate CdSh single crystals of different geometric shapes.

One of the main reasons that limit the use of these materials is the complexity of obtaining large and
structurally perfect ChSH single crystals with reproducible stable characteristics. Thus, in CbSh crystals
doped with silver, indium, tellurium, molecules of ChTe, InSh are formed, and their individual phases are
centres for nucleation in the bulk of the crystal of separate twin units, dislocation clusters, and foreign
phase inclusions [6], that resulted in a drastic deterioration of the structure.

The purpose of this paper is to study the nature of structure defects in CdSbh crystals, their structural
perfection depending on technological growth conditions.

To investigate the crystalline structure, complementary methods were used, such as X-ray diffraction
reflection topography (the Berg-Barrett method) and transmission topography (Lang's method) [7] to
visualize the defects that occur during the growing process (twins, small-angle boundaries, dislocations,
foreign phase inclusions, etc.), Pendellosung fringes [8], the method of double-crystal spectrometer [7] to
determine the disorientation between the blocks. It should be noted that these are express and non-
destructive methods, providing an opportunity to obtain the most complete information on the crystalline
perfection of ChSh, which allows adjusting the technological growing processes.

Experimental results and their discussion

Technological processes for growing CdSh crystals were corrected by the results of their studies by
X-ray methods. Structural studies of less perfect crystals were performed by the modified Berg-Barret
method using symmetrical (200), (400) and asymmetrical reflections. This method employed LLF X-ray

12 Journal of Thermoelectricity Ne6, 2017 ISSN 1607-8829
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tube BSM-1 with a focal length of 50 pm, which made it possible to obtain a high resolution of the order of
0.5 um. CdSbh crystals with the additive of 0.5 at % Te after zone levelling at a velocity of molten zone 2
cm/h from the oriented seed comprised blocks, twins and stresses inside the crystal which indicated blurred
images on the topograms. With a reduction of zone velocity to 0.5 sm/h and a decrease in the amount of
impurities to 0.05 at % Te, CbSb crystals were more perfect, comprised large blocks up to 1 sm, with
disorientation of 30 angular seconds.

To create thermoelectric comparators, the method of simultaneously growing many shaped plates
from one seed was used. More perfect CbSh crystals were obtained when the walls of the combined
container were as smooth as possible, which was achieved by coating them with pyrolytic graphite. The
partitions between the grown plates were made of quartz for plane-parallel plates and from graphite and
stamped pyrex. To eliminate the oxides produced during the synthesis and growing in an inert atmosphere,
it is possible to use the asymmetry of zone heaters, which create the inclination of the crystallization front
at an angle to the direction of growth, ahead of the formation of a solid phase in the lower part of the ingot.
Then the surface area of the melt crystallizes in the last place perpendicular to the bottom of the cross-
section, and the condition of the surface of the melt does not result in the formation of a block structure.

Fig. 1 shows a topogram obtained by the Berg-Barret method from a non-block crystal — CbSb plate:
0.005 at. % Te.

Fig. 1 Topogram of CbSb crystal: 0.005 at.% Te.
CuKo-radiation, reflection (004). x12.

Crystal that comprised no blocks, twins and other defects were investigated by the method of
double-crystal spectrometer (n,-m) — Si (220). On these very crystals, using double-crystal spectrometer
(n, -m) — Si (220), the values of half-width of rocking curves for reflections {200}, {400} were taken.
Quantitative assessment of the degree of perfection of crystals under study was done by comparing the
experimentally obtained values of the half-width of rocking curves 0., with the theoretically calculated
value 0., Which is determined by the half-widths of lines of monochromator (S7) 8,, and CdSh sample
(O5ampie) and the dispersion of device D*AN:

0

theor sample

= (02 +62,,,, + D?An?)" (1)

The contribution of the half-width of rocking curve for a perfect crystal is determined by the
formula:

_2-C-y,
“ " sin20

where C = 1, for 6-polarization; C = c0s20, for m-polarization, 7y is crystal Fourier component.

For reflections (200), (400) of a perfect CdSh crystal, the theoretical values of the half-width of
rocking curve are ~ 14.5", 12.3, respectively. For real crystals, 0.,,>0.,-» Which is due to the presence of
structure defects and micro imperfections. By broadening the rocking curves A, the density of dislocations
Nd was determined, which serves as a quantitative estimate of crystals perfection:
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AO?

N =—ow 2),
¢ 942.p° @)

where AO = (Ozexp - Oztheur)“ 2, b is the Burgers vector.

It follows from the calculations that the average density of dislocations in CdSb crystals is in the
range from 3-10° to 10° sm™. The number of different structure defects depends on the conditions of
growing and the content of doping impurities.

For a clearer idea of the dislocation structure of the most perfect CdSh crystals, Lang's method for
thin specimens in which pt < 1, p is the linear absorption coefficient, t is the crystal thickness, the
Pendellosung fringes method, and also the dynamic oscillations of X-rays by tilted crystal method were
used [8]. For ChSb crystals, the absorption coefficient p is ~ 380 sm™, so the thickness of the samples in
Lang's method should not exceed 50 um. The studies of the dislocation structure of crystals were carried
out on wedge-like and plane-parallel samples. Wedge-like and plane-parallel samples were prepared by
mechanical grinding, with subsequent removal of the damaged layer by chemical-mechanical polishing and
chemical etching. The input surfaces of the samples were perpendicular to crystallographic directions
[100], [001]. The wedge-like samples had the angle of ~ 2°. The edge of the wedge for the samples with
the input plane (100) coincided with the direction [010], for samples with the input plane (001), coincided
with the direction [100].

Fig. 2a,b represents topograms of Pendellosung fringes from wedge-like samples of plate CbSb
single crystals doped with Te in the amount of 0.005 at.%, grown at a rate of 0.5 sm/h.

Fig.2. Pendellosung fringes from wedge-like samples of plate CdSb crystals.
a) — middle part of the plate, b)- plate edge. Mo Ko —radiation, reflection (004). x16

The presence of Pendelldsung fringes and their fairly clear image shows that structural perfection of
these crystals is high, the density of dislocations is rather small and they are close to non-dislocated
crystals. On such crystals, as shown in [8,9], one can obtain the phenomenon of dynamic oscillations
(Pendellosung) at X-ray diffraction, as well as observe the dynamic oscillations at X-ray diffraction by
tilted thin crystal method. Thin samples of put < 1 ChSh doped with Te in the amount of 0.005 % at.% were
made using a special method when a 10 mm wide slit was polished on one side of a plane-parallel plate to a
depth of 1/3 of the plate thickness. Turning the plate 90 ° from the opposite side, the same slit was polished
to a depth of 1/3 of the plate thickness, owing to which the "window" in the centre of the plate was 1/3 of
the plate thickness, and the cut (matrix) was 2/3 of the plate thickness. Processing was performed on M-5
abrasive powders and finishing — on ACM-2/1 diamond pastes with final removal of damaged layer and
subsequent chemical etching to a depth of 30-50 um. The input surfaces were perpendicular to
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crystallographic directions [001], [100]. This method of manufacturing thin samples made it possible to
avoid deformations when attaching them during the study.

Fig. 3. Topograms of thin plate samples of CdSb. Reflection (004),
a- sample edge, b — sample centre. x12.

Fig.3a,b shows topograms from plane samples of CdSh: 0.005 at. % Te in M,K,;- radiation with the
use of reflection (004). On topograms there are dislocations in the form of light lines the average density of
which does not exceed 10 lines/sm’. The contrast of dislocations is maximal, when diffraction vector g and
the Burgers vector b are parallel, and disappears when they are mutually perpendicular. Taking of
topograms from the same crystal site using different reflections made it possible to establish that the
preferred direction of dislocations coincides with [010].

From the non-dislocation sites of CdSb crystal (Fig.3b) by tilted crystal method (the thickness of the
crystal increases), dynamic oscillations were obtained at the diffraction of MoKal radiation (Fig. 4). It is
known [4,5] that for an absorbing perfect crystal in the symmetrical Laue case the thickness dependence of
the integral coefficient of reflection in the two-wave approximation can be represented as follows:

24,

R :%exp{—uot/(coseo cosa)}{j JO(X)dx+IO(2ALk)—1+bc[J‘02AlI Jo(x)dx+lo(2A"k)—l}} 3)

where C = 1 (cos0) for o(r) polarization, Jy(x) is zero-order Bessel function, /y(x) is modified zero-order
Bessel function, k = Fyi/Fy, , b = 1 for non-polarized incident radiation, 4= e27»|F H|e'Mct/mcchos9cosa ,
Fy is structural factor. Other notations are generally accepted. For a non-absorbing crystal, function R’} is
periodic at high values of argument 24, the period of which is averaged with respect to polarizations and
extensional distances:

A =2mt(1+cos20)" 4, 4

The tilted crystal method is to increase the path of rays in the crystal t = t;seca/cosd by turning it
around the normal to the reflecting planes while maintaining the diffraction condition. The main criterion
for setting the crystal was the invariance of the Bragg reflection angle in the process of tilting the crystal.
Micrometric screws were used to provide a smooth tilt of the crystal to within 20 arc minutes, which made
it possible to obtain an experimental dependence of the intensity of the symmetric Laue reflections on the
thickness of CdSb crystal (Fig. 4).
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Fig. 4. Experimental and calculated dependences of intensities
on the thickness of CdSb crystal. MoKa.,; - radiation, reflection (004).

From Fig.4 it is seen that with increasing crystal thickness there is extinction of oscillations which is
caused by polarization effect. There is a clear shift of intensity maxima to thin crystal part, and minima — to
the thick crystal part. Comparison of experimental data to those calculated by formula (3) shows a good
coincidence of positions of maxima and minima.

It should be noted that the dependence R";() is an aperiodic function, and the location of extremes is
found from equation dR”(f)/d(24,) = 0. Coordinates of extremes of function R';(24,) depend on the
absorption and polarization of radiation incident on the crystal. Determination of the experimental position
of the maxima and minima makes it possible to determine the values of structural amplitudes, using the
relationship:

24" V cos0
|Ful == (5)
t" 2rhexp{-M}

where ¢ is measured crystal thickness which corresponds to the n—th extreme of function R'(?).
When calculating by formula (5) the value |Fyo4| equals 512.6 + 0.4. The measurement was performed at a
temperature of 293 K with regard to temperature factor exp{-M}=0.981. For other reflections, the values of
structural amplitudes determined from the dynamic oscillations at X-ray diffraction by tilted CdSb crystal
method are equal to: Fop0=218.5+ 0.4, Foo=246.8 + 0.2, Foos=512.6 + 0.4, Fo4o = 353.7 £ 0.5. Structural
amplitudes that we determined from the dynamic oscillations by tilted CdSb crystal method are in good
agreement with those calculated theoretically [10].

CdSb single crystals: 0.003 + 0.005 at.% Te were sufficiently perfect with the density of dislocations
from 10 to 100 lines/cm’, and can be successfully used to manufacture thermoelectric devices, infrared
filters, the surfaces of which coincide mainly with (100). In this direction [100], crystal plates offer the
highest mechanical strength. The proposed method for making thin samples provides an opportunity to
obtain reliable information on the structural perfection of CdSbh single crystals. The presence of
Pendellosung fringes and dynamic oscillations at X-ray diffraction makes it possible to argue that CdSh
single crystals are almost non-dislocated.
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Conclusion

The complementary X-ray diffraction methods were used to determine the content of doped

impurities 10° — 107 at.% that are uniformly distributed in CdSh single crystals and the density of

dislocations in them is about 10> sm?, which can be helpful in the manufacture of thermoelectric and

optical devices. The Pendellosung fringes and dynamic oscillations of X-ray diffraction were obtained on
these crystals which testify to their high perfection.
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Y pobomi npedcmasneni pesyromamu 00caiodicenus cmpykmypHoi dockonanocmi kpucmanie CdSbh 3
pisnoto Konyenmpayiero oomiwok Te 3 suxopucmanuam zacmooonoguioroyux X-Ray oupparyitinux
Memo0dis, i 6CMAaHOBIEHO, NPU AKIll KOHYeHmpayii yi kpucmaiu € docums 00CKoHanumu. JJokazom ix
BUCOKOI CMPYKMYPHOI 00CKOHAIOCMI € me, WO 3 00NOMO2010 HUX OYIU 00ePAHCAHT MAMHUKOBI CMY2U,
ounamiyni ocyunayii inmencusnocmi X-Ray npomenis. Taxi 0ockonani Kpucmanu 3 neGHUM GMICMOM
OOMIWOK, MOXNCYMb OYMU YCRIWHO BUKOPUCMAHI Ol CMBOPEHHA MepMOeNeKMPUUHUX NPUIaodis.
bi6n. 10, Puc. 4.

KimrouoBi caoBa: nmomimku Te, X-Ray nudpakiiiHi MeTOIW, MasSTHUKOBI CMYTH, IHCIOKAIIif,
JMIUHAMIYHI OCIMJISIIT IHTCHCUBHOCTI, KPUBI TOMIAHHSI, KIMHOIOAI0HI 3pa3KH.

ladgpanrok B.IL. doy., kano. ¢us.-mam. nayx,
IMpouak T.B. doy., kano. meduyunckux Hayx

Bricmiee rocynapctBeHHOE yueOHOE 3aBe/ieHue Y KpauHHI,
«byKOBHHCKUI TOCYAAPCTBEHHBIM MEIULIMHCKUN YHUBEPCUTET,
TeatpanbHas miomanp, 2, r. Yepuosupsl,58000, Ykpanna
e-mail: Petro.gryg@yahoo.com

NCCIEJOBAHUE CTPYKTYPHOI'O COBEPIIEHCTBA
TEPMOJJIEKTPUYECKUX MATEPHUAJIOB CdSh
PEHTTEHOAU®PAKIIMOHHBIMU METOJAMMU

B pabome npedcmasnenvi pezynvmamel uccie008anus CMpPYKMypHO20 COBEPULEHCMEA KPUCHMALIO8
CdSb ¢ pazmuunoii  xonyewmpayueu npumecerl Te ¢ UCNOAb308AHUEM  83AUMOOONOIHAIOUSUX
PEHM2eHOOUDPAKYUOHHBIX MEMOO08, U YCMAHOGIEHO, NPU KAKOU KOHYEHMpAayuu >3mu Kpucmaiivl
AGNAIOMCSE  OOCMAMOYHO — COGEPUIEHHbIMU.  [[0KA3amenbCmeom — UxX — 8bICOKO20 — CHPYKMYPHO20
COBEPUIEHCMEA  CIYICUM O, YMO C NOMOUWbI0 UX OblLIU NOLYUEHbl MAAMHUKOGblE NONOCHL U
OUHAMUYeCKUe OCYWLIAYUU UHMEHCUBHOCTU PEHM2eHO8CK020 usnyuenus. Takue cogepuieHHbvle
KPUCMANIbL C ONPedeNleHHbIM COOepICanuemM npumecell, mMoeym Obimb YCHEWHO UCHOAb3068AHbl OJisl
co30anus mepmoaiekmpuyeckux npudopos. buon. 10, Puc. 4.

KarueBble ciaoBa: mnpumecu Te, peHTTCHOAM(DPAKIIMOHHBIC METOMABI, MAasSTHUKOBBIC ITOJIOCHI,
JUCTIOKAIMs, JUHAMHYECKAE OCHWUISLUM WHTEHCUBHOCTH, KpHUBBIC KadaHUs, KIMHOOOpa3HbIe
00pasIrbl.

18

Journal of Thermoelectricity Ne6, 2017 ISSN 1607-8829



Shafraniuk V.P., Protsak T.V.
Research on structural perfection of CdSb thermoelectric materials using X-ray diffraction methods

References

1.

10.

Ashcheulov A.A., Gutsul L.V., Rarenko A.l., Voronka N.K. (1997). Anisotropic thermoelectric
batteries based on cadmium antimonide. J. Thermoelectricity, 3, 65-68.

Ashcheulov A.A., Gutsul LV., Rarenko A.l. (1993). Anisotropnyi termoelement vnutrennego
opticheskogo otrazheniia [ Anisotropic thermoelement of internal optical reflection]. Ukrainian J. of
Physics, 38(6), 923 [in Russian].

Ashcheulov A.A., Gutsul LV.,, Rarenko A.l. (1998). Issledovaniie eletrodvizhushchei sily i
koeffitsienta poleznogo deistviia anisotropnykh optikotermoelementov [Research on the
electromotive force and efficiency of anisotropic optothermoelements]. Ukrainian J. of Physics,
77(3), 538-541 [in Russian].

Ashcheulov A.A., Gutsul 1.V., Rarenko A.L. (1998). Koordinatno-chuvstvitelnyi anizotropnyi datchik
lazernogo izlucheniia [Coordinate-sensitive anisotropic sensor of laser radiation]. Tekhnologiia i
Konstruirovaniie v Elektronnoi Apparature, 3, 42 [In Russian].

Ashcheulov A.A., Gutsul L.V., Rarenko A.l. (1999). Metod “prozrachnoi stenki” dlia kontrolia
luchistykh potokov razlichnoi moshchnosti [The “transparent wall” method for control of radiant
fluxes of various power|. Tekhnologiia i Konstruirovaniie v Elektronnoi Apparature, 2-3, 33-36
[In Russian].

Kosenkov E.M., Rarenko A.I., Shafraniuk V.P., Zaiets L.I. (2004). Research on structural perfection
of CdSb crystals for thermoelectric converters depending on the technology of their growth and
doping. J. Thermoelectricity, 3, 52-59.

Shafraniuk V., Dremliuzhenko S., Solodin S., Fodchuk P. (2017). Technological conditions’ effect on
structural perfection of Cd; Mn,Te crystals. Functional Materials, 24(4), 649-653.

Shafraniuk V. (2014). Maiatnykovi polosy v krystalakh i realna struktura CdTe [Pendellosung
fringes in crystals and real structure in CdTe.] Materialy mizhnarodnoi naukovo-praktychnoi
konferentsii “Informatsiini tekhnologii, ekonomika i pravo: stan ta perspektyvy rozvytku” — Proc. of
international scientific and practical conference “Information technologies, economics and justice:
state-of-the art and development prospects” (Chernivtsi, 2014). [in Ukrainian].

Kato N. (1961). A theoretical study of Pendellosungfringes. Part II. Acta Cryst., 14 (5), 526-532.
Cromer D. T. (1965). Anomalous dispersion corrections computed from self-consistent field
relativistic Dirac-Slater wave functions. Acta Cryst., 18(1), 17-23.

Submitted 29.12.2017

ISSN 1607-8829 Journal of Thermoelectricity Ne6, 2017 19



V.A. Romaka Doctor tech sciences"?, L.P. Romaka Candidate chem sciences’,
P.-F.Rogl Doctor physics®, V.V. Romaka Doctor tech sciences **,
Yu.V.Stadnyk Candidate chem sciences , A M.Horyn Candidate chem sciences ,
I.M.Romaniv’, LR.Opirskyy Candidate tech. science®

'Ya. Pidstryhach Institute for Applied Problems of Mechanics and Mathematics
National Academy of Sciences of Ukraine, 3-b, Naukova Str., Lviv,
79060, Ukraine; e-mail: vromaka@polynet.lviv.ua;

*National University “Lvivska Politechnika”, 12, S. Bandera Str., Lviv,
79013, Ukraine; e-mail: vromakal@gmail.com;

*Ivan Franko National University of Lviv, 6, Kyryla and Mefodiya Str.,
Lviv, 79005, Ukraine; e-mail: stadnyk yuriy@franko.lviv.ua;
*Universitit Wien, 42, Wihringer Str., Wien, A-1090, Osterreich;
e-mail: peter.franz.rogl@univie.ac.at.

ELECTRONIC STRUCTURE OF ZrNi;Rh,Sn THERMOELECTRIC MATERIAL

The features of the electronic and crystalline structures of ZrNi; .RhSn thermoelectric material which are
based on the simultaneous generation of structural defects of acceptor and donor nature are studied. The
mechanism of generating structural defects of the donor nature and the corresponding donor zone D2 is
shown, as a result of the occupation by the Ni atoms of tetrahedral vacant sites (vacancies). Substitution of Ni
by Rh in the 4c position of ZrNi; .Rh,Sn generates structural defects of acceptor nature and generates in the
bandgap the impurity acceptor zone €A1, which together with the existing donor zone eD2 makes the
semiconductor heavily doped and strongly compensated. The dependence of the bandgap eg of n-ZrNiSn and
ZrNiRh.Sn is determined as a function of Ni concentration at tetrahedral vacant sites, and also in the case of
vacancies in the 4a position of Zr atoms and acceptor zone €42. Bibl. , Fig. .

Key words: electronic structure, resistivity, Seebeck coefficient.

Introduction

In the study of semiconductor thermoelectric material ZrNii_Rh.Sn [1] an interesting feature of the
behavior of the Fermi level e was found depending on the temperature and concentration of R4 impurity
atoms, which n-ZrNiSn base semiconductor was doped with at optimization of kinetic characteristics for
obtaining the maximum efficiency of thermal energy into electrical energy conversion [2]. This made it
possible for the authors to suggest that, either in ZrNi,_Rh.Sn simultaneously with the acceptors €4, donors
ep’ of unknown origin are generated with ionization energy greater than that of the acceptors, or these
donors ¢, already exist in the base semiconductor n-ZrNiSn. In so doing, the mechanism of generating
donors ¢, differs from the mechanism of "a priori doping" [3], according to which the crystalline structure
of the compound ZrNiSn (structural type MgAgAs, space group F43m [4]) is disordered as a result of a
partial, up to 1 % (z = 0.01) filling with atoms of Ni (3d*4s”) of the 4a position of Zr atoms (4d25s2), which
generates donors €' (Ni has more d-electrons).

In [1] it was established that in ZrNiRhSn at a temperature of 7=80 K and the lowest
concentration of R4 (x = 0.005) the sign of the Seebeck coefficient a(x) is positive, since substitution of Ni
atoms by Rh(4d"5s") generates in crystal structural defects of acceptor nature (Rh has less s-electrons), and
the Fermi level € is arranged close to valence band &y. In a semiconductor, such a change in the sign of
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a(x) occurs when, for example, the concentration of acceptors exceeds the concentration of donors,
provided that the values of their ionization energies are close, or when donor ionization energy is greater
than that of acceptor, and the temperature is sufficient for the acceptor ionization and too low for electron
throw into conduction band (donor ionization) [5]. In its turn, the behavior of the Fermi level g of Zrii,.
RhSn at a temperature 7= 80 K is a classical reaction of n-type semiconductor doped with acceptors,
which makes it heavily doped and strongly compensated [5]. We note that the behavior of the Fermi level
er and of the Seebeck coefficient a(x) of ZrNi\.Rh.Sn were similar even at the higher concentrations of R/,
in particular for x = 0.01 ta x = 0.03.

However, in ZrNi; .Rh,Sn, x =0.005, x =0.01 ta x=0.03 with a rise in temperature, 7;,,> 254 K,
Ty =295 K and Ty > 362 K, respectively, the sign of the Seebeck coefficient became negative (as in n-
ZrNiSn[3]). It means that at these concentrations of R4 the Fermi level g of thermoelectric material ZriNi;.
Rh.Sn with a rise in temperature drifts from the valence band &, (low temperatures) to conduction band &¢
(high temperatures), intersecting hereby the midgap &, (full compensation of semiconductor) at
temperatures T, ~ 254 K, Ti,y= 295 K and T;,,= 362 K. And this is despite the fact that the concentration
of acceptors is much in excess of the concentration of donors €5' of “a priori doping” [3] of n-ZrNiSn. This
behavior of the Fermi level gxof ZrNiy.Rh,.Sn shows that in the crystal simultaneously with the acceptors ¢,
there are donors e,° of unknown origin with greater ionization energy than that of acceptors, and the
change in temperature leads to a change in the compensation ratio (the ratio of ionized acceptors and
donors) of the semiconductor thermoelectric material.

The authors [1] outlined the most probable variants of the spatial arrangement of atoms in ZriNi,.
«Rh,Sn, which generates acceptors and donors in the crystal.

Thermodynamic calculations have established that it is energetically favourable to substitute Ni
atoms in the 4c crystallographic position by RA atoms, which generates structural defects of acceptor
nature, with accumulation of part of Ni atoms at tetrahedral vacant sites, which creates structural defects of
donor nature. However, this information was not enough for a final understanding of the mechanism of
generation of donors £,° since the results of thermodynamic calculations directly relate to the structural
studies of ZrNi,_.Rh,Sn and do not allow them to be bound to electrokinetic studies [1].

The proposed work solves this problem. Based on the calculations of the distribution of the
electronic density of states (DOS) for all possible variants of the spatial arrangement of atoms in the nodes
of the elementary cell and in the interstitial sites of ZrNiRh.Sn, a mechanism was found for the
generation of structural defects of acceptor and donor nature which generate the corresponding energetic
levels (zones) €, and €, in the bandgap and are also consistent with the results of kinetic studies [1].

Investigation procedures

Calculations of the electronic structure ZrNi; Rh,Sn were performed by the Korringa-Kohn-Rostoker
method (KKR) in coherent potential approximation (CPA) and local density approximation (LDA) [6]. The
value of constant unit cell in k-space of size 10x10x10 and parametrization type of Moruzzi-Janak-
Williams exchange-correlation potential were used [7]. The width of energy window was 22 eV, and the
accuracy of calculating the position of the Fermi level gz was +8 meV for 1000 energy values.

Research on the electronic structure of ZrNi; .Rh,Sn

To predict the behavior of the Fermi level € the bandgap €, and the kinetic characteristics of
ZrNi Rh.Sn, the electronic density of states (DOS) was calculated for several variants of spatial
arrangement of atoms in the unit cell nodes (or their absence — vacancies) and in the interstitial sites.
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a) In the “ideal” (ordered) model of n-ZrNiSn structure (Fig.1a) atoms occupy positions according to
structural type of MgAgAs[4]. Doping of n-ZrNiSn with acceptor impurity R4 (substitution of Ni atoms in
the 4c position) generates structural defects of acceptor nature and creates impurity acceptor zone ¢,'. This
doping forces the Fermi level g to drift from conduction band &c to valence band €, to intersect it at
concentration x = 0.05 (Fig. 2): there will be dielectric-metal conductivity transition (Anderson transition [5, 8]).

", ~

Fig. 1. Transformation of crystalline structure of ZrNiSn compound (a) into ZrNi,Sn (b)
at accumulation of excess Ni atoms at tetrahedral vacant sites of the structure
(occupation of Vac by Ni atoms).

Calculations show that at the lowest concentrations of R/ atoms the electronic density of states at the
Fermi level g(er) of ZrNi,..Rh,Sn will first decrease, passing through the minimum at intersection by & of
the midgap &,(x = 0.025), and then will monotonously increase. Moreover, at intersection by the Fermi
level €r of the midgap €, and further drift towards valence band ¢y, the type of conductivity of ZrNi,.Rh.Sn
will change because of change in compensation ratio (the holes will become majority carriers) and the
bandgap &, will decrease.

>

ZrNi | ._.Rh_. Sn

4 o

DOS, States/eV

Fig. 2. Calculation of the distribution of the electronic density of states DOS for
a “perfect” (ordered) model of ZrNi; .Rh,Sn structure.

The model of ZrNi;.Rh,Sn electronic structure (Fig. 2), calculated on the basis of ordered
crystalline structure (Fig. 1a), cannot be taken as a basis for analyzing the results of electrokinetic
research [1], because in principle does not involve the appearance of donors the presence of which
is proven by the results of the experiment.

b). In [9,10], the authors first highlighted and studied the features of ZrNiSn crystalline
structure which essentially redistributes the electronic density of states DOS (Fig. 3).
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Fig. 3. Calculation of the distribution of the electronic density of states DOS of ZrNi[Ni, ] Sn.

According to the results of experimental studies [1] it was established that in the electrical
conductivity of ZrNi,_.Rh,Sn, x > 0.01 electrons are involved which in the model of “a priori doping” [3] at
such Rh concentrations must be absent due to structure ordering. This forces one to consider in more detail
the mechanism of generation of structural defects of donor nature. The specific feature of ZriNiSn
crystalline structure is the presence of tetrahedral vacant sites (Fig. 1a) which occupy ~ 24 % of unit cell
volume. The authors [9,10] revealed the effect of accumulation of excess atoms of Ni, ., (later [Vi,]) at the
vacant sites of ZrNiSn structure without structure variations to concentrations of y < 0.30, and compound
formula is transferred into ZrNi/Ni,/Snh.

ISSN 1607-8829 Journal of Thermoelectricity Ne6, 2017 23



V.A.Romaka, L.P.Romaka, P.-F.Rogl, Yu.V.Stadnyk , V.V.Romaka, A.M.Horyn, I. M.Romaniv, I.R.Opirskyy
Electronic structure of ZrNil-xRhxSn thermoelectric material

On the other hand, the analysis of the phase equilibrium diagram of the Zr-Ni-Sn system showed that
alongside with the compound ZrNiSn here is a related compound ZrNi,Sn (structural type MnCu,Al spatial
group Fm3m [4]). The term “related” means the following. Assuming that the tetrahedral vacant sites in
the ZrNiSn structure (Fig. 1a) are occupied by Ni atoms and considering the vacant site as a vacancy (Vac)
of the 4d crystallographic position in the ZrNi,Sn structure (Fig. 1b), the occupation by [Ni,] atoms of the
4d position (filling the vacancy) will change crystal symmetry, and at certain concentrations of Ni the
compound ZrNipSn is formed. In this context, it is important to note that due to different symmetry of
ZrNiSn and ZrNi,Sn compounds there is no continuous solid solution between them [4]. This means that up
to concentrations of y <0.30 [NVi,] atoms generate structural defects of donor nature in ZrNiSn, and at
higher concentrations (y > 0.30) already in the structure of the compound ZrNi,Sn, additional N atoms will
fill the 4d crystallographic position. It also turned out that the bandgap ¢, of ZrNi/Ni,/Sn depends on the
concentration of [Vi,] at the vacant sites.

Fig. 3 shows the results of refined calculation of DOS for ZrNi/Ni,/Sn. The point is that in [9,10] at the
calculations of DOS the width of the energy window was 16 eV, which is insufficient to get the exhaustive
information on the distribution of the electronic density of states. For this reason, we performed calculations of
DOS of ZrNi/Ni,/Sn for the width of the energy window 22 eV, the results of which are shown in Fig. 3. We
can see that in the n-ZrNiSn, the Fermi level g is located near the conduction band €., while at the lowest Ni
concentrations in the 4d position near the & zone, the donor region ey’ is formed on which g is arranged. Such
doping is accompanied by reduction of compensation ratio and bandgap €,0f thermoelectric material (Fig. 4).

5004 4

ZrNi[Ni |Sn

450+
=
2 400+
w‘—f. &,

350 \a

“\‘
4 "‘\\_\‘
300 T

[}.f}lﬂﬂ U.UI(IZ (].d(l-i 0,(30(] '[J.L;Ug U.!;]{l
¥ (Ni in 4d)

Fig. 4. Change in the values of bandgap &, of ZrNi[Ni,]Sn.

With increase in concentration of [NVi,], the Fermi level e will intersect the bottom of conduction
band &¢: there will be dielectric-metal conductivity transition (Anderson transition) [5,8]. It should be noted
that in the experimental studies [1], the heavy doping of n-ZrNiSn by Rh impurity also led to a decrease (~
2.5 times) of the bandgap width &, of ZrNi,..Rh.Sh.

It is important to specify that in the experimental studies the compensation ratio is determined as the
ratio between ionized acceptors and donors, and ionization process proper (throw of carriers to continuous
energy zones) depends on the temperature (carrier energy). In case of calculations it is a priori assumed
that acceptors are ionized, so compensation ratio is determined as the concentration ratio of acceptors and
donors. In addition, under the term "bandgap" &, we mean the energy gap between the vertices of
continuous energy zones and not between the mobility thresholds [8] of these zones or the "tails" of the
zones [5]. Thus, occupation by Ni atoms of tetrahedral vacant sites ([Ni,]) in the structure of compound
ZrNiSn is an efficient mechanism for generating structural defects of donor nature, reducing simultaneously
the value of bandgap ¢, and compensation ratio.
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c¢) The third model studies the influence on the location of the Fermi level &7 and the value of €, of
the substitution of Ni atoms by R/ in the 4c¢ crystallographic position at the presence at tetrahedral sites of
various concentrations of Ni atoms: ZrNi\_.Rh.[Niy o0/ Sn (Fig. 5) ZrNi\ .Rh.[ Nij 004/ Sn (Fig. 6).
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Fig. 5.Calculation of the distribution of the electronic density of states DOS of ZrNi; .Rh.[Nig 9] Sn.

As can be seen in Fig. 5, in ZrNi[Niy o,/ Sn the Fermi level ¢ is located in donor band ep” close to
the bottom of conduction band &c. Introduction into ZrNi[Nigo,/Sn of the lowest in the experiment
concentration of impurity RA (x = 0.005) generates structural defects of acceptor nature and impurity
acceptor zone €', which does not lead to apparent motion of the Fermi level &7 from conductivity band
deep into bandgap &,. During the experimental investigations, at ionization of acceptors and donors, the
electrical conductivity of ZrNije9sRho 005/ Nio.ooz/Sn will be determined by electrons which will cause
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negative values of the Seebeck coefficient a(x). The Fermi level e behaves in a similar way at higher

concentrations of impurity RA in ZrNi o9Rhg 1/ Nio 002/ Sn.
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Fig. 6.Calculation of the distribution of the electronic density of states DOS of ZrNi; .Rh.[Nig gp4] Sn.

In the case of ZrNiy¢7Rho 03/ Nio.002/Sn the Fermi level gf is located close to the midgap €,, and the
sign of the Seebeck coefficient a(x) is extremely sensitive to the smallest changes in semiconductor
compensation ratio. And only at concentration ratio Ni/Rh of thermoelectric material
ZrNigosRho o5/ Nio 002/ Sn the Fermi level g will come to the ceiling of the valence band €y, which will lead
to inversion of the electrical conductivity type, and holes will become the majority carriers. With increase
in the concentration of Rk impurity (x =0.10), the Fermi level g will intersect the valence band ¢, and
conductivity of ZrNiggoRhg 10/ Nio.o0o/Sn will be metallic in nature (Anderson transition will take place
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[5, 8]). Note that the obtained results of calculating the behavior of the Fermi level €, the bandgap &,, the
Seebeck coefficient a(x) of ZrNi\_.Rh,[Niy o0/ Sk coincide with the results of experimental studies [1].

For comparison, we give the results of calculating DOS for greater concentration of Ni atoms
(»=0.004) at tetrahedral vacant sites (Fig. 6). Thus, due to considerable concentration of generated
structural defects of donor nature and the absence of RA impurity atoms, the Fermi level g of
ZrNi[Nip 04/ Sn is arranged in the resulting donor band ep> which merged with the bottom of conduction
band gc, having formed a “tail” of the band [5] (or mobility threshold [8]). With increase in Rh
concentration to the values x = 0.005 — 0.03, there will be neutralization of donors and compensation ratio
of ZrNi\_Rh.[Niy 004/ Sn will increase, which will force the Fermi level gxto leave the impurity donor band
ep” and drift toward the midgap &,. The inversion of conductivity type of ZrNi,.Rh,[Niy 4/ Sn will occur at
Rh concentrations x > 0.05, when holes will become the majority carriers. Note that the behavior of the
Fermi level €r in the model of ZrNi\_.Rh.[Niy o4/ S differs from the results of the experiment [1].

d) Let us consider another variant of spatial arrangement of atoms in ZrNiSn and ZrNi,Rh,Sn, that
demonstrates mechanisms of generation of structural defects of acceptor and donor nature, as well as
allows efficient control of the position of the Fermi level €7 and the bandgap ¢, of thermoelectric material .
Recall that the mechanism of ““a priori doping” of n-ZrNiSn [3] involves the presence of vacancies in the 4a
crystallographic position of Zr atoms that are occupied by Ni atoms, generating in this case the donor band
ep'. We were interested in the way how DOS, the position of the Fermi level &7 and the bandgap g In
n-ZrNiSn and ZrNi,..Rh,Sn will change in the case when vacancies (L) in the 4a position of Zr atoms are
not occupied by Ni atoms, but part of Ni atoms will fill tetrahedral vacant sites of ([Vi,]) structure?

Fig. 7 shows the results of calculating DOS for Zr,,Ni/Ni,/Sn (a) and Zr,;Ni,..Rh,[Ni,]Sn(b) in the
presence of vacancies (1) in the 4a position of Zr atoms, and Ni, atoms in the 4d position ([NVi,]). In both
cases the concentration of vacancies in the 4a and Ni atoms in the 4d is the same: A = 0.0016, y = 0.0018.

1.0 1.0+
Zr. Ni[Ni ]Sn \ Zr, Niy gos NiJRR, 051
I-4 !
o 081 0.8
175 | @ i ‘+r-
%U(} '|| | rw\) %U'(} (Cr & )
3 0.4 . - o 0.4 €. =
& e\ &, > 4 £\ ;
Q 1 l' ll 1 Q 1 3
0.2 ) 0.2 4 1
\/\g ' i
2/ '
-0.50 -0.25 0.00 0.25 0.50 -0.50 -0.25 0.00 0.25 0.50
g eV g, eV
a) b)

Fig. 7.Calculation of the distribution of the electronic density of states DOS of Zr,,Ni[Ni,]Sn (a)
and Zr ;Ni|Rh[Ni JSn (b) at concentrations: 2=0.0016 and y=0.00186.

In the case of Zry.,Ni[Ni,/Sn, vacancies generate energy acceptor levels in the bandgap, and acceptor
zone €.~ was formed close to valence band &, (Fig. 7a). At the same time, Ni atoms in the 4d position
generate donor levels, and donor zone &, appears close to conduction band &c. As long as the concentration
of donors (y=0.0018) is greater than the concentration of acceptors (4 =0.0016), the Fermi level g is
fixed in the donor zone SDZ.

The presence of vacancies in the 4a(\) position of Zr atoms, just as Ni atoms at tetrahedral vacant
sites of the structure leads to decrease in the values of bandgap €, of n-ZrNiSn (as in the experiment [1])
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and is the mechanism of generating the defects of acceptor and donor nature. Fig. 8 shows a dependence of
bandgap €, of Zr..Ni[Niy/Sn on the concentration of vacancies (A). It is seen that the values of &,
decrease from the values of ¢£(y=0.002)=244 meV to ¢&(y=0.003)=220 meV and
g(y =0.01) = 146 meV.

207 \ 2y Nif N';lr.tm /Sn
2204 .

200+ \

g, meV

180+

160

140

0.002 0.004 0.006 0.008 0L.010
A (Vac in 4a)

Fig. 8.Change in the values of bandgap e, in Zr; ;Ni[Niy gy, Sn.

Increasing the concentration of donors in n-ZrNiSn by increasing the concentration of Ni at
tetrahedral vacant sites to y = 0.003, we can retard decreasing the values of bandgap €, of Zr,.,Ni/Nij 903/ Sn,
for instance, from the values of &, (y = 0.002) =249 meV to &, (y = 0.003) =226 meV. Note that in the
calculation of DOS (represented in Fig. 7a) in Zr;Ni/Ni,/Sn semiconductor, A =0.0016 and y =0.0018,
the bandgap €,= 252 meV.

In the case of thermoelectric material Zr_;Niy 99sRho 005/ Nio.0o1s/Sh, 4 = 0.0016, the Fermi level & left
the donor zone ep” (Fig. 7b) and was arranged at the edge of acceptor zone formed by two zones ¢,' and
e . It is seen that in Zr1,:Nig 995R N 005/ Nig.0013/Sn the donor zone is the same as in the case of Zr|_;NiSn, and
the acceptor zone became more powerful due to a greater concentration of acceptors (e, and €,°). Such a
transformation of the acceptor zone is understandable, since in the semiconductor thermoelectric material
there exist two mechanisms for generation of acceptors:

— substitution of Ni atoms by Rhy in the 4c position (generation of acceptor zone €,');

— the presence of vacancies (A) in the 4a position of Zr atoms (generation of acceptor zone &,°) .

The represented approach to simulation of energy levels (bands) in the bandgap of semiconductor
thermoelectric material ZrNi..Rh.Sn demonstrates extreme sensitivity of its fundamental parameters, in
particular, position of the Fermi level €, density of states at the Fermi level g(er), the bandgap e, etc. to
the smallest structural changes of material. On the other hand, the probability of existence of a considerable
number of vacancies in a multi-component compound at the presence of small-size impurity atoms is small.

Conclusion

The above investigations show complex changes in the crystalline and electronic structures of the
semiconductor thermoelectric material ZrNi, Rh,Sn, the basis of which is determined by the simultaneous
generation of structural defects of acceptor and donor nature. The mechanism of generation of structural
defects of donor nature and the corresponding donor zone e, in n-ZrNiSn is shown as a result of
arrangement of Vi atoms at tetrahedral vacant sites (vacancies). The substitution in ZrNiiRh,Sn in the 4c
position of Ni atoms by R/ generates structural defects of acceptor nature and creates in the bandgap the
impurity acceptor zone &,', which together with the existing donor zone e,” makes the semiconductor
heavily doped and strongly compensated. The dependence of bandgap ¢, of n-ZrNiSn and ZrNi,..Rh,Sn on
the concentration of Ni at tetrahedral vacant sites ([Vi,]), as well as in the case of vacancies in the 4a
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position of Zr atoms was established, which is consistent with the results of the experiment [1]. The
obtained results will allow purposeful optimization of thermoelectric material characteristics to obtain the
maximum efficiency of thermal into electric energy conversion [2].

The work was performed in the framework of Ministry of Education of Ukraine grant
(Ne 0118U003609) and Austrian BMWFW Ernst Mach grant (ICM-2017-06580).
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EJEKTPOHHA CTPYKTYPA TEPMOEJIEKTPHUYHOI'O
MATEPIAJLY ZrNi;..Rh.Sn

Hocnioxceno ocobausocmi enekmponHoi ma KpUCmManiyHoi CmpyKkmyp mepmoeieKmpuiHo20 Mamepiany
ZrNi; Rh.Sn, 6 0cHO6I AKUX O00HOYACHE 2eHepy8aHHs CMPYKMYPHUX OegheKmie axyenmopHoi ma
0oHopHOT npupodu. Tlokazano mexanizm cenepys8anus CMpyKmypHux oegexmie 0OHOpHOI npupoou ma
6i0N06iOHOI donopHoi 30mu ep’ 6 n-ZrNiSnsk pesynomam satinamms amomamu Nimempaedpuunux
nycmom cmpykmypu (6axaucii). 3amiwenna ¢ ZrNi; Rh,Sn 6 nosuyii 4c amomie Ni na Rh eenepye
CMpYKmypHi  Oepekmu  axyenmopHoi npupoou ma nopoodsicye y 3a00pOHeHIll 30Hi O0OMIUKOBY
axyenmopny 30Hy €', Wo pazom 3 iCHyIOUOI0 OOHOPHOIO 30HOI0 €p POGUMb HANIGNPOGIOHUK CUTBHO
71e206aHUM MaA CUNLHO KOMREHCOsaHuM. Bcmanoenena 3anexcuicmo wupunu 3a60poHeHOi 30HU Egh-
ZrNiSnmaZrNi; .Rh Sneio konyenmpayii amomie Niymempaeopuunux nycmomax, a makoic y 6unaoxy
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IJIEKTPOHHASA CTPYKTYPA TEPMOJJIEKTPUYECKOI'O
MATEPHAJIA ZrNii..Rh,Sn

Hccneoosana ocobennocmu 91eKmMpoOHHOU U KPUCMALIUYECKOU CIMPYKIMYD MepMOINEKMPUYECKO20
mamepuana ZrNiy Rh,Sn, 6 ocHnose Komopvix 00HOBPEMEHHOE 2eHePpUPOBAHUE CMPYKIYPHbIX
Odeghexmos axyenmopHoll u O0OHOPHOI npupoobwl. [lokazan Mmexanusm 2eHepuposaHusi CMpPYKMypHLIX
deghekmos  donoproi npupoder u coomeemcmeayioweii. donopnoi zomwi €D’ 6 n-ZrNij RhSn «
pesyrbmam 3ausimust amomamu Ni mempaeOpuunux nycmom cmpykmypbl (6axaucuil). 3amewenue 6
ZrNii Rh,Sn ¢ nosuyuu 4 ¢ amomoeé Ni na Rh ecenmepye cmpykmypHbvle Oedexkmvl aKyenmopHou
npUpodbL U NOpodNCOdem & 3anpewerHoll 30ne OOMiuKo8y akyenmopuyio 3ony €A’ umo emecme ¢
cywecmeyioweli. 0oHopHol 30H0l €D’ denaem noONYNPOBOOHUK CUTLHO NE2UPOBAHHBIM U CUTBHO
KOMNEHCUPOBAHHBIM. YCMAHOBIEHHAS 3A6UCUMOCIb WUPUHLL 3aNpeuyeHHol 30HbL £, n-ZrNiSn ma
ZrNi;Rh,Sn 6i0 ronyemmpayuu amomog Ni ymempaedpuunux nycmomax, a makxgce 8 Cciayude
noseenus 8aKancuii 6 nosuyul 4amomos Zr npu 2eHepuposaniiy axyenmopHoii 30l e4°.
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ON THE COEFFICIENT OF PERFORMANCE OF THERMOELECTRIC
LIQUID-LIQUID HEAT PUMPS WITH REGARD TO ENERGY LOSS
FOR HEAT CARRIER TRANSFER

This paper presents the results of research on the coefficient of performance of thermoelectric liquid-liquid
heat pump with regard to energy loss for heat carrier transfer, in particular, for its use as a high-performance
heater for space —purpose water regeneration device. Bibl. 9, Fig. 2.

Key words: thermoelectric heat pump, efficiency, distillation unit, heat exchanger.

Introduction

General characterization of the problem. The use of thermoelectric heat pumps (THP) in air and
liquid conditioning systems, special-purpose evaporators is due to their unique properties [1 — 5].

An example of efficient use of thermoelectric heat pumps is systems of water recovery from liquid
biowaste aboard manned spacecrafts (urine, atmospheric condensate, sanitary and hygienic water) [4, 5].

The paper [6] presents the results of calculations of the limiting possibilities of thermoelectric liquid-
liquid heat pumps with the use of modern computer design methods. In [7], studies were made of the
influence on the efficiency of thermoelectric heat pump of the quality of heat exchange system which
assures heat flux transfer to and from thermoelectric modules. However, these studies were performed
without taking into account the influence of energy on heat carrier transfer in the heat exchange system of
the thermoelectric heat pump, which is essential in the conditions of this problem.

The purpose of our work is to study the coefficient of performance of thermoelectric liquid-liquid heat
pump with regard to the energy loss for heat carrier transfer, which will enable us to determine the optimal ratio
between the energy spent on heat carrier pumping and total efficiency of thermoelectric heat pump.

Physical model of THP

A physical model of thermoelectric liquid-liquid heat pump is represented in Fig. 1. It comprises a system
of heat exchangers 1 assuring passage of heat flux O, through the hot side of thermoelectric modules,
thermoelectric modules 3, heat exchangers 2 assuring passage of heat flux @, through the cold side of
thermoelectric modules and a system of hydraulically bound channels 4 providing for circulation of liquid in the
thermoelectric heat pump.

The model takes into account temperature difference losses in heat exchangers, as well as energy losses on
pumping of heat carrier through heat exchange system.

To assure optimal operation of thermoelectric modules, each of them has individual power supply.
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Fig. 1. Physical model of thermoelectric heat pump.

Mathematical and computer description of the model

To describe heat and electric current fluxes, we will use the laws of conservation of energy

divE =0 (1
and electric charge

divj =0, (2)
where

E=G+Uj, 3)

G=xVT+alj, 4)

]’z—GVU—GOLVT. ®)]

Here, E is energy flux density, g is thermal flux density, / is electric current density, U is electric

potential, 7 is temperature, o, o, k are the Seebeck coefficient, electric conductivity and thermal
conductivity.
With regard to (3) — (5), one can obtain

E=—(k+0’cT +aUoc)VT —(acT +Uc)VU. (6)
Then the laws of conservation (1), (2) will acquire the form:
—VI:(K+a26T+(XUG)VT]—V[(OLGT+UG)VU]=0, (7)

~V(6aVT)-V(cVU)=0. (8)

These nonlinear differential equations of second order in partial derivatives (7) and (8) determine the
distribution of temperature 7" and potential U in thermoelements.

An equation describing the process of heat transport in the walls of heat exchangers in the steady-
state case is written as follows:

V(k VT ) =0, )

where £, is thermal conductivity of heat exchanger walls, V7, is temperature gradient, O, is heat flux.

The processes of heat-and-mass transfer of heat carriers in heat exchanger channels in the steady-
state case are described by equations [§]

—Ap—fD%v|§|+l?=0, (10)
h
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V(Ap¥) =0, (11)

- A
pACpVVTZ :VAkZVT'z +fD Z—|V|3 +Q2 + wall > (12)
h

where p is pressure, p is heat carrier density, 4 is cross-section of the tube, F s the sum of all forces,

C, is heat carrier heat capacity, 7, is temperature, v is velocity vector, k, is heat carrier thermal

. . . 44 . . . . . .
conductivity, f,, is the Darcy coefficient, d =7 is effective diameter, Z is perimeter of tube wall, Q, is

heat which is released due to viscous friction [W/m] per unit length of heat exchanger, Q, , is heat flux
coming from the heat carrier to the tube walls [W/m]
Qwall:h'Z.(Ti_T'Z)’ (13)
where £ is heat exchange coefficient which is found from equation
Nu-k
h=—F2=2. 14
7 (14)

The Nusselt number is found with the use of the Gnielinski equation (3000<Re<6-10°, 0.5<Pr<2000)

(fd)(Re—IOOO)Pr
Nu = 8 , (15)

1+ 12.7(f”’J2 [Pri - IJ
8

is the Prandtl number, p is dynamic viscosity, Re = pvd is the Reynolds number.

pl”L

where Pr =
2

The Darcy coefficient f, is found with the use of the Churchill equation for the entire spectrum of

the Reynolds number and all the values of e/d (e is roughness of wall surface)

I =8{£2 +(A+B)]‘5} ; (16)

Re

0.9 16 16
whereA{—z.457-1n[(ij +0.27(e/d)}] : B=(37530j ,
Re Re

Solving Egs. (7)—(12), we obtain the distributions of temperatures, electric potential (for

thermoelements), velocities and pressure (for heat carrier).
The above differential equations with the respective boundary conditions were solved using Comsol
Multiphysics package of applied programs.

Computer simulation results

Below are given the results of calculations of the parameters of thermoelectric pump with respect to
physical model shown in Fig. 1. The influence of energy loss W, for heater carrier pumping through heat
exchange system on the integral coefficient of performance &” of thermoelectric heat pump was
investigated. The optimal number of thermoelectric modules N was determined to assure the required
cooling capacity Oy, as well as the optimal supply current /,,, of each module to assure the highest integral
coefficient of performance .

The initial data for calculations:

cooling capacity — 600 W;
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heat carrier temperature at inlet to hot heat transfer loop — 36 °C;
heat carrier temperature at inlet to cold heat transfer loop — 31 °C;
heat carrier flow rate in each loop — 22 ml/s.

&'f’n.\'.\'
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Fig. 2. Dependence of integral coefficient of performance of thermoelectric heat pump

(with regard to energy loss for pumping &y

and without regard to it g) on the energy necessary for pumping of heat carrier Wy,

(heat carrier pumping velocity in the channels of heat exchanger v;,)

Thus, as a result of simulation it was established that with increase in power supply to liquid pump which
assures heat carrier circulation in heat exchange system, the integral coefficient of performance increases (g in
Fig. 2), which is due to reduction of temperature difference loss in heat exchange system as a result of increase in
heat carrier circulation velocity vy,.

Taking into account in the expression for coefficient of performance of thermoelectric heat pump
(17) the energy loss for heat carrier pumping (18) leads to the fact that coefficient of performance at first
drastically increases, reaches the maximum €= 2.12 in the area of W,,,, = 15 W (which corresponds to heat
carrier pumping velocity v, = 0.4 m/s), and then gradually decreases, because energy loss on heat carrier
pumping starts to reach the level of energy loss for operation of thermoelectric modules.

9,
g =—, 17
Wm.M ( )
9
g =—" 18
" VVnLW + VVI!QC ( )

where O, is cooling capacity of THP, W,, is power supply to thermoelectric modules, W,,,, is power
supply to liquid pumps of heat exchange system.

Comparison of the results obtained to the results of experimental studies of thermoelectric heat pump
[9] testifies that the value of THP coefficient of performance € = 1.85 achieved to date corresponds to heat
carrier pumping velocity v,. = 0.1 m/s (which is equivalent to the level of energy loss for heat carrier
pumping W,,,, =~4 W). This brings us to the conclusion about the possibility of further improvement of
THP efficiency by optimization of power supply to its heat exchange system.
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Conclusion

1.

It was established that with increase in power supply to liquid pump, the integral coefficient of
performance of thermoelectric heat pump (without regard to energy loss for heat carrier pumping)
increases to theoretically possible maximum ¢ ~ 2.5, which is caused by reduced temperature difference
loss in heat exchange system due to growing velocity of heat carrier circulation v,.

Taking into account the energy loss for heat carrier pumping leads to the fact that coefficient of
performance of THP at first drastically increases, reaches the maximum €=~2.12 in the area of
Woump = 15 W (which corresponds to heat carrier pumping velocity v, = 0.4 m/s), and then gradually
decreases.

Comparison of the results obtained to the results of experimental studies of THP testifies that the
value of THP coefficient of performance €= 1.85 achieved to date corresponds to heat carrier
pumping velocity v, = 0.1 m/s (which is equivalent to the level of energy loss for heat carrier
pumping W, =4 W).
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PO XOJIOJAJIbHUI KOE®IIIEHT TEPMOEJEKTPUUHAX
TEIVIOBUX HACOCIB PIJIMHA-PI/INHA 3 BPAXYBAHHSAM
EHEPI'Ti HA NIEPEMIIIEHHS TEIUIOHOCISA

Y pobomi nasoosmucs pesymvmamu 00CHiONHCEHD XOA0OUNLHO20 KOe@IiyicHma mepmMoereKmpusHozo
MENN08020 HACOCA PIOUHA-PIOUHA 3 BPAXYBAHHAM eHep2ii Ha nepeMiljeHHs MenioHOCIs, 30Kpema O
11020 GUKOPUCANHSL Y SIKOCE BUCOKOCHEKMUBHO20 HASPIGHUKA Ol NPUIA0Y OYUCHKU 800U KOCMIYHO20
npusHauenns.. bion. 9, Puc. 2.
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TEILIOBBIX HACOCOB KNJKOCTb- KUIAKOCTb C YHETOM
SHEPTUHN HA NTEPEMEINEHUE TEINVIOHOCHUTEJIA

B pabome  npusoosmcs  pezyromamvl  ucciedo8aHuil - X0JI0OUTbLHOSO Koo puyuenma
MEPMOINIEKMPUUECKO20 MENT0B020 HACOCA HCUOKOCHb-JICUOKOCHb C VYemOM 3ampam 9Hepeuu Hd
nepemeujenue menioHOCUMENs, 8 YACIMHOCMU 0I5l €20 UCHOTb308AHUs 8 Kauecmee 8blCOK03dexmusHo2o
Hazpesameiist O NPUOOPA OYUCIKU 800bl KOCMUYECK020 HasHauenus. bubn. 9, Puc. 2.
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O.5. Kshevetsky ESTIMATION OF THE EFFICIENCY OF PARTIAL CASE OF
HEAT AND MASS TRANSFER PROCESSES BETWEEN
HEAT PUMPS AND MOVING SUBSTANCE,
PART 1

Mathematical expressions have been obtained for estimation of the efficiency of partial case of heat and
mass transfer between moving substance and heat pumps with their heat exchangers, whereby moving
substance (or at least part of this moving substance) is brought into thermal contact with the heat
absorbing and heat releasing heat exchangers of at least two real heat pumps. Bibl. 16, Fig. 3.

Key words: heat pump, thermoelectric heat pump, moving substance, heat and mass transfer,
efficiency, energy efficiency.

Introduction

The values of coefficient of performance and heating coefficient of typical heat pumps (hereinafter
in the text instead of the phrase "heat pump" or instead of the phrase "heat pumps" we will use the
abbreviation HP) are known to increase with a decrease in the temperature difference between their heat
absorbing and heat releasing heat exchangers (HEs) at a fixed temperature of one of the HP HEs [1, 2]. In
this connection, in particular, in terms of energy efficiency, it is relevant to find such applications of HPs,
including thermoelectric HPs, whereby these HPs could work at possibly smaller, relatively low
temperature differences between their heat absorbing and heat releasing HEs.

Let us consider the processes with participation of moving substance, where this moving substance
must be heated and/or cooled. In such processes, HPs can be employed for heating and/or cooling of
moving substance, as well as for reducing energy consumption necessary for heating and/or cooling of this
substance [3 — 16].

Different methods of heat and mass transfer between moving substance and one or several HPs with
corresponding HEs which do not involve bringing moving substance (or at least part of this moving
substance) into thermal contact with the heat absorbing and heat releasing HEs of at least two HPs are
described, for instance, in [3 — 13].

In [12], moving substance is brought into thermal contact with two metal heat exchangers (HP HEs)
that have thermal contact with four thermoelectric modules. In so doing, there is thermal contact between
thermoelectric modules through their common metal heat exchangers mentioned above. So, in this case
four thermoelectric modules which have only one common heat absorbing and only one common heat
releasing HE can be functionally considered as one HP based on the four thermoelectric modules that are
thermally connected in parallel.

Just as in [12], several thermoelectric modules are used in [13]. However, in contrast to [12], in [13]
each thermoelectric module has its individual HEs which are thermally insulated from each other. This
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allows us to talk about several HPs. However, in this case different HEs of each separate HP are used for
heat exchange with different moving substances.

If we consider the processes in which moving substance (or at least part of this moving substance) is
brought into thermal contact with the heat absorbing and heat releasing HEs of at least two HPs, in some of
these processes [14 — 16] a situation can be implemented when these HPs will work at relatively low
temperature differences between their heat absorbing and heat releasing HEs. In [14 — 15], mathematical
expressions are given for the approximate estimation of moving substance temperature distribution when
these processes employ ideal HPs which operate on the Carnot cycle. At the same time, it is well known
that the efficiency of real HPs can differ from the efficiency of HPs which operate on the Carnot cycle [2].

The purpose of this work is to create mathematical prerequisites for the approximate quantitative
estimation of the efficiency (primarily, energy efficiency) of partial case of heat and mass transfer between
moving substance and HPs with their HEs, whereby moving substance (or at least part of this moving
substance) is brought into thermal contact with the heat absorbing and heat releasing HEs of at least two
HPs [14 —16]. This partial case (described in [14 — 16]) will be considered, because in this case it is
possible to implement a situation when HPs will work at relatively low temperature differences between
their heat absorbing and heat releasing HEs. Hereinafter, in order to indicate this partial case of the method
of heat and mass transfer between moving substance and HPs with their HEs, we will use the phrase
"investigated method of heat and mass transfer"”. The fact that in the investigated method of heat and mass
transfer the situation is possible when HPs will work at relatively low temperature differences between
their heat absorbing and heat releasing HEs, can create prerequisites for a possible increase of the energy
efficiency of heat and mass transfer processes which involve heating and cooling of moving substance
[14 — 16]. To accomplish this goal, the task of this work is to obtain mathematical expressions that could be
used to estimate the efficiency of the investigated heat and mass transfer method, using, in particular, the
actual HPs, for example, thermoelectric HPs or compression HPs.

General description and peculiarities of the investigated method of heat and mass transfer

The general diagram of the investigated method of heat and mass transfer is presented in Fig. 1. In
the diagram, HPs are designated by triangles. Each separate HP has the 1 HE and the 2" HE. One of these
HE:s is heat absorbing, and the other — heat releasing. Which of these HEs is heat absorbing, and which -
heat releasing is not specified here. Heat exchangers in this and further diagrams are not designated
separately. Moving substance according to the diagram shown in Fig. 1 moves from the entrance to the exit
in such a way that thermal contact and the respective heat transfer processes of this moving substance with
all HEs of all HPs occur alternately. The flow of moving substance between points 1.0 and 1.n will be
considered to be the input flow of moving substance in this and further schematics. And the flow of
moving substance between points 2.n and 2.0 will be considered to be the output flow of moving substance
in this and further diagrams.

For further evaluative calculations we will use a simplified model with the following assumptions.

1. Heat exchange between HPs takes place only due to movement of moving substance.

2. Heat exchange of HP and moving substance with the environment is absent (except for possible
heat exchange of moving substance with the environment with the use of additional volume).

3. Temperature changes within each separate HP HE are absent.

4. Heat exchange of moving substance with HP HEs (surfaces, heat sinks) is such that moving
substance after its thermal contact with certain HE of respective HP acquires the temperature of this HE.

5. All moving substance is alternately brought into thermal contact with each separate HE of all HPs.

6. For all positions of moving substance in the process of its movement the following ratio is valid:
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AT =d -0, (1)
where QPP is heat flow from or to moving substance on certain section of its motion, whose value is

always not negative; AT is the difference in moving substance temperatures on this section of its
movement, which will be determined (here and afterwards) by subtracting from the temperature of moving
substance that has a higher value the temperature of moving substance that has a lower value; d is
proportionality factor. This can take place if, for instance, the heat capacity of moving substance is constant
in the entire process of heat and mass transfer, and in the absence of various processes (for instance, phase
transitions, changes in pressure), accompanied by heat release or absorption.

7. The amount of moving substance during its movement is not changed.

8. All HPs work under such conditions that the temperature of the heat absorbing HE of each
separate HP is lower than the temperature of the heat releasing HE of the same HP.

Also in certain cases we will use the following assumption.

9. All changes in moving substance temperature as a result of its thermal control with each separate
HP HE in the input flow of this moving substance are equal.

. MS MS
Exit T 2.0 MS T 2.n

MS

2.0 2.n
/] HP1 ] HPn ' AV
1.0 > 1.n
Entrance Ti MS MS .}MS
10 1n

Fig. 1. Diagram of the investigated method of heat and mass transfer: direction of moving substance
movement is indicated by arrows; HP 1, ....HP n — HP of total amount n; AV — additional volume (for instance,
drying chamber of drying installation, room or compartment of transport means),in which moving substance can take
part in heat and mass transfer processes with other substance or the environment, 1.0, 1.n, 2.n, 2.0 — points that
correspond to successive positions of moving substance in the process of its movement (1.0 — immediately before
thermal contact of moving substance with the I HE of HP 1, 1.n — immediately after thermal contact of moving
substance with the 1°° HE of HP n, 2.n — immediately before thermal contact of moving substance with the 2" HE of

HP n, 2.0 — immediately after thermal contact of moving substance with the 2" HE of HP 1); Ezp , Y]ZP , EZP ,

T;)P — temperature of moving substance at respective points.

The use of this assumption 9 will be indicated specially.
Using the respective assumptions (described above), in particular, relation (1), for coefficient of

performance &; and heating coefficient £ of arbitrary i-th HP one can write the following relations:

TH TH PP
& = Qcool,i _ chal,i _ A]—;’oal,i . (2)
i TH ~— ATH TH PP PP
VVi hot i - cool ,i AThot,i - A]—;’oal,i
TH TH PP
o = hot,i __ hot ,i _ AThot,i (3)
i TH ~— ATH TH PP J
VVi hot i - Qcool,i A]—}mt,i - Az‘or)l,i
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TH
cool i

where is thermal flow which the 7 -th HP absorbs (due to its corresponding heat absorbing HE) from

moving substance; QthJ is thermal flow which the i-th HP gives away (due to its corresponding heat

releasing HE) to moving substance; W[TH is power which the i-th HP consumes and owing to which it
works (for instance, this can be electric power consumed by the i-th HP from the external separate supply

source); AT . AT'" are differences in temperature of moving substance which are formed due to

cooli> B lpoi
thermal contact of moving substance with the heat absorbing and heat releasing HEs of the i-th HP on the
respective sections of its motion.

Coefficient of performance and heating coefficient of real HPs may be lower than the coefficient of
performance and heating coefficient, respectively, of ideal HPs that operate on the Carnot cycle [2]. To

take this into consideration, we will assume that for the i-th HP its coefficient of performance ¢; and its

heating coefficient z; are determined by the relations:

QTHK TTH,"
_ _ cool,i __ . cool i .
& = Ai ki T Ai ’ WTHK = A,' TTHiK _—THiK 5 A,- <1; 4)
i hot i cool,i
THX TTH/‘
_ _ . hot,i __ X hot i
H; = Bi “Hg i = B[ WTHK = B[ TTH"K ok Bi <1, (5)
i hot i cool i
under conditions that:
THX TH |
W = (©6)
THY _ TH
71’001,1’ - 71’001,1’ > (7)
THY _ TH
Thot,i - Thot,i ’ (8)

where A, is a dimensionless factor that takes into account the specific features of structure and use of the i-

th HP that cause the difference of coefficient of performance of this HP from the coefficient of
performance of an ideal HP which under the same conditions operates on the Carnot cycle; B, is a
dimensionless factor that takes into account the specific features and use of the i-th HP that cause the
difference of the heating coefficient of this HP from the heating coefficient of an ideal HP which under the

same conditions operates on the Carnot cycle; &, is coefficient of performance of an ideal HP that

operates on the Carnot cycle under the same conditions as the i-th HP; 4 ; is heating coefficient of an

THX
cool i

ideal HP that operates on the Carnot cycle under the same conditions as the i-th HP; QO is thermal flow

that is absorbed by an ideal HP which operates on the Carnot cycle under the same conditions as the i-th

HP; Qthf is thermal flow given by an ideal HP that operates on the Carnot cycle under the same
conditions as the i-th HP; Wl.THK is power consumed by an ideal HP and owing to which it operates on the

Carnot cycle under the same conditions as the i-th HP; 7 AT temperature of the heat absorbing HE of an

cool i

ideal HP that operates on the Carnot cycle under the same conditions as the i-th HP; 71?0111 is the
TH*
T hot ,i

temperature of the heat absorbing HE of the i-th HP; is the temperature of the heat releasing HE of

an ideal HP that operates on the Carnot cycle under the same conditions as the i-th HP; T,ffl is the

temperature of the heat releasing HE of the i-th HP.
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From Egs. (4), (7) and (8), as well as from Egs. (5), (7) and (8), respectively, follows:

TH

7—;’ool,i
SiZAi'TH—Ym_],AiSI; (9)
hot i " Leooli
TTH
hot,i
:ui:Bi'TH—,TH’BiSI' (10)
T;lot,i - T;ool,i

It is well known that ¢; and g4, as well as &, ; and g ; are related by relations:
=& +1; (11)
Ui, =g, +1. (12)

If we use relations (11), (12), as well as relations (9), (10), we can find the ratio between A4, and B;:

TH

(B, —1)—T’”’”" +1; (13)

TH
cool i

A

i

TH

(Ai—l)%ﬂ. (14)
hot i

On the basis of Egs. (2) and (9), and also on the basis of Egs. (3) and (10), the following relations
can be written, respectively, which can be used to determine the temperature mode of the i-th HP:

B

i

PP TH
AT’cnol i T;’ooli
Lo=4, Lo (15)
PP PP TH TH °~°
Aj;wt,i - AT'cool,i T;ml,i - Tvcool,i
PP TH
AY—;’IOt i T}mt i
’ =B, : (16)
PP PP L TH TH
AT;lot,i - ATcool,i T;'lot,i - Tcool,i

Next we consider two partial cases of the investigated method of heat and mass transfer.

The case of moving substance cooling in its input flow by all HPs

A diagram of the investigated method of heat and mass transfer when moving substance in its input
flow is cooled by all separate HPs is shown in Fig.2.

For this case of the investigated method of heat and mass transfer taking into account that moving
substance according to the diagram shown in Fig. 2 in its input flow is cooled by all separate HPs, and in
its output flow is heated by all separate HPs we can write (using the notation employed in Fig.2):

To, =T, i=1+n; (17)
chfl,(i—l) = Tﬁil) > 72551,;‘ = TS‘P s i=l+n; (18)
T =T s i=1+n; (19)

Th]:f,(i—l) = Tz].b(il) ) Th]:f,i = Tzljpa i=l+n; (20)
AR?;,I‘ = ch;)fl,(z‘—l) - 71»55,:‘ 5 (21

AThlqu,i = Thii(i—l) - Thiii > (22)

where 7155, 1y 1s temperature of moving substance in the process of its movement immediately before its

thermal contact with the heat absorbing HE of the i-th HP; 7" . is temperature of moving substance in

cool ,i
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the process of its movement immediately after its contact with the heat absorbing HE of the i-th HP;

Tr (i1 18 temperature of moving substance in the process of its movement immediately after its thermal

contact with the heat releasing HE of the i-th HP; 7,7 is temperature of moving substance in the process

of its movement immediately before its thermal contact with the heat releasing HE of the i-th HP.
MS MS MS MS
Exit T 2.0 MS T 2.1 / r 2.(n-1) T 2.n

A
0,4

MS

2.0

Entrance T

1.n

1.0 1.1 1.(n-1)

Fig. 2. Diagram of the investigated method of heat and mass transfer for the case of moving substance cooling
in its input flow by separate HPs: 1.0, ..., 1.n, 2.n, ..., 2.0 — points corresponding to successive positions of moving
substance in the process of its movement (1.0 — immediately before thermal contact of moving substance with the 1*
(heat absorbing) HE of HP 1, 1.1 — immediately after thermal contact of moving substance with the 1" HE of HP 1,
.., 1.(n-1) — immediately before thermal contact of moving substance with the 1*' (heat absorbing) HE of HP n, 1.n —
immediately after thermal contact of moving substance with the I HE of HP n, 2.n — immediately before thermal
contact of moving substance with the 2" (heat releasing) HE of HP n, 2.(n-1) — immediately after thermal contact of
moving substance with the 2" HE of HP n, ..., 2.1 — immediately before thermal contact of moving substance with the
2" (heat releasing) HE of HP 1, 2.0 — immediately after thermal contact of moving substance with the 2" HE of

PP PP PP PP . . .
HPI); Ty . ..., TM , T2_n ) e T2'0 — temperatures of moving substance at respective points; W, ..., W —
supply powers (for instance, electric) of respective HPs; Q, |, ..., Q,, — thermal flows from moving substance to the

I*' (heat absorbing) HEs of respective HPs; Q, ., ..., Q, | —thermal flows from the 2" (heat releasing) HEs to

moving substance; TITIH s TIZH — temperatures of the 1" (heat absorbing) HESs of respective HPs; Tszi s Tsz

— temperatures of the 2" (heat releasing) HEs of respective HPs, other designations in this figure are similar to
corresponding notation in Fig. 1.

According to Fig.2 for this case of the investigated method of heat and mass transfer we denote:

AT n =D AT, =T =T = AT, (23)
i=1

AT, =Y AT, =T =T, = AT, ; (24)
i=l

where AT'” - the difference in moving substance temperature which is formed due to cooling of moving

cool
substance in its input flow by all separate HPs; ATIPP — according to the diagram shown in Fig.2 the
difference in moving substance temperature which is formed due to thermal contact of moving substance in

its input flow with HEs of all separate HPs; AThﬁf — the difference in moving substance temperature which

is formed due to heating of moving substance in its output flow by all separate HPs; AT. ZPP — according to

the diagram shown in Fig. 2 the difference in moving substance temperature which is formed due to
thermal contact of moving substance in its output flow with HEs of all separate HPs.
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If we use the respective assumptions, in particular, assumption 4, then for the case when moving
substance in the input flow is cooled by all separate HPs according to the diagram shown in Fig. 2 it can be

written:
PP TH |
T;zot,(i—l) = T;zot,i s (25)
PP TH
Tvcool,i = Tcool,i . (26)

Egs. (13) and (14) which establish the ratios between 4; and B; for this case of the investigated

method of heat and mass transfer according to Fig. 2 and with the use of Egs. (25), (26), (22) and (26),
(25), (22), respectively, will take on the form:

TPP- +ATPP-
Al-:(Bl-_l) hot i — hot ,i +1, (27)
cool ,i
TPP
B =(4 —1)—2"0— +1. 28
U @

Let us transform the right sides of Egs. (15) and (16) with the use of Egs. (26), (25), (22) and (25),
(26), (22), respectively:

TH PP

. 7" .
cool i _ cool,i .
Ai T _ T - Ai TP L ATFP _TPP (29)
hot i cool, i hot i hot i cool, i
TH PP PP
T, T, .+AT, .
Bl- — hot i — :Bl- — hot i — hot i —. (30)
T;Lot,i - Tcool,i T;mt,i + AT}mt,i - T;’,ool,[

In order to obtain an expression for the definition of A]}f;ﬁi which will include factor 4, using

Eq.(29) we rewrite Eq.(15) and obtain the following relation:

PP PP
A]’cool i ]’C{)()l i
] : 31)
PP PP T PP PP PP
AT'hot,i - AT'cuol,i Thot,i + AIThot,i - T'cuol,i

As a result of mathematical transformations of Eq. (31), we obtain the following ratio for the
definition of temperature operating mode of the i-th HP (the expression that relates the temperatures of
moving substance before and after its thermal contact with HE of the i-th HP):

TPP_(]__A) PP.
AT}:;’[ — hot i 1 )" cool,i ) (32)
ot Al'j-'cffl,i _1
ATPP

cool i
In the case of using HPs the coefficient of performance of which is assigned by Eq.(9), according to
the diagram shown in Fig. 2 the total temperature difference of moving substance in its output flow based
on Egs. (24) and (32):

n TPP —(I—A[) PP

AT;,[?; — Z hot,iA TPP cool i ) (33)
i=1 i* cool i _1
ATPP

cool ,i
For the case when the i-th HP operates on the Carnot cycle (in so doing, 4, =1) expression (32)
will be simplified:
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PP

To i
AT, =™ —. (34)
cool,i
ATPP

cool,i
And then in this case the total temperature difference of moving substance in its output flow based on Egs.
(24) and (34):

" PP
ATPP — Z ];lot,i (35)
hot PP *
i=1 cool,i 1
ATPP

cool i

In order to obtain an expression for the definition of AY}SZ which will include factor B, using Eq.

(30) we will rewrite Eq.(16) and obtain the following relation:

PP PP PP
AT'hot,i _ B 7Thot,i + A]}lot,i (36)
PP PP~ Ti PP PP PP
AT'hot,i - AT;’ool,i Thot,i + Ajwhot,i - ]-'cool,i

PP

As a result of mathematical transformations of Eq.(36) for the definition of A7, ; we will obtain a

quadratic equation:

(-B AT f +(1-B)1", + BAT™, ,— T, AT, + BT AT, =0. (37)

hot i hot,i cool i cool,i hot,i hot,i cool i
The same equation can be also obtained, if the expression for A4, (27) is substituted into Eq.(32).

The root of this quadratic equation that has a physical meaning:

ATpp _ T'cifl,i - (1 - Bi )T;z};f,i - BiAT'cifl,i R Dcool,i
hot,i — 2(1 _Bl)

; (38)

where D, = ((1- B)1,", + BAT”, - T} —=4(1- BB AT""

cool i hot i cool ,i cool ,i hot i cool i *
In the case of using HP, the heating coefficient of which is assigned by Eq.(10), according to the
schematic of Fig. 2 the total temperature difference of moving substance in its output flow based on Eq.
(38):

ATPP = Z": 715:1,1‘ - (1 - Bi )];llu)ii - BiAT;f:fl,i 4/ Dcuol,i (39)
ot i=1 2(1 - Bi) .

If the i-th HP from the diagram shown in Fig. 2 operates on the Carnot cycle (in this case B; =1),
then the quadratic equation will be simplified as follows:
(AT?" =T T + T AT, =0, (40)

cool i cool i hot i hot i cool i
From Eq. (40) for the definition of AThiil. one can obtain Eq.(34).

Let us consider the case which corresponds to assumption 9 (when all changes in moving substance
temperature as a result of its thermal contact with each separate HP HE in the input flow of this moving
substance are equal) and the diagram shown in Fig. 2 comprises # HPs. Then, for this case according to
Fig. 2 and using Eq.(23):

AT?" =n AT . (41)

cool cool i
For the case when the diagram shown in Fig. 2 comprises n HPs whose coefficients of performance
are assigned by Eq. (9) and assumption 9 is valid, the total temperature difference of moving substance in
its output flow with the use of £gs.(33), (41):
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n PP _(I_Ai)TPP

A]’;ﬁP — Z hot i cool ,i . (42)
t i=1 Ai];fj:l,i _1
lATPP
cool
n

And for the case of using HPs whose heating coefficients are assigned by Eq.(10), according to the
diagram shown in Fig. 2 with the use of assumption 9 the total temperature difference of moving substance
in its output flow using Egs. (39), (41):

T2~ (=B~ BATY, =D,

AT,y = 43
" le 2(-B) ’ (43)
2
where Dy oy, =( (1= B0, + BT 12, | - 20 B)BTL AT,

For the case when the diagram shown in Fig. 2 comprises » HPs each of which operates on the
Carnot cycle in such a way that assumption 9 is valid, using Egs. (34) and (41) we obtain the following
ratio for the definition of temperature operating mode of the i-th HP:

PP
JAV e p— L — (44)
hot i PP .
1 cool i _1
*ATPP

It can be shown that for this case of the investigated method of heat and mass transfer, when all HPs
in the diagram shown in Fig. 2 operate by the Carnot cycle and when all temperature changes of moving
substance as a result of its thermal control with each separate HP HE in the input flow of this moving
substance are equal (assumption 9), then all temperature changes of moving substance as a result of its
thermal control with each separate HP HE in the output flow of this moving substance will be also equal:

Anii(ifl) = AT, (45)

hot i

Then for this case on the basis of Egs. (24), (45) and (44) we obtain the following expression for the
definition of total temperature difference of moving substance in its output flow:

ATPP _ 'ATPP _ ]-;lﬁil 46
hot =n hot,i — TPP 1 . ( )
cool i
N

cool

If we use direct designations from the diagram shown in Fig. 2, as well as Egs.(24), (23), (20) and
(18), then Eq.(46) will have the form:

PP
AT = PT;— 47)
L, 1
AT™ n

The case of moving substance heating in its input flow by all HPs

A diagram of the investigated method of heat and mass transfer when moving substance in its input
flow is heated by all separate HPs is presented in Fig.3.
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MS MS MS
Exit Ty, MS T, / / T 2.(n-1)
\ ¥
L i

MS

20 0O, e 2.1 2.n-1) 0O,
WI

HP 1
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l.n

TR Gy Py

1.0 Ql.l Tl.l 1.1
Entrance TMS T . T
1.0 1.1 1.(n-1)

Fig. 3. Diagram of the investigated method of heat and mass transfer for the case of moving substance heating
in its input flow by all separate HPs: 1.0, ..., 1.n, 2.n, ..., 2.0 — points that correspond to successive positions of
moving substance in the process of its movement (1.0 — immediately before thermal contact of moving substance with
the I (heat releasing) HE of HP 1, 1.1 — immediately after thermal contact of moving substance with the I HE of
HP 1, ..., 1.(n-1) — immediately before thermal contact of moving substance with the I*' (heat releasing) HE of HP n,
1.n — immediately after thermal contact of moving substance with the 1°' HE of HP n, 2.n —immediately before thermal
contact of moving substance with the 2" (heat absorbing) HE of HP n, 2.(n-1) —immediately after thermal contact of
moving substance with the 2" HE of HP n, ..., 2.1 — immediately before thermal contact of moving substance with the

2" (heat absorbing) HE of HP 1, 2.0 — immediately after thermal contact of moving substance with the 2" HE of
HP 1); lep R ]fnp e sz_:)P — temperatures of moving substance at respective points; Q,,, ... Q,, —

ln 2 N

heat flows from the I (heat releasing) HEs of respective HPs to moving substance; Q, ., ..., O, — heat flows from
moving substance to the 2" (heat absorbing) HEs of respective HPs; TlTlH ) e TlTnH —temperatures of the I (heat

releasing) HEs of respective HPs, Tsz ) e Tsz — temperatures of the 2" (heat absorbing) HEs of respective HPs;

other designations in this figure are similar to corresponding notation in the previous figures.

For this case of the investigated method of heat and mass transfer taking into account that moving
substance according to the diagram shown in Fig. 3 in its input flow is heated by all separate HPs, we can

write:
i =T s i=1+n; (48)
Torioy =Ty Toe =T i=14n; (49)
T =T, i=l+n; (50)
]Ziz,(i—1) = ]-'21.3(1;—1)’ 71?51,;‘ = Tzipa i=l+n; (5D
ATh};ii = Th};ii - Th};i(i—l) 5 (52)
A]—'ci(lz)l,i = 71’55,1‘ - Tcifl,(i—l) > (53)

where Th]:f(H) is temperature of moving substance in the process of its movement immediately before its

thermal contact with the heat releasing HE of the i-th HP; Th]:ii is temperature of moving substance in the

process of its movement immediately after its thermal contact with the heat releasing HE of the i-th HP;

T _y) 1s temperature of moving substance in the process of its movement immediately after its thermal

cool (i

contact with the heat absorbing HE of the i-th HP; T'” . is temperature of moving substance in the process

cool ,i
of its movement immediately before its thermal contact with the heat absorbing HE of the i-th HP.
For this case of the investigated method of heat and mass transfer according to Fig. 3 we denote:
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hot hot i

ATPP = ZATPP _ Tlip _ YISP _ AYIPP; (54)
i=1

Similar to the way we obtained mathematical expressions for the definition of temperature operating
mode of the investigated method of heat and mass transfer in the previous case when moving substance in
its input flow is cooled by all separate HPs, according to Fig.2 one can also obtain the following
mathematical expressions for this case of the investigated method of heat and mass transfer, when moving
substance in its input flow is heated by all separate HPs according to Fig. 3.

cool cool i

AT = S AT =T -1 a1y, 9
i=1

where A]}l};f is temperature difference of moving substance which is formed due to heating of moving

substance in its input flow by all separate HPs; ATIP ? _ according to the diagram shown in Fig. 3 the
temperature difference of moving substance which is formed due to thermal contact of moving substance in

its input flow with HEs of all separate HPs; AT"” i

cool 1

s the temperature difference of moving substance

which is formed due to cooling of moving substance in its output flow by all separate HPs; AT. 2P -

according to the diagram shown in Fig. 3 the temperature difference of moving substance which is formed
due to thermal contact of moving substance in its output flow with HEs of all separate HPs.

If we use the respective assumptions, such as assumption 4, then for the case when moving
substance in the input flow is heated by all separate HPs, according to the diagram shown in Fig. 3 we can
write:

T, hif,i = 71}11(;[;]1 5 (56)
]Z’f))fl,(i—l) = ng]; . (57)

Eqgs. (13) and (14) which establish the ratios between A4, and B, for this case of investigated method

of heat and mass transfer according to Fig. 3 and with the use of Egs. (56), (57), (53) Ta (57), (56), (53),
respectively, will take on the form:

TPP

Al.:(B[—l)—TPP EOZTPP +1; (58)
cool i cool i
_ _ chopz,i—Achz,i
B = (4, 1)t e g1 (59)

hot, i

Similar to the way we obtained mathematical expressions for the definition of temperature operating
mode of the investigated heat and mass transfer method in the previous case, when moving substance in its
input flow is cooled by all separate HPs, according to Fig.2 one can also obtain the following
mathematical expressions for this case of investigated method of heat and mass transfer, when moving
substance in its input flow is heated by all separate HPs in conformity with Fig. 3.

For the case of using HPs whose heating coefficients are assigned by Eq.(10), according to the
schematic of Fig. 3 the ratio for the definition of temperature operating mode of the i-th HP is as follows:

o T +(B.-1)1;”

A]—;(m“ — cool,i hot i ) (60)
, Bl];‘tiil 1
ATPP

hot,i

For the same case, the total temperature difference of moving substance in its output flow:
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n T+ (B -1 Pfi
A]-;f):’fl = Z coo},lB ]ngl’ ) = ' (61)
=1 '

i” hot,i 1

ATPP

hot i

In the case of using HPs whose coefficient of performance is assigned by Eq. (9), according to the
diagram shown in Fig. 3 the ratio for the definition of temperature operating mode of the i-th HP is as

follows:
ATPP _ (1 - Az’ )712}:/,1' - Thif,i - A,-AThif,i + 4/ Dhot,i (62)
cool,i — 5
2(1-4)
where D, ; = (]—;l}(:f:i - (1 — 4, )ch:fl,i + AfAT;f;f,f)z + 4(1 -4 )Az‘An[;ii];?:l,i .
For the same case, the total temperature difference of moving substance in its output flow:
c (1_‘47‘)];55 i _TIaDPi _AiATIZPi +\1Do i
A],C]:f[ _ Z /, hot, hot, hot, ) (63)

< 2(1-4)
For the case when the i-th HP operates on the Carnot cycle, the ratio for the definition of temperature
operating mode of the i-th HP is as follows:

PP
ATFP :i (64)
cool i PP .
hot i
AT;P +1

hot i
Also for the case when the i-th HP operates on the Carnot cycle, the total temperature difference of moving
substance in its output flow:

ATPP — i ]-;‘Zfl,i (65)
cool PP .
i=l1 T;lot,i 1
ATPP +

hot i

For the case which corresponds to assumption 9 and the diagram shown in Fig. 3 comprises n HPs,
the ratio between the total temperature difference of moving substance in its input flow and the temperature
difference of moving substance which is formed as a result of thermal contact of moving substance with
the heat releasing HE of arbitrary i-th HP, is as follows:

AT =n-AT" (66)

hot hot i *
For the case when the diagram shown in Fig. 3 comprises n HPs, whose heating coefficients are
assigned by Eq. (10) and assumption 9 is valid, the total temperature difference of moving substance in its
output flow:

c 711:5 i +(Bi _I)Tipi
Achfz = Z 2 PP L (67)
i=1 Bi];wt,i
—= 41
lATPP
n
And for the case when the diagram shown in Fig. 3 comprises » HPs, whose coefficients of

performance are assigned by Eq. (9) and assumption 9 is valid, the total temperature difference of moving
substance in its output flow:

A T AT D o
cool ; 2(1 . Al) > ( )
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hot i cool ,i hot hot * cool i *

2
where D, = (TPP —(1—4)r"  + 1 A,.AT”’] + i(1 — A)AAT T
n n

For the case when the diagram shown in Fig. 3 comprises »n HPs, each of which operates on the
Carnot cycle in such a way that assumption 9 is valid, the ratio for the definition of temperature operating

mode of the i-th HP is given below:
PP

7—'cuo i
ATy = —pi— (69)
1 hot i + 1
Car

In the case when all HPs in the diagram shown in Fig. 3 operate on the Carnot cycle, and when all
changes of moving substance temperature resulting from its thermal contact with each HP HE in the input
flow of this moving substance are equal (assumption 9), then all changes of moving substance temperature
resulting from its thermal contact with each separate HP HE in the output flow of this moving substance
are also equal:

AT guriy = Mgy (70)
For the same case, total temperature difference of moving substance in its output flow:
PP
PP PP cool i
A];00/ =n- AT;oo/,i = TPP 1 . (71)
hot i
T
AT, 1
With the use of direct designations of the diagram shown in Fig. 3, Eq.(71) is of the form:
p TPP
AT =—2—. (72)
Ly 1
AT " n

Conclusion

Mathematical expressions have been obtained for estimation of the efficiency of using the
investigated method of heat and mass transfer for creation and maintenance of temperature difference
between different parts of moving substance.

From the preliminary analysis of these mathematical expressions we can conclude about the
opportunity in principle to use at least two HPs instead of one HP in the diagrams shown in Fig. 2 and
Fig. 3 for increasing the energy efficiency of corresponding energy consuming heat and mass transfer
processes.

At the same time, further theoretical and / or experimental studies may be required to make decisions
regarding practical applications of the heat and mass transfer method described herein.
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MODEL OF INTERRELATION BETWEEN RELIABILITY INDICATORS OF A
SINGLE-STAGE COOLER AND THE GEOMETRY OF THERMOELEMENT LEGS

The paper deals with improving the reliability indicators of a single-stage thermoelectric cooler using a
constructive method by developing and analyzing a reliability-oriented model relating reliability
indicators to the geometry of thermoelements. The investigations were carried out for various
temperature differences, a fixed thermal load for various operating modes. It is shown that with
decreasing the ratio of thermoelement height to its cross section, the maximum cooling power is
increased, the number of thermoelements is decreased and the probability of failure-free operation is
increased. At the same time, the existing technology of manufacturing coolers does not change, the
results of existing mechanical and climatic tests, the material of thermoelements, the cost of modules
remain unvaried.. Bibl. 12, Fig. 11, Table. 3.

Key words: thermoelectric cooler, geometry of thermoelements, reliability indicators, cooling power,
temperature difference.

Introduction

Reliability refers to the most important indicators of the means for ensuring the thermal modes of heat-
loaded radioelectronic equipment [1]. In terms of mass dimensions, speed, climatic and mechanical operating
conditions, thermoelectric devices (TEC) have an undeniable advantage over compression coolers [2].
Mathematical simulation of reliability indicators of TEC at all stages of the life cycle has become a prerequisite
for creation of on-board equipment, the demands on which are constantly being toughened [3]. The
development and analysis of the models makes it possible to take into account the influence of manufacturing
technology [4], moisture [5], mechanical [6], climatic [7] factors, heat load [8], thermoelement materials [9] on
reliability indicators, as long as potential for reducing the degree of their impact is built in exactly at simulation
stage [10]. At the same time, in the literature, the issues of the influence of the structural component on the
operational reliability of thermoelectric devices are insufficiently elucidated. There are several approaches to the
design of thermoelectric cooling devices:

1. The geometry of thermoelement legs is set as //s =const, where / is height, s is cross-section area of
thermoelement leg. In this case, varying the value of operating current /, one can assure the work of TEC in
different operating modes from (), to O, = 0 and thus to increase the reliability [11].

2. At the same time, in thermoelectric instruments making, various designs of unified modules are used

with different geometry of thermoelement legs //s = var, and the developer faces the question of choosing the
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geometry of thermoelement legs in TEC for various operating conditions, which allows increasing the
reliability indicators. Rational choice of the geometry of thermoelement legs with regard to all constraints
is a rather relevant task.

The purpose of the work is development of a mathematical model of thermoelectric cooler
relating reliability indicators to the geometry of thermoelement legs, the analysis of which allows
optimization of reliability indicators at different temperature drops and operation modes.

Development and analysis of the model of interrelation between reliability indicators,
structural and energy parameters in the modes 4 . ,A7 _and heat pump (A7 =0K).

Let us consider the influence of the geometry of thermoelement legs on the main parameters and
reliability indicators of a single-stage TEC for different temperature drops AT from 0 to 60 K.

As is known, cooling capacity of TEC (J, can be written as expression
Q,=nl’__ R(2B-B’—-0)=ny(2B—-B>-0), (1)
where 7 is the number of thermoelements, pcs;

I .. is maximum operating current, /= éTO / R, A;

max

R is electrical resistance of thermoelement leg, R =1 / oS , Ohm;

é, o are averaged Seebeck coefficient, V/K, and electrical conductivity of thermoelement leg, S/cm,
respectively;

T, is temperature of heat-absorbing junction, K;

B is relative operating current B =1 / 1 relative units;

max 2

I is the value of operating current, A;

O is relative temperature drop, @ = AT/AT, =(T —T,)/AT,,. , relative units;

ax ?

T is temperature of heat-releasing junction, K;

AT, is maximum temperature drop, AT =0,5zT,,K;

X
z is averaged thermoelectric figure of merit of thermoelement leg, 1/K;

y is maximum thermoelectric cooling power, y =1’ R=¢e’ o T, S W

Power consumption of TEC can be written as:

W =2nyB(B+(AT,, /T,)® (2)
Coefficient of performance E is determined by expression
E=Q,/W=(2B-B"-0)/2B(B+(AT,,/T,)0) (3)

The relative value of failure rate A / Ay [12] can be represented as:

., nB'(0+C)(B+(AT,,/T,)0)
AT

K, (4)

where 4, is nominal failure rate, 1/h;
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C is relative value of thermal load, C = Q, / (n[ 2 R) =Q,/ny;

K, is temperature-dependent coefficient of significance.

The probability of failure-free operation of TEC can be determined by the known formula
P =exp(—At) (5)

where ¢ is assigned resource, hour.
Mode A,
Table 1 summarizes the results of calculating the main parameters and reliability indicators of a sin-

gle-stage TEC for different ratios //s in the mode 4, (B = 7®) with the following initial data:
— thermal load 0,=2.0 W;

— temperature of heat-releasing junction 7= 300 K
— temperature drop AT=0K, 20K, 40K, 60 K;
— averaged thermoelectric figure of merit Z;\/[ =2.410" 1/K;
— 2,=3-10" 1/h; = 10" h.
With the same thermal load ), and temperature drop AT for different geometry of thermoelement

leg (1/s = var) the value ny = const.

Table 1

The results of calculating the main parameters and reliability indicators of a single-stage device
for different temperature differences AT and geometry of thermoelement legs (I/S) at T = 300 K,
0py=20W,z= 2.4:107 1/K; | = 4 mm in the mode .,

s, Y, n, |R10%,| L | 1, U, Wi A 105, » S=(axb),
sm' \% pcs. | Ohm A A A% 0 1/h mm
AT=10K

©=0.10; V= 0.071; AT o= 100.9 K; AT/ To = 0.35; W=0.81 W; E =2.46; K;=1.007; z=2.4-10" 1/K
40.0 | 0.0762 | 709.4 | 44.4 | 131 | 0.093 | 883 | 0.0052 | 0.0155 | 0.99999845 | 1.0x1.0
20.0 | 0.162 |335.5| 22.2 | 270 | 0.192 | 4.23 | 0.00245 | 0.00735 | 0.99999926 | 1.5x1.5
10.0 | 0.324 | 167.0 | 11.1 | 5.40 | 0383 | 2.12 | 0.00122 | 0.00366 | 0.99999963 | 2.1x2.1
451 0720 | 75.1 | 5.0 | 12.0 | 0.852 | 0.953 | 0.00055 | 0.00164 | 0.99999984 | 3.1x3.1
325 0.997 | 543 | 3.61 | 16.6 1.18 | 0.69 | 0.00040 | 0.00119 | 0.99999988 | 3.6x3.6
20| 1.62 | 334 | 222 | 27.0 1.92 | 0.423 | 0.000243 | 0.00073 | 0.99999993 | 4.6x4.6
1.0 | 324 16.7 | 1.11 | 54.0 5.0 |0.212 {0.000122 | 0.000365 | 0.999999964 | 6.5%6.5

AT=20K

0=0.214; V'=10.146; AT = 93.3 K; AT/ To = 0.33; W=2.23 W; E=0.90; K,=1.01; z=2.38-10" /K
40.0| 0.071 | 4994 | 426 | 1.29 | 0.19 11.7 | 0.1179 0.354 0.999965 1.0x1.0
20.0 | 0.143 | 246.7 | 21.3 | 2.60 | 0.38 5.90 0.059 0.177 0.999982 1.4x1.4
10.0 | 0.286 | 123.3 | 10.64 | 5.2 0.76 | 2.90 0.030 0.089 0.9999911 | 2.0x2.0
45 | 0676 | 522 | 479 | 11.5 1.70 1.33 | 0.0125 0.038 0.9999963 | 3.1x3.1
325| 0.880 | 40.0 | 346 | 159 | 230 | 0.96 | 0.0096 0.029 0.9999971 | 3.5x3.5
20 | 143 247 | 213 | 259 | 3.80 | 0.60 | 0.0059 0.018 0,9999982 | 4.5x4.5
1.0 | 2.86 123 | 1.06 | 52.0 9.9 0.30 | 0.0030 | 0.0089 | 0.99999911 | 6.3x6.3
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Continuation of Table 1

AT=40K
0=0.5; V'=0.40; AT = 79.8 K; AT/ To = 0,31; W= 634 W; E =0,315;K;=1.022; z=2.37-10" 1/K
40.0 | 0.0625 | 228.6 | 40.8 | 1.24 | 0.494 | 128 5.52 16.56 0.99835 1.0x1.0
20.0| 0.125 | 1143 | 204 | 247 | 1.0 6.40 2.76 8.30 0.99917 1.4x1.4
10.0| 0.249 | 574 | 102 | 495 | 2.0 3.20 1.39 4.20 0.99958 2.0x2.0
45 | 0554 | 258 | 459 | 11.0 | 4.4 1.44 0.625 1.87 0.99981 3.0x3.0
325) 0.767 | 18.6 | 332 | 152 | 6.1 1.04 0.45 1.35 0.999865 3.5%3.5
20 | 1.246 | 11.5 | 2.04 | 247 | 10.0 | 0.64 0.28 0.84 0.999917 | 4.5x4.5
1.0 | 249 | 570 | 1.02 | 49.5 | 19.8 | 0.32 0.14 0.42 0.999958 6.3x6.3
AT=60 K
0=10.9; V'=0.855; ATpu= 66.8 K; ATy /Ty = 0.28; W=47.9 W; E = 0.042; K;=1.035; z=2.32:10" 1/K
40.0 | 0.053 | 477.8 | 388 | 1.17 | 1.0 479 276.6 830 0.9204 1.0x1.0
20.0 | 0.106 |238.8 | 19.4 | 234 | 2.0 24.0 138.3 414.8 0.9594 1.4x1.4
10.0| 0.212 | 1194 | 9.71 | 4.67 | 4.0 12.0 69.15 207.5 0.9795 2.0x2.0
45 | 0471 | 53.8 | 437 | 104 | 890 | 540 31.1 933 0.99071 3.0%3.0
325] 0.625 | 388 | 3.16 | 143 | 123 3.90 22.4 67.3 0.9933 3.5x3.5
2.0 1.06 | 239 | 1.94 | 234 | 200 | 2.40 13.8 41.4 0.9959 4.5x4.5
1.0 | 2.12 119 | 097 | 46.8 | 40.0 1.20 6.9 20.6 0.9979 6.3%6.3

Analysis of calculated values of the main parameters and reliability indicators has shown that with
decreasing the ratio //s at given temperature drop AT and thermal load @, in the mode 4, :

— the value of operating current / is increased (Fig. 1, a);

— maximum cooling power ¥ is increased (Fig. 1, a);

— the drop of voltage U is decreased (Fig. 1, b);

— the failure rate A is decreased, and the probability of failure-free operation P is increased (Fig. 2).

?

W ———————————7————7—7 T LA

o R

0.0~ S T N SN N— : 0
0 2 4 6 8 10 12 14 16 18 20
I/s
a)
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U v

0O 2 4 6 8 10 12 14 16 18 20
lls
b)

Fig. 1. Dependence of parameters y, I (a) and n, U (b) of a single-stage TEC
on the value of ratio I/s at T = 300 K, AT = 40 K and Q) = 2.0 W in the mode 1,,,

A-10°, hour = P
8 - 710.99
6- -0.98
4 1 0.97
3 L4096

0 95

0 2 4 6 8 10 12 14 16 18 20
l/s

Fig. 2. Dependence of failure rate A (solid lines) and probability of failure-free

operation P (dashed lines) of a single-stage TEC on the value of ratio l/s

atT=300K, Qy=2.0W, Ay= 310 1/h, t = 10* h and different values of AT in the mode 1,

With increase in temperature drop AT for different values of //s in the mode 4 _; :

— maximum thermoelectric cooling power is decreased;
— the value of operating current / is increased (Fig. 3, a);

LA
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n, pe.

120+
100

1325

b)

Fig. 3. Dependence of operating current I (a) and the number of thermoelements n (b)
of a single-stage TEC on temperature drop AT at T=300K, Qy=2.0 W
and different values of ratio l/s in the mode A,

— functional dependence of the quantity of thermoelements in TEC on temperature drop. AT has a

minimum for different values of ratio//s (Fig. 3b), which can be explained by cooling capacity growth per
one thermoelementQ, /n at AT,, atapoint of minimum;
— failure rate ﬂ/ A, is increased and the probability of failure-free operation P is reduced (Fig. 4).

It should be noted that with decreasing the ratio //s the operating current / is increased (Fig. 5).

%-10%, hour' Ils =20 104.5 3.25 2.0
T T ! A
[ ' / .f'l /
| /| |/
1§ — SR e
0.0 :
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P , , =
s a ; N I/s=2.0
10 et — Fo ke NS 45
0.985 1 s oo o N
0.980 : : : N10
0.975 +--------- ___________ ...................... ........... \ ________
1hr B S e ke ey i
o S Comoed S pmars i
0.960 : : 20
0 AT, K

Fig. 4. Dependence of failure rate A(a) and probability of failure-free operation P (b)
of a single-stage TEC on temperature drop AT at T =300K, Qy=2.0 W,
Ao=3 208 1/h, t = 10" h and different values of ratio l/s in the mode A,
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0 2 4 6 8 10 12 14 16 18 (),

Fig. 5. Dependence of operating current I on the optimal ratio (I/s )onm of a single-stage TEC
at T=300K, Q)= 2.0 W and different values of AT in the mode 2,,,

For the mode A,;,at AT =40 K and Qy= 2.0 W the decrease in the ratio //s from 20 to 10 allows
reducing failure rate by a factor of 2 (from 8.3-10™° to 4.2:10™® 1/h), hence, increasing the probability of
failure-free operation P. In so doing, the quantity of thermoelements n is halved, the operating current / is
increased from 1 to 2 A, and power consumption and coefficient of performance remain constant (W = 6.34
W, E=0.315).

Mode AT (QO = 0). Let us consider a single-stage TEC and determine the optimal geometry of

max

thermoelement legs providing for maximum temperature drop A7 _ . For this purpose we will use known

max

relations [12].

Cooling capacity (), of cooling thermoelement can be written as

0, = 2n[él]}) —%IZR—K(T—TO)} (6)
or
o 1 (Us) g
Q,=2n|elly,—————~—-2—(T-T,) (7)
2 5 ()

where e, 5‘,;} are averaged values of the Seebeck coefficient, V/K, electric conductivity, S/cm and
thermal conductivity of thermoelement leg, W(smK), respectively.
Then the dependence of temperature of heat-absorbing junction 7, on the geometry of

thermoelement legs at given value of operating current / can be represented as:
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s .
Iz(lj 12707+ !
S n s
T, = - — (8)
20'(;(2+te
S

From condition (d7y/d(//s)) = 0 one can determine optimal geometry of thermoelement legs (//s),p,
assuring maximum temperature difference (AT = T — Tomin) at given operating current /:

Ji ~ _
(—j X fipazr|1-—2 | (9)
ot e] 2nelT

From this expression it is seen that with increasing the thermal load Q,, the value (//s),, is decreased,
and at Oy — 0, i.e. in the absence of thermal load, it will take on the form

Ji 2 -
(—j :l{\/1+22T—1} (10)
Sop el

It can be readily shown that the value (//s),,, assuring maximum temperature drop AT,y 1S

practically the same as in the mode Q, . (@ - 1,0) , which is equal to

! eaT,
(£, )
opt

As is seen in Fig. 6, in the mode AT, with decrease in /s, the operating current / is increased.

To calculate the main parameters and reliability indicators of a single-stage TEC, we will use the
above relations. The results of calculations with the optimal geometry of thermoelement legs are given in
Table 2.

Heat pump mode (A7=0). One of possible applications of thermoelectricity is the use of
thermoelectric modules as a heat pump for thermal power output at A7 =0 K.

The main characteristic of such a mode is the so-called thermal coefficient z which is the ratio of

the value of thermal power output Qy to spent (consumed) W at AT =0 K:
QN:Q0=2_B (12)
w 2B

ﬂ:

0

0 4 8 12 16 20 24 28 32 (lls),

it

Fig. 6. Dependence of operating current / on the optimal ratio (//s),, of a single-stage TEC
at 7=300 K, Oy =2.0 W in the mode AT},
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Table 2
The results of calculating the main parameters and reliability indicators of a single-stage TEC
with the optimal geometry of thermoelement legs at T = 300 K; Ty =235 K; Qp=0 W; AT 0 = 65 K;

Kr=1.04, Z=2.4-10" I/K; € =2.0-107 V/K; 6 =900 S cm; y = 15-10° W/(S:K) in the mode AT,

1105,

(US)opt | R107°,0hm | [=Ip, A | n,pes. | Mg Uh P L,mm | S=(axb),mm | 7, W
3 3.12 | 936 | 0.99906 | 4.0 1.0x1.0
3.0 0.8x0.8
9 936 | 28.1 0.9972
38.0 35.5 1.25 2.0 0.7x0.7 0.055
1.5 0.6x0.6
27 28.1 | 842 | 0.99162
1.0 0.5%0.5
3 3.12 | 936 | 099906 | 4.0 1.45x1.45
3.0 1.25x1.25
9 936 | 28.1 0.9972
19.0 17.7 2.25 2.0 1.0x1.0 0.110
1.5 0.9x0.9
27 28.1 | 842 | 0.99162
1.0 0.7x0.7
3 3.12 | 936 | 0.99906 | 4.0 2.0x2.0
3.0 1.7x1.7
9 936 | 28.1 0.9972
9.4 8.85 5.0 2.0 1.4x1.4 0.220
1.5 1.2x1.2
27 28.1 | 842 | 0.99162
1.0 1.0x1.0
3 3.12 | 936 | 0.99906 | 4.0 3.0x3.0
3.0 2.6x2.6
9 936 | 28.1 0.9972
43 4.0 11.0 2.0 2.1x2.1 0.484
1.5 1.8x1.8
27 28.1 | 842 | 0.99162
1.0 1.5x1.5
3 3.12 | 936 | 099906 | 4.0 4.5x4.5
3.0 3.9x3.9
1.9 1.8 25.0 9 936 | 28.1 0.9972 1.089
2.0 3.2x3.2
27 28.1 | 842 | 0.99162 1.5 2.7x2.7

Fig. 7a represents a dependence of thermal coefficient 1 on the relative operating current B in the
heat pump mode. With increasing the relative operating current B, coefficient p decreases and at B = 1.0 it
becomes equal to u= 0.5, i.e. achieves its minimal value.

At a given value of thermal power output Oy one can use modules or TEC with different number of
thermoelements n at 7=300 K, AT =0K.

Fig. 7b represents a dependence of thermal coefficient p on the number of thermoelements »n for
different value of thermal power output Oy at 7= 300 K, AT = 0 K. With increasing the number of
thermoelements 7, thermal coefficient p is increased for different values of thermal power output Qy. With
increasing the value of thermal power output Oy at given number of thermoelements 7, thermal coefficient
w is decreased.

The value of relative operating current B for different values of Oy and # can be determined from the
expression

B=1-\1-C (13)
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where C:—QZN 2&;

nl- R ny

max

y=1I> R (13)

max

b)

Fig. 7. Dependence of thermal coefficient  of a single-stage TEC on relative operating current B (a)

and the number of thermoelements n for different values of thermal power output (b)
at T=300K, l/s = 20 in the heat pump mode (AT = 0 K)

Fig. 8 represents a dependence of relative operating current B on the number of thermoelements # for
different thermal power output Oy at 7=300 K, AT =0 K. With increasing the number of thermoelements
n, the relative operating current B is decreased for different Qy. At a given number of thermoelements #,
with increasing the thermal power output Qy, the relative operating current B is increased.

The relative value of failure rate A/Ay of a single-stage TEC in the heat pump mode can be
represented as [12]:

AL, =nB*C (14)

in the heat pump mode (A7 = 0 K).
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Fig. 9 represents dependences of relative value of failure rate /Ay and the probability of failure-free
operation P of a single-stage TEC on the number of thermoelements n for different values of thermal
power output Oy in the heat pump mode.

0 10 20 30 40 50 60 7, pe.

Fig. 8. Dependence of relative operating current B of a single-stage TEC
on the number of thermoelements n at T = 300 K, I/s = 20
and different values of thermal power output Qy

Let us consider the influence of the geometry of thermoelement legs of a single-stage heat pump on
its main parameters and reliability indicators with a given number of thermoelements » = 27 in TEC and
for different thermal power output Oy = 1.0; 2.2; 2.9; 4.0; 8.8 W.

Adhy

0.20 -

0.15 1

L e e W e e
i X N |
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50 n, pc.

b)

Fig. 9. Dependence of relative failure rate 2/2y (a) and the probability of failure
-free operation P (b) of a single-stage TEC on the number of thermoelements n
atT=300K, l/s =20, Ay= 3000 1/h, t = 10° h and different values
of thermal power output in the heat pump mode (AT = 0 K).
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The results of calculating the main parameters and reliability indicators of a single-stage TEC in the
heat pump mode are given in Table 3.

With increasing the number of thermoelements #, the failure rate A/A, is decreased. With a given
number of thermoelements n, the failure rate A/, is increased with increase of Oy from 1.0 to 4.0 W. As
the number of thermoelements n in TEC is increased, the probability of failure-free operation P is
increased for different values of Qy.

With a given number of thermoelements #, the probability of failure-free operation P of a single-
stage TEC is decreased with increasing the thermal power output Qy.

Analysis of calculation results has shown that with decreasing the ratio //s at given n for different
power output Oy in the heat pump mode:

—relative operating current B is decreased (Fig. 10);

— maximum operating current /,,, is increased,

— operating current / is decreased;

— power consumption W is decreased;

— voltage drop U is decreased,;

— thermal coefficient p is increased;

failure rate A/A, is decreased and probability of failure-free operation P is increased (Fig. 11).

Table 3

The results of calculating the main parameters and reliability indicators of a single-stage TEC
for different geometry of thermoelement legs at T= 300 K, n= 27, 0, =2.2 W, z = 2.4-107 I/K;
e =2010"V/K; 6 =900 S/cm; Y = 15-10° W/(S-K) and different thermal load in heat pump mode (AT = 0 K)

3 1 8
/s R';!O’ B |max, 2 c \VZ (\]/ M A0 ”11/(})1’ P
A
0,=1.0W
40.0] 44.4 1 0.26 [1.35] 036 | 0.458 | 0.30 | 0.84 3.3 0.06 0.18 0.99982
30.0| 33.3 [0.189[1.80] 0.34 | 0.343 | 021 | 0.61 48 0.012 0.036 0.9999965
20.0] 22.2 [0.122]2.70] 033 [ 0.229 | 0.13 | 0.39 77 137-10° | 4110 0.99999959
10.0{ 11.1 [0.059(5.40| 032 | 0.114 | 0.061 | 0.19 164 | 3.73-10° | 11.2:10°" ~1.0
45| 5.0 10.026[12.0] 031 [0.0514] 0.026 | 0.085 | 38.0 | 6.3-107 |19.0-10°" ~ 1.0
2.0 2.22 0.0115[27.0[ 0.305 | 0.023 |0.0116 | 0.037 | 86.2 1.1-:10° | 3.3:10°'° ~1.0
0,=22W
40.0] 444 | 1.0 [1.35] 1.35 1.0 | 437 | 32 0.50 27.0 81.0 0.9919
30.0/ 33.3] 0.0 [1.80] 0.90 | 0.752 | 1.46 | 1.62 1.50 1.27 3.81 0.99962
20.0] 22.2 [ 0.29 [2.70] 0.79 | 0.50 | 0.735 | 0.33 3.0 0.0955 0.286 0.9999714
10.0] 11.1 [0.134[5.40] 0.72 | 025 | 0314 | 0.44 7.0 0.0022 0.0065 0.99999935
451 5.0 [0.058[12.0] 0.69 | 0.113 | 0.131 | 0.19 16.7 | 0.000034 | 0.0001 0.999999990
2.0]2.22]0.025[2.70] 0.68 | 0.05 | 0.056 | 0.082 | 39.1 | 553107 | 1.65:10° 1,0
0,=29W
30.0] 33.3]0.93 [1.80] 1.67 | 0.996 | 5.0 3.0 0.58 19.8 593 0.9941
20.00 222 [ 042 [2.70] 1.13 [ 0.664 | 1.54 | 1.36 1.88 0.56 1.67 0.99983
10.0] 11.1 [0.182]5.40] 0.98 | 0.332 | 0.58 | 0.59 5.0 0.01 0.030 0.9999970
451 50 [0.078[12.0] 0.94 | 0.149 | 0237 | 0.25 128 | 1.49-107 | 0.00045 0.999999956
2.0 [ 2.22 [0.034(27.0] 0.92 [0.0664 | 0.101 | 0.11 28.7 2.410° | 7.2:10™ —1.0

ISSN 1607-8829 Journal of Thermoelectricity Ne6, 2017 67



V.P.Zaikov, V.I.Meshcheriakov, Yu. 1. Zhuravlev
Model of interrelation between reliability indicators of a single-stage cooler and the geometry of thermoelement legs

Continuation of Table 3

0,=40W
20.0[ 222 10.708[2.7] 1.91 [ 0915 | 438 | 23 0.91 6.2 18.6 0.9981
10.0| 11.1 [0263]5.4] 1.42 [ 0458 | 1.21 | 085 33 0.06 0.18 0.999982
45| 5.0 [0.109]1.0] 131 | 0206 | 046 | 0.35 8.7 7.85-10°% | 2.36:10 1.0
2.01]2.2210.047[27.0] 1.27 [0.0915] 0.193 | 0.152 | 20.7 1.2:10° | 3.6-10° 1.0
0.=88W
100[ 11.1 ] 1.0 [54] 54 1.0 175 | 3.24 0.50 27.0 81.0 0.9919
45] 50 1026 [120] 3.12 [ 0453 | 263 | 0.84 3.35 0.056 0.17 0.999983
20222 [1.106(27.0] 2.86 | 0.89 | 2.21 | 0.77 4.0 3107 9-10° "2 —1.0
0,=88W 4.0 2.0 2.19
B : :
08 ----------- ; ;r --------------
| ' /] 2.0
0.6 -
0.4 11 -------- = ---------------
> : | 1.0
0.2"'" SRS '_j_?-":L"" — """E """""""" T
. | 0.5
0

0 10 20 30 l/s

Fig. 10. Dependence of relative operating current B of a single-stage TEC
on the ratio lI/s at T = 300 K, n = 27 and different values of thermal power
output in the heat pump mode (AT = 0 K).
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Fig. 11. Dependence of relative failure rate A/ (a) and the probability of failure-free operation P (b)
of a single-stage TEC on the ratio l/s at T = 300 K, Ag=3-10° 1/h, t = 10" h, n = 27
and different values of thermal power output in the heat pump mode (AT = 0 K)

Thus, for instance, with the necessity of thermal power output Oy = 2.2 W the use of module
M40-27 instead of module M30-27 allows reducing failure rate A by a factor of 21 and reducing power
consumption by a factor of 3.
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Discussion of analysis results

Analysis of calculated data has shown that:
1. With decreasing the ratio (A/Ag) of thermoelement leg of a single-stage TEC for different
temperature drops AT and at given thermal load Q, in the mode Ay,
— maximum cooling power v is increased;
— the necessary number of thermoelements # is decreased
— the value of operating current / is increased;
— the value of voltage drop U is decreased;
— failure rate A is decreased;
— the probability of failure-free operation P is increased.
With increasing temperature drop AT at given thermal load Q, for different values of the ratio /s of

thermoelement leg of a single-stage TED in the mode Ay,

— maximum cooling power v is decreased,;

— the necessary number of thermoelements 7 (Qomay) 1S increased; functional dependence n = f{AT)
has a pronounced minimum, which is attributable to the presence of maximum cooling capacity at
optimal AT.

— the value of operating current / is increased (except for the mode Qpmay);

— the value of voltage drop U is increased;

— failure rate A is increased;

— probability of failure-free operation P is decreased.

2. With decreasing the ratio /s of thermoelement leg of a single-stage TEC at Qy=0 W:

— electrical resistance Rpis decreased;

— maximum operating current /.., is increased;

— maximum temperature drop AT,,,x remains constant;

— failure rate A remains constant value at given number of thermoelements 7.

3. With decreasing the ratio //s of thermoelement leg of a single-stage TEC at given n:

—relative operating current B and the value of operating current / are decreased;

— thermal coefficient p is increased;

— failure rate A is decreased, thus increasing the probability of failure-free operation P.

4. With increasing the number of thermoelements » in TEC at given ratio //s and thermal load Oy:

— thermal coefficient u is increased;

—relative operating current B is decreased;

— the value of operating current / is decreased;

— failure rate A is decreased;

— the probability of failure-free operation is increased P.

Conclusion

1. The model of interrelation between the reliability indicators and the main parameters of a single-
stage TEC is proposed and justified for variations in the geometry of the thermoelement legss for
different temperature drops AT at a fixed thermal load for the operation modes Apin, ATmax (Qo = 0)
and heat pump (A7 = 0).

2. The possibility of increasing the reliability indicators of a single-stage TEC like in the A,;, mode due
to selection of the geometry of thermoelement legs with a smaller ratio //S is determined.
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3. The maximum temperature drop AT}, does not depend on the geometry of thermoelement legs //S in
TEC, but only on the thermoelectric figure of merit of the raw materials.

4. The failure rate A of cooling thermoelement in the mode AT« does not depend on the geometry of
thermoelement legs I/S at their given number n in TEC, hence the probability of failure-free
operation P remains constant.

5. To increase the reliability indicators of a single-stage heat pump, one should use thermoelectric
modules with a greater number of thermoelements # and a small ratio //S.
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? ON THE ERRORS IN MEASUREMENT OF ELECTRICAL
V.V. Lysko CONDUCTIVITY OF THERMOELECTRIC MATERIAL SAMPLES
BY TWO-PROBE METHOD

The results of computer studies of errors in measurement of electrical conductivity by two-probe method are
presented. Conditions for minimization of the errors in measurement of electrical conductivity due to non-
uniformity of current density in the sample are determined. The possibility of reducing the errors in
measurement of electrical conductivity due to non-uniformity of current density in the sample by means of
metal layers applied on sample end faces is investigated. The errors in measurement of electrical conductivity
due to the influence of the Peltier effect are investigated, conditions for their minimization are determined..
Bibl. 7, Fig. 15.

Key words: electrical conductivity, Peltier effect, error, thermoelectric material.

Introduction

General characterization of the problem

An important role in the development and manufacture of thermoelectric power converters, as well as
devices on their basis, is played by quality control of the original thermoelectric material. It is carried out by
determining the thermoelectric parameters of material, namely electrical conductivity, thermal conductivity,
thermoEMF and figure of merit. In so doing, the best in terms of measurement accuracy are comprehensive
measurements of all these parameters on the same sample. Such measurements can be implemented using
the absolute method [1]. The basis for determination of electrical conductivity is two-probe measurement
method, whereby current is passed through sample end faces, and electrical potential on its surface is
measured by two probes with a known distance between them [2, 3]. The electrical conductivity is
calculated by the values of current and potential difference between the probes with regard to geometrical
dimensions (sample cross-sectional area and the distance between the probes). This method is generally
accepted for the research on semiconductor material (international standard SEMI MF397-02 “Test Method
for Resistivity of Silicon Bars Using a Two-Point Probe”).

Analysis of the literature

Refs. [4, 5] are concerned with the main sources of errors of two-probe method for the case of long
rods (ingots) of thermoelectric material:

- inhomogeneity of current density in the ingot due to current supply solely at points of contact with
current conductors, rather than uniformly across its surface;

- nonisothermal conditions caused by the influence of the Peltier and Joule effects, and by the heat
exchange with the environment.

This is dealt with by positioning the measuring probes as far as possible from current contacts, where
the electric field is most one-dimensional. However, this reduces the distance between the probes, and,
accordingly, decreases the potential difference, which reduces the accuracy of measurements. It becomes
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more difficult to precisely define the distance between the probes, which also affects the measurement
error.

It is even more difficult to satisfy the condition of sample isothermality. When current flows, its
violation leads to the appearance on the probes, in addition to the potential difference, of thermoelectric
power. Moreover, non-isothermality is primarily due to the action of the Peltier effect at points of electrical
connections of the sample with the current contacts. In this case, the potential difference between the
probes due to current flow and thermoelectric power due to nonisothermality of the sample may be values
of one order, which leads to fairly gross errors. To reduce this error, it is advisable to pass through the
sample an alternating current of sufficiently high frequency, which should prevent the influence of the
Peltier effect. However, in this case there are difficulties in measuring potential difference on the
alternating current due to the lack of precision of the measuring equipment and all sorts of crosstalk. Use is
also made of measuring voltage drop at the moment of switching on the current, when the influence of the
Peltier effect will be insignificant due to the heat capacity of the material.

The purpose of the work is to determine the values of errors in measurement of electrical
conductivity of thermoelectric material samples by two-probe method due to non-uniformity of current
density in the sample and the influence of the Peltier effect, as well as to find conditions for minimization
of these errors.

Physical model of two-probe method for electrical conductivity measurement and its
mathematical description
A physical model of two-probe method is shown in Fig.1. It comprises a sample of thermoelectric
material through which by means of two current conductors an electric current of magnitude / is passed.
Voltage drop U is measured between two probes arranged on the lateral surface of the sample.
The electrical conductivity of the sample material is determined by the formula
11
o=——,
Us

where S is cross-sectional area of the sample, / is the distance between measuring probes.

(1

= ' i
-
/ '\' __.,Qj___ :{ N T

0. o O O
ol o, @)

Fig. 1. Physical model of two-probe method for measuring
the electrical conductivity of thermoelectric material.
1 — sample of thermoelectric material under study; 2 — current conductors;
3 — measuring probes.

The physical model takes into account heats Q;-0;y which occur in measuring. They include the
Joule heat which is released in the sample and the conductors, the Peltier heat which is released and
absorbed on the opposite sample ends, heat exchange between the sample and the environment.

To study the errors of measurement and the effect of various factors on them, it is necessary to find
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the distributions of electrical potential and temperature in the sample. In so doing, as long as instantaneous
measurements are used to eliminate the influence of the Peltier effect, the problem is a nonstationary one.
Equations for finding the electrical potential U and temperature 7 in this case will be given below

pCZ—];—V((Ga2T+K)VT)—V(GaTVU) ~o((VU) +ovTVU)

oU ’ @
V(GOLVT)+V(GVU) = —V(avgj
where p is density, C is heat capacity, o is electrical conductivity, a is the Seebeck coefficient, « is thermal
conductivity, € is dielectric permittivity.
Having solved system (2) with the corresponding boundary conditions, we obtain the distributions of
the electrical potential and temperature in the sample. To calculate the temperature and electrical fields, as
well as the influence on them of various factors, computer methods of object-oriented simulation were

used, in particular, COMSOL Multiphysics software package [6].

Errors in measurement of electrical conductivity due to non-uniformity of current density
in the sample

Computer simulation was used to obtain the dependences of the errors in measurement of electrical
conductivity due to non-uniformity of current density on the geometry of sample under study. A sample of
thermoelectric material based on Bi-Te (6=1000 cm™cm™, o = 200 pV/K, k = 1.4 W/(m*K), p= 7740 kg/m’,
C =154 J/(kg*K) [7]) was considered.

The dependences of the error do; in the measurement of electric conductivity due to non-uniformity
of current density on the sample length L, sample diameter d and the distance between the probes are
presented in Fig. 2-4.

Fig. 5 shows a generalized dependence of error do; on the ratio between the sample length and the
sample diameter at different values of distance between the probes. As is seen from the figure, for
minimization of the errors the sample length must be at least 2-2.5 times larger than the sample diameter,
and the distance between the probes must not exceed %4 of the sample diameter.

aﬁl,ﬂ/n
L SRR RS — e — —

I . (R TP Sa— S—
40 4B\ A S —

N R o

6 10 14 18 L, mm

Fig. 2. Dependence of the error do; in measurement of electrical conductivity due
to non-uniformity of current density on the sample length L for different values
of sample diameter d(the distance between the probes a = 5 mm).

1 —d=49mm; 2—d=6mm; 3—d=8mm.
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Fig. 3. Dependence of the error do;;in measurement of electrical conductivity due
to non-uniformity of current density on the sample length L for different values of distance
between the probes (sample diameter d =6 mm). 1 —a = 2mm; 2 —a = 3mm;

3—a=4mm; 4—a = Sum.
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Fig. 4. Dependence of the error do; in measurement of the electrical conductivity related to
non-uniformity of current density on the sample diameter d for different values of sample length L
(the distance between the probes a = 5 mm). 1 —L = 6mm; 2 —L = 10mm; 3 —L = 15mm;

4— L =20mm.
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Fig. 5. Dependence of the error do; in measurement of electrical conductivity due to non-uniformity
of current density on the ratio between sample diameter d and sample length L for different values
of the distance between the probes. 1 —a = 2mm; 2 —a = 3mm,; 3 —a = 4mm;
4—a=>5mm.
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The possibility of reducing the errors in measurement of electrical conductivity due to non-
uniformity of current density in the sample, with the help of metal layers applied on the end faces of the
sample (Fig. 6) was investigated. It is seen that to achieve the level of error not more than 0.2%, a layer of
copper 50-60 pm thick would be sufficient. The use of copper layer 100 um thick allows reducing the
sample length by a factor of ~ 1.5 (from 15 to 9 mm) without sacrificing the accuracy of measurement.

Such a reduction is important for increasing the measurement speed with complex determination of
the thermal conductivity and thermoEMF on the same sample, as the time required for installing steady-
state conditions in the sample is proportional to the length of the sample.

86“0/0
£ 1.1

20 60 100 140 180 h,, mm

Fig. 6. Dependence of the error do; in measurement of electrical conductivity due
to non-uniformity of current density on the thickness hc, of copper coating on the sample end faces
for different values of sample length L (sample diameter d =6 mm,
the distance between the probes a = 5 mm).1 — L = 6mm; 2 —L = 9mm,; 3 — L = 12mm.

Errors in the measurement of electrical conductivity due to the influence of the Peltier effect

The type of temporal dependence of voltage drop on the sample with the use of instantaneous
measurements is shown in Fig.7. It allows implementing two measurement variants, whereby the
nonisothermality due to the Peltier effect can be eliminated — at the moment of current switch on and
immediately after it is switched off.

L,

Fig. 7. The type of the temporal dependence of voltage drop between
the probes in the measurement of electrical conductivity by two-probe method.
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To determine the requirements to measurement speed, the temporal dependences of temperature
distributions and electrical potential in the sample were investigated using computer simulation. Fig. 8
shows a temporal dependence of temperature drop between the probes due to the influence of the Peltier
effect for a sample of diameter 6 mm and length 12 mm; the distance between the probes — 5 mm. As is
seen from the figure, at such sample dimensions the influence of the Peltier effect very quickly extends to
measuring probes, hence, leads to the origination of errors.

Fig. 8. Temporal dependence of temperature drop between the probes
due to the influence of the Peltier effect.(sample diameter d =6 mm, sample
length L =12 mm,the distance between the probes a = 5 mm)

Temporal dependence of the error do, in the measurement of electrical conductivity due to the
influence of the Peltier effect is given in Fig. 9. To achieve an error level not higher than 0.2%,
measurement must be made in less than 1 second after the current is switched on. This suggests the need
for mandatory automation of the measurement process.

The influence on measurement accuracy of metal layers applied on the end faces to reduce the errors
due to non-uniformity of current density in the sample was considered.

From Fig. 10 it is seen that the use of thin copper layers on the sample end faces (to 200 pum) by a
factor of 1.2 — 1.5 increases the errors due to the influence of the Peltier effect as compared to the case of
one central point contact on each of the end faces.

The use of thicker copper plates (Fig. 11) reduces the influence of the Peltier effect due to their high
heat capacity — up to 10 times as compared to the case of one central point contact on each of the end faces
(at plate thickness 5 mm). The dependnce of the error do; on plate thickness is given in Fig. 12.

8a,, %

Fig. 9. Temporal dependence of the error do, in
measurement of electrical conductivity due to the
influence of the Peltier effect

0
0 1 2 3 4 5 1,5
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563, %
164

Fig. 10. Temporal dependence of the error do, in measurement of electrical conductivity due
to the influence of the Peltier effect when using copper coating of thickness hc,
on the end faces 1 — hg, = 10um; 2 — he, = 50 um;
3—he, = 100um; 4 — he, = 200um.

®

(]
'

Fig. 11. The use of copper plates of thickness h on the end faces of the sample for reduction of the
influence of the Peltier effect. 1 —thermoelectric material sample;
2 — current conductors, 3 — measuring probes; 4 — copper plates.

0a,, %

6_ ......
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Fig. 12. Temporal dependence of the error do, in measurement of electrical conductivity due
to the influence of the Peltier effect when using copper plates of thickness h on the end faces.
1 —h=1mm; 2—h=3mm; 3—h=>5mm.
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For further reduction of the errors one can use thermostating of sample end faces with the aid of
copper blocks (Fig. 13). Fig. 14 shows a dependence of the error in measurement of electrical conductivity
due to the influence of the Peltier effect with the use of thermostating of sample end faces by means of
copper blocks of diameter 12 mm and thickness 10 mm (for the sample of diameter 6 mm and length 12

mm; the distance between the probes — 5 mm).

®

Fig. 13. Thermostating of sample end faces by means of copper blocks to
eliminate the influence of the Peltier effect. 1 —thermoelectric material sample;
2 — current conductors, 3 — measuring probes; 4 — thermostating copper blocks.

86,, %
0
0 1 2 3 4 5 4,8

Fig. 14. Temporal dependence of the error do, in measurement
of electrical conductivity due to the influence of the Peltier effect
at thermostating of sample end faces by means of copper blocks.

Thus, thermostating of sample end faces by means of massive copper blocks practically eliminates
the influence of the Peltier effect when measuring the electrical conductivity by two-probe method.
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®

Fig. 15. Compensation of the influence of the Peltier effect by means of the heater at
integrated measurement of parameters of thermoelectric materials by the absolute method.
1 —thermoelectric material sample; 2 — current conductors, 3 — measuring probes;

4 — thermostat; 5 — reference heater.

In the case of integrated determination of the sample parameters by the absolute method, when one
of the end faces is thermostated, and the other accommodates a reference heater (Fig. 15), to eliminate the
influence of the Peltier effect, one can use compensation of cooling action of the Peltier effect by the heat
of the reference heater. Isothermality control can be carried out by means of thermocouples. Computer
simulation confirmed the efficiency of such method for minimization of the influence of the Peltier effect.

Conclusion

1. Computer simulation was used to determine conditions for minimization of the errors in
measurement of electrical conductivity by two-probe method due to non-uniformity of current
density in the sample. It was established that for minimization of the errors the length of the sample
must be at least a factor of 2-2.5 larger than the sample diameter, and the distance between the
probes must not exceed ¥ of the sample diameter.

2. The possibility of reducing the errors in measurement of electrical conductivity due to non-
uniformity of current density in the sample by means of metal layers applied on the end faces of the
sample was investigated. It was established that to achieve the level of error not more than 0.2%, a
layer of copper 50-60 pum thick is sufficient. The use of copper layer 100 um thick allows reducing
sample length by a factor of ~ 1.5 without essential loss in measurement accuracy.

3. The errors in measurement of electrical conductivity due to the influence of the Peltier effect were
investigated. It was established that to achieve an error level not higher than 0.2%, measurement
must be made in less than 1 second after the current is switched on.

4. It was established that the use of thin copper layers on the sample end faces (up to 200 um) by a
factor of 1.2 — 1.5 increases the errors due to the influence of the Peltier effect as compared to the
case of one central point contact on each of the end faces. The use of thicker copper plates reduces
the influence of the Peltier effect due to their high heat capacity — up to 10 times as compared to the
case of one central point current conductor on each of the end faces (at plate thickness 5 mm).
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Thermostating of sample end faces by means of massive copper blocks practically eliminates the
influence of the Peltier effect when measuring electrical conductivity by two-probe method. For the
case of thermal asymmetry of sample end faces (as in the case of integrated measurement of sample
parameters by the absolute method, when one of the end faces is thermostated, and the other
accommodates a reference heater), an effective method for elimination of the influence of the Peltier
effect is compensation of cooling action of the Peltier effect by the heat of the reference heater.

References

1.

Anatychuk L.I, Havryliuk M.V., Lysko V.V. (2015). Absolute method for measuring of
thermoelectric properties of materials. Materials Today: Proceedings, 2, 737 — 743.

Anatychuk L.I. (1978). Termoelementy i termoelektricheskiye ustroistva [Thermoelements and
thermoelectric devices]. Kyiv: Naukova dumka [in Russian].

Okhotin A.S., Pushkarskii A.S., Borovikova R.P., Simonov V.A. (1974). Metody izmereniia
kharakteristik termoelektricheskikh materialov i preobrazovatelei [Methods for measuring
characteristics of thermoelectric materials and converters]. Moscow: Nauka [in Russian].
Anatychuk L.I., Lysko V.V. (2008). High-precision method for measuring electric conductivity of
thermoelectric material rods. J. Thermoelectricity, 1, 70-75.

Anatychuk L.I., Lysko V.V., Havryliuk M.V., Tiumentsev V.A. (2015). Automated equipment for
measurement of properties of thermoelectric material rods. J. Thermoelectricity, 5, ctp.?

Jaegle Martin. (2008). Multiphysics simulation of thermoelectric systems. Proceedings of the
COMSOL Conference (Hannover, 2008). .

Goltsman B.M., Kudinov V.A., Smirnov L.A. (1972). Poluprovodnikovyie termoelektricheskiie
materialy na osnove Bi,Te; [Semiconductor thermoelectric materials based on Bi,Te;. Moscow:
Nauka [in Russian].

Submitted 03.10.2017
Jucbko B.B. kano. ¢iz.-mam. nayx '

'TacruryT Tepmoenexrpuxu HAH i MOH Yxpainu, Byn. Haykn, 1,
Uepmnirti, 58029, Ykpaina, e-mail: anatych@gmail.com;
*YepuiBenbKuii HAI[IOHANBHHI yHiBepcuTeT iMeri I0pist denpkoBuya,
ByJ. Komrobuncekoro 2, Yepnisui, 58012, Ykpaina
e-mail: anatych(@gmail.com

ITPO ITIOXUBKHU BUMIPIOBAHHS
EJIEKTPOITPOBIIHOCTI 3PA3KIB TEPMOEJIEKTPUYHUX
MATEPIAJIIB IBO3OHAOBUM METOJOM

Ilpedcmaeneno pesyromamu KOMN 1OMEPHUXOOCTIONCEHb NOXUOOK, AKI GUHUKAIOMb NPU BUMIPIOGAHHI
eNeKMPONPOBIOHOCHE 34 OONOMO2010 08030HO08020 Memody. Busznaueno ymosu minimizayii noxubox
BUMIDIOBAHHS  €NEeKMPONPOGIOHOCMI, NO6 A3AHUX 3 HEOOHOPIOHICMIO 2YCHMUHU CMPYMY Y 3PA3KY.
Jlocniooiceno Mooucaugicms 3MeHWeHHs NOXUOOK SUMIPIOBAHHS eNeKMPONPOBIOHOCE, NO08 A3aHUX 3
HEeOOHOPIOHICMIO 2YCMUHU CIMPYMY V 3DA3KY, 3a OONOMO20I0 MeMmAaiesux wapie, HaHeceHux Ha mopyi
spaska. Jlocnioceno noxXubKu GUMIPIOGAHHSA eAeKMPONPOGIOHOCI, BUKIUKAHI GNIUBOM epeKxmy
Henomoe,6usnaueno ymosu ix minimizayii. bion. 7, Puc. 15.

Ki11040Bi cj10Ba: eneKTpONpOBiIHICTE, ePekT [1enbThe, MoXubKa, TEPMOSTEKTPUIHII MaTepiall.

82

Journal of Thermoelectricity Ne6, 2017 ISSN 1607-8829



P.V. Gorskiy
The thermoelectric figure of merit of powder-based thermoelectric materials of the Zn-Cd-Sb system

Jbicbko B.B. kand. gus.-mam. nayx '

'MucTuTyT TepModnekTpudecTsa, yi. Haykw, 1,
UYepnosiibl, 58029, Ykpauna e-mail: anatych@gmail.com;

*YepHOBUIIKMIT HAMOHANBHEIHA YHUBEpcUTeT MMeHH IOpus deapkoBuua,
yi. Komrooburckoro 2, YepHosupl, 58012, Yikpanaa
e-mail: anatych@gmail.com

O IOI'PEHIHOCTAX UBMEPEHMUS DJIEKTPOITPOBOJHOCTH
OBPA3IOB TEPMOJJIEKTPUYECKHUX MATEPHUAJIOB
ABYX30HJOBBIM METOJOM

Ilpeocmasnenvl pe3ynbmamvt KOMNBIOMEPHO20 MOOEIUPOBAHUS NOSPEUHOCIEN, BOZHUKATOWUX NPU
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o COMPARATIVE ANALYSIS OF ENERGY CHARACTERISTICS OF

MODERN THERMOELECTRIC REFRIGERATORS

This article analyzes technical, primarily energy characteristics of modern thermoelectric refrigerators (TER),
as well as the ways to increase their energy efficiency. The results of comparative tests of new TER models
developed by the author are presented and their advantages over the world analogues are shown. Bibl. 7,
Fig. 7, Table 3.

Key words: thermoelectric refrigerator, transport refrigerator, energy saving, temperature control.

Introduction

Enhancement of energy efficiency, without any doubt, is the main and global goal of technical progress
in the early 21st century. The reduction in the energy consumption of thermoelectric refrigerators (hereinafter
TER) is not only consistent with it, but is also a prerequisite for the competitiveness of thermoelectric products
in the world market, and, first of all, in relation to compressor analogues. This problem remains unsolved
from the very beginning of the era of thermoelectric cooling and is constantly in the focus of specialists’
attention, especially in the context of constant enlargement of TER compartment capacity [1-4].

Hopes for a significant increase in the efficiency of thermoelectric materials, unfortunately, are not
justified yet. Therefore, developers (designers) and manufacturers have to look for other ways to improve
refrigerators that are not directly related to thermoelectric materials, based on serially produced thermoelectric
cooled modules.

The new, more stringent requirements for the energy performance of household refrigerators
introduced by EU directives have also affected thermoelectric refrigerators. From July 1, 2015, absorption
and thermoelectric refrigerators of Class D and above can be sold at the European market. Before that,
most TER models had the energy class E (Fig.1). Some manufacturers, such as Atlant or MPM, were
forced to abandon the export of their TER to Europe. To meet these new requirements, some of the TER
manufacturers took an approach of equipping them with an electronic temperature control system in the
compartment, which reduces the supply voltage of module(s) in proportion to temperature decrease in the
compartment, starting from some value. This led to a significant increase in the cost of refrigerators.
Refrigerators by German-Italian firm /ndel-B is a case in point [5]. In addition, this method of regulation
has limited application, referring to the ambient temperature level. But, what is most important, it is
practically not applicable in transport TERs, which are powered directly from the on-board DC mains 12V
DC or 24V DC.

As it was shown in [6], the daily or annual energy consumption is not a suitable parameter for a
correct comparison of different TERs. One of the main reasons is the lack of temperature regulation in the
compartment. Different TERs operate in one of the modes (main or energy-saving) depending on the
ambient temperature, on the degree of refrigerator loading and on the way it is used. The author has
developed and proposed to use a more versatile parameter of comparison - the specific power consumption
P;. The physical meaning of this parameter is as follows: the electrical power P that must be fed to the
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refrigerator in order to keep given temperature difference A7 in the given capacity of its compartment. The
P, parameter is applicable, provided the heat insulation properties of the cabinet are equal, namely the
thickness and the material of the thermal insulation. It should be calculated for each mode of operation
separately.
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Fig. 1. Changes in the energy class of TER within recent five years

In practice, this means that, for example, at an ambient temperature of 22 ° C, the first refrigerator
operating in the energy-saving mode may have the advantage. Its characteristic in Fig. 2 is shown in blue
(dark) color. But at 25° C, this refrigerator no longer passes into this mode of operation. Consequently, the
advantage then can go to the second refrigerator (grey color), which has a wider range of ambient
temperatures, whereby it is possible to work in the energy-saving mode. This leads to a very important
conclusion that when evaluating the energy efficiency of a TER, not only the absolute values of the P and
P, are important, but also the temperature range of the refrigerator in which they can be achieved.

7
max

High-temperature installation is low
el

b 20 21 22 1| 23 24 25 26 27 | 28
The ambient temperature, °C

Fig. 2. The principle of comparing the width of the energy-saving mode zone of two TERs

Technical characteristics of modern TERs

Fig. 3 shows the dynamics of change in the specific power consumption P of TERs over the past 35
years: blue (darker) color shows refrigerators and mini-bars with a capacity of 40-60 liters, green (lighter)
color - refrigerated showcases with a capacity of 70-110 liters. Refrigerators of the second generation (by
convention we shall refer them to the period 1980-2000) were characterized by lower efficiency of
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thermoelectric modules, absence of temperature control in the compartment, but greater created
temperature difference. Their parameter P, was from 0.10 to 0.12. The next (third) generation of TERs,
which already employed various types of temperature control in the compartment, reached the value of P, =
0.04-0.06. This decrease in P, can be characterized as artificial, since the relative decrease in the power
consumption exceeds the relative decrease in the temperature difference AT. The lower values of these P
ranges are achieved in refrigerator bars and wine coolers, where the temperature in the compartment
exceeds 10-12°C. New author's developments, which can be attributed to the fourth generation, have P in
the range of 0.02-0.04, which is almost twice lower than that of the previous generation.

0.14

0.12 .
0.1 \
0.08 \
0.06 \ \'—'

0.02 \l

I generation [1I generation IV generation
1980-2000 2000-2010 2010-2017

Specific energy consumption, V/m'K

Fig. 3. Reduction of P, of thermoelectric refrigerators within recent 35 years

A similar trend is observed in the category of thermoelectric refrigeration showcases. Glass doors of
these products have a higher heat transfer coefficient, which, accordingly, is reflected on their P,. With the
exception of wine storage windows at a temperature of 14-18°C, the universal show-cases have a P about 2
times worse than that of refrigerators.

Table 1 presents the present-day world level of household TER parameters. For the correctness of
the comparison, refrigerators with an approximately equal compartment capacity were chosen, namely from
40 to 60 liters.

Table 1
Technical characteristics of the world's best energy consumption models
of thermoelectric refrigerators
Manufacturer, model
OmniTec Electro-Line Indel B Grass Cavagna Space-
Technical data (Spain) (Canada) (Italy- Group Mate
Germany) (Poland-China) (USA)
Advance | BC42A | BC50A | DT40 plus Ravanson Igloo
plus 42 LK-40 | LK-48
Useful compartment 42 42 50 40 40 48 56,6
capacity[l]
Temperature range in 3..8 2...10 | 6,5...15 5...15 5...12 5...12 0...7
compartment [°C]
AC power supply voltage 230 230 230 115/230 230 230 110/230
[V]
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Continuation of Table 1

Installed power [W] 72 75 50 60 70 70 90
Power consumption in 25 29 15 31 33 30

energy saving mode [W]

Average daily power 0.6 0.7 0.36 0.75 0.8 0.8 1.08
consumption [kWh /24h]

Annual power 219 255,5 132 274 292 292 394.2
consumption [kWh/year]

Specific power 0.035 0.038 0.022 0.052 0.052 0.043 0.044

consumption [W/(dm’K)]

Overall dimensions

width 450 500 500 399 510 510 399

depth 432 430 422 470 430 430 470

height [mm] 530 480 515 553 430 480 553

Weight [kg] no data 11.2 13.0 15.5 11.2 13.2 15.5
available

Among the models on the market, the BC50A refrigerator of the Canadian firm ElectroLine has the
best parameters. Laboratory tests of this refrigerator conducted in 2018 at the West Pomeranian University
of Technology, Szczecin, showed that this refrigerator cannot be used as a reference for two reasons.
Firstly, the average thickness of the insulation of this refrigerator compartment is 40 mm, which is 5 mm
larger than that of analogues. This fact alone gives the advantage in the energy characteristics of about
30%. Secondly, the energy characteristics of the BC50A model were measured when the thermostat was
set for a relatively high temperature in the compartment, corresponding to the created temperature
difference of 10-12 K, which is 2-3 degrees less compared to analogues. This adds another 15-20% of the
advantages in power consumption. Therefore, the Ravanson LK-48 refrigerator was adopted as a
comparison base for comparative tests of new and well-known TER models.

Objects and results of comparative tests

At the West Pomeranian University of Technology, Szczecin, prototypes were developed and
models of new, fourth generation thermoelectric refrigerators HTT-48-1 and XTT-48-2 were tested. The
models are based on the Ravanson LK-48 thermoelectric refrigerator cabinets and differed in the type of
thermoelectric modules. The original unit of this refrigerator was demounted. In its place was installed the
author's development unit.

Among the goals set before the beginning of the work were the following:

1. To increase the energy efficiency of transport and household TERs on the basis of serially
produced thermoelectric cooling modules and to achieve the world's best (or, at least, comparable with the
best world analogues) energy parameters of TERs with the use of innovative technical solutions.

2. Develop designs and manufacturing techniques for the above refrigerators. Perform tests of
prototypes, including comparative tests with a basic refrigerator. In addition, it was necessary to confirm
the efficiency of the use of manometric thermostats in power and temperature control circuits of TERs [7].

The specific and fundamentally important feature of comparative tests of these refrigerators was the
fact that identical refrigerated cabinets with different refrigeration units were used (Fig. 4). This made it
possible to exclude the impact of the insulating properties of the cabinet on the energy performance of the
compared options.
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Fig. 4. Compared objects during parallel tests:
on the left — the Ravanson LK-48 refrigerator, on the right - the XTT-48-Irefrigerator

The HTT-48 refrigerators are designed for use on vehicles powered from on-board 12V DC mains,
and the basic Ravanson LK-48 refrigerator is powered from AC 230V mains. Therefore, during the tests,
we determined the electric efficiency # of the power supply unit of the Ravanson refrigerator and its
dependence on the output voltage U, (Fig.5), which enabled us with sufficient accuracy to recalculate the
power consumption of the refrigerator from 230V AC mains to 12V DC mains.

0.72

Fig. 5. Dependence of electrical efficiency n of the Ravanson LK-48 refrigerator power unit
on the output voltage U,

PW
35

34.0

22°C 23°C

Fig.6. Average power consumption of refrigerators in energy-saving mode at two ambient temperatures T,,,;:

I:I - XTT-48-1, - - XTT-48-2, - - Ravanson LK-48; within the columns of the diagram, the
thermostat is set in the range from [ to 7

The results of comparative tests of the refrigerators are presented in Figs. 6, 7 and in Tables 2, 3.
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The tests were carried out at different ambient temperatures T7,,, Below are the results for
temperatures 22°C and 25°C. At both temperatures, the HTT-48 coolers in energy-saving operation mode
demonstrated a record-breaking low power consumption - less than 20 watts.

Table 2

Comparison of chosen technical characteristics of refrigerators at thermostat settings as in Fig. 6

Technical data Toms,°C XTT-48-1 XTT-48-2 Ravanson LK-48
Time from switching on to power 22 68.5 60.0 132 (68 + 64)**
saving mode, min 25 56.0 41.5 160 (68 + 92)**
Created temperature difference 22 16.8 15.3 12.6
Lot — Teomp, K 25 13.3 14.3 13.6
Indicator of specific power 22 0.0205 0.0268 0.0562%*
consumption, W/dm’K 25 0.0255 0.0284 0.0460*
Calculated daily energy 22 443 4 849.0*
consumption, W h 25 430.1 760.6*
Measured daily energy 25 435.8 762.1
consumption, W h

* - values converted to power the cooler from the DC 12V DC.
** - In parentheses, the start-up time plus the transient time is given with a smooth decrease in the module
supply voltage.

Taking power consumption from the AC network of the Ravanson refrigerator as 100%, it can be
readily seen that power consumption of the HTT-48-1 refrigerator under the same operating conditions is
54.3%, i.e. almost half as much. At 22°C, the advantage of the XTT-48 refrigerators is even greater.

The power consumption P, of the Ravanson LK-48 refrigerator was measured in the supply circuit
of the thermoelectric module. Since the supply voltage of the external fan is synchronized with the power
supply of the thermoelectric module, and the external fan in energy-saving mode remained at the same
power supply of 12 V DC, the total power consumption, taking into account the fan consumption, was
calculated according to formula (1):

2
Ux
Pa2:Pm+wa+sz(U j H (1)

n

where: P, is measured power consumption of the module, P,,, is rated power consumption of the internal
fan, P, is rated power consumption of the external fan, U, is fan voltage in energy-saving mode, U, is
rated supply voltage of the fan -12V.

The power consumption P, is influenced by the power consumption of the proportional temperature
control unit, which, like in the domestic version, must be used in the transport version of the Ravanson
refrigerator and which differs significantly from that used in the Ravanson LK-48 model. Therefore,
according to experts on power circuits and converters, the voltage value should be increased by at least
15%. Nevertheless, the data presented in Table 2 does not take into account this increase, which creates a
certain "margin of confidence" in the advantage of the new version.

The calculation of the daily energy consumption E of the refrigerators presented in Table 2 was
carried out according to the following procedure:

- for the XTT-48 refrigerator:
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B-t,+P-t
= 1 1 3 3 , (2)
24-3600
- for the Ravanson LK-48 refrigerator:
E :E.Tl+‘F)2.T2+‘F)3.T3 (3)
? 243600 ’
P, ——1 (P, +P,) 4)
2 2.\/5 2p T4k )

where:

P,— average power consumption of the refrigerator in starting mode,

P,— average power consumption of the Ravanson refrigerator in transient mode,

P,,— power consumption of the Ravanson refrigerator at the beginning of transient mode,
P,,.— power consumption of the Ravanson refrigerator at the end of transient mode,

P;— average power consumption of the refrigerator in energy-saving mode,

T, — operating time of the refrigerator within 24 hours in starting mode,

T, — operating time of the refrigerator within 24 hours in transient mode,

T3 — operating time of the refrigerator within 24 hours in energy-saving mode.

All power values are measured in watts, time- in seconds.

Minor differences in the calculated and measured values of E; and E; are due to the short (within one
minute) period immediately after the refrigerator is turned on, when the power consumption is relatively
high because of the slow increase in the temperature difference between the sides of the thermoelectric
module. The second reason for the discrepancy between the calculated and measured values of E1 and E2
is the simplified averaging of P, value in the time interval 12 in formula (4). Despite this, the correlation
between calculated and measured values of E can be estimated as good.

Table 3
Comparison of chosen technical characteristics of refrigerators
at ambient temperature T, = 25°C
Technical data Operating mode XTT-48-1 Ravanson LK-48

Average temperature of hot radiator 7}, °C | Starting 34.0 43.3

Energy saving 30.7 39.0
Overheat of hot radiator Starting 9.0 18.3
Ty~ Tomp, K Energy saving 5.7 14.0
Average temperature of cold radiator 7, °C | Starting 3.1 2.9

Energy saving 8.5 3.5
Overcooling of cold radiator Starting 2.9 7.8
Tehamp— Te, K Energy saving 3.2 7.6
Heat-exchange surface of hot radiator, m” 0.257 0.159
Heat-exchange surface of cold radiator, m” 0.092 0.053
Cooler weight, kg 10.64 10.56

* - constant operation of the unit without temperature control..

Table 3 shows other advantages of the XTT-48 refrigerator. These parameters demonstrate the
rational arrangement of heat exchange on both sides of thermoelectric modules in operating and energy-
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saving modes. Despite the increase in the heat exchange surfaces of the hot and cold radiator, the weight of
the refrigerator has practically not changed.

As shown in Fig. 7, the HTT-48 refrigerator showed a significantly wider operating temperature
range in energy-saving mode compared to its analogue. For example, with a standard thermostat setting in
position 4, the difference is 2 degrees.

High-temperature installation is low

30 | 31

The ambient temperature, °C

Fig. 7. Comparing the width of the energy-saving mode zone of tested refrigerators:
dark colour — Ravanson LK-48, grey colour — XTT-48-1

Conclusion

Summarizing the results of this work and previous research and development work carried out under
the supervision of the author at the West-Pomeranian University of Technology, Szczecin, it can be stated
that the target goals were accomplished. For the selected product categories, the energy efficiency of
transport and domestic TERs based on standard commercially available thermoelectric cooling modules
was increased. The world’s best parameters of specific power consumption were achieved.

Approaches and specific technical solutions that ensure the competitiveness of TERs with a
compartment capacity from 30 to 100 liters, both in comparison with compressor analogues, and with the
best world models of TERs, have been developed, implemented, described and justified.

The advantages of the developed refrigerators over the analogues were achieved due to:

1. Design optimization of the refrigeration unit, including the choice of the appropriate number of
thermoelectric modules, the type and number of fans, the type of radiators and their surface, etc.

2. The choice of the best way to control the temperature in the compartment, namely a two-level
control when using a manometric thermostat, which in particular for transport TER is provided by
switching the power supply of the modules from parallel to series.

3. Stabilization of TER operation in energy-saving mode for an unlimited time.

4. Synchronization of switching the operating modes of fans and modules.
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Knro4oBi ci10Ba: TepMOCNEKTPHIHUNA XOJIOIIIIFHIK, TPAHCTIOPTHIH XOJOAMIBHUK, CHEPT030eperKeHHS,
peryJIoBaHHs TeMIepaTypH.
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CPABHUTEJILHBIA AHAJIN3 YHEPTETHUYECKHX
XAPAKTEPUCTUK COBPEMEHHBIX
TEPMO2JIEKTPHYECKHUX XOJOAUJIbHUKOB

B cmamve npoananusuposanvt mexuuueckue Xapaxmepucmuku U 6 Nepeyio ouepedb IHepIemuyecKue
COBDEMEHHbIX  MEPMOIIEKMPUYECKUX Xon00utvHukos (12X), a marxoce cnocodvl NOGvlULeHUs  UX
oHepeemuueckol 3¢pgexmusnocmu. Ilpedcmasnenvt pe3yibmamvl CPASHUMENbHbIX UCHbIMAHULL HOBbIX,
pazpabomannbix asmopom mooenei TOX u nokazanvl ux npeumyuyecmed Ha0 MUPOGbIMU AHANO2AMU.
Bbubn. 7, Puc. 7, Tabn.3.
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MURAD MAMEDOVICH
MAMEDOV
(Dedicated to 80-th birthday)

In December this year Murad Mamedovich Mamedov, associate member of the International
Thermoelectric Academy, Doctor of Science in Engineering, professor, chief research scientist of
Photoelectricity and Thermoelectricity Laboratory at Physics and Mathematics Institute of the Academy of
Sciences of Turkmenistan celebrated his 80-th birthday.

Murad Mamedovch Mamedov was born on December 12, 1937 in the village of Akdep, Ruhabat Etrap,
Ahal Velayat, Turkmenistan. In 1956 he entered the correspondence department of Physics and Mathematics
Faculty of A.M. Gorky Turkmen State University; in 1962 received a diploma of secondary school teacher of
mathematics.

In 1972 M.Mamedov came to work at Physics and Technical Institute of the Academy of Sciences of
Turkmenistan as engineer. In 1975 he maintained his Ph.D thesis, and in 1989 — DSc thesis. In 1976-1997
he worked in Heliotechnology Laboratory at Physics and Technical Institute of the Academy of Sciences of
Turkmenistan, at the Institute of Solar Energy, at the “Sun” Scientific-Production Association of the
Academy of Sciences of Turkmenistan, as well as at the Institute of Mechanics and Computer Technology
of the Academy of Sciences of Turkmenistan as a junior, senior and chief research assistant. He also
headed the Heat and Mass Transfer and Hydrodynamics Laboratory.

Since the early 1998 till August 2009 professor M.Mamedov worked in the Physics and Mathematics
Research Centre at Magtymguly Turkmen State University as a chief research scientist. In September 2009
he was transferred to Physics and Mathematics Institute of the Academy of Sciences of Turkmenistan as a
chief research scientist.

Since 2001 professor M. Mamedov has been actively engaged in the scientific problems of
nonequilibrium thermodynamics. Murad Mamedov is a well-known scientist who developed new
important scientific concepts in thermodynamics of nonequilibrium processes. Their application to
thermoelectric power conversion opens up new lines in the theory of thermoelectricity, as well as in the
possibilities of practical applications.

In 2010, taking into account his considerable contribution to progress in education, science and
technology in Turkmenistan, as well as for the scientific success achieved in the field of nonequilibrium
thermodynamics, professor M. Mamedov by special decree of Turkmenistan’s president Gurbanguly
Berdymukhamedov was awarded the honorary title of “Merited Worker of Science and Technology of
Turkmenistan”.

In 2017, M.Mamedov’s work “Universal nonequilibrium thermodynamics and Thomson’s
hypothesis” was reported to International Forum on Thermoelectricity, in Belfast, in the homeland of
Thomson.

The International Thermoelectric Academy, Institute of Thermoelectricity of the National Academy
of Sciences and Ministry of Education and Science of Ukraine, “Journal of Thermoelectricity” Editorial
Board congratulate the esteemed Murad Mamedovich Mamedov on his jubilee and wish him further
creative success, good health and longevity.
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Tables are provided on separate pages and must be executed using the MSWord table editor.
Using pseudo-graph characters to design tables is inadmissible.
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first used in the text, and then use the appropriate term.
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order in which they are quoted in the text of the article. References to unpublished and unfinished
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