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MATERIALS RESEARCH

G.O.Nikolaenko, O.S.Vodoriz, cand. phys.-math. Sciences
E.I. Rogacheva doc. phys.-math. Sciences, Professor
Tavrina T.V., cand. phys.-math. Sciences, Associate Professor
Lisachuk G.V. doc. tehn. Sciences, Professor

National Technical University “Kharkiv Polytechnic Institute”
2 Kyrpychova Str., Kharkiv, 61002, Ukraine

THERMAL CONDUCTIVITY OF PbSei1-xTex
(x=0-0.04) SOLID SOLUTIONS

The dependence of lattice thermal conductivity A, of pressed samples of PbSei.xTex solid
solutions on the composition (x = 0 — 0.04) at a temperature of 325 K is obtained. The A.(x)
curve shows a maximum near x = 0.0075. Measurement of the temperature dependence of A_
in the range of 150-600 K showed that a concentration anomaly in the same range of
compositions is also observed on the composition dependence of power factor g in the
temperature dependence of AL . The non-monotonic character of the AL(x) and p(x)
dependences is associated with critical phenomena accompanying the transition of the
percolation type from dilute to concentrated solid solutions. In the study and practical
application of PbSeixTex solid solutions, it is necessary to take into account the non-
monotonic nature of the change in thermal conductivity with composition. Bibl. 15, Fig. 3.
Key words: PbSeixTex solid solutions, thermal conductivity, composition, temperature,
percolation.

Introduction

Semiconducting isovalent and isostructural substitutional PbSeixTex solid solutions are
promising medium-temperature thermoelectric (TE) materials [1, 2]. Since the efficiency of using
TE materials is determined by the figure of merit ZT (ZT = S%T/ A, where S is the Seebeck
coefficient, o is the electrical conductivity, 1 is the total thermal conductivity, and T is the
absolute temperature), one of the ways to increase ZT is to decrease 4. The thermal conductivity of
a semiconductor includes two main components - lattice (4.) and electronic (4e), which reflect the
distribution of the heat flux in the substance by phonons and conduction electrons [1,2].
Enhancing phonon scattering and, therefore, decreasing A. without negatively affecting the
electronic properties (S, ) remains an urgent problem of TE materials science [1-3].

Experimentally, the thermal conductivity of polycrystalline PbSei.«Tex solid solutions was
studied in many works [4-6], where the main attention was paid to the compositions from the side
of PbTe. Thus, in [4, 5], the total 1 decreased with an increase in the Se content to x ~ 0.5, and
then increased again. It was shown in [6] that A_ also decreases with an increase in the Se content
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to x =0.25, which, according to the authors, is due to phonon scattering because of local
deformation caused by the difference in the masses of Te and Se atoms. The theoretical
calculation of A_ carried out by the authors of [7] showed that at room temperature at x = 0.5, a
maximum decrease in AL by ~ 30 % is observed in comparison with i. of PbTe and PbSe
compounds.

Earlier, in a number of works reviewed in [8], anomalies were found in the isotherms of
properties, including thermal conductivity, in solid solutions based on IVV-VI compounds at a low
content of the second component (~ 0.5-1.5 at.%). According to the assumption of the authors of
these works, the concentration anomalies are associated with the presence of phase transitions of
the percolation type in going from dilute to concentrated solid solutions.

An anomalous area of thermal conductivity growth on the dependence of A(x) at room
temperature was also observed by the authors [9] in the PbSe1.xTex solid solution from the side of
PbTe in the range of x = 0.9925 - 0.9875. It was of interest to find out whether a similar effect will
be manifested in the same PbSe1.xTex solid solutions only by PbSe. Therefore, in [10] a study of
the concentration dependences of the microhardness H, S, o of cast and extruded polycrystalline
samples of PbSeixTex (x=0-0.045) solid solutions at room temperature and near x =0.01
revealed areas of abnormal decrease in H and S and growth of . However, the thermal properties
of these samples were unstudied.

This work is devoted to the study of the effect of composition and temperature on the
thermal conductivity of solid solutions based on lead selenide in the PbSeixTex system
(x=0-0.04).

Experimental

Polycrystalline PbSe1xTex samples (x = 0, 0.0025, 0.005, 0.01, 0.0125, 0.015, 0.0175, 0.035,
0.04) were synthesized by alloying the initial elements in evacuated quartz ampoules at a
temperature of 1380 K, followed by homogenizing annealing at a temperature of 870 K for
240 hours. All samples had p-type conductivity. To measure the thermal conductivity, hot-pressed
cylindrical specimens with a diameter of 15 mm and a height of 5.5 mm (pressing temperature
650 K, pressure 0.4 GPa, holding time under load 10 s) were prepared from cast ingots, followed
by annealing at 720 K for 250 h.

Thermal conductivity was measured in the temperature range of 150-600 K on a VT-1-400
device using a dynamic calorimeter in a monotonic heating mode. Three measurements of 1 were
carried out for each sample. The relative measurement error did not exceed 5%. The lattice
component of thermal conductivity AL was separated from the total thermal conductivity by
subtracting the electronic component . which was calculated according to the Wiedemann-Franz
law le = LoT (for a degenerate semiconductor the Lorentz number L = z%k*/3e =2.45-10®
W-Ohm-K2 [11]. The electric conductivity ¢ was measured by the four-probe method with an
accuracy of 5 %.
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Discussion of results

Fig. 1 shows a dependence of lattice thermal conductivity on the composition of
PbSe1xTex solid solution at a temperature of 325 K. It is seen that with a general tendency to
decrease AL with increasing Te content on the dependence A.(x) a maximum is observed near
x =0.0075, which indicates a decrease in phonon scattering and an increase in the propagation
velocity of elementary excitations near x = 0.0075.

In this regard, it was of interest to find out what the nature of the concentration dependence
of the power factor in the temperature dependence of A_ will be. Therefore, the total thermal
conductivity 4 of the samples under study was measured in the temperature range 150-600 K.
Fig. 2 shows the temperature dependences A(T) of some PbSeixTex (x =0, 0.0025, 0.005,
0.0175) samples. The rest of the samples had a similar character of the dependences A(T). From
Fig. 2 it can be seen that in the investigated temperature range the values of A decrease, which is
typical for phonon-phonon scattering and is consistent with the dependences A(T) given in [4 — 6].
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Fig. 1. Dependence of lattice thermal conductivity A, of PbSe1xTex solid solution
on the composition x at a temperature of 325 K
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Fig. 2. Temperature dependences of total thermal conductivity 4 of PbSeixTexsolid solution
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Our estimated calculation of the electronic component of thermal conductivity showed that
for PbSe polycrystal at room temperature A. = 1-102 W/(m-K), /A = 99.4%, and for PbSe;.«Tex
solid solution the value A. = (0.5—1.4)-10% W/(m-K), /A = (99.2 — 99.8)%. Thus, in PbSe and
in the PbSe1xTex solid solution on its basis, the main contribution to the thermal conductivity is
made by A.. Based on this, it can be assumed that the experimental values of A obtained in this
work practically coincide with the values of the lattice thermal conductivity.

It is known that at temperatures above the Debye temperature ©p (for PbSe ©p = 138 K) AL
of semiconductors with a rise in temperature decreases according to the law i ~ T* [11,12].
Assuming the power character of the temperature dependence AL (AL ~ T?), the power factor S was
estimated for the studied samples (Fig. 3). As is evident from Fig. 3, after a decrease in £ upon the
introduction of the first portion of the impurity (x = 0.0025), one can observe a sharp increase in
the power factor at x = 0.005, when g reaches an almost theoretical value (f =-1.05+0.05).
Besides, a subsequent sharp decrease to = -0.5 + 0.05 is observed, which indicates the presence
of some transformations in the crystal, which significantly change the processes of heat transfer
and phonon scattering. The subsequent increase in £ and the constancy of A in the range
x=0.0125-0.0175 indicate the complex nature of these transformations, which may be
accompanied by ordering processes. It was interesting to compare the values of £ obtained by
other authors with the results of this work. A numerical estimate of the power factor p for a
number of experimental dependences A.(T) for PbSe polycrystals given in [5, 6, 13] showed that
the values of g are f=-(0.7 - 0.9). The deviation of £ values for pure PbSe from the theoretical
value is obviously due to the presence of grain boundaries, nonstoichiometry defects and other
imperfections in polycrystals.

O

0.4 L—— —
0.00 0.01 0.02 0.03 0.04
b ¢

Fig. 3. Dependence of the power factor g in the temperature
dependence of lattice thermal conductivity A on the composition
of the PbSe1.xTey solid solution
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The anomalous growth of 4. near x = 0.0075 can be described, as was done in [9], within
the problem of the spheres of percolation theory [14, 15]. In this model, each introduced
substitutional atom (in this case the Te atom), represented as a sphere, causes a field of static
deformation with radius Ro and excitation of the phonon spectrum in the crystal. When a certain
critical concentration x. of substitutional atoms (percolation threshold) is reached, a chain of
interconnected atoms is formed that permeates the entire crystal (an infinite cluster). When the
first portions of Te are introduced into the PbSe lattice, the crystal structure becomes disordered,
which is manifested in a decrease in thermal conductivity at x = 0.0025. A further increase in the
Te concentration leads to the fact that the deformation fields of neighboring substitutional atoms
begin to overlap, which causes a decrease in local elastic lattice stresses, an increase in the rate of
propagation of thermal oscillations of the crystal lattice and, consequently, an increase in thermal
conductivity. Within the framework of the problem of the percolation theory spheres, using the
assumption of the short-range nature of the deformation interaction, the critical concentration can
be determined from the condition 4/3N. (2Ro)® = 2.7, where N is the average number of centers of
spheres with radius Ro per unit volume [15]. Assuming that the critical concentration with the
maximum value A_ corresponds to x. = 0.0075, we obtained Ro = 1.39ap (where ag is the unit cell
parameter of PbSe). A further increase in the concentration of Te causes new crystal deformations
in the solid solution, and hence a decrease in A_ at x > 0.015. With a high probability, as noted
above, such a percolation transition is accompanied by ordering processes.

Thus, we associate the anomalous growth of A.(x) in the PbSeixTex solid solution near
x =0.0075 with the manifestation of critical phenomena accompanying the transition of the
percolation type from dilute solid solutions to concentrated ones. The presence of such a growth
region of A (x) should be taken into account when developing materials based on PbSe, therefore,
an increase in thermal conductivity can lead to a decrease in the value of ZT. The results of the
work once again confirm the assumption, grounded in [8], about the universal nature of such
concentration anomalies.

Conclusions

The composition dependences of lattice thermal conductivity A of pressed samples of
PbSe1xTex (x =0 —0.04) solid solutions at a temperature of 325 K and a power factor g in the
temperature dependence of A.. On the dependences A.(x) and £(x) near x = 0.0075, clear maxima
were observed, the presence of which indicated the existence of transformations in the lattice
subsystem of the crystal, leading to an increase in the rate of phonon propagation and changes in
their scattering processes. The non-monotonic nature of the dependences Au(x) and f(x) is
associated with the manifestation of critical phenomena that accompany the phase transition of the
percolation type, which occurs during the transition from dilute to concentrated solid solutions.
The results of this work, as well as our previous data on the study of PbSei.xTex solid solutions,
show that when interpreting the results, optimizing the TE properties and practical application of
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these materials, it is necessary to take into account the concentration anomalies of thermal
conductivity in a certain range of compositions near the initial components PbTe and PbSe.
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HarionansHMiT TEeXHIYHUHN YHIBEPCUTET
«XapKiBChKUII MOMITEXHIYHUI IHCTUTYT»,

Byn. Kupnmuosa, 2, Xapkis, 61002, Ykpaina

TEIVIOHNPOBIJIHICTDb TBEPAUX PO3UNHIB
PbSe1xTex (x =0-0.04)

Odepoicano 3anexicHicms 2pamrogoi menjionpogioHOCmi AL Npeco8aHux 3pasKie meepoux
posuunie PbSei1xTey 6i0 cknady (x = 0 — 0.04) 3a memnepamypu 325 K. Ha xpusiti 2L(x)
susgneno maxcumym nooausy x = 0.0075. Bumiproeanns memnepamypHoi 3a1excHoCmi AL 6
inmepeani 150 - 600 K noxazano, wjo KOHYeHMpayilHa aHOMANISs 6 YbOMY XHC IHMep8ani
CKAA0I8 CROCMEPIcacEmbCa I HA 3ANeHCHOCI Cenenesozo Koegiyienma ff y memnepamypHiil
sanexchocmi AL 6i0 cknady. Hemonomounuu xapaxmep 3anexcnocmei AL(x) i P(x)
NOB'A3YEMbCA 3 KPUMUYHUMYU AGUWYAMU, WO CYNPOBOONCYIOMb Nepexio NepKONAYIUHO20 MUny
8i0 p036e0eHUX 00 KOHYEHMPOBAHUX MBEPOUX po3uurie. IIpu 0ocaioxicenHi i npaKxmuyHomy
s3acmocyeanni meepoux posuunie PbSeixTe€x HeobXiono epaxosyeamu HeMOHOMOHHUL
xapakmep 3MiHu Menaonposionocmi 3i cknadom. bion. 15, puc. 3.

Kuarouosi cioBa: TtBepai posumHu PbSei.Tex, TemmonpoBifHICTh, CKJIaa, TeMIeparypa,

MEPKOJIAIIISL.

Huxkonaenko I''A., Bogopu3s A.C.,
Porauesa E.W., doxm. ¢us.-mam. nayx, npogeccop
Taspuna T.B., kano. ¢uz.-mam. nayk, ooyenm

Jlucauyk I'.B., 10KT. mexn. nayx, npogecop
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HaunoHanbHbIA TEXHUYECKUI YHUBEPCUTET
«XapbKOBCKUI MOTUTEXHUYECKUA HHCTUTYTY,

yi. Kupnimuena, 2, Xapskos, 61002, Ykpauna

TEIIJIOIIPOBOJHOCTDB TBEP/JIbIX PACTBOPOB
PbSe1xTex (x = 0 - 0.04)

Tonyuena 3asucumocms peuemoyHol MenionpoSOOHOCIU AL NPECCOBAHHBIX 00pA3Y08 MEEPObIX
pacmeopos PbSeixTex om cocmasa (x = 0 - 0.04) npu memnepamype 325 K. Ha xpueoii AL(X)
svLsignen maxcumym ¢onuzu x = 0.0075. Hamepenue memnepamypHoil 3a6UcumMocmu AL 8 uHmepeaie
150 - 600 K noxaszano, umo KOHYEHMPAYUOHHAS AHOMANUSL @ DMOM Jce UHMEPEANe COCMABO8
HAOM00Aemcs U Ha 3a6UCUMOCTIU CIENEHHO20 KO3@uyuenma 5 6 meMnepamypHol 3a6UCUMOCmU
AL om cocmasa. Hemonomownuwiti xapaxmep 3aeucumocmeti A(x) u p(x)cesasvisaemcs ¢
KPUMUYEeCKUMU — SIGIEHUSMY,  CONPOBONCOAIOWUMY — Nepexo0  NepKONAYUOHHO20 — muna  om
Paz0asieHHbIX K KOHYEHMPUPOBAHHBIM MeepObiM pacmeopam. Ilpu uccredosanuu u npakmuyeckom
npuMeHeHuu meepovlx pacmeopos PbSe1xTe€x HeobX00umo yuumvléams HeMOHOMOHHBIL XapaKkmep
UBMEHeHUs MeNIonpo8oOHOCmU ¢ cocmagom. bubn. 15, puc. 3.

KmoueBbie cioBa: TBepabie pacTtBOpsl PhSeixTey, TermmompoBOAHOCTb, COCTaB, TEMIIEPATypa,

TMCPKOJIAINUA.
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SIZE EFFECTS AND THERMOELECTRIC PROPERTIES OF
B10.9sSBoo2 THIN FILMS

The room-temperature dependences of thermoelectric properties (the Seebeck coefficient S,
the electrical conductivity o, the Hall coefficient RH, and the thermoelectric power factor
P = 52-6) on the thickness (d = 5 - 250 nm) of the Bio.9sSbo.o2 solid solution thin films grown
on mica substrates by thermal evaporation in vacuum from a single source were obtained. It
is shown that the monotonic component of the o(d) dependence is well described within the
framework of the Fuchs-Sondheimer theory for the classical size effect. The presence of an
oscillating component in the d-dependences of o, S, RH and S2-0 is attributed to the
manifestation of the quantum size effect, and the experimentally determined period of
quantum oscillations Ad = 45 £ 5 nm is in good agreement with the Ad value calculated
theoretically within the framework of the model of an infinitely deep potential well. Bibl. 77,
Fig. 1.

Key words: Bio.gsShoo2 solid solution, thin film, thickness, thermoelectric properties, size
effect, oscillation period.

Introduction

Bi1xShx solid solutuions are well known as effective thermoelectric (TE) materials for

refrigerating devices operating at temperatures below ~200 K [1, 2]. The growing interest in
Bi1-xShy solutions is due not only to the possibility of their practical use in TE power engineering
but also to their unique properties associated with the characteristics of their energy spectrum and
the possibility of its qualitative rearrangement with changing composition, accompanied by a
number of phase transitions [3-7]. Bi exhibits semimetallic properties: the electron Ls — band and
T — band of “heavy” holes overlap. As Sb is added to Bi, the distance between the electron Ls —
band and L, — band of ”light” holes decreases and at x = 0.023 +~ 0.04 (different authors report
different values of x), the energy gap between them becomes zero, i.e. a gapless state occurs. With
further increase in x, the gap between the Ls and La bands increases again, simultaneously the
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overlap of T and Ls bands decreases, and at x = 0.06 +~ 0.07, a semimetal — indirect semiconductor
phase transition takes place. Then at x = 0.08 + 0.09, the tops of T and Ls valence bands coincide,
and in the range x = 0.09 + 0.15 the indirect semiconductor becomes a direct-gap one. In [8-12], it
was shown that the concentration-dependent anomalies of the transport properties correspond to
the critical compositions associated with electronic phase transitions and the percolation-type
transition from dilute to concentrated solid solutions. According to [13,14], electronic phase
transitions of such types take place in the BiyxShx films.

Recently, interest in the properties of the Bi1xSbx solid solutions has sharply increased after it
was found that they exhibit the properties of topological insulators — the newest materials of
quantum physics, in which the strong spin-orbit interaction leads to the appearance of topological
metallic surface states with a linear Dirac E(K) dispersion [15-17]. The Bi1xShy solid solution with
x = 0.1 was the first experimentally discovered 3D-topological insulator [16]. In recent years, after
it was established that the best TE materials (including Bii«Sby) belong to the topological
insulators class, the possibility of using the unique properties of the topological surface layer to
develop fundamentally new ways to increase in TE figure of merit ZT has been discussed.

The development of nanotechnologies and the possibility of enhancing ZT in low-
dimensional structures [18] have stimulated studies of Bi1xShx thin-film structures. Besides, using
thin films, in which the relative contribution of the metal layer to the conductivity is larger as
compared to bulks, is beneficial for studying the properties of the topological layer. However,
when studying thin films, it should be taken into account that in the thin-film state the
manifestations of classical size effect (CSE) and quantum size effect (QSE) are possible, which
can significantly change the properties of films in comparison with bulk crystals [19]. The CSE is
caused by diffuse scattering of charge carriers at the film boundaries and manifests itself when the
film thickness d is comparable to the mean free path | of charge carriers. The QSE results from the
quantization of the charge carrier energy spectrum and is observed when the value of d becomes
comparable to the Fermi wavelength, where h is Planck's constant, m* is the effective mass, and
EF is the Fermi energy. One of the manifestations of the QSE is an oscillatory behavior of the d-
dependences of the transport properties. Due to the extremely low m* value and anomalously high
mobility of electrons in Bi and Bil-xShx, these materials are very convenient for studying QSE. It
is in thin Bi films that the d-dependent oscillations of the galvanomagnetic properties were
observed for the first time [20] and explained theoretically [21].

After that a very large number of works dealing with size effects in Bi films have appeared
(see, e.g. [19,22- 51]. Based on the results of studies of the d-dependences of transport properties,
some authors [23,27,31,38,39,43,44,49,50] determined | and the surface scattering coefficient p
(the fraction of charge carriers which are specularly reflected from the surface) for Bi films using
the Fuchs- Sondheimer theory (FST) [52,53] or other methods. It was found that at room
temperature in monocrystalline Bi films | lies in the range of 600-1000 nm, whereas in
polycrystalline films | = 100 -250 nm, and p = 0 - 0.8. The discrepancy in | and p values obtained
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by different authors was apparently connected with the fact that these parameters depend both on
the film structure, which in turn is determined by the sample preparation technology, and on the
method of | and p determination.

After the size-dependent oscillations of the kinetic coefficients had observed in Bi films in
[20], the existence of such oscillations was confirmed in a large number of works [19,22-51] in
which the oscillating dependences of electrical resistance p, the Hall coefficient RH, Seebeck
coefficient S and magnetoresistance Ap/p on d were also interpreted as a manifestation of the
QSE. The oscillation periods Ad determined experimentally for Bi thin films by different authors
were in the range of 25-45 nm. Some authors [54 — 60] even considered quantum corrections to
conductivity, which are the result of quantum interference.

The next step was studying the transport properties of thin films of Bil-xSbx solid solutions
[61—74] in order to identify CSEs and QSEs. It turned out that, like in Bi films, the
d-dependences of the kinetic properties in Bil-xSbhx exhibit CSE. The authors of [65] estimated |
for epitaxial BiixSby films with x in the range of 0 - 0.142 from the d-dependences of electron
mobility at 4.2 K using the FST theory. According to [65], | varies within the range of 1000 -
6000 nm. The authors of [71, 72] calculated I for polycrystalline BiixSby films from the room
temperature o(d) and S(d) dependences under the assumption of total diffuse scattering of carriers
(p=0)at x=0.07 [71] and x = 0.12 [72], before and after annealing, and obtained | = 60 and 180
nm, | = 150 and 230 nm respectively.

The first studies [61 — 63] of the d-dependences of 6, S, and p of Bi1xShyx films confirmed the
presence of QSE in BiixSby thin films. The authors of [61,62] investigated the o(d) and S(d)
dependences at 90 K for polycrystalline Bii«Sbx films (d < 300 nm) with x = 0.018 and 0.035 and
found that as compared with Bi films Ad increases up to Ad = 70 and 90 nm, respectively. In [63],
it was also shown that introduction of a small amount of Sb (x ~ 0.04) into Bi films with
d =420 - 570 nm prepared by thermal evaporation of Sb in vacuum and subsequent diffusion
annealing, resulted in an increase in Ad from Ad ~ 26 nm for pure Bi to Ad ~ 65 nm for Bil-xSbhx
at 4.2 K. Further more detailed systematic studies of the d-dependences (d = 400 - 200 nm) of the
o, Ru and Ap/p at 4.2 K, carried out by the authors of [64-68], showed that as x increases to
0.059, Ad increases to ~110 nm, however, further increase in x to 0.142 leads to a decrease in Ad
down to ~50 nm, which was attributed by the authors of [64-68] to a change in the parameters of
the band spectrum of Bi1xShy under changing composition.

It can be seen that in various studies of the size effects in Bi1xSby films, films with different
compositions, different thicknesses, prepared using different technologies were used and
measurements were carried out at different temperatures. Meanwhile, the properties of Bii-«Shy
crystals and, to even greater extent, of films are very sensitive to various types of external
influences, and therefore the various physical parameters of thin films should be compared for the

same temperatures, the same intervals of the studied d’s, and the same technologies of the film
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preparation. In addition, in the available literature, either CSEs or QSEs were usually investigated,
although both types of size effects can manifest themselves simultaneously.

In [73, 74] we reported the observation of oscillations with Ad =80+5 nm [73] and with
Ad =105+5 nm [74] in the room-temperature d-dependences of o, Ry, Ap/p and S for BiixShy
polycrystalline thin films (d =5 — 400 nm) prepared by the thermal evaporation in vacuum of the
crystals with x =0.045 and x =0.09 and the subsequent deposition on (111) mica substrates at
Ts =380 +5 K. The earlier determined at room temperature Ad for Bi films prepared under
similar conditions was ~ 30 nm [46]. Simultaneously in [73,74] we investigated CSE and
estimated | using the FST theory as 800 + 40 nm (x = 0.045) and as 900 + 50 nm (x = 0.09). The
value of p practically did not depend on composition and was equal to 0.8. The composition x =
0.045 corresponds to the semimetallic state and lies between the critical compositions
corresponding to the transition to the gapless state (x ~ 0.03) and the transition from the semimetal
to an indirect-gap semiconductor (x ~ 0.06). The composition x = 0.09 corresponds to the direct-
gap semiconductor region.

Thus, the compositions of BiixSby films studied in [73, 74] and films of pure Bi [46] were
prepared and investigated using the same preparation and measurement techniques, and all those
compositions lay outside the phase transition regions, whose presence could distort the
manifestation of size effects. It was of interest to study under identical conditions thin films
obtained from semimetallic Bil-xSbx crystals with compositions between the critical compositions
corresponding to the percolation transition (x ~ 0.01) and the transition to the gapless state
(x ~ 0.03). The composition x = 0.02 belongs to such compositions.

The purpose of this work is to prepare semimetallic films of various d with composition
x = 0.02 using the technique similar to described in [46, 73, 74] and by measuring the
d-dependences of TE characteristics to identify the manifestations of the classical and quantum
size effects, estimate the values of |, p and Ad and compare them with those obtained in
[46, 73, 74]

Results and discussions

The objects of this study are thin films of BiogsShoo. solid solution with thicknesses
d=5-250 nm obtained by thermal evaporation in vacuum of BiogesSboo2 polycrystal and
subsequent deposition on mica substrates at 380 K. The methods of preparing films, measuring
their thickness, characterising the micro- and crystal structure, and measuring the TE properties
are similar to those described in [46,73,74].

In Fig. 1,a,b,c,d, the dependences of o, S, Ry and TE power factor P = S%s on d at 300 K are
shown. A nonzero conductivity was observed starting from the critical thickness d. = 9 nm, which
corresponds to the transition from an island film to a channeled structure. According to earlier
electron microscopic studies [46], the Bii.«Sby films grow on mica substrates in an island-like
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fashion in the epitaxial orientation (001) Bi1-xShy || (001) mica. Bil-xSbx films on mica represent
mosaic single crystals with high-angle twin-type boundaries.

It is seen that all thickness dependences exhibit a distinctly non-monotonic behavior. With
increasing film thickness, o, Sand Ry show a tendency to increase. However, along with the
general trend to increase with increasing d, the kinetic coefficients exhibit an oscillatory behavior,
too. For all d-dependences one can isolate a monotonic component and oscillatory one. We
attribute the presence of the monotonic component to the CSE and the oscillatory component to
QSE.

According to the FST of the CSE [52,53], the dependence of electrical conductivity on d,
provided that d << 1, is described by the following equation:

O'DO_ 1—p I d (1)

where | is the mean free path in the bulk material, p is the surface scattering coefficient; Ad is the
electrical conductivity of a film with thickness d; and o is the conductivity of a bulk crystal. The
value of p lies between 0O (for entirely diffuse scattering) and 1 (for entirely specular reflection). In
the latter case, the CSE will not be observed. The FST assumes that CSE occur when scattering is
predominantly diffuse, i.e., at sufficiently low p values. It should be noted that the FST adopts a
number of simplifiying assumptions: it considers a metal with a spherical Fermi surface and
isotropic | independent of d; p is assumed to be constant, i.e. the same for both surfaces,
independent of d, the angle of incidence on the surface, and electron trajectories. Assuming the
value of electrical conductivity for BiogsSboo2 films with a thickness of d = 200-300 nm
(6 = 4000 (Ohm cm)™?) as 6. and varying the values of p and I, theoretical o(d) dependences were
calculated. Comparing the experimental and theoretical A(d) dependences calculated within the
framework of the FST, we established that the best match of the results of theoretical calculations
and experimental data was observed for p=0.5+0.05 and 1=800+40 nm. In Fig. 1,a, the
theoretical dependence A(d) calculated using equation (1) is shown as the dotted line.

In Fig. 1,b, the S(d) dependence is presented. S has the negative sign, like in bulk Bi and
Bio.gsSho.o2. With increasing d, a tendency to an increase in the magnitude of the S values is
observed. In Fig. 1,c, the Ru(d) dependence is given. It can be seen that, in contrast to the sign of
S in films and bulk crystal, the sign of Ry in films turns out to be positive. With increasing d, Ru
exhibits a tendency to increase in magnitude. The oscillations are even more pronounced than in
the o(d) and S(d) dependences.

The periods of oscillations observed in the dependences of o, S, Ry on d are practically the
same for all kinetic coefficients, amounting to Ad =45 + 5 nm.

Using the data for ¢ and S, the TE power factor was calculated as P =S?c. The behavior of
the P(d) dependences is similar to that of the o(d) and S(d) curves (Fig. 1,d). The values of TE
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power factor for “thick” films (d~200-400 nm) were practically equal to those for bulk Bio.ggSho.o2
crystals, from which the films were obtained.
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Fig. 1. Room-temperature dependences of the
electrical conductivity o (a), the Seebeck coefficient S(b),
the Hall coefficient R(c), and the thermoelectric power
factor P = %% ¢ (d) on Bip.0sSho o2 thin
films thickness d for Bio.ggSho o2 thin films
prepared by thermal evaporation in vacuum on mica substrates.
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In Fig. 1,a the theoretical dependence o (d) calculated using the Fuchs - Sondheimer theory
(FST) is shown as a dotted line.

It is natural to assume that the oscillating behavior observed in the d-dependences of o, RH,
and S is the result of size quantization in the BiogsShoo. thin films. For observing QSEs in
polycrystalline films, the formation of texture is required, though the film does not need to be
monocrystalline. Due to the axial symmetry of the Bi band structure relative to the trigonal axis,
oscillations of the electrical conductivity appear, if the trigonal axes are normal to the film surface
in all crystallites.

A thin film of a semimetal is a quantum well, within which the movement of charge carriers
is limited in one direction. Such a system is a convenient model object, since its properties are
close to the model of a potential well with infinitely high walls. This model is simpler as
compared to the finite width and height barrier model. The possibility of the observation of the
oscillations in a film grown on an amorphous substrate is explained by the presence of texture in
Bio.9sSho.o2 thin films in the direction of electron confinement [19].

Restricting the motion of electrons leads to the quantization of the transverse component of
quasimomentum and, accordingly, the energy spectrum. For a barrier of an infinite height, using
the effective mass approximation, the energy levels can be presented as:

2 2 21,2 h2k2
n:h—*”—2n2+hkx+—}f (2)
2m; d 2m, 2m

.
X y

where my*, my* are the components of the effective mass for motion parallel to the film surface
and m;* is the effective mass for motion perpendicular to the film surface, n is the discrete
quantum number. At fixed n values, the energy changes continuously as a function of xx and xy,
corresponding to each subband n, and the energy spectrum consists of overlapping subbands. The
Bio.gsShoo2 solid solution is a semimetal with degenerate charge carriers; therefore, the
quantization condition for this material can be expressed in terms of the Fermi wavelength and the
Fermi energy Er:

Using this approximation, one can estimate the oscillation period Ad:

h

NE e 3)

Knowing the effective mass of electrons and the Fermi energy for the Bil-xShx solid solution
with x = 0.02 from the literature data [4] for bulk crystals (m *x = 0.02 = 0.8 m *g;, m *gi = 0.012
+ 0.002 me EF = 22.7 meV) and using equation (3), we calculated the theoretical period of

Ad =

quantum oscillations as Ad = 52 nm. It can be seen that the theoretical value is in good agreement

20 Journal of Thermoelectricity Ne4, 2020 ISSN 1607-8829



E.l. Rogacheva, K.V. Novak, D.S. Orlova, O.N. Nashchekina, A.Yu. Sipatov, G.V. Lisachuk
Size effects and thermoelectric properties of Blg.gsSBo.o2 thin films

with the experimentally determined Ad. It should be noted that although o, R4 and S were
measured independently, in all d—dependent studies, distinct oscillations with approximately the
same periods were observed for all measured chatracteristics. Comparing the value of Ad obtained
in this work with the one we obtained earlier for Bil-xSbx films prepared by a similar procedure
but with different concentration x [46,73,74], we found that with increasing x, Ad increases,
amounting to 30, 45, 80, and 105 nm for films with x equal to 0, 0.02, 0.045, and 0.1, respectively.

As follows from the data obtained, Ry for all Bio.gsSho.o2films has a positive sign, while S is
negative. This difference can be explained by the strong anisotropy of Bi single crystals, which
also occurs, but to a lesser extent, when Sb is introduced into Bi. According to [75], in Bi single
crystals Ry has a positive sign only in the direction of a trigonal axis, while in the perpendicular
directions the Ry sign changes to negative. In contrast to Ry, the Seebeck coefficient remains
negative in any crystallographic direction [75]. That is why in all Bi films grown along the
trigonal axis [001] a positive sign of Ry and a negative sign of S were observed [46]. However, let
us note that we observed a change in the sign of Ry with increasing d in films with a high Sb
content [73, 74] and explained this by the fact that for such samples the perpendicular orientation
of the trigonal axis [001] relative to the substrate becomes less perfect. This explanation is
confirmed by the results obtained in [29], where in polycrystalline Bi films the Ru sign, as well as
the S sign, was negative, since there was no anisotropy in those films and the contribution of the
bisector and bipolar components responsible for the negative sign of Ry was predominant. The
fact that the positive sign of Ru in Bio.ssSho.o2films was observed for all d’s indicates that upon the
introduction of a small amount of Sb (2 at.%), the degree of texture of the film remains
rather high.

It follows from the experimental data obtained in this work that the thickness oscillations of the
transport properties of Bio.gsSho.o2 are distinctly manifested even at room temperature, although it
is expected that thermal smearing of energy levels increases with increasing temperature and can
become comparable to the spacing between the quantized levels. In a number of works on Bi and
Bil-xSbx films, measurements were carried out at 4.2 K, however, the oscillations did not
manifest themselves more clearly. In our works on 1V-VI and V2VI3 films (see, for example,
[76,77]) we reported that the amplitude of the quantum oscillations in the room temperature
thickness dependences is quite large. That is why, perhaps, the weak temperature dependence of
the oscillation amplitude is not determined by the specificity of BiogsSboo2 thin films but is
common for films of different types and requires theoretical interpretation.

Conclusions

1. In the room-temperature dependences of the electrical conductivity o, the Hall coefficient Ry,
and the Seebeck coefficient S of Big.gsSho.o2thin films on d (d = 5 - 250 nm), monotonic and
oscillating components can be distinguished, which indicates the manifestation of classical
and quantum size effects.
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The monotonic component of is well described within the framework of the Fuchs -
Sondheimer theory with the mean free path of electrons | ~ 800 + 40 nm and the surface
scattering coefficient p ~ 0.5 = 0.05.

The experimentally measured period of quantum oscillations (Ad = 45+5 nm) is in good
agreement with that calculated theoretically within the framework of the model of an infinitly
deep potential well. Comparing the value of Ad obtained in this work with those obtained
earlier for Bil-xShx films prepared by a similar procedure but with different values of x, we
found that with increasing x, Ad increases, amounting to 30, 45, 80, and 105 nm for films
with x equal to 0, 0.02, 0.045, and 0.1, respectively.

In contrast to the previously investigated films with x = 0.045 and x = 0.09, in which the
Rusign depended on the film thickness, in Bio.gsSho.o2films, the Ry sign remained positive for
all d's, like in pure Bi. At the same time, the sign of S was negative. The observed effect is
associated with the fact that the sign of Ry is different in different directions and with the
increasing degree of texture disorientation under increasing X.

The room-temperature d-dependence of the TE power factor P also exhibits an oscillatory
behavior. The values of power factor for “thick” films (d~200-400 nm) were practically
similar to those for bulk Bio.ssSbo.o2 crystals, which were used as a charge for thin film
preparation.
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Rybchakov D.E. COMPUTER SIMULATION OF THE EXTRUSION PROCESS
OF Bi-Te BASED THERMOELECTRIC MATERIAL
OF RECTANGULAR SHAPE

During hot extrusion, the thermoelectric material heated to a temperature below its melting point
passes through the mold (die) under the action of pressure. In the present paper, this process has
been simulated with the use of Comsol Multiphysics application package of object-oriented
simulation. In this model, the extruded material is presented as a liquid with a very high viscosity,
which depends on the velocity and temperature. As a result of simulation, the distributions of
temperature and material flow velocity in the die were obtained as well as stress distribution in the
die due to external pressure and thermal loads during the tape extrusion process. These studies
make it possible to optimize the installation for the production of extruded thermoelectric material.
Bibl. 4, Fig. 6, Tabl. 2.

Key words: thermoelectric material, hot extrusion, computer simulation, die.

Introduction

There are various methods for obtaining thermoelectric materials, which are solid solutions based
on bismuth telluride. These solutions have a number of specific features that make it difficult to obtain
high- quality materials. Among the existing methods for obtaining thermoelectric materials, the most
common is the method of zone melting, mainly vertical [1].

Another method for obtaining thermoelectric materials is the hot extrusion process when the
thermoelectric material heated to a temperature below its melting point passes through the mold (die)
under the action of pressure [2]. This method has the following advantages:

— High degree of homogeneity of the obtained samples.

— The ability to obtain samples of the required shape, which reduces the loss of material during

further cutting.

— Higher mechanical strength of the samples compared to those obtained by zone melting.

However, the hot extrusion method also has disadvantages, the main of which is that texture in
extruded materials is worse than in materials obtained by zone melting, but the figure of merit of
extruded material is achieved not only by texture, but also by phonon scattering at grain boundaries

3].
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Summarizing the advantages and disadvantages of the hot extrusion method, we can conclude that
the materials obtained in this way have a high consumer potential. Thus, the main task in the study of
the hot extrusion is to improve starting samples. This is achieved by optimizing the geometry of the
die and experimenting with the input conditions of the process such as temperature, pressure and more.
However, such experiments involve large financial and labor costs, which, as a result, may not be
justified at all. To reduce these costs and formulate the theoretical part of this technology, computer
simulation is a very relevant method. This method allows revealing critical shortcomings of the
influence of conditions on the obtained samples. Of course, it is not able to reproduce real conditions
of the hot extrusion with 100% reliability, but even the existing imperfect reliability can reduce costs
several times.

The purpose of this work is to create a computer model of the process of hot extrusion of
thermoelectric material based on bismuth telluride, in order to study the temperature distribution and
the velocity of formation of extruded material in the form of tapes, which can be the basis for
optimizing the hot extrusion work equipment.

Physical, mathematical and computer models

To accomplish this task, Comsol Multiphysics application package of object-oriented simulation
was used [4]. In this model, the thermoelectric material is considered as a liquid with a high viscosity
which depends on velocity and temperature. Computer model makes it possible to study the
distribution of mechanical stresses in the die due to external pressure and loads.

0 OA Q=0/2

O
I

—gonst

W77
[ 5

T = const

a4
T

Fig. 1. Physical model of the extrusion process of tape
thermoelectric material.
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The used physical model of the tape material extrusion process is shown in Fig. 1. The model
considers the case of extrusion of a cylindrical billet of material 1 through a matrix 2, at the output of
which a tape of thermoelectric material is formed. The geometrical dimensions: A and B are the
diameter and length of the input cell of the die in which the thermoelectric material billet is located; C
is the length of the beveled part of the die; D and F are the thickness and length of the die outlet, the
width of which is A. The case is considered when the ratio of the length to the thickness of the outlet is
in the range 2 - 10.

During simulation, one also has to take into account a large number of parameters of the operating
environment, some of which are shown in Table 1.

Table 1
Model environment conditions

1. Ambient temperature 25°C
2. Die temperature (T = const) 450°C

Coefficient of heat exchange between the material and )
3. ) 11000 W/(m**K)

the die

4. The speed of the piston that presses material (V) 0.03 mm/s

The properties of thermoelectric material and the material of which the die is made are given in
Table 2.

Table 2
Material properties

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

Fig. 2 shows a grid of the investigated model in Comsol Multiphysics.
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Fig. 2. The grid is built for the die configurations shown in Fig.1.

Computer simulation results
As a result of computer simulation, the following indicators were obtained:
Velocity field of thermoelectric material inside the die is shown in Figs.3 and. 4.

V= mm/min

20

15

10

Fig. 3. Velocity field of thermoelectric material
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V= mm/min
25
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Fig. 4.Velocity field of thermoelectric material at the output

Temperature distributions in thermoelectric material and die are shown in Figs. 5 and 6.

I'="°C
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I 200

Fig. 5. Temperature distributions
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Fig. 6. Temperature distributions at the output

The developed computer model can serve as a basis for optimizing the installation for extrusion of
thermoelectric material based on bismuth telluride in order to increase its efficiency, as well as to
improve starting product.

Conclusions

1. A computer model of the process of hot tape extrusion of a thermoelectric material based on
bismuth telluride has been created, which can be used to study the distributions of temperature and
velocity of material movement in a die of a given shape, as well as the distribution of stresses in the
die due to external pressure and thermal loads.

2. The behavior of thermoelectric material passing through the die for the case of tape extrusion of
thermoelectric material based on bismuth telluride has been studied.

3. The distributions of temperature and velocity fields have been obtained depending on the
configuration of the die for the case of one-stage tape extrusion of a thermoelectric material based
on bismuth telluride.
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KOMIT'IOTEPHE MOJIEJIIOBAHHS ITPOIECY
EKCTPY3Ii TEPMOEJEKTPUYHOI' O
MATEPIAJTY HA OCHOBI Bi-Te
MPSAMOKYTHOI ®OPMH

Ilpoyec eapauoi excmpysii sa61ae c00010 NPOXOOINHCEHHS PO3iepimoeo 00 memnepamypu Hudxicue
memnepamypu niaeieHHs MmepmMoeleKmpuyHoco mamepiany uepez npec-gpopmy (@inv’epy) nio
dieio mucky. B daniii pobomi npogedeno mMooeno8ans ybo2o npoyecy 3 GUKOPUCIAHHAM NAKemy
NPUKIAOHUX npozpam 00 'exmHuo-opichmosarnozo moodenoséannss Comsol Multiphysics. B oanii
MoOeni eKcmpyO0o8aHux Mamepian npedCmasisicmovcs AK piouna 3 0ydice UCOKOIO 8 S3KiCmb, AKA
3anedcums 6i0 wieuOKocmi ma memnepamypu. B pesynomami modeniosanns 6yno ompumano
PO3n00inu memnepamypu i WeUOKOCMI meyii mamepiany 6 Mampuyi, a makoxic po3noodin Hanpye y
Mampuyi 34 paxyHOK 308HIUWHbLO2O MUCKY [ MENI08UX HABAHMAN}CEHb 8 NPOYeci CMPIUKo8oi
excmpysii. Jlani Oocnioxcennss O0aiomb 3M02Yy ORMUMIZY8AMU YCMAHOBKY 0N 00ePINCAHHS
excmpy0o8an020 mepmoeiekmpuunoz2o mamepiany. bion. 4. puc. 6, maon. 2.
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KOMIIBIOTEPHOE MOJAEJIMPOBAHUE
ITPOLHECCA 3KCTPY3UHU TEPMOJJIEKTPUYECKHUX
MATEPHAJIOB ITPSIMOYTOJIbHOM ®OPMbI HA
OCHOBE Bi-Te

Ilpoyecc  zopsueii dxcmpysuu npeocmasnsem cobOU — NPOXOJdCOEHUe  paszocpemozo 00
memMnepamypul Hudce memMnepamypul NiaeIeHUsi MePMOINEKMPULECKO20 MAMepUuana uepe3 npecc-
dopmy (punvepy) noo oeticmseuem dasnenusi. B dannoii pabome npogedeno mooenuposarue 3mozo
npoyecca ¢ UCNONb306AHUEM NAKeMA NPUKIAOHBIX NPOSPAMM  O00BEKMHO-OPUEHMUPOBAHHOZO
mooenuposanusi Comsol Multiphysics. B Oannoii modenu 9KCmMpyoupoSanHvill Mamepuai
npeocmasnsemcst Kax JHCUOKOCHb C O4eHb 8bICOKOU 8A3KOCNIbIO, KOMOPAs 3A8UCUN O CKOPOCMU
u memnepamypwi. B pesynomame mooenuposanus 610 NOIYHYEHO paAChpedeneHUs meMnepamypbl
U CKOpoCMuU meyenus Mamepuaid 8 mampuye, d maxoice pacnpeoenerue HanpsdiceHull 6 mampuye
3a cuem GHewlHe20 OAGIeHUs U Men08blX HASPY30K 8 npoyecce NeHMOUYHOU IKcmpy3uu. JJannvie
UCCne008anusi NO360AAIOM ONMUMUUPOBAMb YCINAHOBKY O/ NOJAYYEHUs IKCMPYOUPOBAHHO20
mepmosnekmpureckoeo mamepuaia. buba. 4, puc. 6, maon. 2.
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TEMPERATURE RESOLUTION OF COMPUTER-
INTEGRATED POLARIZATION THERMAL IMAGER

The work is devoted to the development of a method for determining the energy (temperature)
resolution of a polarization thermal imager, which contains a linear polarizer and a phase plate.
For this purpose it is proposed to use the noise equivalent temperature difference (NETD). A
physico-mathematical model of an optoelectronic system of the polarization thermal imager has
been developed, which allows one to calculate its signal transmission function. Based on this
function, a method for calculating NETD has been developed. The formula describing functional
dependence of a polarization thermal imager temperature resolution on the angular orientation of
the polarizer relative to the optical axis of the phase plate at a given degree of polarization is
obtained. A study of the impact of a test object radiation degree of polarization on the polarization
thermal imager temperature resolution was performed. Bibl. 8, Fig. 7, Tabl. 1.

Key words: polarization thermal imager, energy resolution, noise equivalent temperature
difference, degree of polarization

Introduction

Polarization is one of the four parameters of the electromagnetic field of radiation, and the other three
are intensity, wavelength and coherence [1,2]. Polarimetry measures the vector nature of the radiation
and provides important information about the surface orientation of the object, its shape and surface
quality. The polarization properties of radiation from objects of observation differ from the
background radiation and are not correlated with their intensity and spectrum. As a rule, the radiation
from the object is partially polarized, and from the background - natural [3, 4]. Thus, polarimetric
images are very useful for magnifying the signal from an object and suppressing background noise.
The main characteristics of polarized radiation are intensity, degree of polarization, ellipticity
and polarization angle [5,6]. To measure these characteristics in the infrared (IR) region of the
spectrum, polarization thermal imagers (PT) are used [7, 8]. The main characteristics of any thermal
imager used to study thermoelectric phenomena and devices are energy (temperature), spatial and
temporal resolution, which depend on the transmittance of its optical system, the sensitivity of the
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radiation detector and the characteristics of the electronic video signal processing system [9 —11].
There are a significant number of standards, monographs and articles devoted to modeling, calculation
and measurement of the thermal resolution of thermal imagers, by which we mean the minimum
radiation contrast between the object and the background that a thermal imager can detect [12 — 14].
At the same time, there is practically no scientific and technical information on methods for
calculating the temperature resolution of a PT.

Formulation of the problem

The purpose of this paper is to develop and study a method for determining the temperature
(energy) resolution of a polarization thermal imager.

Model of a polarization thermal imager

A polarization thermal imager can be viewed as a linear system that converts the brightness of
the observation plane from the IR region of the spectrum to the brightness of the image of the object
and background on the display screen in the visible region of the spectrum. The process of such a
transformation can be investigated using the generalized scheme of the system "object of observation -
atmosphere — thermal imager - observer™ [12, 13].

Radiation (intrinsic or reflected) from the object of observation and the background passes
through the atmosphere and enters the optical system of the thermal imager, which forms an image of
the object and the background in the plane of the matrix radiation detector (MRD). The radiation
detector converts the radiation stream, which forms an image, into an electrical video signal, which,
after amplification, goes to analog and digital processing devices. After the necessary transformations,
the video signal goes to the display, on the screen of which a visible analogue of the object and the
background is formed, is perceived by the observer.

Consider the opto-electronic system of PT, which consists of an optical system and MRD
(Fig. 1). The optical system, in turn, consists of an IR polarizer, a quarter-wave retarder, and an IR
thermal imager lens arranged in series on the optical axis.

One of important characteristics of thermal imager is signal transfer function (SiTF) us(Lt) — the
dependence of the electrical signal at the output of the electronic unit of the thermal imager on the
brightness of the object of observation. To obtain functional dependence us(L:), we will consider
Fig. 1. Let the observation object have a spectral brightness uniform over the area Ly(4), and its angular
dimensions (i x Gy significantly exceed the instantaneous field of view of the thermal imager, which
is located at a distance R from the observation object. We assume that the surface of the object and the
background radiates according to Lambert's law.

Then the spectral brightness of the object surface is determined by the formula as

L.() ==& (HM(AT,), (1)
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where ¢&t(A) is the spectral coefficient of radiation of the object surface; My(A,Tt) is Planck’s function.
If the normal to the surface of the object is placed at an angle ¢ to the optical axis of observation, then
the input pupil of the lens receives a spectral flux of radiation

2,(2) = 7, (LR)L;, ()2,4, cos g, @

where ta(A) is spectral transmittance of the atmosphere; A: is the area of the object within the
instantaneous field of view of the thermal imager; Qo = A, /R? is body angle within which the radiation
from the object reaches the entrance pupil of the lens area A,.

Wp
0 Us
W'p — >
Un
= B f’O

Fig. 1. To calculation of transmission function of thermal imager signal:
1 — the plane of the radiation object; 2 — instantaneous linear field of view;
3 — optical system; 4 — MRD; 5 — video amplifier

The signal at the output of MRD with spectral sensitivity Rp (A) will be equal to
A, 4, A
u, = [ 2 (D7, (DRp(D)dA = A, Feos @ [[7 1, (D L (D7, (DRp(DdA. (3)

When measuring the SiTF function, it is assumed that the test object is located at a short distance
from the thermal imager, i.e. ta (A) = 1, and the spectral transmittance of the optical system within the
operating spectral range has an average value to. Then the function SiTF (3) of the thermal imager

taking into account the gain of the electronic unit Cg and the relationships 4, = JTDS‘ /4 i

A./R?= A, /f", following from Fig.1, will be given by
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w Dy 2 A,
u (L) = Cadp (}"—) 1, cos@ [[* L. (A)Ry(A)dA. 4)

o

The function us(Lt), has a complex form, which depends, first of all, on the working spectral
range and spectral sensitivity of MRD, which makes it difficult to measure the true brightness of the
object. Formula (4) does not take into account the spectral composition of the electrical signal, which
is determined by the readout system. In addition, the magnitude of the signal us is influenced by the
gain Cg and noise of the system.

As can be seen from formulae (1) — (4), the value of thermal imager signal us(x’,y’), at the output
of MRD is a function of absolute temperature T: of the object surface and its spectral radiation
coefficient Ei (4, 7). Moreover, video signal us(x’,y’) depends on spectral transmittance of the

atmosphere ta(A,R), the characteristics of optimal system D, ., 7, and MRD Rp(A), A1, ... A2, Ap, as

well as on the modulation transfer functions of separate elements of optoelectronic system of the
thermal imager.

Determination of temperature resolution of PT

As the temperature resolution of PT, we will use classical parameter which is called NETD
(Noise Equivalent Temperature Difference). The NETD parameter is understood as the temperature
difference between the standard test object and the background, emitting as the absolutely black body,
whereby the ratio of the peak signal value at the output of the standard reference filter of the thermal
imager which considers the test object, to the noise is equal to unity [15,16]. The test must have
angular dimensions that are several times the angular size of the sensitive area of the MRD pixel
ap % Pp, in order to eliminate the effect of spatial resolution on the measurement results.

To obtain formulae for the calculation of VET D, consider the signal transmission function of
the thermal imager (4). Additionally, we make a number of assumptions:

1. The test object is located at a short distance from the thermal imager. Then we can assume
that the radiation is little absorbed during passage through the atmosphere, i.e. in the
operating spectral range ta (A) = 1.

2. The electronic system of the thermal imager has an effective noise bandwidth Af.

3. A large test object is placed on a uniform background and has a temperature contrast AT. The

test object and background emit as a blackbody.
Since the object is always in the background, a red (informative) signal appears when there is a
temperature contrast between the object and the background, that is

U, =u, — Uy, (5)

where ust and us, are signals formed by the object and background, respectively.
If the object and background radiate according to Lambert's law, then formula (5), taking into
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account (4), provided that the gain Cg = 1, can be represented as

1 A A
Itsz_‘quﬁrﬂj Rp (A)[My(A, T, +AT) — M;(4,T,)]dA =

T - A,
=%}1r%‘§ro AT =R (AjMdﬂ, (6)

where 1, is the average transmittance of the optical system.
The spectral sensitivity of MRD can be expressed in terms of the specific detective ability
D *(A) according to formula [13]

Ry (4) = D*(4)

()

JAp :_'If

where Ap and un are area and noise signal of MRD pixel, respectively.
Substituting (7) into (6), we find the signal-noise ratio at the output of the reference filter

B'd;

_ U _ 1 Ag AT rds
SNR = o —A.1, 2% Tiar j‘i_ D= (A)——&

(A l"h )] da. (8)
We find the formula for calculating NETD from (8), assuming that SNR = 1. Then

m R Apar

MJIIJThld:{. (9)

NETD = AT =

i
Artody [ D)

The resulting formula is most general for calculating NETD. We present Eq.(9) in another form,
using Fig. 1. Itis obvious that 4, = mD>/41 4,/R* = Aﬂjf'i. Then

n —
a%2 Af

NETD = z = 10

o i ZDs .:.A}EM’;_,';' To) 33+ 4D (10)

where k,_ = fﬂ',’Du is lens aperture number.
Using relation (10), we define the following ways to reduce the NETD parameter:
1. Use fast lenses with a small aperture number &, = £, /D, and high transmittance t,. This is
the most efficient way, because NETD ~ k_.
2. Use MRD with a high specific detective ability D*()).
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3. Reduction of effective noise band Af of reference filter. However, to obtain a high spatial
resolution, this band should be increased [15]. Therefore, Af is chosen from a compromise
between spatial and temperature resolutions.

The obtained formula (10) for energy resolution is valid for the case when the thermal imager
converts the brightness of the object of observation from the IR region of the spectrum into its image
on the display screen in the visible region of the spectrum. In other words, in a classical thermal
imager there is a transformation of radiation intensity. A polarization thermal imager records the
polarization characteristics of the object and background by changing the angular orientation of the
polarizer and phase plate in the optical system. The transmittance 1o of the optical system of PT with
such a change in the angular orientation will be different, which according to formula (10) will lead to
different values of the energy resolution of the thermal imager.

The paper [16] investigates the method of calculating the energy transmittance of the optical
system of polarization thermal imager for partially polarized radiation depending on the angular
orientation of the polarizer and the phase plate. In the PT, the characteristics of the polarization image
are determined using the Stokes parameters, which are measured for angles o between the
transmission plane of the polarizer and the optical axis of a quarter-wave retarder equal to 0°, 90°,
45°, and 135°.

The results of these studies testify that the normalized transmittance of the optical system of
PT Tosn = Tos/ TpThpTo, Where tp, Thp and 1o are transmittances caused by the Fresnel losses on the input
and output surfaces of optical elements and the absorption in the optical medium of the polarizer and
the phase plate, respectively; 1, are transmittances of IR lens:

1. For natural radiation, the transmittance does not depend on the angular orientation of the
phase plate and is equal to 0.5.

2. For partially polarized radiation, the transmittance depends on the angle a. For angles a
equal to 0° 90°, 45° and 135°, the normalized transmittance t_ (os, n) for the degree of polarization 0.5
is equal to 0.75, 0.25, 0.5 and 0.5, respectively. This feature of the optical system of PT will be taken
into account when calculating the temperature resolution of the thermal imager.

Method of calculating the temperature resolution of PT

An important step in determining is the selection of a test object that should be used in the
calculations and measurements of the temperature resolution of the PT. In this case, one should take
into account:

1. Polarization characteristics of the object of observation: intensity, degree of polarization and
polarization angle.

2. Energy parameters of the object of observation (test object) and background, which are
determined by temperature, radiation and reflection coefficients of the object and the
background.

3. Orientation of the test object surface and background relative to the optical surface of the
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thermal imager.

Taking these features into account requires a detailed study that goes beyond this article. The
research will be based on NATO standard 4347 for ground forces "Determination of nominal
characteristics of static range for infrared surveillance systems" [17].

Therefore, in this paper, in the formula of energy resolution of classical thermal imagers (10)
we will additionally take into account the following:

1. Test object and background parameters:

1.1. The surfaces of the object and background have a uniform distribution of temperature T

and Ty, radiation coefficients & and &, and reflection coefficients R; and Ry. The background

temperature Tp = 288 K.

1.2. The degree of polarization of radiation from the test object is P, and from the

background P, = 0.

2. The transmittance of the optical system tos(0) = Tosn(0)(tpthpTo) depends on the angular
orientation a of the polarizer relative to the optical axis of the phase plate.
3. Radiation detector — microbolometric matrix (MBM), which has temperature sensitivity

NETDp, format pp x qo, pixel size Vo x Wp, frame frequency f;.

The specific detective ability D %, of the thermal radiation detector, such as MBM, does not
depend on the radiation wavelength, and, therefore, in formula (10) it can be factored outside the
integral. To determine NETD as MBM parameter in formula (10), it is assumed that [18]:

— aperture number of the optical system ko = 1,

— effective noise band Af = 1/(2t;), where t; is matrix integration time, which may be equal to the
pixel time constant tp.

In the case of such assumptions, the MBM parameter NETDp is calculated by the formula

4

[ ' r?.:EMg_:J.Tn'“ ' (11)
,.,-_ADrl--Dr_.-! .;__Tﬁ!i

NETD, =

where Ty, is the temperature of the test object whereby the parameter NETDp is determined.
From formula (11) we find the specific detective ability D %, and substitute it to (10)

NETD = NETD, ﬁkﬂ(nﬂ,m, (12)

(hsy
where kp (T, Tb) is a coefficient which takes into account the difference of the differential luminosity

of the surface of the test object at temperature Tw, whereby the specific detective ability of MBM was
measured, from the real background temperature T, when testing PT,

cAn @M 3 (AT )
2774 ti dA

‘4 aT
kp(Ten. Tp) = l.al: M (AT o (13)
<A1 aT
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Formula (12) is valid, provided that radiation coefficients of the test object &: and background
ep have close values, i.e. & = ep. The effect of degree of polarization P of partially polarized light from
the test object is taken into account in the transmittance tos(o) of the optical system of PT. In [16], it
was established that the transmittance tos(ot) is determined by the function:

Tos (@) = TpThpT, E(l — P) + Pcos®a|. (14)

Thus, the resulting formula (12) allows calculating the energy resolution of the polarization
thermal imager.

Example of calculating the temperature resolution of PT
Consider an example of calculating the temperature resolution of PT under the following
conditions:
1. Test object parameters:
e Background temperature T, = 288 K.
e Temperature contrast A7=2 K.
e Radiation coefficient of test object surface & = 1.
e Angular position of the normal to the surface relative to observation axis ¢ = 85 °
e Degree of polarization P = 0.5.
e Polarization angle ¥ =0 °.
2. Integral transmittance of the atmosphere in the spectral range A1...A> = 8 um ta= 1.
3. Optical system parameters:
e Input pupil diameter and infrared lens focal length — D, =50 mm and fo = 50 mm.
Input pupil diameter and IR lens focal length
e Integral transmittances of individual elements of optical system:
- polarizer 1, = 0.9;
- phase plate mp = 0.9;
- IR lens 1 =0.85.
4. Parameters of radiation detector — microbolometric matrix GWIR 0304X2A, which has parameters:
* Working spectral range A1...A2 = 8...14 um.
e Temperature sensitivity NETDp = 0.05 K
e Matrix format pp x gp = 640x512 pixel.
e Pixel size Vp xWp=17 x 17 um.
e Frame frequency f; =50 Hz.
To calculate the temperature separation of PT, we use formula (12), in which, according to the
condition of the example, we know:
1. Noise equivalent temperature difference of MBM NETDp = 0.05 K.
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e Radiation coefficient of test object surface & = 1.
2. Aperture number of the optical system ko = Dy / fo = 1.
Coefficient of MBM kp (T, Ty) for the temperatures Ty =300 K and Tp=288 K will be
calculated by the formula (13) [13]:

_-glltaMag?Sm:di 237 :;f;
kp(Te. Tp) = = ws: — 0,88 pW

[HPMAATEE 4 263

o K

Determination of the transmittance of the optical system of PT depending on the angular
orientation o of the polarizer relative to the optical axis of the phase plate is investigated in detail in
[16]. For partially polarized radiation, the transmittance depends on the angle a. For angles a equal to
0°, 90°, 45° and 135°, the normalized transmittance tosn for the degree of polarization P = 0.5 is equal
to 0.75, 0.25, 0.5 and 0.5, respectively. This feature of the optical system of PT will be taken into
account when calculating the temperature resolution of the thermal imager.

Let us substitute the above parameters of PT into formula (12) and calculate the temperature
resolution for different values of angle a:

NETD(a = 0°) = 0,05- ———————— 0,88 = 0,085 K;
0.%-0,9-0,85-0,75-1

NETD(a = 90°) = 0,26 K; NETD(a = 45°) = 0,13 K; NETD(a = 135°) = 0,13 K

Let us establish the dependence of the temperature resolution of PT on the degree of
polarization P of partially polarized radiation, which affects the transmittance tos (P) of the optical
system of the thermal imager. In [16], it was found that for angles a = 45° and 135 the normalized
transmittance does not depend on the degree of polarization and is equal to tos (P) = 0.5. For the angles

a = 0° and 90° we have, respectively:

Tos(P, @ = 0°) = =7, 73,7, (1 + P); (15)

Tos(P, @ = 90°) = ~7, 74,7, (1 — P). (16)

After substituting (15) and (16) into equation (12), we obtain the dependence of the
temperature resolution of the PT on the degree of polarization of the radiation of the test object. The
graph of this dependence for the previously selected parameters of the thermal imager is shown in
Fig. 1.
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. 1k5 )
NETD[:F,& =10 ): NETDDmkD [:Tf'.ll."Tb:]’ (17)
NETD(P,a = 90°) = NETD, 2kg kp(Toie Ty). (18)

TpTpiTol1-Fls;

It was also important to establish the dependence of the temperature resolution of the PT for an
arbitrary angle a of orientation of the phase plate relative to the transmission plane of the polarizer. In
[16], the dependence of the transmittance of the optical system on the angle o and degree of
polarization P was obtained:

T, (a,P)=1,1,,7,[05(1—P)+P cos® al. (19)

On substituting (19) into Eq. (12) we obtain a dependence of the temperature resolution of the
PT on the angular orientation o of the polarizer with respect to the optical axis of the phase plate with
a given degree of polarization P.

_ 1
NETD(a,P) = NETD, 0,9-0,9-0,85-[0,5(1-P)+P cos? a] 0.88. (20)

The plots of this dependence for the previously selected parameters of the thermal imager are
given in Fig. 2 and 3.

NETD(a,P), K

0,05

0 p
0 0.1 0.2 03 04 0,5

Fig. 2. Dependence of the temperature resolution of the polarization thermal imager on the
degree of polarization P of test object radiation for the angular orientation o of the polarizer relative
to the optical axis of the phase plate which is equal to: 1 —0°; 2 — 90°
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NETD(a, P),K
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Fig. 3. Dependence of temperature resolution of the polarization
thermal imager on the angular orientation « of the polarizer relative
to optical axis of the phase plate for the degree
of polarization: 1 - P =0.5;2-P =0.2.

Analysis of the obtained theoretical simulation results allows for the following conclusions:

1. As the degree of polarization P increases, the temperature resolution of the PT for the
radiation component that is polarized in the observation plane (a =0°) decreases, and for the
perpendicular component (a = 90°) it increases.

2. For nonpolarized radiation (P = 0), the transmittance of the optical system does not depend
on the angle o, so the temperature resolution remains unchanged at arbitrary orientation of the
polarizer relative to the axis of the phase plate.

3. For fully polarized radiation (P = 1), the temperature resolution depends on the angle o and
varies according to the law NETD (a, P =1)~cos?a. If o =0°, then the PT has the lowest
temperature resolution.

4. If the optical axis of the phase plate forms an angle o =45° wjth the plane of the

polarizer. then the temperature resolution of the PT does not depend on the degree of polarization P

and is equal to 0.13 K.

Conclusions

The proposed physics-mathematical model of the optoelectronic system of a polarization
thermal imager, which consists of a polarizer, a quarter-wave retarder and a lens arranged in series on
the optical axis, allowed developing a method for determining the temperature (energy) resolution of
the thermal imager. The study of this method made it possible to:

1. Obtain an equation for the thermal imager signal transmission function which was used to
determine the temperature resolution of the thermal imager.
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2. As a temperature resolution of polarization thermal imager it is proposed to use a classical
parameter — the noise equivalent temperature difference NETD and NATO standard 4347 [17-19].

3. Obtain an equation for calculating the NETD parameter, which takes into account the
dependence of the transmittance of the optical system on the angular orientation of the polarizer and
the phase plate. A study of this equation showed that

3.1. The polarization thermal imager records the polarization characteristics of the test object
and the background by changing the angular orientation of the polarizer and the phase plate in the
optical system. The transmittance to of the optical system of PT with such a change in angular
orientation will be different, which leads to different values of the temperature resolution of the
thermal imager [19].

3.2. The temperature resolution depends on the degree of polarization of the studied radiation.
For unpolarized radiation the temperature resolution remains unchanged at an arbitrary orientation of
the polarizer relative to the axis of the phase plate.

3.3. The lowest temperature resolution will be in the case when the optical axis of the phase
plate forms and angle o = 0° with the plane of the polarizer.

The obtained results must be taken into account when developing an electronic system for
processing video signals from a matrix radiation detector. In further research, it is also important to
develop a model of a test object with specified polarization characteristics of IR radiation such as the
degree, ellipticity and azimuth of polarization.
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TEMIIEPATYPHE PO3AVIEHHA KOMIPIOTEPHO-IHTETPOBAHOI'O
MOJIAPU3ALIIMHOT O TEILIOBI3OPA

Poboma npucesuena pospobyi Memoody GUBHAUEHHS eHePIemUYHO20 (MeMNnepanypHozo)
PO30iNenHss NONAPU3AYIUHO20 enn08izopa. 3anponoHOBAHO BUKOPUCMOBY8AMU Ol YbO2O
senuduUHy exgieanenmuoi wymy pisHuyi memnepamyp NETD (Noise Equivalent Temperature
Difference). Pospobneno ¢hisuxo-mamemamuuny MoO0eib — ONMUKO-ELeKMPOHHOI  cucmemu
ROAAPU3AYITIHO20 MENN08i30pa, AKA 003607A€ 0bpaxoeyeamu ii @yuxyito nepedaui cuenany. Ha
ocHo6i yiei pyukyii pozpobreno memoouxy obuuciennus NETD. Ompumano ¢popmyny, wo onucye
@DYHKYIOHAbHY 3ANEHCHICMb MeMNepamypHo20 pO30iIeHHs NOAAPUIAYILIHOZO0 Menn08izopa 6io0
Kymogoi opienmayii noaapuzamopa eiOHOCHO ONMUYHOL OCi (Paz080i NAACMUHU NPU 3A0AHOMY
cmyneni nonapuzayii. BukoHano 00CniOdceHHs naugy CMyneHs NOJApU3ayii eUNpPOMIHIOBAHHS.
mecm-06’exma Ha memnepamypHe po30ileHHs NOAAPU3AYIUHO20 MENN08i3opa, SKUL MICmumo
JUHITHUY nonsipuzamop i ¢pazosy naacmuny. biba. 8, puc. 7, maobn. 1.

Kniouosi cnoea. nonsipuzayilinuii mennogizop, ewepeemuume po30LNeHHsl, eKGIGANCHMHA ULYMY

DI3HUYS memnepamyp, CmyneHb noaspu3ayii
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B cmamuve npednoscena nonsipuzayuonnas Mooeib menioguzopa ¢ Yeiblo €20 NPUMeHeHUs npu
UCCIe008AHUU  MEPMOINEKMPUYECKUX — SAGNEHUN U  YCMPOUCMS,  NO380Jiem  NOGbLCUMb
appexmusnocmv pabomvl maxux ycmpoticms. s uccie008anus U npoeKmupo8aHus maxux
MENNOBU30PO8 PACCMOMPEHA (DUIUKO-MAMEMAMUYECKAST MOOelb NONAPUZAYUL UTYYEHUS OMm
00beKmo6 HAOMOOeHUs, KOMOpAas Yuumvléaem NOISAPUSAYUOHHBIE CEOUCMEA COOCMEEHHO20
MENN0B020 ULYYEHUS U OMPAJICEHHO20 GHewHe20 usnyienus. Paspabomannas mooenv Ovlia
npUMeHeHa Oasi onpeoeieHus NOJAPUSAYUOHHBIX CBOUCME U3LYYEHUs NIOCKOU JHcele3HOU
naacmunsl. AHAIU3 NOIYUEHHBIX PE3YTbMAMO8 C8UOEMeNbCMEYem 0 MoM, Ymo 0 Menio8o2o
uznyuenus npu yeaax nabmooenus y < 40°, cocmasasrowue Ko3puyuenma uznyvenus nowmu

oounaxoevl &= &,=0.16, no ¢g<&,. C yeemuenuem yana Habnwoenus y >40°

nepneHOUKyIApHAaA NOJAPUSAYUOHHAA KOMNOHEHMA £, MOHOMOHHO YMEHbUaemcs 00 HYIA, d
napainenvbHas KOMROHEHMA &) YEenudu8aemes u 0ocmueaem MaKkCumManloHo20 sSHavYeHus. npu yaie
w = 84° a 3amem ymenowaemcsa 0o Hyas. CmeneHv NOAAPU3AYUU U3TYUEHUS 803pACMAEm C
yeenuueHuem yena y u npu yeae y = 84° pasna 0.96. Ilonyuennvie pe3yivbmamvl Uccie0o8anuil
YenecooOpazHo UCNONL308AMb NPU PA3paAbOmKe MOOenu MepMOodIeKMPUKO8, KOMopds MOodicem
UCNONL308aMbCS NPU NPOSKMUPOBANHUL NOTAPUZAYUOHHO20 menaosuszopa. bubn. 8, puc. 7, mabn. 1.

KaroueBnbie cioBa: [lonmspn3anuoHHBIA TEIDIOBH30pP, TEMIIEPATYpPHOE pa3felicHHe, YaCTHIHO

TIOJIAPHU30BAHHOC U3IIYUYCHUE, CTCIICHD ITOJIApHU3alliH.
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EFFICIENCY CRITERION OF THERMOELECTRIC ENERGY
CONVERTERS USING WASTE HEAT

The paper analyzes the efficiency criterion of thermoelectric energy converters using waste heat
(thermoelectric recuperators). Conclusions are drawn in which cases it is economically feasible to
use such recuperators. Bibl. 7, Fig. 2.

Kay words: thermoelectric generator, waste heat recovery.

Introduction

General characterization of the problem.

The use of thermoelectricity for the utilization of waste heat in order to obtain electrical energy
has been and remains the subject of interest of specialists dealing with thermoelectricity for the last
almost three decades. Among them, waste heat from internal combustion engines, smelting furnaces,
cement kilns, chemical and oil refining industries and much more, where a significant part of the waste
heat is simply released into the environment. Waste heat in everyday life also takes a significant place
[1, 2].

Due to the growing trend of combating CO, emissions, many countries have begun to assess the
potential of their thermal waste [3, 4]. Paper [5] analyzes the available statistics and concludes that in
developed countries, industry accounts for 50% to 80% of energy consumed by the country as a
whole. At the same time, on average, 20% of the consumed energy is lost with thermal waste, and in
some countries, such as Ireland, Turkey, Spain, Cyprus, this value reaches 50 - 70%.

Therefore, it is currently important to create thermoelectric generators (TEG), which will be
used as waste heat recuperators and return part of the heat loss in the form of electricity.

The classical theory of thermoelectric generators determines the efficiency of the main criterion
of their quality. The difference in the use of a heat generator as a recuperator is that the waste heat is
free, and therefore the efficiency of the generator does not play a decisive role. The question of what
criterion should be used to evaluate thermoelectric energy converters that will use thermal waste
becomes relevant. Thus, there is a fundamentally new situation to describe the quality of the
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thermoelectric recuperator.
The purpose of this work is to determine the efficiency criterion for a thermoelectric recuperator
that uses waste heat.

Quality criterion for TEG as a waste heat recuperator

In conditions when the efficiency is not a governing factor for assessing the quality of a
thermoelectric recuperator, the first place should be given to the economic feasibility of using a TEG
as a recuperator.

Proceeding from the fact that the result of the TEG operation is additional electrical energy, it
will be expedient to use it if the cost of the electrical energy produced by it is economically rational for
its use in each specific case, and in the presence of an electrical network should be lower than the cost
of industrial electrical energy. It is clear that this cost in the recuperation mode does not include the
price of heat energy, which is determined by the cost of energy carriers, such as hydrocarbons, nuclear
fuel and others, since waste heat is free.

Therefore, the cost of electric energy mo produced by a thermoelectric recuperator will be
determined as follows:

S0

N 1)

m, =

where S, is the unit cost of the thermoelectric recuperator, N is the service life.

Therefore, in the case of using TEG as a heat waste recuperator in the first place are the
requirements for its minimum unit cost S and maximum service life N.

The unit cost of the recuperator includes the cost of the generator S; , the cost of its installation
and maintenance S, , the cost of heat removal from the generator Sz and the cost of voltage
stabilization S4 (Fig.1). Depending on the operating conditions, there may be other costs

Unit cost of the generator

/

Installation and The cost of heat removal | | The cost of the generator
maintenance cost from the generator voltage stabilization

The cost of TEG

Fig. 1. Components of the unit cost of the generator.

The combination of these costs forms the unit cost of the recuperator S, ($/W), which is the

ratio of all costs to its electrical power W:

S +S5,+5,+5,

S W

()

Estimates show that at present this value is about $ 25/W [6]. According to (1), this value should
be minimized.
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On the other hand, the longer the generator's operating life N (hours), the lower the cost of the
electrical energy mo produced by it.

The service life of the thermoelectric recuperator mainly depends on the service life of the
thermoelectric modules used in the TEG. The best examples of thermoelectric generator modules,
specially designed for thermoelectric recuperators, have a service life of about 100.000 hours [6].

Hence, it is possible to estimate the minimum cost of electrical energy of the thermoelectric
recuperator. It will be about $ 0.25 per kWh, provided the optimal temperature on the TEG modules is
ensured.

In the presence of industrial electrical networks, the economic feasibility of using a TEG as a
recuperator is achieved when the cost of the electricity it produces is lower than the cost of industrial
electrical energy, that is, on condition that

m >1, (3)
mO

where m is the cost of industrial electrical energy, m, is the cost of electrical energy produced by
thermoelectric recuperator.
Substituting (3) into (1), we obtain the efficiency criterion of thermoelectric recuperator A that
should be more than unity:
A=N g (4)

0

This criterion will characterize the feasibility of using thermoelectric generator as a waste heat
recuperator and determine its payback period.

S,, /W

12 | Japan

10 1

8 I India

6 + USA

France

4 r Russia

Al Uhaine&
L 1 1 1 1 K
1 2 3 4 5
1 1 1 1 1 years

12 6 4 3 24
Payback

Fig. 2. Reasonable unit cost of TEG depending on the payback period.
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The payback period of thermoelectric recuperator No will be
No=—- ®)

The rest of the time (N — No) the recuperator will be profitable. The net profit P from the use of
a thermoelectric recuperator will be determined as

P=mw (N -N,). (6)

For example, Fig. 2 shows the calculations of the reasonable unit cost of a thermoelectric
recuperator depending on the payback time for different countries. The unit cost of the generator was
determined based on the price of electricity in a particular country [7].

As can be seen from Fig. 2, at present, in order to achieve the economic feasibility of using
thermoelectric recuperators, it is necessary to work towards a significant reduction in its unit cost. It is
more appropriate to use thermoelectric generators in countries where electricity is the most expensive.

Conclusions

1. A universal criterion A for the efficiency of thermoelectric  recuperators using waste heat has
been obtained. It determines the economic feasibility of using the recuperator, the payback period
and the profit obtained through its use.

2. It has been established that the economically feasible use of a thermoelectric generator is when the
criterion A > 1.

3. It is shown that in order to reduce the payback period of the thermoelectric recuperator, and,
accordingly, increase the net profit, it is necessary to increase the criterion A, that is, to work
towards reducing the unit cost of the recuperator and increasing its service life.

4. It is more economically efficient to use thermoelectric recuperators in countries where electricity is
more expensive.
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Filin S.O. EXPERIMENTAL STUDIES OF THE Zakrzewski B.
INFLUENCE OF THE FAN AND MODULE
OPERATING MODE ON THE CHARACTERISTICS
OF THERMOELECTRIC BEVERAGE COOLER

Using a beverage cooler as an example, the dependence of the temperature 7. of the chamber
(container) of the cooler on the supply voltage U: of the fan on the hot side of the unit was
experimentally determined for various values of the supply voltage Un. of the module. The correct
choice of the supply voltage Us of this fan allows not only to reduce the power consumption of the
entire product, but also to reduce the temperature of the cooler chamber by 1-6 ° C, which
automatically leads to an increase in its speed. When the supply voltage of the thermoelectric
module Un, changes in the range from 0.3-0.4 to 0.75-0.8 of the nominal value, a minimum of the
T. (Uy) function is observed. Bibl. 14, Fig. 4, Tabl. 2.

Key words: thermoelectric beverage cooler, cooling depth, fan, supply voltage, experimental
studies.

Introduction

A number of previous author's publications [1-5] were devoted to the design of thermoelectric
beverage coolers in original containers, i.e. in metal cans and plastic bottles. As part of the research,
the market of modern household and car thermoelectric beverage coolers was analyzed in terms of
their cooling rate. It has been shown that the speed of these devices does not satisfy the needs of
consumers. The use of "wet" contact is proposed to increase the speed of coolers, and the efficiency of
this solution is shown both by calculation and experimentally. This work is a continuation of previous
research. The next phase is devoted to the analysis of the influence of various factors on the main
technical characteristics of the mentioned coolers.

As can be seen from Table 1, the choice of the most important technical characteristics of a
thermoelectric device depends on its purpose and mode of operation (permanent or occasional work).
For refrigerators and minibars, such characteristics are the average power consumption P, the daily or
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annual energy consumption E and the temperature difference AT created. For beverage coolers, these
are the cooling rate V, also called the speed, and the cooling depth AT.

Table 1

Qualitative analysis of the degree of influence of the selected design and operational factors on
the most important technical characteristics of household thermoelectric devices

automation, fans, etc.)

Group of products Mini bar Beverage Air
Ice makers .
Factor coolers coolers conditioners
. . . . Long-term,
Operation (operating mode) Permanent Occasional | Occasional
seasonal
The most important
. PorE, AT V, AT, $ G $ EorP, AT, $
characteristics
Efficiency of thermoelectric
) ++ ++ ++ ++
material and modules
General layout, form + + ++ +
Heat transfer conditions on
] ++ ++ + ++
radiators (heat exchangers)
The effectiveness of thermal
insulation of the chamber ++ + 0 0
(containers, ice molds)
Efficiency of AC/DC power
+ + + +
supply
Temperature control method ++ + 0 +
Cost-effectiveness of auxiliary
equipment (chamber lighting, + + 0 ++
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where: E — energy consumption, [kWh/day]; P — power consumption, [W]; AT — created temperature
difference (for refrigerator), cooling depth (for beverage cooler), [°C]; operating temperature range (for air-
conditioner); V — cooling rate, [°C/h]; G — productivity, [kg/h]; $ — price [$].

++ — strong influence, + — moderate influence, 0 — there is no or negligible influence.

Table 1 shows the factors that influence the characteristics of the selected types of devices. The
experience of creating and operating household thermoelectric products shows that improving their
characteristics is not limited only to increasing the efficiency of thermoelectric materials. The total
influence of other factors is comparable, and in some cases exceeds the influence of the effectiveness of
materials. Among these other factors, the conditions of heat exchange on the radiators on both sides of the
thermoelectric module or modules should be highlighted. Temperatures of overcooling the cold radiator and
overheating the hot radiator have a direct effect on the cooling capacity and energy efficiency of a
thermoelectric module [6,7]. Therefore, the conditions of heat transfer on the radiators are highlighted as a
factor of strong influence.

Brief analysis of literature, purpose and object of research

The efficiency of heat exchange on both sides of the thermoelectric module depends on the fan
performance, which, in turn, depends on its supply voltage. Therefore, the main variable parameter
was the fan supply voltage. It should be remembered that in household appliances powered from a
220-230 V AC mains through a rectifier, it is easy to implement an independent power supply for the
module and the fan. The study of the influence of the supply voltage of the fan placed in the
refrigerator or display cabinet on the average temperature in the chamber was carried out quite a long
time ago and is described in [8-10]. At the same time, the study of the influence of the fan operating
mode on the hot side of the module on the temperature characteristics of a thermoelectric product is of
even greater interest. In addition to [10], where such studies were carried out in a very limited scope,
such experimental work has not yet been carried out. Recent works devoted to experimental studies of
thermoelectric coolers [11-14] also do not address these issues. The aim of the study was
to fill this gap.

A thermoelectric beverage cooler with "wet contact" of the TSSN-0.5 type, presented in Fig. 1
and described in detail in [1-5], was chosen as the object of research. The cooler is designed for
cooling drinks in metal cans with a volume of 0.33 and 0.5 liters and in plastic bottles of the same
volume. The cooler contains one thermoelectric module of the MT2-1.6-127 type, whose cold side is
in contact with the bottom of a thermally insulated cylindrical container made of aluminum. The hot
side of the module is connected to a radiator, which is blown by an Everflow type R128025DM fan
with a nominal supply voltage of 12V DC. An independent power supply for the module and the fan
is provided in the investigated object. The aluminum radiator located under the fan plays the role of a
stand and a distancer and practically does not participate in heat exchange.
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Fig.1. Prototype of a household thermoelectric beverage cooler TSSN-0.5 [3]:

a — general view, b — testing moment.

Research method, brief description of the experimental bench and test procedure

To achieve this goal, the way of doing experimental research was chosen. The tests were carried
out in the laboratory of thermoelectric cooling of the Department of Air Conditioning and Refrigerated
Transport of the West Pomeranian University of Technology in Szczecin in the period 2020-2021.

A simplified diagram of the experimental bench and the installation diagram of temperature
sensors are shown in Fig. 2. To measure temperatures, resistance temperature sensors TSM-100 were
used, which are part of the IT-10 measuring complex. The measurement results were recorded with a
frequency of 10 seconds using the Channel 2.0 software. The module and the fan were powered from
an external two-channel power supply of the M10-DP-305E type with independent control of the
output electrical parameters. After the chamber temperature stabilized at the next value of the fan
supply voltage, the power supply switched to the next voltage value at a constant value of the supply
voltage of the thermoelectric module. Typical dynamics of the chamber temperature change during the
tests is shown in Fig. 3.

The tests were carried out at a laboratory room temperature of 22 + 1 °C, maintained with a split-
type household air conditioner. The tests were carried out for two operating modes of the cooler: with
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an empty chamber (container) and with a drink in a 0.33 liter can (Fig. 1 b).

J 100 rama
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= TO1..T08
NT-10
M10-DP-305E
00,0V O0,00A 00,0V O0,00A
BEHTUNATOR MogYNE
= + = +
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Fig.2. Block diagram of the experimental bench with indication of the
thermocouple installation locations.
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Fig.3. The dynamics of change in the temperature of the
chamber Tt during tests at Uy = 10V.
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Test results and their analysis

The test results of a cooler with a metal can in synthetic form are presented in Table 2. The fan
supply voltage was regulated in the range from 6 to 14 V, which follows from many years of
experience in operating this type of axial fans. They remain operational when the supply voltage
changes in the range from 5 to 15 volts. In the experiment, we limited ourselves to the range of 6-14
volts for the following reasons. At a voltage below 6V, problems arise with the start of the fan,
although with a gradual decrease in voltage from 6 to 5V, it continues to work at low speeds. VVoltage
over 14V is associated with increased power consumption and increased noise.

Table 2

Results of testing the thermoelectric cooler at variable values of
supply voltage of module U and fan Uy

Temperatures
Te Th AT
OC —
Voltages
Um—>
6V 8V 10V 6V 8V 10V 6V 8Vv 10V
LUt
6V 51 59 6.7 34.3 39.3 50.2 29.2 33.4 435
8Vv 4.3 4.3 2.0 32.2 35.9 45.2 27.9 31.6 43.2
10V 4.1 4.3 0.1 31.0 34.7 42.3 26.9 30.4 42.2
12v 4.4 4.3 -1.0 30.3 32.7 40.4 25.9 28.4 41.4
14v 4.6 54 -1.3 29.6 31.9 394 25.0 26.5 40.4
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The range of voltage variations of the module was narrowed to the limits from 6 to 10V, which
followed from previous experiments [3]. Changes in the temperature of the hot radiator Tn fully
corresponded to our expectations: for each constant value of the module supply Un (6, 8, and 10 V),
with an increase in the fan supply voltage Uy, the temperature of the hot radiator T decreased, and this
decrease was more significant at higher values of Un. The situation looked completely different on the
cold side, where the temperature of the wall of the container (chamber), in which the can with the
drink was located, was measured. Here, the minimum values of the container temperature T. were
observed at the supply voltage Us = 10V at the module supply voltages of 6V and 8V, and at Un, = 8V
the minimum was blurred. At U, = 10V, a monotonic decrease in the temperature T with an increase
in Ur was observed (Fig. 4).

9 >/ﬂ

=
.-7|\

Lt

AT

.'i DN
\T

6 8 10 12 14 Us

Fig.4. Dependence of the container (chamber) temperature 7. on the supply
voltage of fan U Installed on the hot side of the module at different values
of its supply voltage, namely: O - Un=6V; O - Un=8V; A - Un= 10V, the rest
of the graphs and symbols relate to the comparison of results with the data of other
studies, and are explained in the text.
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Fig.4 also shows a comparison of the results obtained with the results of known, earlier works.
The symbol V denotes the dependence of the temperature in the chamber of a 103" thermoelectric
refrigeration display case on the supply voltage of the fans on the hot side of the unit [10], and the
symbols O O A show the dependence of the temperature in the chamber of the thermoelectric
beverage cooler with a volume of 13.5 | on the supply voltage of the fan in the chamber, i.e. on the
cold side of the unit [8]. The first of the above dependences (V) has minimum near Us = 10V. This
value coincides with the results obtained in the present work. Does this mean a universal
recommendation for choosing Us?

With regard to the fact that Usqepy is influenced not only by the module supply voltage, but also
by the design of the hot heat exchanger, fan type, temperature control method and a number of other
factors, it is too early to make a final conclusion about the optimal value of Usopy. At the same time,
we can confidently draw a qualitative conclusion: there is an optimal fan supply voltage on the hot
side from the point of view of temperature reduction in the chamber 7, and it is less than the nominal
fan supply voltage. Another, not so obvious, but important conclusion: the larger the heat exchange
surface the hot radiator has, the lower the optimal fan supply voltage will be. In stationary
thermoelectric refrigerators and other devices in which weight reduction is not a priority task, the use
of a radiator with a larger surface leads to an increase in the cost of the refrigerator within 5-6 %. In
this case, a corresponding decrease in the fan supply voltage means a 2% to 4% reduction in power
consumption. The result of the feasibility study depends on the frequency (intensity) of using the
refrigerator. If a stationary refrigerator or beverage cooler is used 24 hours a day for more than 3
months a year for a minimum of 5 years, operating cost savings are prioritized over investment cost
savings.

A similar dependence of 7. on Uy, but this time on the cold side of the unit, also demonstrates a
minimum for various values of Un (O -Un=6V; O-Un=8V; A —Un =10V), which corresponds
to the minimum value of the fan supply voltage, i.e. 6V. The physical meaning of this behavior of the
function 7. (Ur) is as follows. In going from natural to forced convection, which is observed at Ur =
5-6 V, there is an abrupt decrease in the average temperature in the refrigerator chamber. However, a
further increase in the fan supply voltage, which corresponds to an increase in the air circulation rate
in the chamber, leads to the fact that the total thermal resistance to heat transfer on the chamber walls
(taking into account the leakage of the door insulation) decreases faster than the resistance on the cold
heat sink. As a result, an increase in the heat flux through the chamber insulation prevails in the
balance of heat fluxes.

Conclusions

The studies carried out have once again shown the importance of coordinating the operating
modes of the module (modules) and fans used in the units of various thermoelectric products. Using a
beverage cooler as an example, the dependence of the temperature 7. of the chamber (container) of the
cooler on the supply voltage Ur of the fan on the hot side of the unit was experimentally determined
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for various values of the supply voltage of the module Un. The correct choice of the supply voltage Ut

of this fan allows not only to reduce the power consumption of the entire product, but also to reduce

the temperature of the cooler chamber by 1-6 ° C, which automatically leads to an increase in its

speed. When the supply voltage of the thermoelectric module Un, changes in the range from 0.3-0.4 to
0.75-0.8 of the nominal value, a minimum of the 7. (Ur ) function is observed.
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THERMOELECTRIC DEVICE FOR NON-CONTACT COOLING
OF THE HUMAN EYES

The paper presents the results of the development of a thermoelectric device for non-contact

cooling of the human eyes. The device is designed for the treatment of acute and chronic eye

diseases, reducing intraocular pressure, reducing pain and inflammation of the eye. The

developed thermoelectric medical device makes it possible to cool the eye structures without

contact, which will allow developing and implementing the technology of controlled local

therapeutic hypothermia in ophthalmology. The design features of the device, the principle of
its operation and technical characteristics are described. Bibl. 22, Fig. 2, Tabl. 1.
Key words: thermoelectric device, non-contact cooling, hypothermia of the human eye.

Introduction

Therapeutic hypothermia consists in artificially lowering the patient's body temperature by
forcibly removing heat from the body (general hypothermia) or internal organs (local

hypothermia) for therapeutic purposes.

Local therapeutic hypothermia is successfully employed in various fields of medicine. For
example, cold cardioplegia is used to protect the heart tissue during cardiac surgery performed in
the conditions of artificial circulation, which allows to uniformly reduce the temperature of the
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myocardium to (+8+10 °C) [1]. Craniocerebral hypothermia is used to prevent hypoxia of
brain structures during neurosurgery, as well as in newborns born with severe asphyxia [2]. In
reconstructive surgery on renal vessels or kidney transplantation, local hypothermia can
protect its tissues from hypoxia and prevent the development of renal failure in the
postoperative period [3].

In ophthalmology, local hypothermia of the eye structures can also be used to solve
some therapeutic problems. Thus, J.M. Katsimpris suggests using local cooling of the eye to
combat intraocular inflammation [4]. Local therapeutic hypothermia can be used to reduce
intraocular pressure [5]. After local cooling in the eye there is an increase in blood supply to
the vascular tract, increased pulse volume and blood flow velocity, which can be used for
anti-ischemic purposes in ophthalmic diseases [6]. Local hypothermia during vitreoretinal eye
surgery can lead to decreased fibrin production and reduced bleeding [7].

Acrtificial local contact hypothermia is a fairly simple way to achieve a decrease in
intraocular temperature and, unlike general hypothermia, is free from the risk of severe
complications from the internal organs, and therefore its use looks promising. There are
different ways of local cooling of the eye. During intraocular surgery, local hypothermia of
the eye can be created by lowering the temperature of irrigation solutions [8]. A decrease in
the temperature of the intraocular media of the eye is possible, both when cooling directly the
outer surface of the cornea, and when exposed to cold through closed eyelids. For contact
cooling of the structures of the eye, one can use, for example, an ice pack applied to the
eyelids [9]. The development of special thermoelectric devices for local contact cooling of the
eye allows more efficient and controlled use of the beneficial effects of therapeutic
hypothermia for the treatment of ophthalmic diseases [10, 11].

It is known that the heat transfer by the surface tissues of the human body, including the
structures of the eye, to the environment is carried out mainly by radiation in the form of
electromagnetic waves in the infrared spectrum (wavelength 3-50 pm with a peak of 9.6 um),
i.e. in the areas of long-wave infrared radiation [12]. Thus, at room temperature (+21 +~ +23
°C) and relative humidity (within 40-60%) about 60% of heat is removed from the human
body by radiation. About 20% of heat is removed by evaporation and 15 -20% - by
convection. Conduction is situational and depends on the contact of the body with objects in
the environment [13]. Thus, the above features of heat transfer of the human body create
certain opportunities for cooling the surface structures of the body by non-contact means.
Further research in this direction is required to develop the technology of artificial non-
contact controlled local hypothermia of the eye and assess the feasibility of its use in the
treatment and prevention of ophthalmic diseases.

Therefore, the purpose of this work is to develop a design and manufacture
an experimental prototype of a thermoelectric device for non-contact cooling of the human
eyes.
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Design and technical characteristics of the device

At the Institute of Thermoelectricity of the NAS and MES of Ukraine within
cooperation agreement with the State Institution "The Filatov Institute of Eye Diseases and
Tissue Therapy of the NAMS of Ukraine"”, a thermoelectric device was developed for non-
contact cooling of the human eyes (Fig.1). The technical characteristics of the device are
given in Table 1.

The device is designed to treat acute and chronic eye diseases, reduce intraocular
pressure, alleviate pain and inflammatory processes in the human eye. The developed
thermoelectric medical device allows non-contact cooling of the structures of the eye, which
will make it possible to develop and implement the technology of non-contact controlled local
therapeutic hypothermia in ophthalmology [8, 14 - 20]. Such a device is original and has no
analogues in the world.

i\

Fig.1. Experimental prototype of thermoelectric device for non-contact cooling of
the human eyes: 1 — thermoelectric cooling modules,
2 — electronic control and power supply unit

The device consists of two main functional units: a cooling device based on thermoelectric
cooling modules 1 and an electronic control and power supply unit 2 (Fig. 1). The cooling device
is made on the basis of the Peltier thermoelectric modules 1 [21, 22] and is designed to cool two
metal surfaces located in close proximity to the surface of the human eyes. Due to the exchange
of radiant energy between these surfaces, the surface of the human eye is cooled by several
degrees Celsius. The degree of cooling of the eye surface depends on the temperature of the metal
heat exchange surfaces and the duration of the procedure. The temperature of the eye surface
during cooling is controlled by a non-contact thermometer. To increase the efficiency of radiation
heat transfer, the metal cooling surfaces are blackened. Cooling of the hot sides of TE cooling
modules is carried out by an external liquid circuit, which is connected to the water supply
network. On the back panel of the cooling device there are liquid heat exchangers (made of highly
thermally conductive material - copper) with fittings for connecting the water supply network. Water
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consumption in the cooling circuit of the hot sides of TE cooling modules is small - enough 2-3 I/min at
a water temperature of up to 20 °C. In addition, the cooling device is placed on a tripod, which makes it
possible to adjust its height and, accordingly, to select the individual placement of the cooling surfaces
of the TE cooling modules in close proximity to the surfaces of the human eye.

Table 1
Technical characteristics of the device
Ne Technical characteristics of the device Parameter values
1. | Range of setting and maintenance of working temperatures (-25 ++10) °C
2. | Temperature stabilization error, not more 1°C
3. | Temperature measurement error, not more 1°C

. . . liquid, from the water
4. | Cooling the hot side of TE cooling module
supply network

5. | Supply voltage (50 Hz AC) 220+ 10V

6. | Electric power of the device, not more 150 W

7. | Setting the exposure time (1 +10) min

8. | Overall dimensions of cooling device (160 x 235 x 50) mm

9. | Overall dimensions of electronic control and power supply unit | (100 x 240 x 250) mm

The ability to cool each eye separately at a common set

10. temperature '
11. | Availability of protection against mains voltage +
12. | Length of hoses for liquid cooling of TE cooling modules 3m
13. | Device weight 1.5kg
14. | Time of reaching temperature mode by the device 10 min
15. | Time of continuous operation of the device 48 h

Electronic unit 2 provides power and control of thermoelectric modules in order to maintain the
temperature values set by the operator, forms the necessary time intervals for temperature exposure,
selects the temperature effect on the patient's eyes (right eye, left eye, both eyes), and also protects the
patient from being damaged by the mains voltage in an emergency.

On the front panel of the electronic unit 2 there are "ON", "RIGHT EYE", "LEFT EYE" toggle
switches, a programmable microprocessor thermostat with an electronic display for setting and
visualizing temperature values, a "HOLD TIME" switch, a "START" button.
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On the rear panel of the electronic unit 2 there is a protective cut-out device, a connector for
connecting a cooling device, a cord for connecting to a 220 V mains, a fuse 5 A.

In addition, the design of the device provides for the mounting of the cooling device on the
ophthalmological table. After connecting water from the water supply network to the cooling device
and connecting the electronic unit 2 to a 220 VV mains, the device is ready for operation.

In an emergency, if mains voltage appears on the metal parts of the device, the protective cut-
out device will operate and the device will be completely disconnected from the voltage. After
eliminating the emergency, the protective cut-out device on the rear panel of the electronic unit 2 must
be switched on again.

Block-diagram of the device

1

1

1

1
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Fig.2. Block-diagram of thermoelectric device for non-contact cooling of the human eyes:

1 —cooling device, 2 — electronic control and power supply unit, 3 — cooling surface, 4 — temperature sensor, 5 —
thermoelectric cooling module, 6 — liquid heat exchanger, 7 — programmable microprocessor thermostat, 8 —
“LEFT EYE " toggle switch, 9 — “RIGHT EYE " toggle switch, 10 — power control unit of TE cooling module, 11
— power supply unit, 12 — “MAINS” toggle switch— switching of device to a 220 V mains, 13 — protective cut-out
device,14 —“HOLD TIME” switch, 15— “START” button, 16 — timer, 17 — buzzer.

The block-diagram of thermoelectric device for non-contact cooling of the human eyes is
given in Fig.2, where 1 is a cooling device, 2 is an electronic control and power supply unit, 3 is a
cooling surface, 4 is a temperature sensor, 5 is a thermoelectric cooling module, 6 is a liquid heat
exchanger, 7 is a programmable microprocessor thermostat, 8 is a “LEFT EYE” toggle switch, 9
is a “RIGHT EYE” toggle switch, 10 is power control unit of TE cooling module, 11 is power
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supply unit, 12 is a “MAINS” toggle switch— switching of the device to a 220 V mains, 13 is a
protective cut-out device, 14 is a “HOLD TIME” switch, 15 is a “START” button, 16 is a timer,
17 is a buzzer.

The principle of operation of the device

The principle of operation of the device consists in non-contact cooling of the human eyes
in order to treat acute and chronic eye diseases, reduce intraocular pressure, alleviate pain and
inflammation.

The proposed device works as follows (Fig. 2). The operator connects the liquid heat
exchangers 6 with the help of hoses to the water supply network, opens the water tap and controls
the flow of water through the corresponding heat exchangers. Connects the electronic unit 2 to a
grounded outlet and turns it on. Then turns on the "MAINS" toggle switch 12. On the digital
indicator of the programmable microprocessor temperature controller 7, the current temperature of
the cooling surfaces 3 will be displayed in red, and the value of the set temperature will be
displayed in blue. Using the buttons on the thermostat, the operator sets the required cooling
temperature (the value is selected experimentally). Then the operator turns on cooling the right
eye with the “RIGHT EYE" toggle switch 8, or cooling the left eye with the "LEFT EYE" toggle
switch 9, or selects the cooling both eyes together. Only after choosing the appropriate toggle
switches 8, 9 will the cooling surfaces 3 begin to cool down. After 5 - 10 minutes, the temperature
of surfaces 3 stabilizes and equals the set temperature. After that, the patient is placed in front of
the cooling device 1 so that his eyes were at a distance of 1-5 cm from the cooling surfaces 3.
Then the operator selects the required exposure time (temperature exposure time) with the
"HOLD TIME" switch 14 and presses the "START" button 15. After the expiry of the holding
time, an audible signal sounds from the buzzer 17. The procedure can be ended at this point or
extended by pressing the START button again. On the case of the cooling device 1, on top for
clarity, there are LED indicators of the operation of the cooling surfaces 3.

The specified device is simple, compact and reliable in operation, which allows a doctor or
medical worker to use it without special training, having previously read the instructions. Thus,
the technical advantages of such a device include: non-contact cooling of the surface of the human
eye in real time, the ability to set and maintain the required temperature with a resolution of
+1 °C and the safety of the device.

The introduction of such a device into medical practice will be of great social and economic
importance, as it will reduce the risk of ophthalmic complications, preserve the viability of
patients' eye structures and ensure the provision of highly qualified care in specialized medical
institutions and in extreme conditions. This, in turn, will provide appropriate conditions for
preserving people's health, increase the efficiency and quality of medical care in the health care
system and will become a significant contribution to the development of new domestic medical
thermoelectric equipment.
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It should be noted that to confirm the efficiency of the device, develop the method for

treatment and clinical trials, the developed experimental prototype of device for non-contact
cooling of the human eyes was transferred to the State Institution "The Filatov Institute of Eye

Diseases and Tissue Therapy of the NAMS of Ukraine” within cooperation agreement. The results
of clinical trials of the device will be the subject of subsequent publications on this topic.

The device is designed to treat acute and chronic eye diseases, reduce intraocular pressure,

alleviate pain and inflammation of the eye. The developed thermoelectric medical device makes it

possible to cool the eye structures without contact, which will allow developing and implementing

the technology of controlled local therapeutic hypothermia in ophthalmology.

Conclusions

1.

For the first time, a design was developed and an experimental prototype of a thermoelectric
device for non-contact cooling of the human eyes was manufactured. The device is designed to
treat acute and chronic eye diseases, reduce intraocular pressure, alleviate pain and
inflammatory processes in the human eye. The proposed device has no analogues in the world.

. The developed thermoelectric medical device makes it possible to carry out non-contact

controlled cooling of the human eye surface in the temperature range (-25 +~ +10) °C and in the
future will allow the development and implementation of the technology of artificial non-
contact controlled local therapeutic hypothermia in ophthalmology.
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THERMOELECTRIC AIR CONDITIONERS FOR VEHICLE SEATS

The paper discusses the prospects of thermoelectric air conditioning of vehicle seats, which can be
used to save energy resources and improve the temperature conditions of a person’s stay in a
vehicle. To determine the most rational options for using these air conditioners, their classification
was carried out depending on the method of thermoelectric air conditioning. Bibl. 30, Fig. 4.

Key words: thermoelectric air conditioner, thermoelectric heat pump, air conditioning, thermal
conditions.

Introduction

General characterization of the problem. In recent decades, the number of vehicles is
growing rapidly. According to the analytical company Navigant Research, today their number has
exceeded 1.2 billion units, and by the end of 2035 the figure could reach 2 billion [1]. At the same
time, due to the intensity of traffic, people spend more and more of their time in it. For this reason,
there is a need to ensure optimal thermal comfort of the person while in the vehicle, and hence the
need to create air conditioners.

In [2-8], various methods of air conditioning in vehicles are considered, each of which has its
own advantages and disadvantages. Thus, in [8], a comparison was made between the use of
compression and thermoelectric air conditioners and the advantages of each were shown depending
on climatic conditions. Despite the different methods of air conditioning, it is common that air
conditioning occurs for the entire volume of transport. This leads to increased electricity costs and
the problem of airflow distribution, as drivers or passengers feel comfortable for those parts of the
body that are directly facing the air outlet. In so doing, ordinary seats will act as an insulator,
reducing the cooling of the body, preventing the evaporation of sweat and raising the skin
temperature in contact with the seat surface [9].
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To solve these problems, it is advisable to use local air conditioning, namely air conditioning
of the vehicle seat. This option will provide a comfortable environment with lower energy costs and
solve the problem associated with the distribution of airflow.

In the literature, there are various options for air conditioning of vehicle seats [10 - 15],
among which air conditioning with the use of thermoelectric converters has become widespread.
This is due to the presence in such converters of a number of advantages, namely: high reliability,
the ability to provide cooling and heating, the absence of harmful refrigerants, low maintenance
cost, possibility of temperature control in a wide range [16]. In so doing, of particular interest is the
possibility of using thermoelectric air conditioning for operators of armored vehicles, including
tanks, which will optimize the thermal conditions for the stay of tankers during combat operations.

Based on the foregoing, it seems important to consider the known methods of thermoelectric
conditioning of transport seats in order to highlight the most rational options. The latter is reduced to
the study and analysis of the known options of thermoelectric air conditioners for vehicle seats and
their classification according to the thermal scheme.

Analysis of the literature. Active work is underway to create thermoelectric air conditioners
for car seats in many countries around the world. Thus, in [17] a temperature controlled seat was
developed, powered by an exhaust thermoelectric heat recovery system. A series of experiments,
including bench and real vehicle tests, showed that the thermoelectric system was able to reduce the
temperature of the seat surface by 14.59% after the temperature controlled seat was operated for 10
minutes.

In [18], a thermoelectric system was created, which was used for climate control of car
seats. Experimental results showed that the system reduces the temperature of the air pumped to the
seat by about 9 ° C at a performance factor of about € = 0.41, while the results of the heating mode
showed that the device can increase the air temperature by about 34 °C at ¢ = 1.34.

In [19], a thermoelectric device for regulating the temperature of the surface of a car seat was
modeled and designed. The test results showed that at a voltage of 12 V, the thermoelectric system
can reduce the seat temperature by about 18 °C in cooling mode and increase it by 22 °C in heating
mode.

In [20], an automated seat cooling system for cars using a thermoelectric device was
developed, which is aimed at preventing the death and injury of young children left unattended in
parked cars at high ambient temperatures. An experimental series of tests has shown the high
efficiency of the system.

In [21], a seat with variable temperature was developed and tested using a thermoelectric
cooler to increase thermal comfort and reduce fuel consumption. Experimental results have shown
that at an ambient temperature of 27 °C, such a system can remove approximately 33.3 watts of
power from the conditioned air pumped to the seat.

In [22], the authors applied an optimal design method to develop thermoelectric air-liquid
conditioning and managed to obtain a performance factor of 1.68 at the same input power. This
optimal design method used dimensional analysis to optimize the applied current and the geometric
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ratio of the thermocouple (or the number of pairs of thermocouples) simultaneously for a given set
of fixed parameters.

In [23], a thermoelectric system for regulating the temperature of a car seat was developed and
tested to provide rapid cooling and heating. Experimental tests have shown that the thermoelectric
system has the advantage of accelerating the cooling of the car seat from 50 °C to about 6 °C with a
significant response time.

All of the above listed thermoelectric options for air conditioning of vehicle seats have their
own strengths and weaknesses. Considering that the need for further research related to the use of
thermoelectric air conditioning will only grow, it is necessary to classify and systematize the known
options of such air conditioning with the subsequent determination of more rational ones.

The purpose of the proposed work is to analyze the known options of thermoelectric air
conditioners for vehicle seats and determine the most rational ones.

Companies engaged in the production of serial samples of air conditioners for car
seats

One of the leaders in the field of thermoelectric air conditioning of transport seats is the
American company Gentherm Incorporated, formerly Amerigon. The company has created the
world's first system of seats with thermoelectric heating and cooling for the automotive industry.
The developed system was named "Seat Climate Control™ and was first adopted by the Ford Motor
Company as an option for the Lincoln Navigato 2000. Today this system is available in more than 50
vehicles, such as Ford, General Motors, Toyota (Lexus), Kia, Hyundai, Nissan (Infinity), Range
Rover, Jaguar, Land Rover, etc.

In one of the company's patented technology, the climate control system includes a
thermoelectric device based on a metal plate that heats up on one side and cools down on the other
[14]. The heat exchange between the heat generated or absorbed by the Peltier element and the air
transferred from the fan is due to the heat exchangers. The housing, which accommodates the Peltier
elements and the heat exchanger, includes special parts that are connected to a tube for supplying air
from the fan to the seat temperature controller and for connection to the exhaust pipe.

Today, Gentherm Incorporated is not only the world's leading company in thermoelectric
cooling and heating of car seats, but also one of the best among its competitors that use other ways
of air conditioning. The company cooperates with almost all well-known automotive manufacturers,
therefore, as the case requires, it has a variety of options for its products. The company currently
owns many patents for thermoelectric cooling / heating of car seats.

The Indian company Dhama Innovations has developed a thermoelectric temperature control
system for car seats [25]. The product is called Dhama Comfort and is a temperature-controlled seat
that connects to the car's battery. The user can adjust the temperature level in any mode. Dhama
Comfort is based on Climacon technology, which is a small unit consisting of a thermoelectric
module and specially designed heat sinks. These units are placed in the seat to provide thermal
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comfort anywhere. Today, Dhama Innovations seats are installed in many cars and trucks. Studies
have shown that the use of such seats creates optimal temperature conditions. Moreover, drivers feel
less tired, which allows them to drive longer.

The use of special covers (cushions) for car seats has become widespread. Such products do
not require significant costs and are suitable for all types of car seats. The products of the Beijing
company Huimao Cooling Equipment Co., Ltd are in the greatest demand among cushions [26]. The
company has been working in the global market since 1996. It specializes in the research,
development and manufacture of thermoelectric cooling modules and components.

The American company Arizon Line-X is also developing seat cushions for drivers [27]. Their
developments allow reducing fuel consumption. The companies estimate that such savings in the
future may even offset the cost of purchasing a seat cushion. There is also an AC power adapter
included so that you can use it in the office or at home.

Another American company, Tempronics, was founded with the invention of the Climate
Ribbon [28]. Initially, it focused on the development and patenting of technology, and then moved
to the market. The main product is the Tempronics personal climate system, PCS 200. This
thermoelectric technology allows one to maintain a comfortable temperature in the form of a
personal cover used in the cars for cooling or heating.

Classification of thermoelectric air conditioners for vehicle seats

In the proposed work, the classification of thermoelectric air conditioners for vehicle seats is
based on two main features: the method of cooling or heating (air or liquid) and the method of
removing unwanted waste heat (in the car or outside the vehicle).

Scheme A. The first classification option is shown in Fig. 1. Considered is thermoelectric seat
conditioning using air cooling while removing unwanted waste heat into the car cabin.

Fig.1. Option of thermoelectric air conditioning of a seat with the use of air cooling when
removing heat to a car cabin: 1 — schematic image of a passenger, 2 — cold loop radiator,
|3 — hot loop radiator, 4 — thermoelectric modules, 5 — air fans, 6 — air radiators, 7 — schematic image
of a transport seat, 8 — schematic image of a car cabin.
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Scheme A works in cooling mode. To switch to heating mode, you only need to change the
direction of electric current supply to the thermoelectric modules. In this mode, the fans 5 inject air
through the radiators 2 and 3, which dissipate the cold and hot heat flow from the thermoelectric
modules 4. The cooled air passes through a system of air ducts to the seat 7, where it exits via the
radiators 6 through the seat surface thus cooling the passenger. The heated air is discharged through a
special duct system directly into the cabin. In this case, the temperature inside the cabin will not
change significantly, and the cooling or heating effect will only take place for the people who are on
the seat.

In [13 — 15], the described method of seat conditioning was used, but with certain variations in
the very design of the thermoelectric system. Thus, for instance, [11] describes a scheme consisting of
a rear seat heat pump that regulates the temperature of the air passing through the seat back and a
lower seat heat pump for air conditioning passing through the lower part of the seat. These two pumps
contain a thermoelectric device, a main heat exchanger and heat exchangers for waste heat. Attached
to one end of each main heat exchanger is an outlet from the main fan, which is used to transfer
conditioned air to the back or lower part of the seat. The outlet end of each main heat exchanger is
connected to an air duct, which in turn is connected to the corresponding air inlet in the rear seat or the
air inlet in the lower part of the seat. Attached to one end of each waste heat exchanger is an outlet
from a fan that serves to transfer unwanted waste heat to the outside. Temperature sensors are attached
to the side of the main heat exchanger in each heat pump. Each temperature sensor can contain an
electric thermocouple.

Scheme B. Another classification option is shown in Fig. 2. Thermoelectric air conditioning of
the seat with the use of air cooling during the removal of unwanted waste heat to the environment
outside the vehicle is considered.

The operating principle of scheme B is similar to scheme A and differs only in that the
unwanted waste heat is not removed in the middle, but outside the car. Also, on the inlet side of the air
duct for unwanted heat it is possible to place the inlet for air supply outside the vehicle. The
advantage of this method is that the temperature inside the vehicle can change, as unwanted heat
will be released into the environment. Despite this, in the literature reviewed, very few works use
this conditioning scheme. This is mainly due to the complexity of the implementation of additional
holes.

In [29], a thermoelectric air conditioner for a vehicle seat using circuit B is described.
One of the main parts of such an air conditioner includes an electric fan and a thermoelectric unit.
An air duct and a fan are provided. On the inlet side of the air duct there are inlets for air supply
outside the vehicle and internal inlets for air supply inside the vehicle. The ratio of mixing the
external and internal air is switched by the corresponding dampers. The described air
conditioner is controlled by a control unit, which receives signals from temperature sensors.
In one aspect of the invention, the removal of unwanted waste heat outside the vehicle is provided.
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Fig.2. Option of thermoelectric air conditioning of a seat with the use of air
cooling when removing heat to environment outside the vehicle;
1 — schematic image of a passenger; 2 — cold loop radiator;
3 —hot loop radiator; 4 — thermoelectric modules;
5 — air fans; 6 — air radiators; 7 — schematic image of
a transport seat; 8 — schematic image of a car cabin

Scheme C. The next classification option is shown in Fig. 3. The paper considers thermoelectric
seat conditioning using liquid cooling while dissipating unwanted waste heat into the vehicle cabin.

The difference between the operating principle of such air conditioning and those discussed
earlier, is the presence of a liquid cooling system. Thermoelectric modules cool (or heat) the liquid,
which circulates through a closed system by means of a liquid pump. The cooled (or heated) liquid
passes through the seats creating the necessary temperature conditions for drivers or passengers.
Unwanted heat is dissipated in the cabin of the car.

Ref. [30] describes a special heating and cooling system for the seat, which works in a similar
way. The system consists of a thermoelectric device that selectively cools or heats a liquid-filled heat
exchanger. The liquid is sucked in by the pump through the reel on a seat. The coil transfers heat by
passing it through the seat to the passenger. The controller allows one to select the heating or cooling
temperature. The switch determines the polarity of the voltage applied to the thermoelectric device.

Scheme D. The last classification option is shown in Fig. 4. Considered is thermoelectric seat
conditioning using liquid cooling while dissipating unwanted waste heat to the environment outside
the vehicle.
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Fig.3. Option of thermoelectric air conditioning of a seat with the use of liquid cooling when
removing heat to a car cabin: 1 — schematic image of a passenger, 2 — liquid pump,
3 — hot loop radiatory, 4 — thermoelectric modules, 5 — air fan, 6 — cooling system elements,
7 — schematic image of a transport seat, 8 — schematic image of a car cabin.

The operating principle of scheme D is similar to that of scheme C and differs only in that the
unwanted waste heat is removed outside the car. Also, on the inlet side of the air duct for unwanted heat it is
possible to place the inlet for suction of air outside the vehicle. This option of air conditioning is hardly
considered in the scientific literature, despite the fact that it is the most effective in air conditioning. This is
mainly due to the complexity of the implementation process.

Fig.4. Option of thermoelectric air conditioning of a seat with the use of liquid cooling when removing
heat to environment outside the vehicle: 1 — schematic image of a passenger, 2 — liquid pump,
3 — hot loop radiator, 4 — thermoelectric modules, 5 — air fan, 6 — cooling system elements,
7 — schematic image of a transport seat, 8 — schematic image of a car cabin.

Analysis of the most rational options of thermoelectric air conditioners for vehicle seats
A number of important conclusions can be drawn from the literature analysis and classification
of thermoelectric air conditioning schemes described in the previous section. The most widespread is
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the option of scheme A — thermoelectric air conditioning of the seat using air cooling with heat
dissipation in the car cabin. This is due to the simplicity of this scheme, as such a thermoelectric air
conditioner is universal and autonomous and does not require additional changes in the design of the
car. However, this scheme has its drawbacks. The largest of these is that the overall cooling efficiency
will be lower than in the options of schemes B and D, because the waste heat will not be dissipated
into the environment, but will lead to a small increase in the overall temperature inside the car.

The air conditioner which works according to the option of scheme D, has the highest
efficiency. Its advantage over the option of scheme B is the removal of waste heat outside the vehicle,
and the advantages over the options of scheme A and B is the greater efficiency of the selected method
of cooling. Moreover, this option is the most difficult to implement, since special holes for waste heat
must be provided in addition to the overall liquid cooling system. Therefore, today such a method of
conditioning has not been implemented commercially, although research is underway to introduce it
into production.

Depending on the process of implementing thermoelectric air conditioning for car seats, there
are two most appropriate options. If the priority in the production of such an air conditioner is its
autonomy and lack of binding to a particular vehicle design, then scheme A is the best option. In this
case, it is necessary to understand the losses in the efficiency of such an air conditioner.

The most appropriate in terms of energy efficiency is the option of scheme D, but in this case it
is necessary to design and optimize the thermoelectric air conditioner in conjunction with the
development of the vehicle itself.

Conclusions

1. The most rational options of thermoelectric air conditioners for vehicle seats are determined.

2. Using the option of scheme A is the most rational in the development of autonomous and universal
air conditioning system, which can be used for any seat of an existing car. This will ensure the
mass use of such air conditioners.

3. The most appropriate in terms of energy efficiency is the option of scheme D, but in this case it is
necessary to design and optimize the thermoelectric air conditioner in conjunction with the
development of the vehicle itself.
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