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GENERAL PROBLEMS

M. A. Korzhuev cand. fiz.-mat. science, M. A. Kretova, 1. V. Katin

A. A. Baikov Institute of Metallurgy and Materials Science
Leninskiy prosp., 49, Moscow 119991, Russia,
e-mail: korzhuev@ultra.imet.ac.ru

CONTRIBUTION OF THE ACADEMICIAN E. CH. LENTZ TO THE
DEVELOPMENT OF MODERN THERMOELECTRICITY

Considered the works of the academician of the St. Petersburg Academy of Sciences E. Ch. Lenz
(1804-1865) and his students — Ch. E. Lenz (son) (1833-1903) and M. P. Avenarius (1835-1895),
contributed to the development of modern thermoelectricity (TE). Bibl. 25, Fig. 9, Tabl. 4.

Key words: thermoelectricity; academician E. Ch. Lenz; the Lenz rule for induction; the Joule-
Lens law; the Peltier efftct; maximum power mode of thermocouple; automobile thermoelectric
generators.

Introduction

St. Petersburg Academy of Sciences (SPb AS) since its foundation (1724) specialized in
natural-scientific research, many of which were carried out at the intersection of various sciences
[1-3]. In particular, in 1745-1803 employees of St. Petersburg Academy of Sciences investigated the
cross-effects “electricity-heat” observed in thermoelectric-active media as some dielectrics and liquid
electrolytes [4-7]. Acad. G.-W. Rikhman (1711-1753) studied in detail the thermo-electric effect in
sulfur and resins (1746). Acad. M. V.Lomonosov (1711-1765) described complex thermoelectric
phenomena in the Earth's atmosphere that determine the charge of clouds (1753) [4, 5].
Acad. F. T. U. Aepinus (1724-1802), invited to work in St. Petersburg Academy of Sciences from
Germany (1757), explained the pyroelectric effect in the tourmaline discovered by him in 1756 [6]. In
turn, acad. V. V. Petrov (1763-1814) observed (1804) thermoelectric effects in galvanic cells (GC),
which are metal-electrolyte-metal systems with mixed electron-ion conductivity [7].

At the beginning of the nineteenth century, the scientific and technological revolution in Europe
covered energy, communications (telegraph) and transport (railways) [8]. Accordingly, the interest of
researchers in the new fields of the electricity has increased especially to electromagnetism,
electrodynamics, and electromagnetic induction. A new impulse of development was also received the
theory of thermoelectricity [9, 10].

In 1821 T. I Seebeck (1770-1831), working in Jena (Germany), discovered a thermoelectric
effect in metallic thermocouples (Bi-Cu and Bi-Sh), which occurs when one of the junctions of
thermocouples is heated or cooled. The discovery of thermoelectricity in conducting media' has
increased the interest in further research in this field [8-13]. In 1834, J. Peltier (1785-1845) (France),
investigating the Bi-Sh thermocouple, established that when the electric current was passed through a
thermocouple, depending on the direction of the current, its working junction could not only be heated

' “This beautiful form of electricity” — according to M. Faraday [14]. In contrast to thermoelectrics — dielectrics
and GC, operating in the “charge-discharge” mode, current sources based on metal thermocouples operate in a
continuous mode, which is of considerable practical interest [13].
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but also cooled [8-10]. Finally, in 1856W. Thomson (Kelvin) (1824-1907) discovered the third
thermoelectric effect (Thomson effect) associated with the release (absorption) of additional heat in
conductors with current in the presence of temperature gradients in them [8-10]. This work is a
continuation of research on the history of thermoelectricity in Russia [4-7]. Below we consider the
work in the field of thermoelectricity, carried out in 1833-1884 by acad. St. Petersburg Academy of
Sciences E.Ch.Lenz (1804-1865) [15,16] and his students — corresponding member of
St. Petersburg Academy Ch. E. Lenz (son) (1833-1903) and M. P. Avenarius (1835-1895) [9. 12, 17].

1. A Brief Historical Reference

Emil Christianovich Lentz (Fig. 1) was born in the family of Christian Heinrich Friedrich Lenz
(f 1817), the Chief Secretary of the magistrate of Dorpat (Russian: Yuriev, now Tartu, Estonia). The
family belonged to an old Germanic Ostsee family. After the death of his father, with the support of
the Lutheran community of Dorpat, he entered the Natural Science Department of the Dorpat
University, opened in 1802 by Emperor Alexander I [3, 12, and 15]°.

Fig. 1. Lenz Emily Christianovich (German. Heinrich
Friedrich Emil Lenz) (1804, Dorpat — 1865, Rome).
He studied at the University of Dorpat. In 1827 he
completed a thesis at Heidelberg University. Since
1828 — adjunct, and since 1834 — Academician
of St. Petersburg Academy of Sciences. Head of the
Physical Cabinet of St. Petersburg Academy of
Sciences (1830-1865). Professor of the Department of
Physics and Physical Geography of St. Petersburg
University. (1836), Dean of the Faculty of Physics and
Mathematics (1840), Rector (1863) [11, 12]. The
secret counselor [2]. (Official portrait of the RAS [3]).

Teacher and mentor of E. Ch. Lentz was the rector of the university — a well-known physicist,
E. I Parrot (Fig.2), who was on friendly terms with Emperor Alexander 1.’ In 1823, Parrot, who
evaluated Lentz's abilities for science, recommended him as a research physicist to the round-the-
world expedition of Captain Otto Evstafievich (Otton Augustovich) von Kocebu (1788-1846) on the
sloop “Enterprise” (1823-1826) [18]. For the needs of the expedition, Parrot and Lenz in a short time
jointly developed new scientific instruments: a depth-gage and a bathometer (a device for taking water
samples and determining its temperature at various depths) [15].*

During the expedition, Lenz conducted many oceanographic, meteorological and geophysical
studies. He took samples of water from various depths, was engaged in determining its salinity,
density, temperature, and studied ocean currents. As a result, he obtained the dependence of salinity of

% Dorpat University (formerly Academia Gustaviana) was founded in 1644 by the Swedish king Gustav I Adolf
and ceased to exist after the Northern War in 1712. Restored by order (1799) of Emperor Paul I (1754-1801) in
connection with the ban on Russian students to study abroad.

3 E. I. Parrot first described the phenomenon of osmosis, developed the designs of medical thermometers widely
used to date. Reorganized the Physical Cabinet of St. Petersburg Academy of Sciences (1830-1840) [1, 12].

* Known tip E. I. Parrot about E. Ch. Lenz: “For old age, it is encouraging to train young scientists who replace
us and help us with the kind of art and courtesy that Mr. Lenz has repeatedly shown” (1840).
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sea water on the strength of winds and the amount of sunlight: for example, at the equator, with the
greatest amount of sunlight, the winds are not strong. The vapors formed during evaporation remain
above the sea surface and prevent further evaporation. Therefore, at the equator, the salinity of the
water is less than to the north and south of it, where the trade winds are blowing [15]. Lenz also
established that the reason for the occurrence of ocean currents are not only winds, as previously
thought, but also differences in the density of water in different latitudes. In addition, it was possible to
show that deep waters can be cooled to temperatures below + 4°C. When studying the atmospheric
processes, Lenz paid special attention to the action of the energy of sunlight, which they called the
main reason [15].

Fig. 2. Parrot Egor Ivanovich (German: Parrot
Georg Friedrich von) (1767, Duchy of
Wiirttemberg — 1852, Helsingfors), Rector of the
Dorpatt (Yuryev) University (1801),
corresponding member (1811) and academician
of St. Petersburg Academy of Sciences in applied
mathematics (1826) and in physics (1830),
honorary member (1840). Head of the Physical
Cabinet of St. Petersburg Academy of Sciences
(1830-1840). Actual State Councilor.

(The lithography in Yuriev University).

Lenz returned from the expedition by an experienced and skillful physicist-experimenter. He
settled in St. Petersburg and devoted the next year to processing the results. The oceanographic studies
of the scientist became the subject of a dissertation, which he successfully defended in 1827 at
Heidelberg University. In February 1828 the scientist submitted a report to the St. Petersburg
Academy of Sciences: “The physical observations made during the round-the-world trip under the
command of Captain Otto von Kocebu in 1823, 1824, 1825 and 1826” [11, 15], as a result, in May
1828 Lenz unanimously Elected as an adjunct in physic of the St. Petersburg Academy of Sciences. In
1829-1830 Lenz took part in the expedition to Elbrus. Due to the deep snow cover, it was not possible
to reach the summit (600 feet left). However, at the reached point of recovery, Lenz made
measurements of atmospheric pressure, over which he established approximately the height of the
peak (5642 m). In May 1830, Lents returned to St. Petersburg, where he was elected an extraordinary
academician [11, 15].

The experimental investigations in the field of electrophysics E. Ch. Lents began in 1831; the
work conducted in the Physical Cabinet of St. Petersburg Academy of Sciences [1, 11, and 15]. The
main works of E. H. Lents in the field of electrophysics are presented in Table 1. The sign (*) in
Table 1 indicates works directly related to thermoelectricity, others refer to current sources that are
widely used for supplying thermocouples.

2. The main results of the work of E. H. Lentz in the field of electrophysics

2.1. Verification of Ohm's law
In 1831, Lenz constructed a sensitive galvanometer, which confirmed the validity of the basic
law of electric circuits — Ohm's law, discovered by G. S. Ohm (1787-1854) in 1826 (1, Table 1). It is

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2017 7
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believed that largely due to the results of high-precision measurements carried out by Lenz, Ohm's law

received definitive recognition among physicists [12, 15].

2.2. Lenz's induction rule

In 1831, M. Faraday (1791-1887) discovered the phenomenon of electromagnetic induction

[14]. Learning about this discovery, Lentz immediately began research, whose goal was to determine
the general laws of this phenomenon. (2, Table 1) [15]. Lenz was interested in establishing a general

rule for the direction of the induction current, which Faraday defined as applied to various particular

cases of interaction of moving magnets with conductors, as well as conductors with current to each

other.

Table 1

The main results of the work of E. Ch. Lentz (1804-1865) on electromagnetism and thermoelectricity’

Ne Year Works Formula Ref.
1 1831 Verification of Ohm's Law * 1=UR [15]
2 1833 The Lenz induction rule * =— AD/At [8,15]
3 1833 The principle of equivalence of electrical machines - [11]
4 1835 Temperature dependence of the electrical resistivity of R ~ RAT [8, 15]
metals (Cu, brass, Fe, Pt, Ag, Au, Pb, Sn)*
5 1838 Confirmation of the Peltier effect and freezing of water - [16]
with a thermocouple Bi-Sh*
6 1842 a) The Joule-Lenz law* O=IR [10, 15]
1843 b) The Lenz rule (}2) for maximum heat release
on the load* R=r [10, 15]
7 1847 The reaction of the armature of electromagnetic machines - [15]
(Together with B. S. Jacobi (1801-1804))
8 1847 Experiments on the polarization of GE electrodes - [15]
(Together with A. S. Savelyev (1820-1860))

Lentz repeated the experiments of M. Faraday (Fig. 3) and found a rule later named after him®,

E \
<--->»

Fig. 3. Schemes of Lenz experiments by
induction with permanent magnets and

¢ 4—0/\\

\U

circular conductors consisting of 20 turns
of braided copbper wire [15].

3 Here: I, U and R are current, voltage and resistance of the circuit; £ is the induction voltage; @ and ¢ are the

magnetic flux and time; R, is the resistance of the metal at room temperature; AT is the temperature change; Q is

the heat released on the load; 7 is the internal resistance of the current source.

6 M. Faraday never referred to the work of Lenz in his works on electromagnetic induction [14].
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According to the Lenz rule (2, Table 1), the induction current has such a direction that the flux
of magnetic induction created by it through the area bounded by the contour tends to compensate for
the change in the flux A® that causes this current. Later it was found out that Lenz's rule has a great
degree of generality and is connected with the law of conservation and transformation of energy, as
well as with the principle of stability of thermodynamic systems.

In 1847 the G. Helmholtz (1821-1894) mathematically substantiated the law of conservation of
energy and showed that the Lenz rule is a consequence of this law in the field of electromagnetic
phenomena. In 1884-1887 Lenz's rule was generalized by A. Le-Chatelier (1850-1936) to chemical
reactions and by C. Brown (1850-1918) — on various physical phenomena [12]. According to the
Le-Chatelier-Brown principle (LCB), if a system in stable equilibrium is influenced from outside by
changing any of the equilibrium conditions (temperature, pressure, concentration, external
electromagnetic field), then the processes aimed at compensation of external impact. The principle of
LCB is applicable to an equilibrium of any nature — mechanical, thermal, chemical, electrical. It is also
widely used in the field of thermoelectricity [9].

2.3. The principle of reversibility of electrical machines

In 1833 Lenz discovered the possibility of a reversible conversion of a magneto-electric
machine into an electric motor (3, Table 1) [11]. Transformations of the electric machine (generator)
into the electric motor are carried out by its simple connection to the current source, the reverse
transformation — by mechanical rotation of the rotor of the electric motor. The reversibility of electric
machines is explained by the same device of converters of electrical energy into mechanical energy
and mechanical energy into electrical energy. Now this discovery of Lenz is widely used in electrical
engineering, for example, for electrodynamic braking of trains.

2.4. Temperature dependence of electrical resistance of metals

In 1835, Lenz conducted a highly accurate measurement of the temperature dependence of the
electrical resistance R of a number of metals. (Brass, Cu, Fe, Pt, Ag, Au, Pb, Sn) (4, Table 1) [8, 11].
He showed that when the temperature rises above room temperature, the resistance of R metals
increases, and when cooled, it decreases linearly. According to M. Laue [8], the decrease in the
resistivity R of metals with decreasing temperature, discovered by Lenz, was a new and unexpected
discovery in the field of electrical conductivity, which stimulates subsequent studies in low-
temperature physics. Later, Kamerling-Ones (1853-1926) showed that in Au, Ag, and Cu there is some
“residual” resistance Ry below which it does not decrease with decreasing temperature. On the other
hand, in Hg, Pb, Sn, Tl, and some other metals, the phenomenon of superconductivity was discovered
— the disappearance of the resistance to electric current (R = 0) below a certain critical temperature. On
the other hand, in Hg, Pb, Sn, Tl, and some other metals, the phenomenon of superconductivity was
discovered — the disappearance of the resistance to electric current (R = 0) below a certain critical
temperature 7, (1913) [8, 10, 12].

2.5. Checking the Peltier effect

In 1834, Jean Charles Peltier (1785-1845) discovered a new thermoelectric effect, the reverse of
the Seebeck effect. The effect consisted in simultaneous heating and cooling of various junctions of
the thermocouple when electric current was passed through it [8, 10]. For the experiments, Peltier used
a thermocouple in the form of a cross (Fig. 4a), welded from dissimilar metals n-Bi and p-Sb. (Here n-
and p- denote the electron and hole types of conductivity of materials). Through the ends 4 and C of

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2017 9
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the cross (Fig. 4a) Peltier passed an electric current, the change in the junction temperature he
determined by the indications of the galvanometer G, connected to the free ends of the cross at the
points B and D. Depending on the direction of the operating current in the AC circuit, the readings of
the galvanometer G indicated either heating or cooling of the working junction.

Contemporaries Peltier — A. S. Becquerel (1788-1878), A. O. De La Reeve (1801-1873) and
others reacted with distrust to his experiments [9]. Doubts caused a small effect (temperature
difference AT ~ 1K), as well as a non-standard measurement scheme A7, assembled without the
necessary electrical isolation of working and measuring circuits (Fig. 4a). Lenz decided to repeat the
experiments of Peltier using a standard mercury thermometer (Fig. 4b). He described the results of his
experiments (5, Table 1) in the journals of the St. Petersburg Academy of Sciences “Bulletin
Scientifique de I'Academie Imperials des Sciences” [15] and “Libraries for reading” (Fig. 5) [16].

For his experiments, Lenz used rectangular samples of Bi and Sh with a length of 4% inches
(English), a width and height of 4 lines (10.16 mm), the mass of the thermocouple was 215.8 g. The
thermoelectric characteristics of the branches of the Bi-Sh thermocouple are given in Table 2 [19]. At
the first stage of the study, the Peltier measurement scheme was used (Fig. 4a), for which the branches
of the Bi and Sbh thermocouples were soldered by tin in the middle. The current source in this
experiment was a galvanic element (GE) of Volts with Zn and Pt electrodes, similar in parameters to
the GE used by Peltier (emf £ = 1.1 V). The effects of cooling and heating the working junction of the
thermocouple were fixed by a galvanometer, and also using a mercury thermometer of Reaumur with a
ball of small diameter (D = 2 lines (~ 5, 12 mm)) (Fig. 4). The results of the studies (Table 3) showed
that the cooling effect observed by Peltier with the aid of the circuit (Fig. 4a) does indeed exist, but it
is sufficiently small (AT, ~ 0.84 K). When the direction of the current / was changed, the working
junction of the thermocouple was heated (AT} ~ 3.96 K) (Table 3).

C Bi Sh A

N Sb k, ) I\v
E’\]A | .

Fig. 4. The Peltier thermoelectric cross (Bi- Sb) (a) [9] and the Lenz scheme with the
mercury thermometer T (b), which we reconstructed according to the verbal

description given in [16]. The polarity of the voltages and the direction of the currents
in the circuits (arrows) correspond to the cooling effect
of the working junction of thermocouple.

Lenz explained the small values of AT, by supplying heat to the working junction of the
thermocouple from the measuring ends of the cross (Fig. 4a). As a result, he abandoned the
measurement scheme (Fig. 4a). And proposed his original scheme for measuring the Peltier effect,
where the branches of the thermocouple were soldered at the ends (Fig. 4b). In the area of the working

10 Journal of Thermoelectricity Nel, 2017 ISSN 1607-8829
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junction of the obtained thermocouple, a hole for the thermometer was drilled (Fig. 4b). The circuit
was powered by a Volta element with Zn and Pt electrodes of increased power (the area of the plates
was 1 square foot (~ 900 cm?)). With the help of the scheme (Fig. 4b), Lenz managed to increase
ATo01 to ~ 3.5 K (Table 3) and to demonstrate for the first time the freezing of a drop of water with the
help of the Peltier effect. To do this, a drop of water was placed in the deepen on the working junction
of the thermocouple (Fig. 4b). The branches of the thermocouple were cooled with snow to a
temperature 7~ 0°R (°C) and held at this temperature for 10 min. Then the current of the necessary
direction was turned on, the freezing time of the drop of water under the current was 3 min [16].
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Fig.5. The first pages of the article “The Electric Experience of
Mpr. Lenz. Freezing of water by means of a galvanic jet”, published in the journal
“Library for Reading” (1838) [16].

It is of interest to compare the results of Lenz's experiments with theoretical estimates of the
magnitude of cooling effects (Fig. 4) in the framework of the modern theory of thermoelectric coolers

[20]. The maximum value of AT, was calculated from formula AT oo ="'4ZT\>, where

Zo= (asp— ) / [(Psp KS;,)I/Z + (psi KB[)%]Z is thermoelectric figure of merit of a thermocouple, o and p
are thermo-EMF and the electrical resistivity of the branches, T; is absolute temperature of the cold
junction (Table 1). The optimum operating current of the thermocouples was determined from relation
I=oT/R, where Ry= L(psy/ Ssp + p5i/Sz;) 1s electrical resistance of thermocouple, L is length of
branches, S, and Sp; are their cross sections. The currents in the thermocouples (Fig. 4) were estimated
according to Ohm's law: I = E/R. Here, E = 1.1 V is the EMF of the GE, R = rgg+ Ry is the impedance
of the electrical circuit, R, is the thermocouple resistance, rgg=1/(c-s) is the electrolyte resistance,
[ ~5cm is the distance between the plates (Zn and Pf) of the GE, o= 1/p=0.653 Ohm-cm (20%
H,S0,) is the specific conductivity of the electrolyte [21], s is the area of the GE plates, which was
assumed equal to 20 cm® in the experiment (Fig. 4a) and was a square foot (929 cm®) in the
experiment (Fig. 4b) [16].
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Table 2
The thermoelectric characteristics of the branches of the Bi-Sb thermocouple, investigated by Lenz
[19]
Sample | Thermo-EMF Specific Specific heat The thermoelectric figure
o, uV/K resistance, conductivity, of merit of materials,
p-10°, Ohm-cm K, W/(m-K) 710, /K
Bi - 68 110 7.9 0.53
Sb 35 39 24 0.13

Estimates show that the relatively small values of AT, observed by Lenz in the experiments
(Fig. 4) are related to the violation of the optimization conditions for the thermocouples in the Sg/Sp;
cross section and the working current / (Table 3). According to Table 3, the operating current of
thermocouples 7, which was used by Lenz during cooling in the experiment (Fig. 4a), was smaller, and
in the experiment (Fig. 4b) — more than optimal. In the latter case, the thermocouple operated in a
“pulsed mode” [20], therefore, with time, the value of AT, decreased [16]. This explains why, during
the freezing of a drop of water in the experiment (Fig. 4b), Lenz fixed the temperature of the junction
near T~ 0°R (°C). In turn, due to a violation of the optimization over the cross section (Table 3), the
bismuth branch of the thermocouple was strongly heated in comparison with the antimony branch
[16]. This reduced the value of AT, and substantially increased ATy, (Table 3). All these effects
were noticed and described by Lenz [16].

Table 3
The Peltier effects studied by Lenz on a Bi-Sb thermocouple [16], in comparison with the theory [20]
No Experiment The cooling The effect of | The thermoelectric 7GE» Optimization
and theory effect, heating, figure of merit of Ohm conditionsnull
AT, °R AThear, °R thermocouple, Operating| Cross
(K) (K) Zy10°, current, | section,
1/K LA S/ Spi
1 The Lenz 0.7 3.3 0.019 0.38 2.8 1
experiment using (0.84) (3.96)
the Peltier scheme
(Fig. 4a)
2 The Lenz 2.9 48 0.088 0.033 29.7 1
experiment (3.48) (57.6)

according to the
scheme (Fig. 4b)
3 Theory [20] 10.7 - 0.284 - 17 0.35
(12.8)

During the experiments (Fig. 4), Lenz established the direction of current /, in which the effect
of cooling or heating was observed on the working junction of the thermocouple [16]. According to
[16], cooling of the working junction of the thermocouple was observed when the galvanic current was
from bismuth (n-type) to antimony (p-type) (Fig. 4). When the current passes in the opposite direction,
the working junction of the thermocouple is heated. In this case, the direction of the current /,
necessary to observe the effect of cooling the working junction of the thermocouple (Fig. 4), coincided
with the direction of the current arising in the closed circuit of the thermocouple when its working
junction was heated. This coincidence was not accidental, it is explained by the Le-Chatelier-Brown
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principle, according to which the current /, caused by heating the working junction of the
thermocouple, causes cooling of this junction [22].

2.6. The law of Joule-Lenz

In 1842-1843 Lenz conducted a series of experiments to study the thermal action of electric
current (6, Table 1). The experiments were carried out with copper, iron, platinum and neusilber wires
using the installation (Fig. 6). The result of this work was an article: “On the laws of heat extraction by
galvanic current”, in which Lentz laid out the law of the thermal action of current established by him
[15]. According to this law:
1. “Heating of the wire with galvanic current is proportional to the resistance of the wire”.
2. “The heating of the wire by a galvanic current is proportional to the square of the current
used for heating” ([15], p. 441).

3. “With the most advantageous heat release for the circuit device, the resistance of the heated
wire R must be equal to the resistance of the galvanic battery »”, which is 42 of the
impedance of the circuit. (“Heat release in wires”. Reported August 11, 1843, p.443).

R=r="%R+r). (1)

Fig. 6. Installation of Lenz for the
study of heat generation in wires. A, B,

C are the base parts; D are current
leads (Pt); GM is a glass flask with
alcohol; KL is a mercury
thermometer, I is the wire being
examined. The installation was

powered by a Daniel battery (24

pairs) via a Volt-agometer
(rheostat) [15] .

Conclusions of Lenz 1 and 2 on the thermal action of the current were already known to the
scientific community, they were discovered in 1841 by the English physicist J. Joule (1818-1889)
[8, 10]. These Joule’s conclusions Lenz confirmed with high accuracy. For this reason, the law of
thermal action of a current bears the name of both scientists [15]. In turn, the conclusion 3 and the
relation (1), obtained by Lenz in the study of heat generation in the wires, were highly original [10].
Lenz suggested that rule of % (1) is universal and can be “proved for the entire region of galvanism”
([15], p. 443).

Later it was established that the Lenz rule (Y2) (1) is connected with the extreme principles of
thermodynamics determining the maximum net power W,.., which can be obtained from a current
source in a closed electric circuit (Fig. 7) [22]. In [23-24], the Lenz rule (2) was generalized to
thermal chains (W = {/(; = 1, here { and {; are the thermal load resistance and internal resistance of the
heat source), and in [20-21] — simultaneously on the electrical and thermal circuits of thermoelectric
generators (TEG). It was shown that when the TEG operates in the maximum power mode (W,,..x), the
optimal ratios of their electrical and thermal resistances can deviate significantly from the Lenz rule
(2) — (R/r = 1, {J{; = 1) because of their interaction with each other. (Here §; = {, + e T Cees Ghy Cre, and
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(e, are thermal resistance of the heater, hot and cold heat exchangers. As a result, both the electrical
and thermal parameters of the TEG require additional optimization. In this case, in the optimized Wi
mode, two invariants of the Lenz rule are conserved in the TEG: U"/2 and AT"/2 — voltage and
temperature drops on thermocouple branches corresponding to the idle mode’. The application of the
generalized Lenz rule to automotive thermoelectric generators (ATEG) has made it possible to relate
their low efficiency to the difficulties of heat exchange at the “exhaust gas / ATEG” boundary [25].

R r

U

Fig. 7. An electrical diagram illustrating the application of the Lenz rule () to
closed circuits operating in maximum power mode:R =r, Up = U, = U/2.
Here: U and r are the internal resistance of the current source, R is the load resistance.

Table 4
Calculations of TEG parameters in various modes without taking into account (1) and taking
into account (Il) the Lenz thermal rule (2) [24, 25] °

Ne | Mode AT’ M=R/r Uz I w
I.m. AT o0 U 0 0

I S.c. AT 0 0 Ulr 0
W inax AT U2 U/(2r) U*/(4r)
Lm. AT = VAT % U 0 0

I S.c. AT,/ A 0 0 Ulr 0
Winax VAAT A=Y =M, | U2 | UI@2rMy) (U)*/(4rMy)

7 TEG operation modes: 1) “short circuit” (s.c.) (R = 0); 2) “idling move” (i.m.) (R = o0); 3) “maximum power”
Wiax (R = r); 4) “maximum efficiency” (m.e.) Nmax = (W/Op) max- (Here W is the net power, Q, is the input heat
flux of the TEG).

¥ Calculations are made for (Z7) = 1, where Z is the thermoelectric figure of merit of the TEG; M, =(1+Z )",

T= (Th + T)/2; AT = Ty, — T, T, are the temperatures of hot and cold junctions; » = Xr; is the total electrical
resistance of the TEG (branches, contacts and fittings); U and Uy are the total voltage in the circuit and its part
falling on the load; 4 =1 + ZT;, (§ + Goe) / §+ ZT, Lo/C; § = G+ G + Goe T Cee 18 the total thermal resistance of the
TEG; &, Gne, Cee and . are the thermal resistances of the heater, ¥ = {,/{ i; i = (G T Ghe + &eo) is the ratio of the
thermal resistances of the load and the heat source with heat exchangers.
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2.7. The reaction of the armature of electromagnetic machine

A special place in the scientific work of E.Ch. Lentz was engaged in cooperation with
academician B. S. Yakobi, the result of which was their joint work “On the laws of electromagnets”
(1838-1844), which describes methods for calculating electromagnets in electric machines (6, Table 1)
[15]. Working together, the scientists established the existence in the magneto-electric machines of the
so-called “anchor reaction effect” (ARE). The cause of ARE was the phenomenon of electromagnetic
induction, which occurs when the collector of the electric generator opens [15]. As a result of the
action of the ARE, the current produced by the generator turned out to be unstable, which made the
generators less suitable for the purposes of electroforming, which was being actively developed at that
time by B. S. Yakobi. To combat ARE, Lenz and Yacobi were suggested to move the generator
brushes relative to the center of the collector plates. This allowed to significantly reduce the noise and
bring the current produced to a constant one [15].

2.8. Experiments on the polarization of electrodes of galvanic cells

Until the seventies of the XIX century, the most common sources of current in physical studies
were galvanic cells (GC), which are notable for their instability. The cause of instability was for a long
time incomprehensible to contemporaries. Indeed, on the one hand, as a result of the chemical
reaction, the voltage U~ 1 V was set at the terminals of the open GC, which remained constant for a
long time. However, when the GC circuit is closed to an external load, the magnitude of the EMF FE
was rapidly decreasing. As it turned out, hydrogen began to form within the GC, covering the surface
of the plates with a layer of bubbles. This layer, as a result of the polarization of the plates, reduced the
voltage at the terminals of the GC. It was shown that the larger the discharge current, the more
polarization develops and the faster the GC voltage decreases. The first weakly polarized EC in 1829
was proposed by A. S. Becquerel (1788-1888) [12]. In 1847, E. Ch. Lenz together with A. Savelyev
continued the study of the polarization of the GC. To eliminate polarization, it was proposed to
introduce depolarizers capable of absorbing hydrogen in the GC. Now depolarizers are mandatory
components of all chemical sources of current.

Conclusion

Academician E. Ch. Lenz considered as one of the most outstanding Russian scientists of the XIX
century in the field of electricity and magnetism [1, 11]. The main results of his research presented in all
textbooks of physics [10-12]. A number of factors determined Lenz success in scientific research. This is a
high level of theoretical training combined with experimental skill, as well as pedagogical talent, which
enabled Lents to present his works in an extremely concise and understandable form. Lentz was not a lone
scientist; he attracted to his work the staff of the Physical Cabinet, professors of the University
(A. S. Savelyev and others), academicians of St. Petersburg Academy of Sciences (E. L Parrot,
B. S. Yacobi, etc.) [1, 11, 12]. Lenz was not a lone scientist; he attracted to his work the staff of the Physics
Cabinet, professors of the University (A. S. Savelyev and others), academicians of St. Petersburg Academy
of Sciences (E. L. Parrot, B. S. Yacobi, etc.) [1, 11, and 12].

In the process of work, Lenz concentrated his efforts on a narrow field of research, which allowed
him to penetrate deeply into the essence of the problem studied. As a result, many of the results of his
research were of the nature of scientific discoveries, undoubtedly the priority of which was recognized not
only in Russia but also abroad [8, 10, and 11]. A large number of friends and admirers of his scientific
talent Lenz had in Germany, where he published his scientific articles in the journal “Annals of Physics and
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Chemistry”, published in Berlin by Academician of Berlin Academy of Sciences (1839) and Foreign
member of St. Petersburg Academy of Sciences (1868) 1. K. Poggendorff (1796-1877) [12, 15]. Being an
excellent teacher, E. Ch. Lentz brought up a large number of students who worked in the most diverse
fields of science. The most famous among them is chemist D. 1. Mendeleev (1834-1907), naturalist
K. A. Timiriazev (1843-1920), geographer and botanist N. N. Semenov-Tien-Shansky (1824-1914), and
others [12, 15]. Appendix 1 contains the works of two students of E. Ch. Lenz - Ch. E. Lentz (son) and
M. P. Avenarius, who continued the research of his teacher in the field of thermoelectricity [9, 17]°.

Appendix 1
Pupils and followers of E. Ch. Lenz in the field of thermoelectricity

R. E. Lenz (son) (Fig. 8) carried out high-precision studies the effect of temperature on the
thermal conductivity of metals (1869) [3,9]. In 1883, he showed the possibility of using
thermocouples for remote measurement of temperatures at large distances (up to 5 km). The
experiments were carried out with Fe-Ag wire thermocouples, the accuracy of measuring the
temperature difference was of ~ 0.01 K. At present, a similar method is used, for example, for remote
measurement of temperatures in deep mines and wells [9].

M. P. Avenarius (Fig.9) in 1863 obtained empirically a formula for the EMF metallic
thermocouples at large AT [9, 17]:

E=(t-t)[b+c(ti+ )] = ata— 1) + B(t" — 1) 2)

Then he derived his formula theoretically, believing that the EMF E of the thermoelectric circuit
is determined only by the contact differences of the metal potentials e = a + bt + c£* on the junctions of
the differential thermocouple at various temperatures ¢, < t,. (Here: o = o, — a,, a,, and o, are the
Seebeck coefficients of the thermocouple and the branches of the p- and n-types of conductivity; b, c,
[ are the coefficients different for different materials).

[ »
“‘fﬁ

i

Fig. 8. Lentz Robert Emilievich (1833-1903) —
physicist, son of E. Ch. Lenz. He graduated from
St. Petersburg University, read physics at the
Institute of Technology and University. The degree

of the master of physics was awarded for his thesis

“On magnetic anomalies in the Gulf of Finland”
(1862), the doctor's degree for “Studies on the
effect of temperature on the thermal conductivity of

metals” (1869). Corresponding member
of St. Petersburg Academy of Sciences (1876). In
1889, he was appointed the manager of the

expedition of preparing state securities.
(Official portrait of the RAS [3].

% In the autumn of 1864, E. Ch. Lenz's eyesight deteriorated sharply. For treatment, he went to Rome.
Vision began to recover and E. Ch. Lenz could already read and write. But on February 10, 1865, a scientist
suddenly died of a cerebral hemorrhage. He is buried in one of the Lutheran cemeteries in Rome [15].
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Later, in his work “On the electric excitation force of thermoelectric elements from the point of
view of the mechanical theory of heat”, Avenarius, in deriving formula (2), took into account the
Thomson effect in the branches of thermocouples [17]. The need to consider this was first paid attention
to (1874) by P. T. Thet (1831-1901) — a professor of the Royal College in Belfast (1854-1860).

Fig. 9. Avenarius Mikhail Petrovich (1835, Tsarskoe
Selo — 1895, Kiev), physicist, graduated from
St. Petersburg University in 1858. In 1862 — 1864, he
trained at Magnus in Berlin and Kirchhoff'in
Heidelberg. In 1865, he defended his master's thesis.:
“On Thermoelectricity” and was appointed to the
Department of Physics at the University of Kiev. In 1866,
he defended his doctoral dissertation: “On the electrical
differences of metals at different temperatures”.
Corresponding member of St. Petersburg Academy
of Sciences (1876). The founder of the Kiev school of
physicists [12, 17].
(Official portrait of the RAS [3]).

According to the Avenarius formula (2), depending on the magnitude and sign of the
thermocouple coefficient 3, the temperature dependences £ = f{T) of three types are observed. For
=0, from Eq. (2) we obtain the linear dependence E = a(#, — #) that is the law of A. Becquerel
(1788-1878) (for example, Ni, Ir, Au-Fe thermocouples near room temperature). For 3 > 0, for the
function E = f{T), we have an « J »-shaped curve (for example, thermocouples of non-silicon beams),
and for f < 0, an « N »-shaped curve with a maximum at temperature #,,, and with a sign change £ in
the high-temperature region (thermocouples Cu-Fe, Mo-Fe, etc.). In the latter case, formula (2) could
be transformed into the expression E = ot — t))[tm — (t2 + £1)/2], which shows that for (¢, + #,)/2 ~ tu,
the value of £ and the current direction / in a short-circuited thermocouple change sign.

The verification of the Avenarius formula and the determination of constants in it were carried
out by many scientists in different countries of the world [9, 17]. As a result, it was established that the
Avenarius formula (2) is valid for most thermoelectric circuits in the region of normal and high
temperatures [9].
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KiioueBble c10Ba: TEpPMOIJIEKTpUUECTBO, akameMuk O.X. Jlenma, npaBuno wHIyKuu JleHma,,
3akoH Jlxoyns-Jlenna; apdekr [lenpThe, MakcUMallbHASI MOIITHOCTh TEPMOIIAPBI, AaBTOMOOUIIBHEIC
TEPMOAJIEKTPHUECKHE TeHEPATOPBI.
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/A THE FIVAZ MODEL AND PREDICTION OF
P.V. Gorskiy THERMOELECTRIC MATERIALS

This paper is concerned with the role of dimensionality reduction of thermoelectric material
structure for increasing its thermoelectric figure of merit. It is shown that the thermoelectric figure
of merit of a “purely two-dimensional” thermoelectric material can exceed that of a three-
dimensional crystal only when the Fermi energy of a three-dimensional crystal at absolute zero
temperature is significantly larger than the Fermi energy of a “purely two-dimensional” material,
which is achievable only at sufficiently small distances between the layers and (or) quantum well
widths. In traditional thermoelectric materials this condition is poorly satisfied or not satisfied at
all. The way out can be in using layered (superlattice) materials described by the Fivaz model. For
this purpose they must possess very narrow allowed bands describing motion of electrons between
the layers, which assures high degree of openness of the Fermi surface of these materials. At the
same time, forbidden bands of these materials must be sufficiently wide so as to prevent
conversion of impurity conduction to intrinsic in the “generator” temperature range. Traditional
layered and superlattice materials used in electronics and thermoelectricity possess an antipodal
property: their allowed bands are wide, and forbidden bands are narrow. Moreover, the distances
between their layers and, hence, corresponding quantum well widths, are rather large. The totality
of these factors significantly limits the thermoelectric figure of merit of these materials.

On the basis of the analysis, possible optimal parameters of promising superlattice thermoelectric
material are determined. Such material, if it were created, on the one hand would allow creating a
thermoelectric generator with the efficiency of the order of 34% between temperatures 300 and
500 K, and on the other hand — a cooler providing single-stage cooling from 300 to 100 K with a
coefficient of performance about 0.3.

Methods of search for promising thermoelectric materials described by the Fivaz model with the
use of quantizing magnetic fields are proposed. Bibl. 32, Fig. 2.

Key words: Fivaz model, nonparabolicity, Fermi surface, thermoelectric figure of merit,
efficiency, coefficient of performance, quantizing magnetic field, prediction of thermoelectric
materials.

Introduction. Current status of the problem

For more than two decades, substantial hopes for an increase in the figure of merit of
thermoelectric materials have been associated with the so-called dimensionality reduction of their
structure. In particular, in one of the fundamental works [1] devoted to this problem, a thermoelectric
material based on bismuth telluride with quantum wells was theoretically considered. In fact, it was a
layered material, the layers of which were separated by quantum wells. Therefore, the motion of
charge carriers in the plane of the layers was described by the traditional effective mass
approximation, and the motion in the perpendicular direction, although described by a parabolic
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dispersion law, was assumed to be dimensionally quantized due to the discreteness of the
corresponding quasi-momentum component.
The discreteness was dictated by the condition that the carriers could not leave the well. There
fore, the energy spectrum of charge carriers in the material was represented as
Rk k) RPrin?
E(kx,ky,n):7£—+— + . (1)

2
m, m,) 2md

In this formula, m;, m,, m; — components of the effective mass tensor, » — dimensional
quantization subband number, d — quantum well width.

For this case calculations were made of the kinetic coefficients of a two-dimensional electron
gas, following which the resulting expression was optimized with respect to chemical potential
determined with regard to dimensional quantization of charge carrier energy spectrum. As a result, it
was established that transition from a three-dimensional energy spectrum to a quasi-two-dimensional
spectrum of the type (1) can increase considerably, namely by a factor of 4-6, the dimensionless
thermoelectric figure of merit of such a structure, if quantum well width is, for example, 0.1 nm.
However, the increase in the quantum well width results in a drastic drop of dimensionless
thermoelectric figure of merit, and already at quantum well widths of the order of 4-8 nm it becomes
equal to the thermoelectric figure of merit of a single-crystal bismuth telluride.

From this standpoint, other structures of reduced dimension were also considered. For example,
in [2], structures consisting of layers or bismuth wires were considered. Since bismuth is a semimetal
in the single-crystal state, the semimetal-semiconductor phase transition was considered to be the main
mechanism for increasing its thermoelectric figure of merit with decreasing dimensionality of the
structure, as a result of which the ratio between the contributions of electrons and holes to the kinetic
coefficients and, consequently, to the thermoelectric figure of merit, changed radically. The reason for
phase transition was dimensional quantization of free carrier energy spectrum, owing to which partial
overlap of valence band and conduction band was removed, and a real gap appeared between them
which eventually caused semiconductor properties of low-dimensional structures. In so doing, in the
case of a structure consisting of wires, owing to dimensional quantization in two directions, the gap
width was greater and, hence, the semiconductor properties were more expressed. That is why,
according to calculations, the thermoelectric figure of merit of a “wire superlattice” was higher than
the figure of merit of a layered superlattice. Thus, for instance, at quantum well width 2 nm and
temperature gradient and electric field orientation along the trigonal axis, the dimensionless
thermoelectric figure of merit of a layered superlattice at 300 K was about 2.5, and that of a wire
superlattice — about 6. However, these results were not proved experimentally.

Superlattices consisting of GaAds/AlGaAs, Si-Ge layers and some others were considered as
well. The properties of Gads/AlGaAs superlattices widely used, for instance, in terahertz electronics,
have been studied most thoroughly [3]. There are works on the use of superlattices based on gallium
arsenide in thermoelectricity [4]. Superlattices based on Si-Ge have proved to be a good material for
thermoelectric generators operating at higher temperatures than bismuth telluride [5, 6]. As generator
medium- and high-temperature thermoelectric materials, the ZnSbh/CdSbh superlattices might also be of
interest, although it is recommended to use them mainly in electronics, for example, for creating
dynamic storage devices [7].

While studying the thermoelectric properties of superlattices, it was well established that, other
things being equal, their thermoelectric figure of merit turns out to be considerably (sometimes even
an order of magnitude) higher than the thermoelectric figure of merit of “ordinary” single crystals of
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the same chemical composition. However, even this increased figure of merit does not exceed the
figure of merit of traditionally used prevailing “ternary” and ‘“quaternary” alloys based on
Bi(Sbh)-Te(Se) system. Such alloys, due to their layered structure and hexagonal symmetry, even by
themselves, as we shall show later, can be considered as “superlattices”.

Interest in “superlattice” materials, especially for generators, is also due to the fact that tellurium
is expensive, toxic, its reserves in tellurium-containing polymetal ores are restricted, it is just a by-
product of processing these ores and its main consumer is metallurgy, rather than thermoelectricity. At
the same time, the need for thermoelectric modules is constantly increasing, so that high-efficient
materials, including superlattice materials, could be worthy of competition with traditional materials
without containing scarce, toxic and expensive components.

All of the above is the basis for setting the task of a more detailed theoretical consideration of
factors that can both increase and reduce the thermoelectric figure of merit of “superlattice” materials.
This is the purpose of the present article.

On the limitation of the figure of merit of “purely two-dimensional” superlattices

Let us consider and compare the figure of merit of “purely two-dimensional” superlattices and
three-dimensional single crystals in the region of impurity conduction [8]. To clarify the role played
by dimensionality reduction of the structure “in pure form”, we will assume that both two-dimensional
and three-dimensional electron gases are described by the isotropic effective mass approximation. By
virtue of such approximation the relaxation time of free carrier momentum will be considered to be
isotropic and depending on the kinetic energy & of charge carriers as a whole by the power law with
exponent . For this exponent by virtue of general concepts of quantum mechanics the inequality
—0.5<r<3.5 is valid.

We will also take into account that as long as the thermoelectric figure of merit ZT which is to
be estimated is a dimensionless value, it must depend on certain dimensionless parameter or on the
totality thereof. If as a first approximation we will consider lattice thermal conductivity of material to
be low as compared to thermal conductivity of free carrier subsystem, in the case of isotropic and
parabolic band spectrum of the latter the only such parameter (except for factor ») characterizing both

material and its application conditions is the ratio of the Fermi energy {, of electron gas in material at
the absolute zero temperature to the average energy k,7 of thermal motion. Through this (or its
reciprocal) ratio the reduced chemical potential n=C/k,T is found from the following equations
written for the two-dimensional and three-dimensional cases, respectively:

nzln[exp(to’l)—l], 2)

25 =Ry (n). 3)

In these formulae, ¢, =k,7/C, .

The corresponding expressions for the thermoelectric figure of merit of a two-dimensional
superlattice and a three-dimensional crystal are of the form:

po[Creilfal H(P”)Fm(n) (e2r ] .

(2r+2)F, (n) (r+DE M) (r+1)7F2(n)
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2 -1
T=|:(2r+5)E+1_5 (ﬂ) _ } (’”+3-5)Fr+25 (ﬂ)_(r+2-5)2 Fril.s (T]) ‘ (5)
(29 +3)Fp.05(n) (r+15)Fo5(m)  (r+1.5) Fo5(n)
Dependences described by Egs. (2) — (5) are shown in Fig. 1.
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Fig. 1. a) temperature dependences of reduced chemical potential:1 — for
a two-dimensional superlattice; 2 — for a three-dimensional crystal; b) dependences of
the thermoelectric figure of merit on dimensionless temperature: 1, 2 — for
a two-dimensional superlattice at r = — 0.5, 3.5 respectively;
3, 4 — for a three-dimensional crystal at the same r.

From the plots it follows that with the same values of dimensionless temperature and scattering
factor the thermoelectric figure of merit of a three-dimensional crystal is much larger than that of a
two-dimensional superlattice. Therefore, it is clear that at the same temperature the thermoelectric
figure of merit of a “purely two-dimensional” superlattice can exceed the thermoelectric figure of
merit of a three-dimensional crystal only when at absolute zero temperature the Fermi energy of
electron gas in a “purely two-dimensional” superlattice will be much less than in a three-dimensional
crystal. It can be shown that if scattering factor », concentration n, and effective masses m* of charge
carriers in a “purely two-dimensional” superlattice and a three-dimensional crystal are identical, the
above mentioned condition is equivalent to inequality 0.283 nya’ << 1. By virtue of this fact it is clear
that increasing the distance a between superlattice layers, or, which is the same (at least for the
simplest structure of identical layers), quantum well width, must significantly reduce the
thermoelectric figure of merit of a “purely two-dimensional” superlattice. For instance, if typical for
thermoelectric materials based on Bi(Sh)-Te(Se) system concentration of free charge carriers is
assumed to be equal to 3-10"’cm™, then at the well width equal to 3 nm, the above inequality is
satisfied relatively well, but already at a double width of the well it is not satisfied.

The situation can be slightly improved by such a combination of material parameters whereby
not one but several quantum wells are involved in the processes of heat and electricity transfer, i.e.
there is some dispersion of the energy of the interlayer motion of the charge carriers, by virtue of
which the superlattices are not “purely two-dimensional”. But exactly in the same way the situation
can be improved by the use of sharply anisotropic layered materials in which the band spectrum of
charge carriers is described by the Fivaz model, if their parameters are optimal [9, 10].
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The figure of merit of superlattices described by the Fivaz model and optimization of
their parameters

In the framework of the Fivaz model [11] the energy spectrum of charge carriers in material is
determined as follows:

hz

E(kx,ky,kz)=7(kj + k7 )+ Al —cos ak. ), 6)

where k,, k, — quasi-momentum components in a plane parallel to layers, k&, — quasi-momentum
component perpendicular to layers, m* — effective mass of electron in a plane parallel to layers, A —
half-width of a miniband describing the interlayer motion of electrons a — the distance between
translation-equivalent layers. In the framework of such a model of energy spectrum on condition of
electron mean free path independence of quantum numbers the dimensionless thermoelectric figure of
merit of material is determined as follows:

7T =8n’ 4 (7

By, (2k,C2pl) @l m ™y

In so doing, the dimensionless functions 4y and B, are of the form:

4= ij. y[y+K'l(1—cosx)— *]exp{[erK 1-cosx) ]/tw}
00{exp{[y+K (1 cosx J/tw}+1} \/2y+4nK n,a’sin® x

S ®)
]2]1 yexp{[y+K 1- cosx ]/tw} dxdy
OO{exp{[y+K (1 cosx ]/tZD}Jrl} \/2y+47tK n,a’sin® x
B:TJTEK_I(I_COSX)er_Y*' exp{[erK (1-cosx) ]/sz}
R L {exp{[erK (I-cosx) :|/t2D}+1}
y[y+K’l(1—cosx)]dxdy
X
\/2y+4nK nya’ sin® x
N ﬁ y[y+K’1(l—cosx)—y*]exp{[y+K’1(1—cosx)—y*]/tw} gy
oo{exp{[erK’l(l—cosx)—y*]/tw}+1}2\/2y+4nK’2n0a3sin2x
-1
. Tjﬁ yexp{[y+K 1 cosx ]/tw} dedy !
oo{exp{[y+K (1 cosx ]/tZD}Jrl} \/2y+4nK n,a’sin® x
X-TJTEKI 1 cosXx +y Y eXP{[y+K 1 Cosx :|/t20} y
00 bLp {exp{[y+K (I-cosx) J/tZD}Jrl} ©)

y[y +K7'(1 —cosx)]dxdy
X
\/2y +41K nya’ sin® x
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In formulae @) - 9), the following notation is introduced:
K=Cop/Mtp =ksT/Corp>V =C/Cop » Corp — the Fermi energy of an ideal two-dimensional
electron gas with a quadratic dispersion law, ¢, — lattice thermal conductivity of material, / — mean

free path of charge carriers in material. The normalized chemical potential of the free carrier
subsystem y * was found from equation:

T * 2 -1_2
Q—Djln{nexp(mﬂ—l:o. (10)
T 0

t2 D

Note that in the calculation of the dimensionless thermoelectric figure of merit, the thermal
conductivity was determined under condition of no current. The Peltier heat in this case was
disregarded, as long as we considered the region of intrinsic conductivity.

The results of calculations of the dimensionless thermoelectric figure of merit of model
superlattice thermoelectric material (SL TEM) with the effective electron mass m*=m,, the bulk
carrier concentration n, =3-10" cm™, the mean free path of charge carriers at 300 K /=20 nm, the
lattice thermal conductivity at 300 K «, =2 W/(m'K) for different degrees of openness of the FS in
the range of 0.01<K <1 and temperatures 7'=7, =300K, 7T =7, =500K for two different values of

a, as well as the generator efficiency between the above extreme temperatures are given in Fig. 2.

7T % ZT Y%
80 - ' ' —% s 03 - . ‘ L%,
60 30 14
40t 125 3
20 120 )
10 . : : : 15 J : |
0 02 04 06 08 K 0 02 04 06 08 K
a) b)

Fig. 2. Dependences of the dimensionless thermoelectric efficiency of SL TEM at T = 300 K (curves 1) and T =
500 K (curves 2), as well as generator efficiency at corresponding extreme temperatures (curves 3) for
distances between SL TEM layers equal to 3 nm (a) and 15 nm (b), respectively.

Note that the values of K < 1 correspond to closed Fermi surfaces (FS), the value of K =1 —to
transient FS, the values of K > 1 —to open FS. The generator efficiency when constructing the plots in
Fig. 2 was determined by the formula:

1 T,-T,
n= -, (11)
1+2J05(2.1,+2,1,)(2,1,)" T,

From the figure it is seen that the figure of merit of SL TEM and the efficiency of generator
significantly increase with increasing the degree of openness of the FS. For instance, for the
considered model SL TEM at a = 3 nm the dimensionless thermoelectric figure of merit for transient
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FS can reach 20 — 60, however, as the distance between the layers increases to 15 nm, it drops to the
values not exceeding 0.25 even at 500 K. Accordingly, the generator efficiency between the
corresponding extreme temperatures at @ =3 nm can reach 34%, or, in other words, 80% of the
efficiency of the Carnot cycle, whereas at a = 3 nm it drops approximately to 4.2%, i.e. about 10% of
the efficiency of the Carnot cycle.

The figures of merit of the same SL TEM as cooling material between temperatures
T'=T,=300K, T'=T7, =230K and the coefficient of performance of the cooler were calculated in a

quite similar fashion. To determine the latter, the following formula was used:

_J1+05(ZT.+2,1,)-T,/)T. T

. (12)
J1+05(z 1 +2,1,)+1  T.-T,
The results of these calculations are given in Fig. 3.
ZT ZT
30 | | . & 5y , - - — b6
1.5 3
20 ¢ 10.4
1 2¢
10 ¢ 10.2
05 1
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0 0.2 0.4 0.6 08 K 0 0.2 04 06 0.8 K
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Fig. 3. Dependences of the dimensionless thermoelectric figure of merit of SL TEM at T = 300 K (curves 1) and
T =230 K (curves 2), as well as coefficient of performance of the cooler (curves 3) for corresponding extreme
temperatures and the distances between SL TEM layers equal to 3 nm (a) and 6 nm (b), respectively.

From the plots it is seen that coefficient of performance at the hot side temperature equal to
300 K, drastically increases with increasing the degree of openness of the FS and with an optimal
combination of SL TEM parameters for the transient surface it can reach 1.9 with temperature
difference 70 K. However, as the distance between the layers increases from 3 to 6 nm, the maximum
(for the range 0.01 < K <1) coefficient of performance decreases approximately to 0.52. Moreover, for
each temperature difference there is a threshold degree of openness of the FS below which this
difference with the use of one cooling stage is unattainable. This degree, as could be expected,
increases rather drastically with increasing distance between the layers of SL TEM.

Thus, it turns out that to achieve high figure of merit of SL TEM, certain optimal combination
of its parameters is needed, in particular, a combination of small distance between the layers and a
high degree of openness of the FS. However, traditional SL TEM and layered materials based on A/-
Ga-As, Si-Ge, Bi(Sb)-Te(Se) systems possess exactly the opposite property: the distance between their
layers is sufficiently large, and the degree of openness of the FS is small. Such their feature is good for
special, for instance, terahertz, electronics, but not very helpful for thermoelectric applications.
Therefore, the correct approach in this case should not consist in the mechanical transfer of traditional
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SL materials from electronics to thermoelectricity, but in the search for or the creation of “truly
thermoelectric” SL materials, at least for the production of thermoelectric energy converters.
Our analysis showed that an “optimized” SL TEM might have, for instance, the following band

parameters: a=30nm, m*=m, K=1, A= 2.16-10*eV, and carrier concentration equal to
n, =3-10" cm™ . The energy gap of this material must be of the order of 1.74 eV. Such a wide energy

gap is necessary in order that, in the “generator” temperature range, for example, at 500 K, the
conductivity of the material does not change from impurity to intrinsic. The use of such material, if it
were created, would allow increasing the generator efficiency between the temperatures 300 and
500 K to 37.5%, and the coefficient of performance on cooling from 300 to 230 K — to 2.92. However,
the FS of such material should have the form shown in Fig. 4, and its band parameters — possess high
temperature stability.

Fig. 4. The Fermi surface of possible SL TEM with a high figure of merit.
The section of such FS with a plane parallel to layers is a circle,
the C axis is perpendicular to the layers.

Calculations show that such SL TEM, if it were created, might be also applied for subsequent
deeper cooling, for instance, from 200 to 100K, however, in this case the coefficient of performance
would be 0.61. Even on condition of cooling from 300 to 100 K the coefficient of performance of such
material would be about 0.3.

We see that our SL TEM, even though hypothetical at the moment, must have very narrow (at
least in the direction of interlayer movement) allowed band, and, on the contrary, very wide forbidden
band. Traditional thermoelectric materials, including those separately or together prone to formation of
superlattices, for instance, gallium arsenide, bismuth telluride and alloys on its basis, silicon,
germanium, zinc antimonide, cadmium antimonide and others in the overwhelming majority possess
the opposite combination of band parameters, namely a narrow forbidden band and a wide allowed
band. Exactly this fact determines the validity of using effective mass approximation in the theoretical
calculation and description of the thermoelectric properties of the above materials.

It can be demonstrated that creation of SL TEM with so high figure of merit based on silicon,
germanium or bismuth telluride is basically impossible. Indeed, for this to be possible, the distance
between SL TEM layers must satisfy the condition a > 4mm*A/neh’. In so doing, A, in any case is a

value of the order of forbidden band width E,, and even larger, i.e. in traditional calculations A is

assumed to be infinite, and FS seems to be consisting of identical ellipsoids. Therefore, substituting
known parameters for silicon, namely m* =126 m,, E,=1.12¢eV, ny= 10" cm™, we obtain
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a=6.3mm. It is clear that such long-period superlattices cannot exist. The situation will not change
too much, if we have, for instance, 7o = 3-10" cm™. In this case there should be @ = 210 nm, whereas
SL TEM based on Si-Ge have the highest a about 30 nm, and their highest thermoelectric figure of
merit does not exceed 0.75 at @ =7 nm and n, = 3-10" cm™, though this value is an order of magnitude
higher than the dimensionless thermoelectric figure of merit of single crystals. In the former case the
degree of openness of the FS is 0.16, and in the latter — 0.011, which, of course, is rather far from the
required quasi-two-dimensionality value of highly efficient SL TEM equal to unity.

Likewise, if at no=3-10" crn'3, a=3 nm, m* =m, bismuth telluride were a single-valley SL
TEM which obeys the Fivaz model, the degree of openness of its FS would be K= 0.81 © and the
value of its dimensionless thermoelectric figure of merit at 300 K would be equal to 30.9. However,
in reality, taking into account that the forbidden band width of this material is equal to 0.13 eV, and,
hence, the allowed band width is of the order of 1.3 eV (it is necessary for the validity of traditional
approaches based on parabolic band spectrum), we have K =0.017, and, hence, the value of
dimensionless thermoelectric figure of merit at 300 K equal to 0.531 which is completely correlated
with the experimental data [12]. For cooling materials of Bi(Sh)-Te(Se) system the value of
dimensionless thermoelectric figure of merit at 300 K is equal to 0.78 [13], which is matched by
K=0.024.

Based on the above, one can recommend the following four methods of finding promising SL
TEM, including those described by the Fivaz model, by means of quantizing magnetic fields [14-16]:

1) study of Shubnikov-de-Haas oscillations in quasi-classical magnetic fields at helium
temperatures, including study of the magnetic field dependence of oscillation amplitude;

2) selection of materials by the presence of negative longitudinal magnetoresistance section
and its expressed minimum in ultra-quantum magnetic fields, if these are achievable;

3) selection of materials according to the degree of roundness of power factor peak in ultra-
quantum magnetic fields;

4) selection of materials by the degree of manifestation of negative longitudinal
magnetoresistance at higher temperatures.

The above methods should be supplemented with measurement of free carrier concentration by
means of the Hall effect and X-ray diffraction control of interlayer distance.

Conclusions and recommendations

1. Conditions for the high figure of merit of quasi-two-dimensional thermoelectric materials are
established.

2. Formulae for the figure of merit of thermoelectric materials described by the Fivaz model
and the generator efficiency and the refrigerator coefficient of performance are derived
depending on the degree of nonparabolicity of material band spectrum.

3. It is established that the generator efficiency and the refrigerator coefficient of performance
drastically increase with increasing degree of nonparabolicity of material band spectrum, but
drastically decrease with increasing distance between the layers.

4. Possible parameters of a promising high-figure-of-merit layered thermoelectric material
described by the Fivaz model are evaluated.

A number of methods of search for promising layered thermoelectric materials with the use of

quantizing magnetic fields are proposed.
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MO/IEJIb ®IBA3A i IEPEJIGAUEHHS
TEPMOEJIEKTPUYHUX MATEPIAJIIB

Y pobomi pozenamyma ponv 3HUNCEHHA POIMIPHOCMI CMPYKMYPU  MepMOeNeKmpUiHo20
mamepiany 6 nioguwjeHni  1ioco  mepmoenekmpuynoi  egpexmugnocmi. Iloxkasano, wo
mepMoeneKmpudna eqheKmusHicms «YUCMO O0B0BUMIDHO20» MEPMOENIEKMPUYHO2O Mamepiany
Modice nepesuwyeamuy mepmMoeIeKmpudHy epekmusHicms mpusUMIpHO20 KPUCMAy auue mooi,
Konu eHepeisi Pepmi MpUBUMIPHO20 KPUCMATY NPU AOCONIOMHOMY HYLi memnepamypu Cymmeso
binvwia, Hidie enepeisi @epmi «uucmo 0B0BUMIDHO20» Mamepiany, wo 30iliCHeHHe MINbKU npu
docums MAnux Giocmausax Mioc wapamu i (abo) wupunax KeaHmosux sm. Y mpaouyiuHux
mepMoeneKmpudHuUx Mamepianax ys yMoea 6UKOHYEMbCA NO2aHO ab0 He BUKOHYEMbLCS 308CIM.
Buxio 3i cmanosuwa modice noasieamu y GUKOPUCMAHHKE WaApy8amux (HA02pamKosux) mamepianis,
onucyeanux mooennio Pieasza. /s ybo2o 60HU NOGUHHI Mamu OOCUMb  8Y3bKi 003601€HI 30HU, WO
OnuUCYyIOmMb PYX eNeKmpoOHie MidC wapamu, wo 3abe3neuye GUCOKUL CMYRIHb GIOKPUMOCMI
nosepxui Qepmi yux mamepianie. Y moil dce uac 3a060poHeHi 30HU YUX MAmMepianie nOGUHHI Oymu
docums WUPOKUMU O MO20, W0D NePetuKkooumy nepemeoperuio OOMIUKo80i nposioHocmi y
6IIACHY 8 «2eHepamopHOMy» Oiana3oni memnepamyp. Tpaouyitini wapyeami il HAOSPAMKOGL
mamepianu, BUKOPUCMOBYBAHI 6 eNeKMPOHIYi ma mepmoereKmpuyi, Mawoms OiaMempanbHO
NPOMUAEICHY 6LACMUBICMb. IX 00380J€HI 30HU WUPOKI, a 3a60poHeni — @y3vki. OKpim moeo,
siocmani midic ix wapamu, i, omoice, 6IONOBIOHI WUPUHU KBAHMOBUX M, 00CUMb GeuKi. 3a3Haueni
Gakmopu 6 CYKYNHOCMI CYMMEBO 00MENCYIOMb MEPMOENEKMPUYHY  eDEeKMUSHICMb  YUX
mamepianie. Ha niocmasi nposedenoco aumanizy 6usHaueni MOJICIUGL ONMUMANIbLHI napamempu
NePCneKmuHO20 HAOZPAMKO8020 mepMmoeieKmpuunozo mamepiany. Taxuii mamepian, axko6u 6i
0y8 cmeopenuil, 003601uU8 6u 3 00HO20 OOKY cmeopumu mepmoerekmpuynull cenepamop 3 KKJJ
nopsaoky 34 % misxc memnepamypamu 300 i 500 K, a 3 inwoeo — oxonooxcysau, ujo 3abesneuye
oonoxackaone oxonoodcennss 3 300 oo 100 K 3 oxonoodcysarohum xoeghiyicumom oauzvko 0.3.
3anpononosarno memoouKy nOuLyKy nepcneKmusHUX mepmoereKmpuyHux Mamepianis, Onucy8anHux
mooenmo Disasa, i3 3aCMOCYBAHHAM KEAHMYIOUUX MacHImHUX noaie. bion. 15, puc. 4.

Knouosi cnosa: mooenv @Dieasa, Henapaboniunicme, nogepxus Depmi, mepmoerekmpuina
0obpomuicme, Koepiyienm KOpPUcHoOi Oii,x0100UNbHULL KOe@iyieHm, KeaHmylie MAacHimHe noie,
nepeobaueHHs mepmMoeieKmpudHuUx mamepianis.

Topcknii I1. B., doxm. ¢us.-mam. nayx

HHcTuTyT TepModieKTprudecTBa, yi. Haykn, 1,
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B pabome paccmompena ponv nonudicenust pasmepHocmu CMpYKmypvl mMepMOINEeKMpPudecKo2o
Mamepuana 6 NOGblUleHUU e20 mepmodekmpuieckod apgexmusnocmu. Iloxkaszano, umo
MEPMOINIEKMPUYECKAs — IP@DEKMUSHOCHb — «YUCMO — 0BYMEPHO20» — MEPMOINEKMPULECKO20
Mamepuana Modcem npegululams  MePMOILEKMPUYECKYIO  IPPeKmusHoCms — mpexmepHozo
KpUcmania auus moaoa, ko20a suepaus Pepmu mpexmeprHozo KpUcmaiia npu abcomomHom Hye
memnepamypbl cyujecmeenio 0onvule, uem dHepeusi Depmu «4UCmMo O08YMePHO20» MAmepuad,
UmMo  OCYWecmeuMo MoNbKO Npu OOCMAMOYHO MANbIX PACCIMOSAHUAX MeHCOy CLOSMU U (Unu)
WUPUHAX KGAHMOBLIX M. B mpaouyuoHHbix mMepMOdIeKMPUYECKUX MAMEPUANAx Mo YCio8ue
BbINONIHACMCSL NI0X0 UOO He GbINOAHAEMCS 806cCe. BbiX00 U3 NONOJCEHUS MOJHCEM COCOSAMb 8
UCNONBL30BAHUU CTOUCTBIX (CEEPXPEULEMOYHbIX) MAMEPUANOs, ONUCbIBaeMblx Modervlo Dusasza.
s smoeo onu 00ndCcHbl 061A0AMb 6eCLMA  Y3KUMU PA3PEUEHHBIMU 30HAMU, ONUCHIBAIOWUMU
OBUdICEHUE INEKMPOHOE MENHCOY CAOSIMU, YMO 00ecnedugaem GblCOKYI0 CMeneHb OMKPbIMOCmu
nogepxnocmu Depmu dmux Mamepuanos. B mo dce epems 3anpeujennvle 30Hbl SMUX MAMEPUATLO8
00MICHBL OBIMb OOCMATOYHO WUPOKUMU C MeM, Ymobbl  80CHPENsMCMEO8ANb NPEGPALYEHUIO
NPUMECHOU NPOBOOUMOCU 8 COOCMBEHHYIO 6 «2eHepamOpHOM» OUAnA3oHe MmeMnepamyp.
Tpaduyuonnvle croucmoie U céepxpeulemoytvle MAmMepuasl, UCHOIb3YEMble 6 DNeKMPOHUKE U
mepmosniekmpuuecmee,  001a0aiOm  OUAMEMPAIbHO  NPOMUBONONLONCHBIM — CEOUCMEOM:  UX
paspeutenivle 30Hbl WUPOKU, A 3anpeujenivle y3ku. Kpome moeo, paccmosinus Mexicoy ux closimu,
U, C1e008amMenbHO, COOMBEMCMEYIOWUe WUPUHBL KBAHMOBLIX M, OO0CMAMOYHO  BETUKU.
Vkasannvle axmopvl 6 COB0KYRHOCMU CYWECTNBEHHO 02PAHUYUBAION MEPMOINEKMPULECKYIO
appexmusnocmv  dmux mamepuanos. Ha ocnosanuu nposedennozo aunaiuza onpeoeneHvl
603MOIICHBLE onmumanbhvle napamempbi nepCcneKmueHO20 c8epxpeutemouHo20
mepmoaiekmpuueckozo mamepuana. Taxou mamepuan, 6y0b oH C030aH, NO360AUL Obl C 0OHOU
cmoponsl  co30ame  mepmodnekmpuyeckuil  eenepamop ¢ KIJ[ nopsaoxka 34% medxcoy
memnepamypamu 300 u 500K, a c Opyzoii — X0n00UnIbHUK, 0becneuusarouuti 00HOKACKAOHOe
oxnaxcoenue ¢ 300 oo 100K ¢ xonoounvhvim xoag@uyuenmom oxono 0.3. Ilpednosicenvl
MemOOUKY NOUCKA NEPCHEKMUBHBIX MEPMOINEKMPULECKUX MAMEPUATIO8, ONUCHIBAEMbIX MOOENbIO
Dusasa, ¢ npumeHeHueM KeAHMywux MacHumuslx noaet. bubn. 32, puc. 2.

KaoueBbie caoBa: monenr  ®DuBaza, HemapabONMYHOCTh,  HOBepxHOCTh — Depmuy,
TEPMOAJIEKTPUUECKas  JOOPOTHOCTh, KOA(QHUIMEHT MOJE3HOr0  [EHCTBHS,  XOJIOMWIIbHBIH
KOI(DMIMEHT, KBAHTYIOICE MACHUTHOE TOJie, TMPOTHO3MPOBAHUE TEPMODICKTPHUUECKUX

MaTEepPHAJIOB.

References

1. Hicks L.D., Dresselhaus M.S. (1993). Effect of quantum-well structures on the thermoelectric
figure of merit. Phys. Rev. B, 47(19), 12727 — 12731.

2. Dresselhaus M.S., Dresselhaus G., Sun X., Zhang Z., Cronin S.B., Koga T. (1999). Low
dimensional thermoelectric materials. Solid State Physics, 41(5), 755 — 758.

3. Bass F.G., Bulgakov A.A., Tetervov A.P. (1989). Vysokochastotnye svoistva poluprovodnikov so
sverhreshetkami [High-frequency properties of semiconductors with superlattices]. Moscow:
Nauka [in Russian].

4. Zhang Y., Vashaee D., Singh R., Shakouri A. (2004). Influence of doping concentration and
ambient temperature on cross-plane Seebeck coefficient of InGaAds/InAiAs superlattices. Proc.
Mat. Res. Soc. Symp. Vol.793. (P. 59 — 65).

5. Liu W.L., Borca-Tasciuk T., Liu J.L., Taka K., Wang K.L., Dresselhaus M.S., Chen G. (2001).In-

plane thermoelectric properties of Si/Ge superlattice. Proc. of 20" International Conference on
Thermoelectrics. (pp. 340 — 343).

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2017 33



P. V. Gorskiy
The Fivaz model and prediction of thermoelectric materials

10.

11.

12.

13.

14.

15.

16.

Venkatasubramanian R., Siivola E., Colpiits T.S. (1998). In-plane thermoelectric properties of
free- standing Si/Ge superlattice structures. Proc. of 17" International Conference on
Thermoelectrics. (pp. 191 — 197)

Bercha D.M., Mitin O.B., Rarenko I.M., Kharkhalis L.Yu., Bercha A.L. (1994). Zonnaya struktura
rombicheskikh kristallov CdSb, ZnSb, In,Se; i modelirovanie sverhreshetok [Band structure of
CdSb, ZnSb, In,Se; rhombic crystals and simulation of superlattices]. Fizika i tekhnika
poluprovodnikov — Semiconductors, 28(7), 1249 — 1256 [in Russian].

Gorskyi P.V. Use of similarity criteria for evaluating the thermoelectric figure of merit of
superlattices ArXiv: 1511.0557v1 [cond. mat. mes. hall] 2Nov. 2015. P. 1 —3.

Gorskyi P.V. On conditions of high figure of merit and methods of search for promising
superlattice thermoelectric thermoelectric materials. P.V. Gorskyi arXiv: 1509.01782
[cond.mat.mes.hall]. 2015. 9p.

Gorskiy P.V. (2015). Ob usloviakh vysokoi dobrotnosti i metodikah poiska perpektivnyh
sverhreshetochnyh termoelektricheskikh materialov [On the conditions of high figure of merit and
methods of search for promising superlattice thermoelectric materials]. Termoelektrichestvo -
J.Thermoelectricity, 3, 5 — 14 [in Russian].

Fivaz R.F. (1967). Theory of layered structures. J. Phys. Chem. Sol., 26(5), 839 — 845.

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

Ivanova L.D., Granatkina Yu.V., Dausher A., Lenoir B., Sherrer H. (1999). Influence of purity
and perfection of Czochralsky-growth single crystals of bismuth and antimony chalcogenides solid
solution on their thermoelectric properties Proc. of 5" European Workshop on Thermoelectrics.
(Pardubice, Czech Republic, September 20-21, 1999) (pp.175-178).

Gorskyi P. V. Layered structure effects as realization of anisotropy in magnetic, galvanomagnetic
and thermoelectric phenomena. Nova Publishers. New York-2014. ISBN 978-1-62808-875-5. xiv.
352 p.

Gorskyi P.V. (2014). Diagnostyka funktsionalnyh materialiv, opysuvanykh modelliu Fivaza ta
deiaki aspekty yikh zastosuvannia [Diagnostics of functional materials described by the Fivaz
model and some aspects of their use]. Dopovidi Natsionalnoi Akademii nauk Ukrainy — Reports of
the National Academy of Sciences of Ukraine, 12, 77 — 85 [in Ukrainian].

Gorskyi P.V. Gigantic negative magnetoresistance of nanoheterostructures described by Fivaz
model.arXiv: 1503.02863 [cond.mat.mes.hall]. 2015. 3p.

Submitted 16.03.2017

34

Journal of Thermoelectricity Nel, 2017 ISSN 1607-8829



T. A. Ismailov Doctor of Technical Sciences,
T. A. Ragimova Candidate of Technical Sciences,
M. A. Khazamova Candidate of Technical Sciences

Federal State Budgetary Educational Institution of Higher Professional Education
“Dagestan State Technical University”’70, Imam Shamil avenue,
Makhachkala, 367015, Russia, e-mail: dstu@dstu.ru

RESEARCH ON A THERMOELECTRIC DEVICE FOR THERMOPUNCTURE

The paper deals with a thermoelectric device for thermopuncture. The results of mathematical
simulation of the work of device for thermopuncture are presented. Single-dimensional theoretical
plots of temperature distribution in heating and cooling modes are given. Bibl. 9, Fig. 5

Key words: biologically active point, thermoelectric system, thermopile, thermal impact, thermal
field, mathematical model, prototype, experiment.

Introduction

In contemporary context, the priority is the impact on the human body of natural physical
factors. Among them, a widely used and effective method of medical rehabilitation is a local thermal
effect. [1].

The mechanism of thermotherapy is quite complex and consists of local and general reactions.
With the impact on biologically active points, of interest is local focal reaction which is manifested in
improving blood and lymph circulation and neurotrophic processes. Cold and thermal effects act on
the skin, most closely associated with the central nervous system. By irritating peripheral receptors in
this way, the temperature factor affects the entire body. The thermal effect on the reflexogenic zones
of the human body, which is defined as puncture physiotherapy, has the following therapeutic effect
on the body [2]: pain killing (gipalgesia, less often analgesia); more intensive formation of certain
types of neurohumoral substances; normalization of many components of the mediator exchange;
normalization of vegetoendocrinic functions; improvement of microcirculation in many organs and
systems; normalization of arterial and venous pressure; antidepressant and sedative action.

Currently used means for cold impact on the biologically active points are represented by
cryoprobes of various configurations which outperformed the reaction of classical acupuncture: from
cryoreflexotherapy 84% of improvements, from a needle — 52.3% [3].

In most cases, the method of heating the biologically active points of the body is used, which,
with reduced body resistance, often gives a more pronounced therapeutic effect compared with
acupuncture at the same indications. Warming can be used alone or in combination with acupuncture.
There are two main types of thermal effects: remote and contact. Remote thermopuncture is carried
out with the help of wormwood cigars. Contact thermopuncture is very consistent with most areas of
alternative medicine and is effective in conjunction with finger point massage. To cool or heat a
limited area of the skin, various skin-temperature instruments are also used [1, 4].

The methods and tools cited have various drawbacks. Thus, the supply of temperature stimuli
with the help of skin-temperature instruments (“temperature boxes”) and other devices used for this

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2017 35



T.A. Ismailov, T.A. Ragimova, M.A. Khazamova
Research on a thermoelectric device for thermopuncture

purpose — thermodes filled with water or ice, does not provide an accurate dosage of thermal irritation
and requires further improvement. In addition, all of the above methods do not have the possibility of
combined exposure to various physical factors, the consequence of which is the lack of modern tools
that would ensure the effectiveness of treatment.

Taking into account these aspects, the thermoelectric method of creating a local thermal effect,
in comparison with other methods, has proved to be out of competition [5, 6], since the
thermopuncture technique requires both cold and thermal effects with pulses of certain duration. The
required contrast mode of action is possible by simply switching the current direction [7, 8].

In this connection, the purpose of the work is to investigate the thermoelectric device for
thermopuncture, to study the processes taking place in it taking into account the influence of the object
parameters and the characteristics of thermopiles.

The design of a thermoelectric device for thermopuncture comprises a cylindrical housing
equipped with a threaded lid sealing the housing with a rubber gasket. The housing is divided into
sections by the finning of a sleeve made of high-heat-conducting metal and pressed into the opposite
end of the housing. A threaded hole is made in the sleeve into which the working head is screwed, also
made of high-heat-conducting metal in the form of a screw with a flat cap in contact with the first
junctions of the thermopile. A washer with a thread on which a hemispherical nozzle is mounted is
connected to the second junctions of the thermopile in thermal contact with them. The thermopile is
electrically connected to the voltage polarity switch and an adjustable current source [9].

Mathematical simulation of a thermoelectric device for local thermal effect on the
reflex zones of human body

A mathematical model of a device for local thermal effect on the reflex zones of human body
was developed. This mathematical model considers the device as a set of elements — heat-exchange
devices assuring the temperature of effect on the biological object within the required time to the
necessary value.

x A
Biological object, T;
Hemispherical nozzle, T, L;
L,
. Y
Thermopile, T
L,

0 \ 4 A 4

Fig. 1. Physical model of TE device.
A physical model of the device consisting of adjoining layers is shown in Fig 1. Layer 1 of
thickness L, is a thermopile brought into thermal contact with a hemispherical nozzle. Layer 2 of
thickness L, — L, is a nozzle, layer 3 of thickness is a biological object. It is assumed that this system

is isolated from the lateral and top surfaces.
Mathematical formulation of the problem of heat exchange calculation for such a model is of
the form:
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d’T, | Rl}

=0, 1
A M
d’T,
=0, 2
dx’ @)
d’T,
3
with the boundary conditions
T o = Txi> “4)
dT, dT
sz—z =7»1d—1 ~Yo.1> (%)
X x=I X x=L
dT, dT,
=2 = fip=h =, (6)
dx |, dx |
dr,
- =0 5 (7)
¥ dx L,
I{ x=I = TZ x=L, > " 2lx=L, = T; x=L,’ (8)

where 7}, T,, T, is temperature distribution across the thickness of the thermopile, nozzle, biological
object; 7,1, is resistance and supply current of the thermopile; A,, A,, A, is thermal conductivity
coefficient of the thermopile, nozzle, biological object, respectively; ¢_, is the amount of heat release

per unit time in the biological object; 7, ., is the temperature of the thermopile external junctions; g,

.ext
is heat flux on the internal thermopile junctions arising due to (absorption, release) of the Peltier heat;
f 1is friction coefficient in case of displacement of the nozzle along the surface of the biological

object; v is travel speed of the nozzle; P is nozzle pressure on the biological object.

Calculations were performed at 7, =1 =7,=20°C, T3=36.6°C, A,=0.6 W/(mK),
A,=10 W/(mK), A,=025W/(mK), ¢,=40Wm’ =05 v=0.01, P=1000N/m’
4o, =— 3000 W/m” (in cooling mode), g,,= 4000 W/m* (in heating mode).

Solution of system (1)-(3) with the boundary conditions (4)-(8) can be presented as follows:

rl?
T, =—21—7:1x2 +C,x+C,,,, 9)
T, =Cyx+Cy, (10)

qex[
T =—Ix2 +Cx+Cy, (11)

3

where integration constants Cyj, Cy,, Ci3, Co1, Cay, Coz are found from the solution of the system of

equations
rl?
C21 =T o5 C127‘2 = ”1112L1 + C117‘1 .15 _ilﬁ + C11L1 + C21 = C12L + sz;
1
C127‘2 - fVP = _Qeerz + C137‘3; C12L2 + sz = _geTXtLg + C13L2 + C23; (12)

3

Gy Ly + C3hy =0.
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Equations (9)-(11) describe temperature distribution across the thickness of each layer in the
system, with regard to heat fluxes on the internal thermopile junctions, parameters of the biological
object and the nozzle.

The results of calculations using these dependences are shown in Figs. 2-5.

319.95 320 —
j s
/ ””””
319.92 308 =
/ 296 = el
319.89 —
M Mﬁ \
S = \
= 319386 284 —_
272 B
319.83
260
0 0.0008 00016 00024 00032 0.004

0.024  0.032 0.04 0.048  0.056 0.064
X, m

X, m

Fig. 3. Temperature distribution in thermopile at
q;= 4000 W/m’ in heating mode and
qo; =-3000 Wim? in cooling mode.

Fig. 2. Temperature distribution across the thickness of
the biological object at qo; = 4000 W/m’ in heating mode.

2733 T,K —
330 =
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/ - -1
] 310F
27324
~ a1 290
—
273.18 270 —~_
\
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Fig. 5. Dependence of biological object
Fig. 4. Temperature distribution across the thickness of & P / s J

the biological object at qo; = —3000 W/m’
in cooling mode.

temperature at the depth of 0.025 m on
thermopile cooling capacity in cooling and
heating mode.

Of greatest interest are the dependences which determine temperature distribution across the
thickness of the biological object (Fig. 2). In this case, there is practically no temperature difference
across the thickness of the biological object. This is due to the availability of intensive heat removal
from the biological object and its own, low specific heat release of the biological object as compared
to heat flux from its surface, as well as consideration of steady-state mode of the “device-biological
object” system.

For the model under consideration Fig. 5 shows a plot of the biological object temperature at
the depth of 0.025 m (the lower skin boundary) on thermopile cooling capacity.

According to the plot, the dependence is practically linear, and the necessary range of thermal
effect corresponds to thermopile cooling capacity of the order of 30 W, which determines quite
acceptable value of energy consumption.
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Conclusions

Based on the calculations performed, the following conclusions can be made:

1.  One of the efficient physiotherapeutic methods of prophylaxis, treatment and rehabilitation
of various diseases is local thermal impact on the biologically active points of human body. This
procedure can be implemented due to the use of a thermopile as a source of heat and cold.

2. A design of thermoelectric device for thermopuncture has been developed consisting of
current source and control unit which supply to thermopile current of the necessary value and polarity
depending on the assigned temperature of hemispherical nozzle.

3. A mathematical model of thermoelectric system has been proposed which considers a
device as a unified set of elements — heat-exchange devices assuring the temperature of impact on the
biological object within the required time to the necessary value.

4. It has been established that under a local temperature effect on the biological object there is
no essential temperature drop across its thickness. This aspect makes it possible to assert that the
proposed device is safe to use, since at a temperature effect on a biologically active point there is no
parasitic thermal field affecting the nearby organs and tissues.

5. The developed device has low energy consumption, since the necessary range of thermal
impact corresponds to cooling capacity and heat production of thermopile.

6. The results of theoretical studies of the thermoelectric device for thermopuncture showed
its undeniable advantages when used in practice.
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Kacian A I THERMOELECTRIC EFFICIENCY OF
A p-n-MODULE FORMED
FROM ORGANIC MATERIALS

Canoynsax LI

We analyze the thermoelectric properties of p-type tetrathiotetracene-iodide crystals, TTT,I; and
of n-type tetrathiotetracene-tetracyanoquinodimethane crystals, TTT(TCNQ), in the frame of a
more complete 3D physical model. It is shown that in order to increase the thermoelectric
efficiency it is necessary to decrease the carrier concentration in crystals of p-type and to
increase in those of n-type in comparison with the stoichiometric ones. Considered crystals
admit nonstoichiometric composition. Optimal parameters are determined in order to achieve as
high as possible values of thermoelectric figure of merit ZT. The thermoelectric efficiency of a p-
n-module is modelled as function of crystal parameters. Bibl. 17, Tab. 1.

Key words: organic crystals, thermoelectric efficiency, thermoelectric figure of merit,
p-n-module, tetrathiotetracene-iodide, tetrathiotetracene-tetracyanoquinodimethane.

Introduction

The search and investigation of more efficient thermoelectric materials continue to be an
important and timely problem of solid-state physics. In the last years, organic compounds attract
more and more attention as materials that are less expensive, have more diverse and often unusual
properties in comparison with their inorganic counterparts. The molecular structure of these
compounds can be easily modified to tune the desirable physical and chemical properties. Besides,
the organic materials usually have low thermal conductivity and are friendly with the environment.
Therefore, organic materials are good candidates for applications in cooling systems and in
conversion of enormous waste heat into electrical energy.

The main parameter that determines the thermoelectric performance of a given material is the
dimensionless thermoelectric figure of merit Z7, where T is the operating temperature. Now the
largest commercially applied thermoelectric materials on the basis of Bi,Te; have ZT ~ 1 near room
T. It is a rather low value. Therefore, now the commercialization of thermoelectric devices has still
limited applications. Nevertheless, one can mention the mass production of miniature thermoelectric
modules destined to maintain constant temperatures in the laser diodes [1], climate control seats
installed in hundreds of thousands of vehicles each year [2], portable beverage coolers [3] and other
applications, including cosmic ones.

A value of ZT > 3 would make the solid-state convertors economically competitive with the
ordinary used ones. Important progress in the growth of ZT has been obtained in low dimensional
inorganic structures. A value of ZT ~ 3 has been reported in PbTeSe quantum dot superlattices [4]
and even ZT~3.5 [5]. However, these values have been realized in very sophisticated,

42 Journal of Thermoelectricity Nel, 2017 ISSN 1607-8829



A. I Casian, I. I. Sanduleac
Thermoelectric efficiency of a p-n-module formed from organic materials

technologically complicated and very expensive structures. Nevertheless, it is demonstrated that such
high values of ZT are possible.

The thermoelectric parameters of organic materials are improved, too. In poly
(3, 4-ethylenedioxythiophene) (PEDOT) doped by poly(styrenesulphonate) (PSS) thin films of
p-type a value of ZT=0.42 at room temperature has been measured [6]. Even ZT ~ 1 has been
reported in PP-PEDOT/Tos [7] films. We have predicted high values of Z7T in some quasi-one-
dimensional (Q1D) organic crystals, including those of p-type tetrathiotetracene-iodide, 77715 [8]
and of n-type tetrathiotetracene-tetracyanoquinodimethane, TTT(TCNQ), [9].

In this paper, we study the thermoelectric properties of p-type crystals, 777,15 and of n-type,
TTT(TCNQ), in the frame of a more complete three-dimensional (3D) physical model. This model
becomes rather cumbersome, but it permits to perform realistic modeling and to determine the
optimal crystal parameters in order to achieve the maximum values of the thermoelectric figure of
merit. In addition, it permits to determine the limitation of the improvement of thermoelectric
proprieties that impose the carrier scattering on neighboring conductive chains.

Crystals with improved degree of perfection are considered. Due to the violation of the
Wiedemann-Franz law and the diminution of the Lorentz number, in these crystals the growth of
electrical conductivity is accompanied with a reduced growth of the electronic thermal conductivity.
This is favorable for the increase of thermoelectric figure of merit Z7. Optimal parameters are
determined in order to achieve as high as possible values of Z7. The thermoelectric efficiency
of a p-n-module is modelled as function of crystal parameters.

Efficiency of a thermoelectric convertor in the regime of electricity generation

The efficiency of a thermoelectric convertor for electricity generation is determined by the
parameter 1, defined as:

n=E/Q, (1

where FE is the energy provided to the load and Q is the heat energy absorbed at hot junction. Usually,
n is measured in percents and its value depends on ZT of both p- and n-type materials used. The
dimensionless figure of merit Z7 = 6S*T/k, where o is the electrical conductivity, S is the Seebeck
coefficient and « is the thermal conductivity of the considered material. The thermal conductivity
Kk = 1" + k%, where " is the phonon contribution and «° is the electronic contribution to k. Values of
ZT as high as possible are needed. One may think that for this it is sufficiently to increase
simultaneously ¢ and S and to decrease k. However, o, S and x are independent of each other. The
increase of ¢ leads to decrease of S and to increase of k° and vice versa. Therefore, ordinary
commercial thermoelectric devices made of Bi,Te;/Sh,Te; for near room temperature applications
and of PbTe for higher temperature applications have a ZT of around one. New, more sophisticated
materials are needed in order to overcome the interdependence of o, S and «°.

The thermoelectric convertors are formed from a series of thermocouples, each made of two
legs of n-and p-type materials [10]. As an example, HZ-14 module developed by Hi-Z Company, has
6.27 cm by 6.27 cm ceramic area with 49 p-n pairs of bismuth telluride based semiconductors and a
thickness of about 5Smm (see [11] available at http://www.hi-z.com/hz-14.html.) The module
provides 25 W (5% efficiency) output for a temperature difference of 300°C.

The maximum efficiency Nm.x 1S given by
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7 -1 J1+2T, -1

|

T, 1+ZT, +T./T,’

Ninax = 2
where T}, is the temperature at hot side, 7, is the temperature at the surface of cooled side and T, is
the average temperature 7,, = (7, + T,.)/2. The first factor in (2) is the efficiency of the Carnot cycle.
ZT,, is the dimensionless figure of merit of the device, which takes into consideration the
thermoelectric figures of merit of both of n-and p-type materials. Geometrical optimization with
respect to legs sections yields [12]:

2
(Sp _Sn) Tav

ZT, = ,
[(O_;lKn)l/Z + (O-;le)l/z]z

av

3)

where 6,, 6, S, S, K, and x, are the electrical conductivities, Seebeck coefficients and thermal
conductivities of n-and p-type materials, respectively.

Organic material of p-type

In the previous publications [8, 13 — 17] we have demonstrated that the nanostructured crystals
of TTT»I5 are very promising thermoelectric materials of p-type. The crystals have needle-like form
of the length of 6-12 mm and thickness of 30 — 60 um almost ready for thermoelectric legs. The
lattice constants a =18.35 A, b = 4.96 A, ¢ = 18.46 A show a pronounced quasi-one-dimensional
structure of the crystal. As a result, the electrical conductivity along conductive 77T chains o, is
almost three orders of magnitude higher than in transversal directions. The carriers are holes. The
width of conduction band along 77T chains is 4w; = 0.64 eV (~ 25 koTy, To = 300 K), where w is the
transfer energy of hole from a given molecule to the nearest one in the b direction. The matrix
element of electron-phonon interactions takes into account two main interactions. The first
interaction is caused by the variation of transfer energies wi, w, and w; of a hole from the given
molecule to the nearest ones along lattice vectors, due to molecular vibrations and is similar to that of
deformation potential. Three coupling constants of this mechanism are proportional to the derivatives
wy', wa', wy' with respect to the intermolecular distance of the transfer energies. The second
interaction is determined by the variation, due to the same molecular vibrations, of polarization
energy of molecules surrounding the conduction hole and is similar to that of polaron, but is
determined by induced polarization. The coupling constant is proportional to the mean polarizability
of the molecule oo. It is very important to consider both these interactions together, because the
interference between them leads to their compensation for some states in the conduction band. As a
result, the conductivity ¢ increases considerably, especially in crystals with high degree of purity.
The thermopower S grows too, however the electronic thermal conductivity «° grows in a
smaller degree.

The electrical conductivity ,, Seebeck coefficient S, and electronic thermal conductivity k.
have been modelled in a more complete 3D model as functions of the dimensionless Fermi energy e
in unities of 2w, for crystals with different degrees of perfection described by the parameter D,. For
Dy the following values were chosen: 0.1 which corresponds to crystals grown by gas phase method
with stoichiometric electrical conductivity o, ~ 10° Q'm™; 0.02 which correspond to purer crystals
grown also by gas phase method with somewhat higher c, ~ 3-10° Q'm™, not obtained yet, and
0.004 which corresponds to even more perfect crystals with 6, ~ 6.2-10° 'm™. For these three sets
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of crystals, the impurity concentrations are expected to be 5-10'® cm™, 10" ¢cm™ and 2:10"7 cm™,

respectively, or crystal purity: 99.6 %, 99.92 % and 99.98 %. These values of purity are achievable.
Some sets of values for 6,, S, and «,, are presented below in the Table 1 with k" = 0.6 Wm 'K

Organic material of n-type

Organic crystals of n-type TTT(TCNQ), [9] have the aspect of dark-violet needles of the length
of 3 — 6 mm. The internal crystal structure consists of molecular chains of 777 and TCNQ arranged
along one highly conducting direction, c-axis. The lattice constants are ¢ =3.75 A, b=12.97 A and
a=19.15 A. The crystal has also a quasi-one-dimensional structure. The conductivity of TCNQ
chains is much higher than that of 77T chains and the carriers are electrons.

The overlap of molecular orbitals of nearest molecules along the TCNQ chain generates a
narrow conduction band of the width 4w, = 0.5 eV (~ 19kT,, Ty,= 300 K), where w, is the transfer
energy of an electron from a given molecule to the nearest one in the ¢ direction. In transversal to
chains directions the transfer energies are small and the transport mechanism is of hopping-type. The
internal structure of TTT(TCNQ), crystals is similar to that of 777,/5. As in the case of TTT>/5, two
electron-phonon interactions are considered: one of the type of deformation potential and other
similar to that of polaron. The scattering on impurities and defects is described by the parameter D,.
The numerical calculations of thermoelectric coefficients were performed for crystals with different
degrees of purity and respectively Dy= 0.1, 0.04, 0.02 at room temperature. Some sets of values for
o,, S, and k, are presented below in the Table, where =04 Wm'K".

Let us consider a thermoelectric module constructed of a n-leg formed from a n-type
TTT(TCNQ), and a p-leg from TTT,[;, working in a regime of power generation.

In Table numerical data for o,, 6, S, S, K. and x, are extracted from the previous
calculations. The figure of merit Z7,, of the p-n-module and maximum efficiency n..x are calculated
after (2) and (3).

Table
Calculations of ZT,, and of maximum efficiency 1. of the p-n-module

Gy, er S, K=x+«" o, e S, 1,= K+ | ZT0 | Noax
Q'm' | ndeg | uwVK' | Wm'K' | Q'm! | p-leg uVK! Wm''K! %
3.0x10° | 0.90 | -170 4.4 7.5x10° | 0.09 300 3.1 2.53| 13
7.0x10° | 1.00 | -181 6.5 8.0x10° | 0.10 280 3.3 32 | 14
7.5x10° | 1.05 | -183 7.8 12x10° | 0.15 226 4.3 25 | 13
11x10° | 1.10 | -182 8.5 21x10° | 0.20 200 5.8 29 | 14
13x10° | 1.15 | -177 9.2 26x10° | 0.25 145 7.3 21 | 12
19x10° | 1.20 | -161 9.8 48x10° | 0.30 110 8.6 22 | 12
25x10° | 125 | -146 10.2 54x10° | 0.35 60 9.6 15 | 9.8
11x10° | 1.10 | -182 8.5 8.0x10° | 0.10 280 3.3 36 | 15
13x10° | 1.15 | -177 9.2 8.0x10° | 0.10 280 3.3 3.7 | 157
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The efficiency is not high, because these organic materials admit the highest temperature
T,= 480 K. We have put 7. = 300 K, so that the temperature difference is only A7 = 180 K. For such
small A7, the ideal Carnot efficiency is only 37.5%. Nevertheless, efficiencies ~ 12 — 15% for
thermoelectric modules are predicted. Even if it will be possible to realize only one-half of predicted
values, efficiencies ~ 6 — 8% for the conversion of low-temperature waste heat are very good results.
These values are higher than those realized in a p-n-module on the basis of bismuth-telluride
materials for AT = 300 K [11]. Moreover, considered here organic materials could be used in the
low-temperature cascade of TE generators working at a larger AT in order to improve the overall
efficiency.
From Table it is seen that the highest efficiency is achieved when both n- and p-legs have
optimal parameters.

Conclusions

The maximum thermoelectric efficiency mm.x has been calculated for a p-n-module formed
from p-type tetrathiotetracene-iodide crystals, 777,/; and of n-type tetrathiotetracene-
tetracyanoquinodimethane quasi-one-dimensional crystals, T7TT(TCNQ),. Two electron-phonon
interactions are considered: one is of the type of deformation potential and the other is similar to that
of polaron. The scattering on impurities and defects is described by the parameter Dy. Crystals with
improved degree of perfection are considered. Due to the violation of the Wiedemann-Franz law and
the diminution of the Lorentz number, in these crystals the growth of electrical conductivity is
accompanied with a reduced growth of the electronic thermal conductivity. In Table different values
of the electrical conductivity o,, c,, Seebeck coefficient S,, S,, and electronic thermal conductivity
Ky, K, for n- and p-type materials are presented. The dimensionless figure of merit of the p-n-module
ZT,, and the maximum thermoelectric efficiency nm.x are presented, too. Efficiencies of the order of
12 — 15% are predicted, very promising for the conversion of low-temperature waste heat into
electrical energy. Considered here organic materials could be also used in the low temperature
cascade of TE generators working in larger temperature intervals AT in order to improve the overall
efficiency.
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THERMODYNAMIC STABILITY OF THIN
CdZnSb EPITAXIAL FILMS

The diagrams of spinodal decomposition and critical temperatures of decomposition of epitaxial thin
films of Cd-Zn-Sb semiconductor substitution solid solutions are calculated in the delta lattice
parameter model with account of both deformation energy and plastic relaxation effects due to misfit
dislocations. Within the framework of the proposed model it was shown that compared to the bulk
samples, in the films there is a reduction of spinodal decomposition range and, as a rule, a reduction of
critical temperature of decomposition. The effect of substrate on the above processes was investigated
by the example of CdSb, ZnSb and CdsZnsSb substrates. The emergence of various kinds of biaxial
strains in pseudomorphic films leads to a different character of the composition dependence of critical
thickness of thin films. From the perspective of the use of these thin films in thermoelectric devices, the
most promising films, in the author’s opinion, are Cd.Zn;,Sb/CdsZn,sSb, where spinodal
decomposition range and critical decomposition temperature are below the temperature of
technological growth. Creation and widespread use of such materials opens up new possibilities for
thin-film thermoelectric energy converters. Bibl. 20, Fig. 3

Key words: thin films, CdZnSbh, thermodynamic stability, spinodal decomposition, biaxial deformation,
thermoelectric converters.

Introduction

Extensive study of the thermoelectric properties of the bulk materials based on V-VI compounds and
IV-VI, IV-IV semiconductor alloys has led to a striking progress in the design of various thermoelectric
devices [1, 2]. The efficiency of thermoelectric devices is expressed by the dimensionless figure of merit
given by:

7T = S*T / k , )
where S is the Seebeck coefficient, o is electric conductivity, & is thermal conductivity, 7 is absolute sample
temperature. In turn, thermal conductivity £ can be regarded as additive value caused by electron (k) and
lattice (k;) components:

k=k,+k,. 2

Improvement in the thermoelectric figure of merit of thermoelectric materials, as follows from (1), is

due to increase in electric conductivity and decrease in thermal conductivity of materials. This task is
mutually contradictory, since, according to the Wiedemann-Franz law the electron thermal conductivity &,
is directly proportional to electric conductivity value. Therefore, ZT can be improved by reducing the lattice
component of thermal conductivity k. At the same time, increasingly strict requirements to miniaturization
and cheapening of such devices dictate the need for a search for new approaches to solving said problem.
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Increasing attention has been paid recently to such promising objects as topological dielectrics, thin films,
superlattices, etc. [3 —5]. Such materials can be particularly relevant in connection with solving very
important problem of cooling components of microprocessor devices of modern computer equipment. The
idea of using thin films for thermoelectric devices is not new [3]. To improve the thermoelectric figure of
merit Z7T, several groups of scientists have studied thin films and superlattices Bi,Te;/Sb,Tes, PbTe/PbSe,
Si/Ge, Bi/Sb and others [3 —5]. It was shown that reduction of phonon thermal conductivity in such
materials due to reflection at film boundaries and electric conductivity increase due to peculiarities of
electron density, internal thermionic emission, etc, can result in significant Z7 increase as compared to the
bulk materials. Vast technological opportunities of obtaining a variety of composition, thickness and
orientation of thin films on various substrates open up truly unlimited opportunities for improving their
thermoelectric properties.

At the same time, such important class of strongly anisotropic thin films of solid solutions based on
II-V [6 — 11] stays out of the attention of researchers. Among thermoelectric materials, CdSh and ZnSh are
ecologically clean and economically efficient in the temperature range of 473 K — 673 K and can substitute
toxic and rare Pb-Te metal alloys. While thermoelectric properties of bulk materials have been studied in
considerable detail [12, 13], thin films and superlattices on their basis are still waiting for their research and
use in thermoelectricity. There are several reasons for this, and perhaps one of the basic is the problem of
thermodynamic stability of CdZnSh thin films. It is known that bulk crystals CdZnSh form a continuous
series of substitution solid solutions [14]. Despite this fact, the phenomenon of thermal instability of melt
structure was experimentally revealed which is manifested in the possibility of crystallization of different
stability phases (CdSb, Cd3Sb,, CdySbs, ZnSb, Zn,Sb;) [14 — 16]. At the same time, growing of epitaxial
films is accompanied with formation of various structural defects, mechanical strains caused by mismatch
between crystal lattices of substrate and film (misfit dislocations, islets of other phases, etc). The latter
factors change free energy of solid solution, which in turn leads to a change in solubility limits of
components and has a definite impact on the thermodynamic stability of the resulting thin films [17 — 19].
Thermoelectric properties of thin films are directly related to phase transformations in such thin films. In
particular, it is shown in [6] that thin films with different phases ZnSb and Zn,Sb; have larger values of the
Seebeck coefficient than single-phase films. Discussion of these issues will be the subject of the present paper.

Account of elastic energy in the calculation of spinodal decomposition

Semiconductor compounds 1I-V, in particular, CdSbh, ZnSbh and their solid solutions Cd,Zn,..Sb, are
crystallized as orthorhombic structure D), — Pbca with 16 atoms in the unit cell, forming two identical,
though translation-shifted relative to each other, sublattices [20]. For the thermodynamic description of
pseudobinary ternary solid solutions we will consider the Gibbs free energy of mixing (AG) based on mole:

AG=AH —TAS , (3)
where AH is enthalpy of mixing, 7T is absolute temperature, AS is entropy of mixing which in the
approximation of a regular solid solution can be written [18]:

AS=—R{xlnx+(1—x)ln(1—x)}. “)

To describe the enthalpy of mixing, two models are most commonly used — regular solution model
and “delta lattice parameter” (DLP) model [17]. It is known that regular solution model describes well the
thermodynamic properties of liquid phase and has restrictions for the case of solid phase, since interaction
parameters in regular solution model depend on the alloy composition (x). In the DLP model the enthalpy
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of mixing AH depends only on lattice parameter (a), so it is assumed that the difference between the
dimensions of atoms having common sublattice is a decisive factor which controls free energy of mixing.
For A,..B.C solid solutions AH can be written as [18, 19]:

AH = E(alloy)—xE(BC)—(1-x)E(AC)=Qx(1-x), Q)
Q=KAa* /a;"vz,, (5"

where K is model parameter, a,, is averaged lattice parameter, Aa is the difference between lattice
parameters of components of solid solution compounds. As long as lattice components of CdSh-ZnSb solid
solution under study are rather close [20], the solid solution can be considered to be almost perfect, and the
interaction parameter 2 and enthalpy of mixing AH are always positive values. The solid solution will be
subject to spinodal decomposition on condition that the curve of the composition dependence of free
energy has a bend point [18]. The products of spinodal decomposition are two solid solutions with different
composition. Stability criterion of pseudobinary alloys can be written as 6°G/ox>> 0. The instability area is
determined as a geometrical place of points for which the condition 8*G/éx*= 0 is met.

The Gibbs free energy of forming CdSh-ZnSb solid solutions, as was experimentally shown [16],
varies significantly from the ideal form, changing the sign with composition x. The existence of positive
region of AG(x) dependence can cause solid solution decomposition in certain range at temperatures lower
than critical 7. For the bulk solid solution, apart from the chemical part of free energy, one must also take
into account the elastic component which follows from the requirement of coherent phase conjugation [18]
with account of crystal anisotropy. In [17, 18], on the basis of a model of regular solid solution it is shown
that in semiconductor solid solutions with the positive enthalpy of their formation, at certain temperatures
there occurs a coherent phase separation with formation of elastic concentration domains with a variable
composition of solid solution.

In the case when a solid solution is a thin epitaxial film and the thermodynamic process occurs by
formation of misfit dislocations due to the mismatch between film lattice constants with substrate material,
biaxial tensile or compression strains will occur in the film. In the general case the energy of elastic strain
of the unit volume of deformed film can be written as [20]:

1
Eg —E(stx +0,8, +0.8, + T Yy T 7,7y, + szyxz) , 6)

where o,, G,, G, are normal stresses; Ty, T,., Ty are shear stresses; €., €,, €. are normal Strains; Yy, Y., Y- are
shear strains. It is commonly assumed that with the epitaxial growth due to mismatch between lattice
constants of substrate-film only normal strains and stresses occur along two perpendicular axes in the film
plane (001). Taking into account the relation between normal strains and stresses based on Hooke’s law, we

obtain:
G, =C €, +CpE, +C5E,
_ g @)
G, =CpE, +CnE, +CpE,
where in the case of equal symmetry of film and substrate material, the relative strain components
_ aalloy _asub _ balloy _bsub
g, =———, §,=— —— ®)
asub bsub

For orthorhombic crystals the array of elastic moduli comprises 9 independent components:
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¢, ¢, ¢ 0 0 O
C, Cyp Cp 0 0 0
C3 €y €33 00 0 ©)
0 0 0 ¢ O O
0 0 0 0 ¢ O
0 0 0 0 0 c4
Stress tensor component in perpendicular (z) direction can be written:
O, =C;38, +Cp€, +C58, . (10)
Taking into account for free (growth) direction of the film that ¢, = 0, from (10) we obtain:
C C
g, =—— g —Bg | (11)

z X y
C33 C33

Hence, the elastic strain energy of the unit volume of epitaxial film (6), with regard to (10) — (11) can
be written as:

1 1 cl c? C,:C
E=—loce +oe )=—||lc,—2|e2+|c,, -2 |2 4+2| ¢, ——2Z e g |. (12)
K 2 ( x%x y y) 2 (( 11 C33 j X 22 033 y 12 033 x©y

Thus, full Gibbs free energy of the system based on the unit volume is a sum of chemical energy
(4G) and elastic strain energy (E;):

G=N,AG+E,, (13)

where V, is the number of moles of the unit volume of homogeneous solid solution to decomposition.
Analysis of the Gibbs free energy as a function of solid solution composition and epilayer thickness
together with stability criterion allows calculating solubility limits. Parameters used for calculations were
taken from [20]. The dependence of lattice constants on the composition x was taken into account by the
Vegard rule which is met for Cd,Zn,_.Sbh semiconductor solid solutions with high precision [20].

The above situation is observed only in the case when film thickness (%) is smaller than critical
thickness (%.). On condition of 4 > /,, plastic relaxation processes take place in the film with formation of
misfit dislocations, and the thicker the film, the smaller is its strain. To determine the influence of said
effects on the thermodynamic stability of chosen solid solutions, note that according to the model of
balance of forces [19] acting on the dislocations, it can be written:

e.=Alh, (14)

that is, as the thickness of epitaxial film increases, the value of relative decreases and the film gradually
relaxes. Parameter 4 in (14) will be found from continuity condition of function (%) at point 4 = /., then
from relations (8), (11) i (14) we obtain A = &, /.. The majority of semiconductor heteroepitaxies are
grown on (001) substrate surface, so exactly this orientation will be considered. Theoretical expression for
critical thickness /. can be obtained on the basis of two different approximations, known as equilibrium
theories of critical thickness. The former approximation is based on the minimum energy principle and was
pioneered by Frank and Van der Merwe; the latter, known as theory of the balance of forces, belongs to
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Matthews and Blakeslee (see review [19]). The said two approaches are equivalent and give equal values of
critical film thickness. In our calculations we have used the model of balance of forces in which critical
epilayer thickness can be estimated according to [19]:

b) 1 h,
hc Z(g)—gn(l_l_v) [ln(a;j-i-ﬁ} 5 (15)

where, v is the Poisson coefficient, o = 4, § = 1, b — is the Burgers vector modulus. As long as in

semiconductor epilayers 60° misfit dislocations are most common in (001) plane, the Burgers vector can be
written as (dug/2) <110 >, then b=a,,, / /2 . The stresses in the region of dislocation centre are too high

to be correctly described within the linear elasticity theory, so we have introduced a phenomenological
parameter [3 as a measure of this deviation.

Cd,Zn,,SbiCdSb system

Let us consider Cd,Zn.,Sb epitaxial layer on CdSh substrate in the framework of the above described
model. At low temperatures an unstressed alloy has additional free energy, which with a rise in temperature
is reduced with formation of two minima indicating the possibility of spinodal decomposition. Phase
diagram of spinodal decay of non-elastic film in this case is represented in Fig. 1a showing the existence of
critical temperature (7. = 1015 K at x. = 0.5) above which the spinodal decomposition will not take place.

1100 1000
— 1 =500 nm
1000+ ~._ [~ =50 nm
000 ] ‘| ~,""'h:1()()nm 800 -
1
1
v 5007 ‘. \ < 600
w700 4 \ §
600 | : < 400 4
\ .
500 ~ \\
400 N 2001
300 : : — 0 : : . .
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x X
a) b)

Fig. 1. Phase diagrams of spinodal decomposition (a) and composition dependence
of critical thickness (b) of Cd.Zn,..Sb/CdSb epitaxial films.

If epitaxial film is fully strained, quick growth of elastic energy E; (as compared to a change in
chemical energy — the first term in formula (8)) with increasing Cd content in the film leads to the fact that
two minima on the composition dependence of free energy merge into one. This testifies to elastic
stabilization of film in terms of spinodal decomposition [17] and takes place for thin pseudomorphous films
with less than critical thickness (% < A.). However, when epilayer thickness exceeds critical (4 > A.), the
film starts to relax, that is, the elastic energy of the film (4) — (6) decreases with increasing film thickness.
In so doing, the area of existence of spinodal decomposition (&*G/dx*<0) remains, though becomes
narrower (Fig. 1a). The asymmetric narrowing of spinodal decomposition range can be explained taking
into account the composition dependence of critical thickness of Cd,Zn,..Sb film grown in CdSh substrate
(Fig. 1b). The boundary of immiscibility area from higher Cd concentrations is rather responsive to a
change in film thickness. The opposite boundary, where Cd concentration is lower, slightly changes with
the film thickness, which is attributable to a greater mismatch between film —substrate (CdSb) lattice
constants, hence, to a less critical thickness (close to several angstroms). Therefore, films with almost
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arbitrary thickness in this composition range fully relax, and residual stresses in them are very low.
However, from higher Cd concentrations due to strong dependence /.(x) the stresses are rather sensitive to
epilayer thickness. Cd,Zn,..Sb/CdSh films with thickness greater than 200 A almost completely relax and in
their thermodynamic properties approach the bulk samples. The spinodal decomposition range of
unstressed Cd,Zn,_Sb solid solution, calculated by us at 7= 640 K is 0.2 <x < 0.7 and agrees well with the
experimental region of positive values of the Gibbs free energy [16].

Cd,Zn,.,SblZnSb system

A similar dependence can be observed in Cd,Zn;..Sb layers grown on ZnSb substrates. In particular,
for the unstressed Cd,Zn,..Sh we calculated critical temperature 7, = 1015 K at x, = 0.5. From lower Cd
concentrations the film is rather sensitive to internal stresses, which, in contrast to the above epitaxial films
in this case are due to biaxial compression strain, since substrate lattice constants (ZnSb) are higher than
lattice constants of pseudomorphous film (Cd,Zn,..Sb). The latter is manifested in considerable change of
respective solubility limit (Fig. 2a) of films of different thicknesses.
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Fig. 2. Phase diagrams of spinodal decomposition a) and composition dependence
of critical thickness (b) of Cd,Zn;..Sb/ZnSb epitaxial films.

For instance, if for a film 100 nm thick the immiscibility interval at 600 K according to our
calculations is 0.24 < x < 0.81, then for a film 50 nm thick this interval is 0.41 < x < 0.81. Considerable
narrowing of spinodal decomposition range falls on technological temperature range 600 — 900 K. The
nonmonotonous change in decomposition limit with a change of temperature is due to competition between
chemical and elastic components of film free energy. For # > 500 nm the composition diagram practically
coincides with the diagram of the bulk unstressed solid solution, that is, residual stresses in the film are
close to zero. The composition dependence of critical film thickness is represented in Fig. 2b.

Cd,Zn,,Sbl/Cdy5Zn,sSb system

High-performance Cd,.Zn,.Sb films, necessary for creation of new thermoelectric devices, are
imposed with the requirements of almost complete matching between film-substrate lattice constants in
order to assure their enhanced properties. From this standpoint, in our opinion, Cd,Zn,,Sb/CdysZn,sSb
system is interesting. In this case such requirements are met by CdysZnysSb substrate which is fully
matched with the film at x = 0.5, whereas in the region 0 < x < 0.5 in pseudomorphous film there is biaxial
tensile strain, and at 0.5 < x < 1 — biaxial compression strain. The composition dependence of critical
thickness of such films that we calculated is represented in Fig. 3b.
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Fig. 3. Phase diagrams of spinodal decomposition (a) and composition dependence
of critical thickness (b) of Cd,Zn,..Sb/CdyysZn, sSb epitaxial films.

As can be seen from our diagrams of spinodal decomposition (Fig. 3a), as compared to a completely
relaxed film (the bulk case) for the film 50 nm thick critical temperature decreases considerably (7, = 550
K, x. = 0.53), which holds out a hope of possible obtaining high-performance films in the technological
temperature range. Films of thickness 500 nm and higher are almost completely relaxed, where the residual
stresses are close to zero, but decomposition range becomes sufficiently large. Reduction of epitaxial films
thickness leads to narrowing of immiscibility region. In particular, for films 50 nm thick the latter is 0.17 <
x<0.85at 7=300 K.

Conclusions

This paper presents a theoretical analysis of the effect of biaxial strains from the substrate on
spinodal decomposition range of Cd,Zn,_.Sb pseudomorphous films on CdSh, ZnSb, Cd, sZn sSb substrates.
The composition dependences of critical thickness of thin films were estimated on the basis of the
Matthews-Blakeslee model. Intervals of immiscibility and critical temperature of spinodal decomposition
of ternary semiconductor system Cd-Zn-Sh were calculated with regard to strain energy and plastic
relaxation effect due to misfit dislocations. It is shown that account of elastic energy leads to narrowing of
spinodal decomposition region and critical temperature reduction. In particular, for Cd.Zn,.,.Sb/Cdy sZn sSb
pseudomorphous films 50 nm thick the delamination area totally disappears in the technological
temperature range (600 — 900 K). The results of the work are prognostic for the experimental investigations
of thin films for their application in thermoelectric devices.

The author is grateful to academician L. Anatychuk for the approval of research subject and interest
in the work.
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Y cmammi  nagedeno peszynomamu po3paxyHKy Oiazpam CRIHOOAIbHOZO pO3nady ma KpumuuHi
memnepamypu po3naoy enimaxcCiaibHux MOHKUX NIIBOK HANIBNPOGIOHUKOBUX MEEePOUX PO3UUHIE
samingerns Cd,Zn,;.,Sb 6 modeni denoma-napamemp pPAmKu 3 ypaxyeaHHsm sk degpopmayitinol enepeii,
max i epexmis niacmuyHoi penaxcayii, 3yMOGIEHUX OUCIOKAYiaMU HegIOnosionocmi. B pamxax
3anpONOHOBAHOI MO0l NOKA3AHO, W0 NOPIGHAHO 3 00 €EMHUMU 3DA3KAMU YV NIIGKAX MaE Micye
38YoHCEHHsL IHMEPBATTY CHIHOOAILHO20 PO3naAdy ma, AK NPABUI0, NOHUNCEHHS KPUMUYHOT meMnepamypu
posnady. [ocniddceno énmug RIOKIaOKU HA SUWE3A3HAYeHl npoyecu HA npukiadi niokniaoox CdSh,
ZnSb, CdysZngsSb. Bunuxnenmns piznoco poody oiaxcianbhux oegopmayiil y nces0oMop@HUX NAieKax
8ede 00 pi3HO20 Xapakmepy KOMNOZUYIUHOT 3a1eHCHOCMI KPUMUYHOT MOBWUHU MOHKUX Naiéok. 3
TMOUKU 30PY NEPCHEKMUE BUKOPUCTAHHS 8KA3AHUX MOHKUX NIIBOK Y MEPMOENIeKMPULHUX NPUCHPOSX,
Ha OymMKy aemopa, Haubitbul nepcnexmueHumu € nuisku  Cd.Zn; Sb/CdysZn, sSb, 6 sikux obracme
CNIHOOANbHO20 pPO3NAdY Ma KpUmuuHa MmMemnepamypa posnady 1exCcamv HUdCue MexHOA0IYHUX
memnepamyp supowgysanus. CmeopenHst Ul WUpoKe 3aCmocy8ants MaKux Mamepianie iokpusac Hogi
MOJICTUBOCIE MOHKONTIBKOBUX MEPMOEIEKMPULHUX nepemeopiosayis enepeii. bion. 20, puc. 3
Kawuosi ciaoBa: touki miiBky, CdZnSh, TepMOJWHAMIYHA CTAOLIBbHICTh, CIIHONAJBHUI PO3MA,
OiakcianmbHi gedopmallii, TepMOETICKTPHIHI TIEPETBOPIOBAYI.

Teiibyk B. T doxm. huz.-mam. nayx
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TEPMOJANHAMMNYECKASA CTABUWJIBHOCTDb TOHKHUX
SIIUTAKCHAJIBHBIX IVIEHOK CdZnSh

B pabome paccuumanl ouazpammuvl cnuHOOAILHO20 pAcnaoa u KpumuyecKue memnepamypsi pacnaod
INUMAKCUATLHBIX MOHKUX NAEHOK NOTYNPOBOOHUKOBLIX MEepObix pacmeopos 3ameujeruss CdxZnl-xSb
8 MOOe 0eNbMA-NAPAMEMPA PEUEMKU C YHemoM KaK 0eqpopMayuoHHOU dHepauu, max u sghgexmos
NAACMUYecKol  perakcayull,  0OyClOGIeHHbIX — OUCIOKAYUsIMU — Hecoomgemcmeusi. B pamkax
NPeONIONCEHHOU MOOeNU NOKA3AHO, YMO N0 CPAGHEHUI0 ¢ 00BEMHbIMU 00PA3YaMU 8 NIeHKAX UMeem
MeCmo cCydcenue UHMeEpPand CNUHOOAIbHO20 pacnadd U, KaKk Npasuio, NOHUICEHUe KPUmu4ecKou
memnepamypul pacnaoa. Mcciedosana poib nOOIONCKU HA BbIUEYNOMSAHYMbIE NPOYECcsbl Ha npumepe
noonoxcex CdSb, ZnSb, CdxZn,;, Sb/CdysZnysSb. Bosnuknogenue pasnoco pooa OUAKCUATbHBIX
Oepopmayuii 6 NCeBOOMOPEHBIX NJEHKAX 6edem K PA3HOMY XaApakmepy KOMNOZUYUOHHOU
3a6UCUMOCIU KPUMUYECKOU MOJuHbl MOHKUX nieHok. C mouKu 3peHust NepCneKmue UCnob306aHUs
VKA3AHHIX MOHKUX NIEHOK 8 MePMOINIEKMPUYEecKUX YCMpoUCcmeax, no MHeHUuio asmopa, nauboiee
nepcnexmuervimu ecmo naenkuCdxZn, Sb/Cdy sZn sSb, 8 komopuix 0b1acmy CRUHOOATILHOZ0 PACNAdd
U Kpumuueckasi MmMeMnepamypa pacnada  iedcam  HUdCe  MEeXHOIOSUYECKUX — MeMNepamyp
svipawusanus. Coz0anue U WUPOKOe NPUMEHEHUe MAKUX Mamepuanog OmKpbledem Hoeble
B03MOIICHOCU MOHKONJICHOYHBIX TEPMOINEKMPULECKUx npeoopasosameneil suepeuu. buon. 20, puc. 3
Kniouesvie cnosa: monxue nnenku, CdZnSb, mepmoounamuueckas cmabuibHOCMb, CRUHOOWIbHbI
pacnao, dbuakcuaibHble deopmayut, MmepMoITEKMputecKue npeoopazosamer.
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ON THE OPTIMIZATION
M. V. Maksymuk OF THERMOELECTRIC GENERATOR MODULES
OF AUTOMOBILE STARTING PRE-HEATER

The results of computer design and experimental research on creation of a new design of
thermoelectric thermocouple generator module Altec-1061 for increasing heat production of
thermoelectric automobile starting pre-heater are presented. The design is carried out with regard to
temperature dependences of material parameters, thermal and electric losses on the contacts and
module interconnects. Bible. 13, Fig. 10, Table 1.

Key words: starting pre-heater, thermoelectric generator, computer design, physical model,
thermoelement.

Introduction

To overcome the problem of discharging automobile battery during the operation of starting pre-
heaters, at the Institute of Thermoelectricity an experimental sample of thermoelectric generator of
electric power 70-90 W was created which operates from the heat of starting pre-heater and provides for
autonomous power supply to its components [1-5]. Moreover, the excess energy of thermal generator can
be used for recharging the battery and power supply to other automobile equipment (regular heating fan,
warning systems, navigators, etc).

Experimental tests of the heater under test-bed conditions proved the efficiency of the design and
confirmed the rationality of theoretical calculations performed in [3]. However, research on the sample
under low temperatures has shown that thermal power which is “pumped” by thermoelectric modules is
insufficient for engine heating to the temperature optimal for its start [4]. The point is that at negative air
temperatures the viscosity of the engine oil increases, so before automobile start the engine must be
heated to temperature not less than 70°C, prior to complete lubrication of the parts of cylinder-piston
group occurs [6]. During full-scale tests of thermoelectric heater it was established that maximum
temperature of engine in “preheating” mode is 50°C, in “preheating + passenger compartment heating”
mode — 30°C. Hence, the relevance of the research aimed at further optimization of the design of the
developed thermoelectric heater.

The temperature of warming up the engine cooling liquid (heat carrier) can be raised in two ways.
The first one is to use the total thermal power of the heat source. As is shown in [4], only such operating
modes are realized in the heater whereby the thermal power of the burner does not exceed 2.3 kW.
Otherwise, the hot side of the thermopile is overheated and, as a result, the main functional units of the
device fail. Therefore, to increase the thermal power of the heat source to maximum 4 kW, a thermopile
used in the heater design must be created on the basis of medium-temperature or high-temperature
thermoelectric materials [7-8]. It is also worthwhile to use combined segmented, cascade and permeable
structures [9-10]. However, in our opinion, such approach is not quite rational, since for its
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implementation it is necessary to change radically the proven design of the heater, namely to perform a
search for optimal operation algorithms of the device itself and new operation algorithms of its
components, to create a new design of electronic unit, etc.

The thermal power of the heater can be increased in a different fashion. The idea is to reduce the
height of legs of thermoelectric modules and in this way to decrease their thermal resistance and,
accordingly, to increase the thermal flux from the source to the heat carrier.

Competing factors that interfere with continuous reduction of leg height are contact thermal and
electric resistances. Thus, as a leg is decreased, the losses in temperature differences in thermal contacts
increase considerably, and the negative influence of the Joule heat released in electric contact junctions
of thermopile becomes much more pronounced [11].

Therefore, the purpose of this work is to analyze the effect of thermoelectric module design on its
energy characteristics and on the basis of the research performed to create a new variant of a thermopile
for thermoelectric starting pre-heater.

Physical model of thermoelectric module and its description

As a thermopile, the heater design employed 12 generator thermocouple modules Altec-1061
developed at the Institute of Thermoelectricity [12], with their characteristics shown in Fig.1.

i
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Fig. 1. Three-dimensional dependences of electric power P (a) and efficiency n (b) on the hot side T, and cold side
T, temperatures of thermoelectric module Altec-1061 [6].

Using the above dependences in [4] it was shown that thermal power of the heater Q which is
spent on heating automobile engine from 0°C to 50°C is on the average 1500 W
(125 W as per one thermoelectric module). Accordingly, to heat the engine to temperature 70°C, it is
necessary to determine such leg height whereby the level of module thermal power will be at least 180
W. This assumption is valid, as long as an equation which describes heating process is of a linear nature:
QO =cmAT, )
where Q is the amount of heat obtained by a body in heating, m is the mass of a body which is heated,
AT = T, — T, is the difference between final 7} and initial 75 body temperature.
For the calculations of the optimal height of leg of thermoelectric generator module Altec-1061
(Fig. 2a), a structural unit of module was used, namely a thermoelement, the physical model of which is
shown in Fig. 2b. The model comprises n-type legs 1 and p-type legs 2 connected into a series electric
circuit by interconnects 3 and 4 on the hot and cold side, respectively. Electric contacts 7 and 8 between
the legs and connecting plates are characterized by electric contact resistances. The reinforced base of
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thermoelectric module is made by electrically insulating heat conducting plates 5 and 6 that are in
thermal contact 9 and 10 with the thermostat.

a) b)

Fig. 2. Schematic of thermoelectric module Altec-1061 (a)
and physical model of its elementary structural unit (b):
1 —n-type leg; 2 — p-type leg; 3, 4 — electric interconnects; 5, 6 — ceramic plates, 7, 8 — electric contacts
between the legs and connecting plates; 9 — thermal contact between electrically insulating plate and cold
thermostat; 10— thermal contact between ceramic plate and hot thermostat.

To find the distributions of temperature in the thermoelement, the law of conservation of energy is
used.

divw=0, 2
w=g+Uj. 3)

In (2) and (3), w is the density of energy flux, ¢ is the density of heat flux, U is electrochemical

potential, ; is the density of electric current,
G=-xVT+I1j, 4)

where [T is the Peltier coefficient, k is thermal conductivity.
M=ol 5)
where o is the Seebeck coefficient, T is temperature.
The density of electric current is found from equation
j=-c6VU-0caVT, (6)
where o is electric conductivity.
Substituting (3), (4) into (2), we obtain

~V(xVT)+(VII+VU)j =0. (7)
From equation (7), using (5) and (6), we obtain an equation for finding temperature distribution
~V((0a’T +x)VT)-V(0aTVU)=o((VU) +aVIVU). 8)

The distribution of electric potential is found using the law of conservation of electric charge
divj=0. )
Substituting (5) into (8) we obtain the equation:

~V(caVT)-V(cVU)=0. (10)
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Equations (8), (10) are a system of differential equations with variable second order coefficients in
partial derivatives describing the distribution of temperature and potential in the inhomogeneous
thermoelectric medium.

Computer model of thermoelement

Solution of the system of equations (8) and (10) was realized in Comsol Multiphysics software
environment [13] by the numerical finite element method. In the process of computer design the
following values were used as the input data:

— temperature dependences of thermoelectric parameters a,(7), a,(T), 6,(T), 6,(T), k«(T), (1)
(standard for materials based on n- and p-Bi,7e; (Figs.3-5));
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Fig. 3. Temperature dependence of the Seebeck coefficient: a) n-Bi,Te;; b) p-Bi,Te;.
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Fig. 4. Temperature dependence of electric conductivity coefficient: a) n-Bi,Te;; b) p-Bi,Te;.

— cross-section of the legs (a x ) = (1.8 x 4.2) mm;
— distance between the legs = 0.4 mm;

— the height of connecting plates 4., = 0.25 mm;

— the height of insulating plates /4;,,= 0.65 mm;

— the number of leg couples in a module N = 56 pcs;
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— thermal contact resistance between the thermostat and insulating plates R = 4 K/W;
— contact electric resistance between the legs and connecting plates 7 = 10° Ohm-cm”.
Fig. 6 shows the geometry and finite element mesh built in Comsol for thermoelement simulation.
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Fig. 5. Temperature dependence of thermal conductivity coefficient: a) n-Bi,Te;; b) p-Bi,Te;.
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Fig.6. Geometry (a) and finite element method (b) built in Comsol as applied to thermoelement model.

Design was carried out at the height 4 of thermoelement leg which was consecutively changed in
the range from 3 mm tol mm with increments of 0.5 mm.

The boundary conditions for the solution of equations (8) and (10) were chosen as follows. The
temperatures of heat-absorbing and heat-releasing thermoelement surfaces were recorded as 7;,= 280°C
and 7,=50°C. Conditions of adiabatic thermal insulation were imposed on the rest of the boundaries.
The zero potential value on the connecting plate of n-type leg was assigned. On the other connecting
plate of p-type leg the value U was assigned which is half of thermopower generated by the
thermoelement. In turn, the value of generated thermopower was determined by the system of equations
(8) and (10) in the absence of current flow through the thermoelement.

On the boundaries of legs and contact layer, contact layer and connecting plates, insulating and
connecting plates, conditions of the equality of temperatures and thermal flows were taken into account.

Research results

As a result of simulation, we obtained the distributions of temperature and electric potential in the
thermoelement of generator module Altec-1061 (Fig. 7).

Figs. 8, 9 show the dependences of the energy characteristics of thermoelectric module
Altec-1061 on the height of thermoelement leg.
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Fig. 7. Distribution of temperature (a) and electric potential (b) in thermoelement of generator
module Altec-1061. Leg height h = 2 mm.
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of module Altec-1061 on the leg height h. Altec-1061 on the leg height h.

From the represented data it follows that with decreasing the height of thermoelement leg, in the
range of 3-1 mm there is increase in both thermal (Q;, ;=120 W — O, _ 1= 340 W) and generated electric
(Py-3=7W—P,_1=17 W) of module power, which is caused by the reduction of its thermal resistance.
In so doing, the necessary level of thermal power QO.;,, =180 W is achieved with the height of
thermoelement leg 2 mm. In this case the electric power of module is ~ 10 W (Fig. 8). Thus, to increase
heat production, the heater must employ the design of module Altec-1061 with the legs the height of
which does not exceed 2 mm. However, the reduction of height also leads to increased influence of
contact electric and thermal resistances, which is visually demonstrated by the efficiency behavior (Fig.
9). Thus, in the range of heights (3-2) mm the efficiency of module is reduced from 5.4% to 5.2%,
whereas in the range of 4= (2-1) mm the reduction of 1 is more intensive: n1=5.2% at # =2 mm,
n=44%ath=1mm.

So, in our opinion, the use in the heater of modules with the height of legs 2 mm is the most
rational variant, since it enables one to ensure the level of thermal power necessary for start heating with
the minimum losses of device efficiency.

The rationality of using legs with minimum losses of height is also quite justified in terms of
reliability. With decreasing the height, owing to temperature gradient along the leg, the effect of thermal
expansion is intensified, which causes deformation of the leg and, accordingly, reduces the mechanical
strength of the module. This is particularly important under conditions of heater operation on
transportation means during their motion, where the effect of vibrations, shocks and other loads is
manifested simultaneously, increasing the risk of heater thermopile failure.
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Based on the results of computer design a modified series of thermoelectric generator modules
Altec-1061 was created with the height of thermoelement leg 2 mm that are intended for optimization of
thermoelectric starting pre-heater. The results of experimental research on the energy characteristics of
module at the hot side temperature 280°C and the range of cold side temperatures 30-70°C are
represented in the table.

Table
Dependence of the energy characteristics of thermoelectric module Altec-1061

with the leg height 2 mm on the cold side temperature at T), = 280°C

Ne T, °C U v LA P,W ow 1, %
1 30 1.98 5.6 11.0 205 5.1
2 40 1.9 53 10.0 198 4.8
3 50 1.8 5.0 9.0 190 4.52
4 60 1.73 4.8 8.3 184 432
5 70 1.65 4.5 7.4 176 4.0

As is seen from the tabulated data, the experimental results correlate well with computer
calculations (Fig. 8, 9). Thus, electric P and thermal O power of module at 7}, = 280°C and 7. = 50°C are
9W and 190 W, respectively. The thermoelectric conversion efficiency n=4.5%. The difference
(~13%) between the calculated and obtained efficiency is most probably related to deviation of the
values of material parameters o, o, k¥ from standard temperature dependences, as well as to heat

exchange of the lateral surfaces of legs with the environment.
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Fig. 10. Dependence of maximum electric power P (a) and efficiency 1| (b) of thermoelectric heater on cold heat
carrier temperature T,:1 — obtained in heater version I; 2 — predicted in heater version II.

Thus, the use of the developed modification of modules as a thermopile allows increasing the
thermal power of thermoelectric starting pre-heater by a factor of ~ 1.5, to the level of 2.3 kW. In so
doing, in the temperature range of the cold heat carrier (40 - 70)°C the generated electric power of the
heater is expected to increase to (120 - 90) W (Fig. 10a), and the predicted range of efficiency values will
be 3.3% - 2.75%, respectively (Fig. 10b).

Conclusions

1. It is shown that for start heating of automobile engine to optimal for its start temperature
70°C, the thermal power of thermoelectric heater must be at least 2.2 kW, as per one thermoelectric
module of heater thermopile — at least 180 W of heat.

2. Itis established that the most rational variant is to use in thermoelectric starting pre-heater of
generator modules Altec-1061 with the height of legs 2 mm. It provides for the level of thermal power
necessary for start heating with minimum losses of efficiency and device reliability.
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3. It is established that at the hot side temperature 280°C and the cold side temperature range
30 - 70°C, the electric power of modified modules Altec-1061 is within 11 W - 7.4 W, the efficiency of
thermoelectric conversion is 5.1% - 4%.

4. It is established that the use of the developed modification of modules as a thermopile allows
increasing the thermal power of thermoelectric starting pre-heater to the level of 2.3 kW. In so doing, the
generated electric power of the heater is expected to increase to 120 W - 90 W, and the predicted range
of efficiency values is 3.3% - 2.75%, respectively.
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ITPO OIITUMIBAIIIO TEPMOEJIEKTPHYHUX
I'EHEPATOPHUX MOAYJIB ABTOMOBIVIBHOT'O
IEPEIIIY CKOBOI'O HAI'PIBHUKA

Hageoeno pesynomamu xomn tomepHo2o nNpoeKmysanHs ma eKCnepUMeHmanbHux O0CHiOHCeHb 3i
CMBOpeHHsT HOB0I KOHCMPYKYII MepMOereKmpuyHo20 MepMONApHO20 2eHEPAMOPHO20 MOOYIA
«Anmex-1061» ons nidguwgenHs menaonpoOyKmuUeHOCMi MepMOeNIeKMPUYHO20 A8MOMOOIIbHO20
nepeonyckogozo  HaepisHuxa. Ilpoexmysanms 30iliCHEHO 3  YPAXYBAHHAM — MeMNepamypHux
3anedcHOCmell napamempie Mamepianie, menjiosux i eNeKmpuyHux empam HA KOHMAKMax i
Komymayii mooyns. bion. 13, puc. 10, maon. 1.

KoarouoBi cioBa: nepeanryCKOBUH HarpiBHHK, TEPMOCNICKTPUYHHH T'€HepaTop, KOMII'IOTEpHE
MIPOEKTYBaHHS, (hi3MIHA MOJIENTb, TEPMOEIIEMEHT.

Maxkcumyk H. B.

HuctutyT Tepmoanektpuaectsa HAH 1 MOH Ykpaunsr,
yi. Hayku, 1, YepnoBupl, 58029, Ykpanuna
e-mail: anatych(@gmail.com

Ob OIITUMM3ALIMNU TEPMOJJIEKTPHYECKHUX
TEHEPATOPHBIX MOJIYJEA ABTOMOBHUJILHOI'O
IMPEJITY CKOBOI'O HAT'PEBATEJIA
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COMPUTER SIMULATION OF LOCAL THERMAL
EFFECT ON HUMAN SKIN

In this paper, the physical, mathematical and computer models of local thermal effect on human
skin are constructed. Temperature distributions in different skin layers are determined for cooling
mode. The results obtained allow optimization of a working tool of device for treatment of skin
diseases in order to ensure the necessary depth of freezing of biological tissue and maximum effect
when carrying out cryomassage. Bibl. 24, Fig. 7, Table. 1.

Key words: thermoelectric cooling, cryomassage, biological tissue, human skin, computer simulation.

Introduction

It is known [1 — 5] that temperature effect contributes to activation of processes in human
organism and is an important factor for treatment of various diseases, namely dermatologic, allergic,
gynecologic, diseases of cardio-vascular system, respiratory organs, locomotor system, etc. Cold
activates metabolism, helps to slow down the process of skin aging, cleans and facilitates its breathing,
accelerates blood circulation, removes from the surface layers of the skin the vital products of the
body, supports muscle tone, etc. The therapeutic effect of the cold locally reduces the skin
temperature, provides anti-inflammatory, antispastic, analgesic action, exfoliate the epidermis, and
with prolonged exposure allows the removal of benign or malignant neoplasms, etc. [6 — 10].

The above information on the thermal effect on the surface of human skin testifies to the
promising character of using thermoelectric cooling and heating in dermatology [11 — 13]. This is
related to its advantages: possibility to precisely assign the necessary temperature of the tool surface,
the time of temperature effect on the corresponding area of human body and to ensure cyclic change of
cooling and heating modes [14 — 16]. However, the use of low and elevated temperatures in medical
practice calls for a comprehensive study of the peculiarities of thermal effect on biological tissue,
which is a complicated task requiring creation of precise physical and mathematical models (with
regard to blood circulation, metabolic and heat exchange processes) and the use of computer
simulation.

So, the purpose of the work is creation of computer simulation technique that will allow
predicting the results of local thermal effect on human skin, including cryomassage in dermatology.

A physical model of biological tissue with a cooling element

The biological tissue of human body (Fig. 1) is a structure of three skin layers (epidermis 1,
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dermis 2, subcutaneous tissue 3) and the internal tissue 4. The temperatures on the boundaries of the
corresponding layers of biological tissue of thickness 4, 4, ks, hy are Ty, T», T3, T4, and the specific
heat fluxes inside are Q,, 0, Os, Os. The free surface of skin area (epidermis 1) is in the state of heat
exchange with the environment with temperature 7. The specific heat flux from the free skin surface
is O, and the specific heat flux from the internal human organs is Qs. Skin heat exchange due to
radiation and sweating is disregarded.

Arranged on the surface of biological tissue (epidermis 1) with temperature 75 is a cooling
element 5 of height /, with contact surface temperature 7.

0.

Fig. 1. Physical model of biological tissue with a cooling element: 1 — epidermis, 2 — dermis,
3 — subcutaneous tissue, 4 — internal tissue, 5 — cooling element.

As long as a physical model is an area of a four-layered biological tissue, with identical
biochemical processes occurring in adjacent layers, it can be assumed that no heat overflow occurs
through the lateral surfaces of biological tissue (Q = 0).

Mathematical description of the model

To describe the process of heat exchange in “living” biological tissues, the Pennes model is
used [17]. The model is based on the four assumptions:
1. heat exchange between blood and biological tissue in prearteriolas and posyvenules is neglected,;
2. blood flow in small capillaries is considered to be isotropic, the direction of blood flow is
neglected;
3. large blood vessels in the immediate vicinity from capillaries do not contribute to energy exchange
between biological tissue and capillary blood (that is, the Pennes model does not take into account
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local geometry of vessels);
4. blood temperature in arteriolas is equal to body temperature. Energy exchange occurs
immediately: blood temperature is equalized with local temperature of biological tissue.
Based on the above assumptions, Pennes simulated the effect of blood as isotropic heat source
proportional to blood flow velocity and the difference between body temperature and local
temperature of tissue [18 — 20]:

oT
pskinCpskin E =V (KskinVT) + (pCp)blaad ('Ob(T; - T) + qm 4 (1)

where p;, is human skin density;
Cp
k

Phivoa 1S human blood density;

is specific heat of human skin;

skin
win 18 thermal capacity of human skin;
CPywoa 18 specific heat of human blood,;

o, is human blood perfusion;

T, is arterial blood temperature (7, = 37°C);
T is biological tissue temperature;

q,, 1s heat released due to metabolism.

The generation of metabolic heat considered in this model is assumed to be uniformly
distributed along the entire tissue, blood perfusion is also considered to be uniform and isotropic.
According to the Pennes model, thermal equilibrium arises directly in the capillary circle of
microcirculatory bloodstream (blood at temperature 7, comes to capillaries where heat exchange
takes place and the temperature is reduced to the temperature of biological tissue 7).

The summand in the left side of Eq. (1) is the rate of change in thermal energy located in the
unit volume of biological tissue. Three summands in the right side of this equation are, accordingly,
the rate of change in thermal energy due to thermal conductivity, blood perfusion and metabolic heat.

For the steady-state case %—T =0, so Eq. (1) is simplified to:
t

v'(KskinVT)+(pcp)blood0‘)b(Ta _T)+qm = 0 N (2)

The steady-state equation of heat exchange in biological tissue (2) is solved with the following
boundary conditions (3), as a result of which the distribution 7(x, y, z) is determined

Q x:0:0’ Q

o =0 o =0, |q_ =e@-D),

=0, 7| =37°C,

y=0

3)

where Q is heat flux density, 7 is absolute temperature, 7; is ambient temperature, o is heat exchange
coefficient.
The thermophysical properties of human skin layers are given in Table.
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Table
Thermophysical properties of human skin layers [21 — 24]
Skin layers Property Value Measuijement
units
Thermal conductivity, &, 0.24 W/m°K
Density, Py 1200 kg/m3
Epidermis Specific heat, Cp,,,, 3590 J/kg°K
Thickness, / 8 x10° m
Perfusion, o, 0 s
Thermal conductivity, k., 0.45 W/m°K
Density, Pyt 1200 kg/m3
Dermis Specific heat, Cp,,., 3300 J/kg°K
Thickness, / 2 %107 m
Perfusion, m, 0.00125 !
Thermal conductivity, k., 0.19 W/m°K
Density, Pgkin 1000 kg/m’
Subcutaneous tissue Specific heat, Cp,,., 2500 J/kg°K
Thickness, / 1 %107 m
Perfusion, m, 0.00125 s!
Thermal conductivity, &, 0.5 W/m°K
Density, Py 1000 kg/m3
Internal tissue Specific heat, Cp,, 4000 J/kg°K
Thickness, / 3x107 m
Perfusion, o, 0.00125 s

Computer simulation results

In a cylinder coordinate system a 3D computer model of biological tissue was created with a
cooling element arranged on its surface. The computer model was constructed with the use of Comsol
Multiphysics applied software package [25], which allows simulation of thermophysical processes in
biological tissue with regard to blood circulation and metabolism.

The distribution of temperature and heat flux density in biological tissue was calculated by the
finite element method. According to this method, an object under study is split into a large number of
finite elements, and in each of them the value of function is sought which satisfies given differential
equations of second kind with the respective boundary conditions. The accuracy of solving the
formulated problem depends on the level of splitting and is ensured by using a large number of finite
elements [25].

Fig. 2 and Fig. 3 show temperature distributions in the bulk and cross-section of human body

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2017 73



L. I. Anatychuk, R. R. Kobylianskyi, T. Ya. Kadenyuk
Computer simulation of local thermal effect on human skin

biological tissue having on its surface a cooling element at temperature 7 =— 30°C.

A 37
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Fig. 2. Temperature distribution in the bulk of biological tissue having
on its surface a cooling element at temperature T = — 30°C.
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Fig. 3. Temperature distribution in the cross-section
of biological tissue having on its surface a cooling
element at temperature T = — 30°C.
Computer simulation was also used to obtain the distribution of isothermal surfaces in
biological tissue (Fig. 4) with regard to the boundary effects in the improved 3D computer model.
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Fig. 4. Distribution of isothermal surfaces in biological tissue having
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on its surface a cooling element at temperature T = — 30°C.
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Fig. 5. Temperature distribution in biological tissue at cooling
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element temperatures in the range of T = +25 +— 30°C.

Computer simulation was used to obtain temperature distribution in biological tissue. As an
example, Fig. 5 shows the above temperature distribution in biological tissue at cooling element
temperatures in the range of 7'=+25 +—30°C.
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Also, the relationship between the temperature of cooling element on the skin surface and the
depth of freezing of biological tissue was determined (Fig. 6). It was established that to achieve

freezing of biological tissue to the depth of 3 mm, it is necessary to provide skin surface temperature
T=-30°C.

T,°C
0 -

-5
104 o
_15;
—20: ®
254

-30 L]

0.0 0.5 1.0 1.5 2.0 2.5 3.0 [ mm

Fig. 6. Temperature of cooling element on the skin surface
versus the depth of freezing of biological tissue.

Computer simulation was used to determine the dependence of cooling element temperature on
the thermal power rejected from it to the environment (Fig. 7).

T, °C
30—:
20"?
10‘?
10

-20

-30

Fig. 7. Dependence of cooling element temperature on the thermal
power rejected from it to the environment.

From Fig. 7 it is evident that to ensure the temperature 7=— 30°C on the skin surface, it is
necessary to reject W=0.1 W of heat. The results obtained enable one to determine cooling capacity
of a working tool of device for treatment of skin diseases in order to ensure the necessary temperature
mode of cryomassage (0 ++5)°C in the near-surface layer of biological tissue. This, in turn, allows
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design optimization of a working tool of device for treatment of skin diseases in order to ensure the

necessary depth of freezing of biological tissue and to achieve maximum effect when carrying out

cryomassage.

Conclusions

L.

Computer simulation technique was developed which allows predicting the results of local thermal
effect on human skin, including cryomassage in dermatology.

Computer simulation method was used to determine temperature distributions in different skin
layers in cooling mode. It was established that the temperature of a working tool must be
T=-30°C and cooling capacity must be ¢ = 0.1 W in order to ensure the necessary temperature
mode (0 + +5)°C in the near-surface layer of biological tissue when carrying out cryomassage.
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IMPROVEMENT OF THE DISTILLATION METHODS BY
USING CENTRIFUGAL FORCES FOR WATER RECOVERY
IN SPACE FLIGHT APPLICATIONS

Validation of waste water recovery and purification takes its place among the problems to be solved in
long-term human space missions. Implementation of vacuum rotary distillation (VRD) is the most
promising method of getting high quality water. This method gives a high degree of residue
concentration in comparison with other technologies (reverse osmosis and evaporation on porous
membranes). The methods of multi-stage distillation (MVRD) and of thermal-electric heat pump (THP)
give good results as to power consumption index as well.

The report concerns the history and evolution of VRD and THP development starting from a
3-stage MVRD manufactured and tested in Kyiv Polytechnic Institute (KPI). In 1999 Thermodistillation
Co., Ukraine, developed a 5-stage centrifugal distiller named cascade distiller (CD). The results of
MVRD with 3 stages and CD are analyzed; the works of various authors who studied CDS
characteristics are reviewed. New results demonstrating improved performance of MVRD with THP
are represented. Bibl. 29, Fig. 4, Table. 5.

Key words: distiller, thermoelectric heat pump, hydraulic circuit.

Introduction

The technology based on the rotary distillation devices began in 1974 in the former Soviet Union at
the Thermal Desalination Department, KPI. The first studies were directed to fundamental research of
liquid film hydrodynamics and heat-and-mass transfer under condensation and evaporation on a rotating
surface [1-7]. In collaboration with NIIKhimMash, Moscow, Russia, these studies led to the designing and
testing of a series of rotary distillers [8-13]. These designs varied from a single-stage one to multi-stage
versions to provide for internal heat recovery. The distillers were integrated with heat recovery devices,
thermoelectric heat pumps included.

Three MVRD systems with a 5-stage MVRD cascade distiller CD were produced within the period
from 2000 to 2006. They were tested at the test benches of the Thermodistillation Co. and Honeywell. In
2007 one of the CDS was mounted at NASA’s test bench and beginning from 2009 until now about 20
reports and various kinds of information related to CDS were published. These publications mainly
concerned such integral features as specific energy, capacity, and product quality. The attempts of
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modelling CDS features were made.
In the present report the attention is drawn to CDS performance and the results of both capacity
increasing and specific energy decreasing without CD design changes.

History and evolution of multi-stage vacuum rotary distillation

The rotary multi-stage distiller was developed and manufactured in 1988 and had three stages. A
schematic representation of the MVRD is shown in Figure 1. It consists of a complex rotor assembly 20 on
bearings 26, 27 and stationary shaft 25 mounted in housing 24. Evaporation and condensation occur within
the rotor. Warm urine brine flows through connections 2 and 3 and cooled distillate flows through
connections 22 and 23 mounted on the stationary shaft.

27 5 6327839919

Fig. 1. Multi-stage Vacuum Distillation System
Schematic (MVRD).

V\V {1\ \~ "\ \
21 20 1918/33 16 15131 13129 11
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The MVRD consists of three stages of vacuum distillation connected in series with a thermoelectric
heat pump for heating and cooling. There are three evaporation chambers 28, 30, and 32 and three
condensation chambers 29, 31, and 33. The chambers are separated by baffles and separators. Alternating
evaporation and condensation chambers make up the different stages. The first stage consists of chambers
28 and 29, the second stage consists of chambers 30 and 31, and the third stage consists of chambers 32 and
33. The surfaces 12, 14, and 17 separating the stages act as heat transferring surfaces. It is here where heat
recovery occurs due to coincident evaporation and condensation on the opposite sides of the surfaces. This
design permits heat recovery by placing vacuum distillation stages in series, so that the latent heat from the
phase change can be reused several times and is the key feature for the outstanding performance of this
technology.

The MVRD functions in the following manner: All noncondensable gases are removed through the
vacuum port 4 prior to starting the operation. The rotational drive motor maintains a constant operating
speed. Warm brine/urine from the external heat pump flows through the brine inlet connection 2 to the
first-stage evaporation chamber 28. Centrifugal force causes the liquid to spread out into a thin film as it
moves to the periphery of the chamber. Some of the water in the flowing thin film is evaporated into steam
and flows through the mist separator to the first-stage condensing chamber 29. The brine is cooled as
evaporation takes place. Most of the brine liquid travels to the outer edge of the evaporation chamber,
where it forms a liquid layer on the inside of the chamber

drum and moves at rotational speed. The stationary Pitot tube (pump) 11 acts to pump the brine to
the external heat pump through the outlet connection 3. The heat pump provides the thermal energy to the
process as the brine is circulated. The steam from the first-stage evaporator is condensed on the heat
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transfer surface 12 of the relatively cold second-stage evaporator. This, in turn, causes evaporation in the
second-stage evaporator 30. The steam produced flows through a mist separator to the second- stage
condenser 31. It is condensed on the heat transfer surface 14 of the relatively cold third-stage evaporator 32.
Once again, evaporation occurs in the third stage evaporator partially due to the condensation in the
adjacent chamber. The steam produced flows to the third stage condensing chamber 33 and is condensed
on the primary condensing surface 17. This surface is cooled with the cold distillate.

The condensate formed at each of the stages 29, 31, and 33 flows to the outer drum owing to
centrifugal forces. Once on the inside wall of the drum, it flows from one stage to the next until it collects
in the final condenser chamber 5. Here, it is pumped by the distillate circulation Pitot tube 18 through the
distillate outlet connection 22 to the cold side of the heat pump. After passing through a trim cooler, the
cooled distillate enters through the connection 23 and sprays the primary condensing surface 17. The heat
pump thus provides heating and cooling for the process at an efficiency measured by its coefficient of
performance (COP). When the volume of distillate increases due to condensation, it is removed through the
distillate product Pitot tube 19 and the distillate product connection 21.

When the volume of brine in the circulating loop decreases because of evaporation, fresh urine is
supplied through the inlet connection 1 to the third-stage evaporator 32. This liquid flows to the periphery
due to centrifugal forces and forms a liquid ring on the inside of the chamber drum. Some of the entering
urine is evaporated and the liquid cooled. The steam produced flows through a mist separator to the
condenser chamber 33. When the volume of liquid increases, the liquid layer becomes deeper and covers
the third-stage Pitot brine pump 15. It is then pumped to the second-stage evaporator 30 through a passage
8 in the stationary shaft 25. While the brine is being pumped to the next stage, some of the liquid is sprayed
on the heat transfer surfaces in the chamber by nozzles 7 and 16. This causes more evaporation by heating
the condensate in the adjacent chamber. This process is repeated in the second-stage evaporator, where the
entering brine forms a liquid layer that is pumped to the first-stage through passage 9. While being pumped,
it is sprayed, evaporated, and cooled.

Technological uniqueness of multi-stage rotary distillation is protected by the patents of Russia [14],
Ukraine [15], and USA [16] and is as follows:

- all processes running in MVRD (heat transfer, vapor separation, growth of concentration
between the stages, pumping-over of liquid flows) are provided by centrifugal forces exceeding
gravity by 100 and more times;

- thin films of evaporating liquid and condensate provide high heat transfer coefficients, low
pressure and temperature drops in the stages and in distiller as a whole that is actual for higher
efficiency of a thermoelectric heat pump;

- stage design specifics in the absence of gravity and rotor rotation prevent unauthorized migration
of distillate and processed liquid in the distiller’s cavities;

- evaporation in thin films moving with high velocity prevents formation of the deposits on heat
exchanging surfaces; and low requirements to the preliminary treatment of waste water fed to the
distiller.

- In Table 1 the results of MRD first model test performed in Thermodistillation Co. in 1991 and
the test jointly performed by AlliedSignal Co. and NIIKhimMash (Moscow, Russia) in 1999 are
given [17].

In early 2000, Thermodistillation Co. developed, manufactured, and tested a new rotary distillation
Cascaded Distiller unit [19-21]. This new unit has five stages providing significantly improved
performance. The principle of its operation completely coincides with that of MVRD described above.
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Some design changes allowed increasing heat exchange surface of each stage by 17%. In 2009 USA patent
[18], where only the layout of treated liquid circuit was of principal novelty, was obtained. In this case, the
initial liquid was directed into the first stage, while the maximal concentration took place in the last stage.

Table 1
Results of 3-stage centrifugal distiller tests
' o Rotation | Power of Capacity, Specific pc?wer Recovery,

Investigator Liquid speed, THP, kg consumption, o
pm W W-hv/kg °

Thermodistillation Co., Water 1500 297 280 132
1991 Urine 1550 310 2.50 154 91

NIKhimMash +
Uri 1400 293 2.56 144 88
AlliedSignal Co., 1999 rne

Given in Fig. 2 is the schematic hydraulic representation of CD [22].

8 9 101112 13 14 151

3 4 5 6

I |

2 “.

Fig. 2. Schematic hydraulic representation of CD.
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Basic components of a distiller are as follows. The rotating part: rotor 19 subdivided by partitions 18,
21 — 24 into five stages (I through V) and a final condenser (FC); heat transfer surfaces 8, 10, 13, 24, 25.
The stationary part are: inlet 17 containing passages for feeding and discharging both liquid and vapor;
Pitot scoop pumps 4 —7, 11, 12, 14 — 16 attached to a shaft inside each stage and the final condenser.

A new thermoelectric heat pump was also developed and manufactured by Altec Ltd. (Chernivtsi,
Ukraine). Honeywell Inc. has sponsored and led development of the CD and THP. These two devices were
tested at Thermodistillation's test facilities in Kyiv with participation of Honeywell personnel to evaluate
water reclamation performance.

The ALTEC-7001 thermopile based on the Peltier and Joule effects serves as a heat pump
[22, 23]. It provides heat removal from one object and transfer of it together with the Joule heat to another
object. The ALTEC-7001 thermopile is comprised of special liquid heat exchangers, thermoelectric
modules and liquid collectors forming motion of liquids along the heat exchangers. The heat exchangers
meet high technical requirements, namely they must possess low thermal resistance and, on the other hand,
must be made of materials resistant to aggressive liquids. Such materials generally possess increased
thermal resistance.
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Design optimization of heat exchangers was done by computer simulation. This resulted in heat
exchanger designs consisting of titanium tubes and aluminum heat concentrators embracing them. To
assure a turbulent mode of liquid motion, spiral titanium inserts are mounted into titanium tubes. High
demands are imposed on thermoelectric modules, especially as regards reliability. In order to increase the
heat pump service life, the module components were connected into parallel-in-series circuits, increasing
mean time between failures (MTBF) by hundreds of times.

Figure 3 represents a typical pattern of the thermopile efficiency as a function of electric load and
liquid temperature difference at the thermopile input.

The efficiency or heating coefficient has been calculated as the ratio of heat flux output from the
thermopile heating cavity to electric power input:

_T;u'n)/(lU) b

out

Qh /Nip = thh (7—;1

where: G, is a mass liquid flow rate in “hot” loop, kg/h; ¢, is a heat capacity of liquid in “hot” loop, J/kg-

degree; 7, . is a liquid temperature in “hot” loop at thermopile heating cavity output, degree; 7, is a

out in
liquid temperature in “hot” loop at thermopile heating cavity input, degree; I ,U are the electric current and
supply voltage of thermopile, respectively.

From Fig. 3 it follows that with increasing temperature difference AT, =T,

in hout

—T,,, and increasing

electric load the efficiency is reduced. That is, the increase in each of these j factors results in growing
temperature difference at thermoelement junctions and the degradation of their characteristics.
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Fig. 3. Impact of electric load and difference in temperature of liquid flows at
thermopile input on thermopile efficiency: Niyp, W:
1-100; 2—150; 3 —200; 4— 300, 5—400.

The cascade distillation system is shown in a simplified form in Fig. 4. The system consists of two
main components: a multi-stage vacuum rotary distiller and a thermoelectric heat pump. The feed liquid,
such as preserved urine, is fed to the multi-stage vacuum rotary distiller (cascade distiller) where
evaporation and condensation of water take place. The multiple stages operate in parallel to provide a high
rate of water production. The energy for the process comes from the heat pump, where the distilled water is
cooled and the process liquid is heated. Both streams are pumped by the CD in loops to the heat pump and
return to the CD. The temperatures of the process are 35°C to 45°C for the hot loop and 20°C to 25°C for
the cold one. The other components of the system are used for the storage and control of the liquids used in
the process. The feed and removal of liquids are controlled by pressure-controlled valves and do not require
a digital controller. The feed liquid is held in a run tank and is delivered to the hot loop through a pressure-
controlled valve. The system operates in vacuum and when the volume of the hot loop decreases due to
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distillation, its pressure decreases and more feed is sucked into the CD. The product or condensate is
delivered to a product tank through a pressure-controlled valve operating in the reverse direction. In this
case, the product tank is also held under the system vacuum pressure. When the cold loop volume increases
due to distillation, its pressure increases and the valve opens to deliver the product.

The process is operated as a batch process to obtain the maximum recovery of water from the feed
liquid. The CD distills product water from the hot loop depleting the volume of the hot loop. The feed
liquid is added to the hot loop to maintain constant volume in the hot loop. This process continues until the
hot loop is filled with the concentrated brine and the distillation temperature increases. At this point the heat
pump is turned off and pressure is restored to ambient. This usually occurs when over 90% of the feed
water is distilled and collected in a product tank. The brine is then pumped out of the system to the brine
tank and the CD is turned off. A typical batch consists of processing 10 liters of feed, producing 9 liters of
the product water and one liter of brine.

HX (Cooler)

Te Vacuum

L T

Fig. 4. Cascade Subsystem Functional Diagram.

In [27] the test bench made in Honeywell for JSC Advanced Water Recovery Systems
Development Facility is described.

In 2007 Honeywell delivered to NASA the systems with CD and THP developed and
manufactured by Thermodistillation RV Co. From 10.10.2007 to 02.08.2008 the Honeywell
employees conducted tests of CDS with several liquids [26, 27]. In Tables 2 the averaged data on
desalination of seven different liquids are given.

Three competing technologies were evaluated in 2009 for application in a closed loop system,
including the Vapor Compression Distillation (VCD), CDS, and the Wiped-Film Rotating Disk (WFRD).

The Distillation Comparison Test evaluated these three distillation technologies at two NASA
Centers: Marshall Space Flight Center (MSFC) tested the WFRD and the VCD, while the Johnson
Space Center (JSC) tested the CDS according to the detailed test requirements. The test consisted in
processing two different waste streams by each of the technologies for a period equivalent to 30
mission days. The objective of this test was to collect performance data sufficient for the adequate
comparison of the three technologies. The first waste stream, Solution 1, consisted of pretreated urine
and pretreated humidity condensate. The second waste stream, Solution 2, included pretreated hygiene
wastewater (from showering, hand washing, brushing teeth, and wet shaving) plus the pretreated urine
and pretreated humidity condensate.
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Table 2
Summary of Thermodynamic Performance — Solution Verification Test
Solution Type Batch, Prod. rate, Recovery, Sp. power,
kg kg/h % W-h/kg
DI water 6.10 4.53 91.3 932
Transit Ersatz 6.37 4.50 77.6 89.3
EPB, Ersatz 6.11 4.53 75.5 88.5
MSFC, Real 6.21 427 75.9 94.1
Pretreated Urine (UP) 9.11 4.10 84.4 99.9
TME 9.53 3.93 84.5 103.7
UP+HC 6.5 4.40 80.0 93.9

Quality data on the product obtained after desalination of these two solutions revealed better quality
in CDS by all parameters. In Tables 3 and 4 the data on four parameters of specific energy for the three

tested systems are shown [28].

Table 3
Summary of Solution Nel Analytical Data (all units are in mg/L, unless other noted)
CDS VCD WFRD
Parameter Feed | Distillate | Brine | Feed Distillate | Brine | Feed Distillate | Brine
TOC 9.28 0.04 146.23 | 1047 0.08 84 9.7 0.1 81
Conductivity,
1586 18 25064 1417 24.5 21260 1428 25.5 21520
mS/cm
TIC <0.5 <0.5 <0.5 11.8 4.76 4.4 11.7 <0.5 5.8
Ammonia 79 <0.5 1048 175 0.5 2392 65.3 1.5 169
Table 4
Summary of Solution Ne2 Analytical Data (all units are in mg/L, unless other noted)
CDS VCD WFRD
Parameter Feed Distillate | Brine Feed Distillate | Brine Feed Distillate | Brine
TOC 533 0.03 54.9 5.56 0.05 38.7 8.7 0.11 29.7
Conductivity,
817 9.03 8350 649 15.3 6852 1348 18.2 3250
mS/cm
TIC <0.5 <0.5 <0.5 7.9 5.64 9.3 133 <0.5 10.4
Ammonia 24.7 <0.5 265.8 51 0.6 263 9.3 <0.5 178.5
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In Tables 5 and 6 the data on specific energy for the three tested systems are shown.

It should be noted that WFRD, as shown in [28], is not available for operation under zero-gravity,
since drain of brine in this distiller is possible due to gravity only.

In [29] such criteria of the system assessment, likely to be successful and risk, are also given.

The VCD was predicted likely to be 84 — 90% successful, with 3% risk in the result. The CDS
technology was predicted to be 84 — 87% successful, with 5% risk in the result. The WFRD was predicted
to have 52 to 61% of being successful with 7% risk.

For CDS with its history of development about 10 years such parameters are good enough and close
to those for VCD with its history exceeding 50 years.

CDS improvement

In NASA and Honeywell plans there is development, manufacture, and test of Generation III CD in
2020. In order to achieve qualitative effect of updating CDS it is necessary to have deep understanding of
the principles of its operation and impact of many factors on its efficiency. In all cited above sources
analysis of CDS processes and their effect on the system’s performance are not given. Besides, the same is
with the data on specific power consumption, capacity, COP, the main parameters of distiller and THP. It
should be clear that THP specific efficiency depends upon both CD performance (rotation speed, number
of stages, configuration and size of heat-exchanging surface) and the parameters of electric and hydraulic
circuits of THP.

In testing CD-1, CD-2, and CD-3 in Thermodistillation Co. all data required for the future
predictions and analysis were measured. They are as follows:

- THP current and voltage to calculate its power;

- drive current and voltage to calculate drive power;

- quantity of initial liquid, product;

- quantity of removed liquid (drainage of distiller);

- THP hot liquid inlet and outlet temperatures;

- THP cold liquid inlet and outlet temperatures;

- flow rate of circulating liquid in hot loop, Gy;

- flow rate of circulating liquid in cold loop, G¢;

- steam temperature in condensation zone of the last stage;

- salt content in concentrate, C;

- temperature of cooling liquid entering condensation zone of the last stage.

All these data were fixed with a 6-min interval during the whole cycle of evaporation. The cycles of
testing (vaporization) equaled to 60, 120, and 180 min.

Altogether, 240 cycles of testing with water, urine, and NaCl solution were performed.

For further analysis of the processes by the measured parameters the following parameters were
calculated:

- power — Nrpp, drive power — NV;

- temperature difference in THP, At;, =t — t)0;

- hot line temperature difference (liquid overheating), At,=t, — t,;

- cold line temperature difference, At,=t., — t.1;

- heat quantity released on hot side of THP, O, =cG,A¢t,;

- heat quantity released on cold side of THP, O, =cG At ;
- THP efficiency, COP =Q, / N, ; and
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- specific energy S, =(N,,, +N,)/ G, .

As far back as in 1990 — 1995 we developed the design program of MRD with THP performance to
evaluate both dynamic characteristics (temperature and pressure changes in specific points of distillation
system, capacity, specific energy, temperature degradation versus time), as well as integral and average per
cycle characteristics. Accuracy of the calculations of the expected characteristics first of all depends upon
accuracy of the heat transfer coefficient U definition in the distiller stages. The value of U makes it
possible to determine temperature drop AT in each of the stages and in the whole distiller. AT defines
temperature drop between hot and cold sides of THP.

Parameter COP as a factor of THP efficiency depends upon AT, . Heat transfer coefficient is defined

as

U= 1 ,
l/a, +1/a,+0, /A,

(D)

where a,. is the heat transfer coefficient in condensation on rotating elements of a stage; o; is the heat
transfer coefficient in liquid film evaporation on rotating elements of the stages; d, and A, are the thickness
and heat conductivity of heat exchanging surfaces.

Heat transfer under condensation on the surface rotating disk or cone (95% of heat exchanging
surface in MRD) was theoretically and experimentally studied in [1-7].

It is shown in [1, 2, 5, and 6] that the experimental data are in good agreement with Nusselt’s theory
for laminar film condensation:

a, v’

= k_(g

c

Nu )3 =0.66Re."? @)

if to replace g in by centrifugal acceleration w’Rsin¢ (¢ is the angle between the axis of rotation and
surface of the heat transfer). In (2) Re=qR /(rp,).

Heat transfer under liquid film evaporation on the rotating surface o, can also be determined by (2),
since on the main part of the heat-transferring surface Re=G,/(2nrp,) <50, ie., a laminar flow of

evaporating liquid takes place. Here G, is the quantity of liquid, which sprinkles the evaporation surface of
a stage by Pitot tube.

In the period of 2001 — 2008 several integral CDS characteristics, such as capacity Gd as a function
of THP power, rotor speed n and system operation time, THP efficiency (COP as a function of N, ) were
investigated. These data do not permit to analyze the impact of the following parameters of desalination:
temperature drop at CD stages AT, , concentration degree C and temperature degradation AT, related to

it, as well as the flow rate of the circulating liquid in the cold and hot loops of the system Gc and Gh,
respectively, on these main CDS characteristics.

In the program close to that described in the report [20] the model has been created for prediction of
the liquid concentration degree at each stage of CD taking into consideration that the maximal
concentration takes place in the first stage of distiller. This prediction results in determination of both

temperature degradation AT, in each stage and general temperature drop in 5 stages ZAﬂ,eg in any cycle
interval.

In Tables 5A and 5B, as an example, the experimental data relating to local characteristics of urine
concentration process obtained in 2006 are presented. The estimated data on the general temperature drop
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due to heat transferZA]"g. , experimental general temperature drop at the THP inlet A7, =T -7, and

estimated general temperature drop in distiller ZAZM[ =Z AT, +z AT, , where T is the experimental

value of liquid temperature at CD 1* stage outlet and 7 is the temperature of condensate entering THP
from the condensation chamber of the 5™ stage.

2AT, =20,/ U2F),

where sz =G,r; ZF =0.35m’ is a general evaporation surface of a CD.

Table 5
Summary of Experimental and predicted data
Dsp, Gpr, A]—;m C, AT, deg> ZAT efs ZAT cals
PP Whikg | ke °C % °C °C °C
Al 2.40 107 2.58 10.2 23 2.4 34 5.8
A2 2.02 116 426 14.4 26 2.6 5.5 8.1
B1 2.62 80 341 7.7 23 23 4.1 6.4
B2 2.35 94 5.40 10.8 18 1.8 6.4 8.2

In Table 5: Al, B1: Nrp=200 W; A2, B2: Nrpp=400 W. n=1100 to 1200 rpm. G, ~ G, =92 l/h.

As seen from the table, in both cases, given for comparison, the experimental temperature drop at
THP inlet AT,, is by several degrees above the estimated values.

As the distiller rotor speed increases, the flow rate of the liquid circulating in hot and cold CDS loops
increases as well. It facilitates the enhancement of convective heat exchange in THP also and decreases the
total temperature drop XATyp that, in its turn, increases COP. This increase equals to 6...8% under growth
of n from 800 to 1100 rpm. In this case, Ny increases by 2 times. Therefore, it is reasonable to increase the
flow rate in circulation loops under high loads of THP (> 400 W), when the drive power consumption is
much lower than THP power.

Basing on the test results for three CDS systems we have verified several methods of CDS
performance enhancement.

Decrease in temperature drop at THP inlet

The reasons for condensate temperature decrease at the last stage by 3 to 5°C below steam
temperature in a final condenser were found and eliminated.

Tests shows that when the overcooling of condensate in the last stage (final condenser) is less and the
condensate temperature #; is approaching the steam temperature in the last stage, the temperature drop at
THP inlet is approaching the predicted value. As a result, under equal initial data THP capacity in the
experiments is by 25 — 30% higher and specific flow rate by 15 —20% lower.

Improvement of THP: electrohydraulic schematic

In 2015, jointly with ALTEC — 7001 (Chernivtsy, Ukraine), we developed a new two-cascade THP2.
The main difference between THP2 and THP used by us together with Honeywell earlier in 2004 —2010
consists in the about twice times decreased operating current at the same power of the THP.

Testing of the new THP2 was carried out at the beginning of 2016 at our test bench in
Thermodistillation RV by using MVRD with three stage by evaporation water and NaCl solution with
concentration of 2.8% under Nyyp = 200 and 300 W.
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The results of these tests revealed the COP increase by 30% and specific energy decrease
by 20 - 25%.

In a 5-stage CD under capacity of 5 I/h in recovering urine application of THP2 will decrease
specific energy consumption by 20 to 25% down to 80 to 85 W-h/1.

Increase in circulating liquid flow rate in hot and cold loops

The THP efficiency depends upon both inlet temperature difference AT, and temperature drop AT,
in the very THP module. This drop could be reduced by increasing the enhancement of the convective heat
exchange from both sides of THP working modules. Under the turbulent motion of liquid heat transfer o, is
proportional to  the circulating liquid flow rate in  power of 0.8, ie,
o = AG™®). The flow rate in the loops could be increased in two ways: by updating the Pitot tube and by
application of additional pumps.

Earlier in testing HVRD we used an additional pump that increased the liquid flow rate in the loop
by 1.3 to 1.4 times under the power supply not exceeding 10 W. The COP was increased by 10 to 11%.

Reduction of thermal resistance on rotating heat-exchanging surface

This method allows reducing the temperature drop AT, at the stages and, respectively, the
temperature drop at the THP inlet that provides increasing the COP.

The design of the existing CD gives the possibility to increase heat-exchanging surface by 10 to 15%
and to reduce the thickness of rotating heat-exchanging elements by 20%. It provides the reduction in ZAT,,
by approximately 15%.

Conclusion

The history and evolution of the multi-stage centrifugal vacuum distillation (MRVD) technology for
water recovery from waste in the space systems of life support are presented.

The development of this unique technology has been carried out in Kyiv Polytechnic Institute,
Ukraine in 1988.

Then this technology was improved by using MRVD with 3 stages.

Since 2000 Thermodistillation RV Co. developed and manufactured three MRVD systems with five
stages. These systems named CDS are investigated until now with the outlook of their application in space
missions. The results of CDS performance enhancement reducing the specific energy consumption by 20 to
25% are reported.
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posgazamu ni0 yac 00620CMPOKOBUX NOJLOMIE MOOUHU 8 Kocmoc. Hauibinbw nepcnekmugHum
MEMOOOM 00EPICANHSA BUCOKOSIKICHOL 800U € IMnieMeHmayis 8axyymuoi pomoproi oucmunayii (VRD).
Januii memoo 3abesnedye 6UCOKULL CMYNiHb KOHYEHMpayii 3aAUWKY 6 NOPIGHAHHI 3 THUUMU
mexHonociamu  (360pomuuli ocmoc i eunap Ha nopucmux memobpanax). Takoow eapui pe3yremamu
BIOHOCHO THOEKCY CHOJCUBAHHA eNleKmpoeHepeli 0aromb Memoou 0a2amoKackaoHoi oucmuayil
(MVRD) i mepmoenexkmpuunoeo meniosoeo uacoca (THP). Janui 36im npucesuenuti icmopii i
esomoyii pospooxu VRD ma THP, nouunaiouu i3 mpwoxxackaonozo MVRD, pospobnenoco i
sunpobysanozco 6 Kuiscoxomy nonimexuiunomy incmumymi (KIII). B 1999 poyi xomnanis
«Tepmooucmunnsayusy  (Vkpaina) pospobuna 5-kackaowuii  6I0YeHmposull  OUCIUIIMOD, KUl
00eparcas nazey xackaouwoeo oucmuasmopa (CD). Ilpueooumwcs ananiz pesynomamie MVRD 3 3
kackaoamu u CD; posensnymi pobomu pizHux aemopis, wjo eusuamu xapaxkmepucmuku CD.
Ilpedcmasneni nosi pezyromamu, wo OemoHcmpyloms noninuweni xapaxkmepucmuku MVRD 3 THP.
bion. 29, puc. 4, mabn. 5.
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PEI'’EHEPAIIMU BO/JAbI BO BPEMSA KOCMHWYECKHUX ITOJIETOB

Oyenxa pezeHepayuu U 4uCmomsli OmMpabOMAHHOU 800bl OMHOCUMCA K YUCTY NpobieM, Komopule
HEoOX00UMO pewums 60 6peMsi O0N2OCPOYHLIX NOJEMO8 Hel06eKA 6 KOCMOC (NUIOMUPYeMbiX
Kocmuyeckux nonemos). Haubonee nepcnekmusHsvim memooom noayueHus 8biCOKOKA4eCmaeHHOU 800bl
AGNAEMCS  UMNJIeMeHmayusi  8aKyymuou  pomoprou Oucmuwiayuu  (VRD).  Jawnoui  memoo
obecneuugaem 8bICOKVIO CIeneHb KOHYeHMpayuu 0Cmamra no CPAGHeHUio ¢ OpyeUMU MexHOI0SUAMU
(obpamubii ocmoc u ucnapenue Ha nopucmuix membpanax). Taxowce Xxopowue pesyromamovi 6
OMHOWIeHUY UHOeKCa NOMpeOieHUs dINEKMPOIHEP2UU Oalom Memoobl MHO2OKACKAOHOU OUCULIAYUY
(MVRD) u mepmosnekmpuyeckozo meniogoeo nacoca (THP). [annviii omuem nocesujen ucmopuu u
asomoyuu paspabomrku VRD and THP, nauwunas ¢ mpexxackaonoeo MVRD, paspabomannoeco u
ucnvimannozo 6 Kueeckom nomumexuuueckom uncmumyme (KIIH). B 1999 200y komnanus
«Tepmooucmunnayusy (Ykpauna) paszpabomana 35-Kackaouvlili yenmpoOejiCHvlil OUCMULISMop,
KOMOpbIil NOIYYUL HA38aHUe KAcKaoHo2o oucmuniamopa (CD). [Ipusooumcs ananus pesyivsmamos
MVRD ¢ 3 xackadamu u CD,; paccmompenvl pabomvl pasiudHbIX AGMOPO8, U3YUABUIUX
xapaxmepucmuxu CD. Ilpedcmasnenvl Hogble pe3ynbmambvl, OEMOHCIMPUPYIOWUE YIyHUleHHbLE
xapaxmepucmuxu MVRD ¢ THP. bubn. 29, puc. 4, maon. 5.
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