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JUSTIFICATION OF THERMAL DISILLATION
METHOD WITH A THERMOELECTRIC HEAT PUMP FOR
LONG-TERM SPACE MISSIONS

This article describes the main methods of thermal distillation that can be used for long-term space
missions with humans. Their advantages and disadvantages are shown, the basic information on the
characteristics of the systems, namely: productivity of the distillate, specific energy consumption per
unit mass of the distillate and the quality of the distillate by evaporation (concentration) of aqueous
NaCl solution, urine and mixtures — urine with condensate, with condensate and hygienic water.
Restrictions that do not allow them to be used for flights and possible ways to solve them are
indicated. Bibl. 36, Fig. 9, Table. 1.

Key words: thermoelectricity, heat pump, distiller.

Introducion

Wastewater treatment (liquid waste of human life) is critical for a successful human flight to the
Moon and Mars [1 — 2]. Among all known wastewater regeneration systems, the most promising method is
thermal distillation [3 —4].

The principle of thermal distillation is based on the supply of heat to the initial solution, evaporation
of water from the solution and condensation of the obtained steam. Thus, in the process of thermal
distillation, there are stages of heat supply (evaporation) and heat removal (condensation), which makes it
possible to use a heat pump to increase the efficiency of the system. In the conditions of weightlessness and
rather small productivity the thermoelectric heat pump can work effectively. Its obvious advantage is the
absence of moving parts, simplicity and reliability of construction.

A thermal vacuum compression centrifugal distiller has been installed at the only inhabited
extraterrestrial object, the International Space Station (ISS), to regenerate wastewater. It has been operating
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since 2008 and has processed more than 13 tons of water. This has significantly reduced the cost of its
delivery (the cost of delivering 1 kg of cargo to the ISS is about $ 3.000. However, as already noted in
many works, its design does not guarantee work in the case of long missions, and to eliminate this
shortcoming is fundamentally impossible [5].

This article provides a brief overview and critical analysis of thermal distillation methods for
operating conditions in weightlessness.

Static thermoelectric membrane distiller TIMES

This distiller was developed by Hamilton Seastrand Space Systems International in the 1970s [6-8].

The system uses a polymer membrane that selectively passes water from a wastewater source.
Ideally, unwanted dissolved and undissolved solids do not pass through the membrane, and a high-quality
distillate is obtained (Fig. 1). An important feature of TIMES is the overall recirculation of the feed stream,
which becomes more and more concentrated during the distillation process. Energy consumption is
minimized through the use of solid-state (immovable) heat pumps (thermoelectric devices).

The solution heated in the thermoelectric device is taken away by the circulating pump and passes
through a special membrane, and the received water vapor condenses on the cold side of the thermoelectric

device.
[
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Fig. 1 Schematic diagram of TIMES

Based on the known equations and properties of semiconductors [7], a dimensionless diagram of
thermoelectric characteristics was developed, which is shown in Fig.2.
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Fig. 2 Technical characteristics of the thermoelectric device

Thermoelectric efficiency (COPg) is affected not only by the design of the condenser, but also by the
area of the membrane, the rate of urine recirculation, the design of the urine heat exchanger, the
thermoelectric current and the concentration of solids in wastewater, etc. As a result, in experimental trials
in mild urine nominal COPr approximately equaled 2.8. The main characteristics of the developed system
are shown in Fig. 3.

Later TIMES was modified [8] to address the identified shortcomings: the membrane area was
increased 2.6 times, the thermoelectric heat transfer area was increased 4.2 times, and the condenser was
redesigned. The result of such modernization of the system was an increase in productivity when working
on non-concentrated urine by 1.9 times and an increase in thermoelectric COPx to 3.1 compared with the
predicted theoretically COPr = 5. Analysis of the system showed that the condensing heat exchanger is the
main reason for this decrease in productivity. First, the flowing part of the condenser inefficiently removed
water, which led to flooding of the heat exchange surface, resulting in the cessation of effective heat
dissipation during condensation. Second, blocking all channels led to the accumulation of non-condensed
gases in the condenser. This caused an increased thermal resistance of the condensation process, which
further increased the thermoelectric temperature difference A7. Eventually, the pressure in the condenser
increased until, at least through some of the channels, water was blown out, and the accumulation process
began again. All this led to a very low energy efficiency of the system.

There were serious problems with the quality of the obtained water. Leaks were detected at the
junction of the membranes and their collector. The second source of contamination is that dissolved solids
inside the membranes are transported directly through the membrane walls when the membranes come into
contact with the water condensate of the product inside the evaporator. The formation of condensate in the
evaporator can occur during various transient modes of operation. The third reason for the decline in water

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2021 7
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quality is the formation of water-soluble gases that can pass through membranes. The main undesirable gas
is ammonia. Since the formation of ammonia depends on temperature, lowering the operating temperature
of TIMES should lead to improved water quality. However, this required a transition to a lower operating
pressure, and the design of TIMES condensing heat exchangers was sensitive to operating pressure,

becoming less efficient at lower pressures.
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Fig. 3. Operating parameters of TIMES

In addition, the limiting concentration of liquid in the TIMES system is limited due to the
deposition of salts in the pores of the membrane evaporator. Similar processes are observed in reverse
osmosis membranes in the desalination of salt water with a concentration close to urine and a level of water
up to 60 %.

Thus, despite an interesting idea, the TIMES system was unstable, especially in terms of energy
efficiency and quality of the distillate. These shortcomings could not be eliminated without a radical
change in the concept of the whole system. As a result, in the early 1990s, the development of the TIMES
system virtually ceased, and for flight tests for urine processing on the International Space Station, a

competitive VCD thermal distillation technology was chosen.
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Centrifugal vapor compression distiller (VCD)

The steam compression centrifugal distiller (VCD) was created and manufactured in 1962 by order
of NASA [9]. In 2008, the latest version of the VCD was installed on the ISS, where it continues to operate
to this day. It produced more than 13 tons of distillate on the ISS [10].
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Fig. 4. Schematic diagram of VCD

Figure 5 shows the distillation unit, which is the main working component around which the VCD
module is developed. Inside the distiller there are two main parts: a centrifuge for separating liquid and gas
phases and a compressor. The centrifuge consists of two cylinders: an inner cylinder through which a film
of evaporating liquid flows, and an outer cylinder designed to collect water droplets condensed on its
surface. The compressor is designed to remove steam generated by evaporation, increase its temperature
and pressure and supply it to the condenser. Not all liquid evaporates as it passes through the rotating
cylinder; and the remainder, together with the solids that have been dissolved in the water, are discharged
into an annular settler at the opposite end. The kinetic energy of the fluid is converted to static pressure,
which is high enough to deliver fluid to the pump inlet without flashing. Similarly, the water condensed on
the opposite side of the inner surface is collected in a rotating annular settling tank, taken by a stationary
tube and sent to the inlet of the corresponding pump.

The compressor represents the two-rotor car with the drive from the electric motor, with a speed of
3600 rpm. To facilitate access, the engine is located outside the distiller. The synchronous magnetic
coupling is used to transmit motor torque across the chamber boundary to the compressor inlet shaft
without the need for dynamic shaft sealing. The centrifuge is driven by the compressor shaft through a belt
and pulley system (centrifuge speed 290 rpm). A rotating demister is installed at the compressor inlet to
exclude the ingress of liquid from the vapor stream. The distiller's water capacity when working on urine is
about 1.3 I/h.

The specific energy consumption of the distillation unit significantly depends on the concentration of
the solution (see Fig. 7).

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2021 9
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More than 10 prototypes were manufactured for delivery to the station with detailed publication of
the test results of these distillers [11]. Based on the results of operation on the ISS, information is provided
on various damages in operation, both mechanical and problems with the quality of the distillate. Annually,
reports at the ICES Life Support Conference provide information on the state of the system [10, 12 — 13].

200 I T T T I !

150

100

specific energy, Watt-hrs/Kg

[4)]
o
1
1

0 1 | { | 1 |
0 10 20 30 40 50 60

total solid in resycle loop, %

Fig. 5 The influence of concentration in the recirculation circuit

on the specific energy consumption

Fig. 8 shows a graph of the total productivity of a vapor compression distiller in the period from
21.11.2008 to 21.11.2018 [10]. The average VCD productivity was 4 ... 5 1/day, did not exceed 1.8 1/h, the
degree of water extraction was 75 %, and only after 2016 it was possible to increase it to 85 %. The main
reason for low performance is the low heat transfer coefficient, which does not exceed 800 W/m?. This is
due to the low speed of the distiller centrifuge. Also in [9] it is noted that due to the peculiarity of the
compressor, the inlet to the heat exchanger receives superheated steam. As a result, a significant part of the
heat exchange surface is used for the inefficient process of cooling superheated steam and only then begins
the condensation of steam.

As a result, despite the successful experience of VCD operation on the ISS, recent publications point
to the impossibility of using this distiller for long space missions. For full-fledged space travel it has very
low productivity (< 2 I/h), low efficiency (which also strongly depends on the solution being processed), in
the design of the system there are inefficient peristaltic pumps for pumping liquid streams, the degree of
regeneration 85 % is also insufficient for long missions. And what is very important, the presence of a
complex steam compressor, in principle, does not allow guaranteeing uninterrupted operation for a long
period of time, which is critically important for long space missions. These disadvantages cannot be
eliminated without a complete restructuring of the distiller design.

Thus, there is a need to develop a system that would meet all the requirements for long flights.
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Fig. 6. Total and annual amount of distillate produced at ISS using VCD

Centrifugal wiped-film rotating disk distiller (WFRD)

The rotating disk evaporator was designed and tested at the UC Berkeley Water Technology
Center [14 — 16].

Fig. 9a schematically shows the cross section of the distiller, and Fig. 9b is a schematic section of
two pairs of disks. The rotor consists of disks connected together at the periphery to form cavities, and the
cavities are also connected together at the periphery of the inner holes. The rotor is mounted on a hub
closed at one end and open at the other. Steam is introduced through the open end and condenses on the
inner surfaces of the rotary disks. The condensate formed on the inner surfaces of the discs is discharged to
the periphery, where it enters the stationary product tubes (scoops) connected to the central tube and flows
out of the evaporator as a distillate. The rotor rotates along a horizontal axis inside the chamber, into which
an aqueous solution is fed along the length of stationary scrapers (Fig. 95, and is distributed in the form of
a thin uniform film on the outer surfaces of the rotary discs without the formation of dry spots. Non-
evaporated liquid is discharged to the periphery of the discs and removed from the chamber. The use of
centrifugal force and a scraper leads to a decrease in the thickness of the distillate film, which increases the
heat transfer coefficient.

The system operated stably at an evaporation temperature of 60 °C, flat disks were made of copper
with a thickness of 0.036 inches, the heat transfer coefficient reached 60 kW/m? at a temperature difference
of 0.1 to 3 °C.

The initial solution was passed through a cartridge type filter, regenerative heat exchanger, degasser
and then fed to the evaporator. Part of the liquid was evaporated from the initial solution, and the residue
was pumped from the bottom of the chamber into a regenerative heat exchanger for cooling. The formed
steam was removed by an external compressor, compressed to increase the pressure and saturation
temperature, and then fed into the cavity for condensation.

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2021 11
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The disadvantage of the proposed distiller (just as for VCD) is the presence of a compressor and the
presence in the system of circulating pumps. In addition, there is no removal of the product (condensate) in
weightlessness. In terms of technical characteristics, the distiller was also inferior to its competitors (see
comparison below).
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Fig. 7. Schematic diagram of a centrifugal film scraper distiller (a) and
a section of its evaporating section (b)

The system operated stably at an evaporation temperature of 60 °C, flat disks were made of copper
with a thickness of 0.036 inches, the heat transfer coefficient reached 60 kW/m? at a temperature difference
of 0.1 to 3 °C.

The initial solution was passed through a cartridge type filter, regenerative heat exchanger, degasser
and then fed to the evaporator. Part of the liquid was evaporated from the initial solution, and the residue
was pumped from the bottom of the chamber into a regenerative heat exchanger for cooling. The formed
steam was removed by an external compressor, compressed to increase the pressure and saturation
temperature, and then fed into the cavity for condensation.

The disadvantage of the proposed distiller (just as for VCD) is the presence of a compressor and the
presence in the system of circulating pumps. In addition, there is no removal of the product (condensate) in
weightlessness. In terms of technical characteristics, the distiller was also inferior to its competitors (see
comparison below).

Thermal centrifugal distillers with thermoelectric heat pumps, developed at Kyiv
Polytechnic Institute (KPI)

From 1974 to 1993, KPI scientists and engineers, on the instructions of a Russian company involved
in the manufacture of equipment for space missions, developed and tested several types of centrifugal
distillers with thermoelectric heat pumps for operating conditions in space.

Among them:

— thermoelectric centrifugal distiller, in which the heat exchange rotating surface was also a
thermoelectric heat pump [17];

— centrifugal multistage distiller, which works in combination with a stationary thermopile.

12 Journal of Thermoelectricity Nel, 2021 ISSN 1607-8829
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Multistage centrifugal distiller with a heat pump

The cascade distillation system in a simplified form is shown in Fig. 10 [18 — 22]. The system
consists of two main components: a multistage vacuum centrifugal distiller and a thermoelectric heat
pump. The working liquid is fed to a multistage vacuum centrifugal distiller, where water evaporates and
condenses. Several stages work in parallel to ensure high performance. Energy for the process comes from
a heat pump in which the distillation water is cooled and the source working fluid is heated. Both streams
circulate, respectively, through the cold and hot circuits of the heat pump and return to the distiller. The
temperature in the hot circuit is 35 ... 45 °C and in the cold one is from 20 to 25 °C. The supply and
removal of liquids is controlled by valves with adjustable pressure and does not require a digital controller.
The working fluid is contained in the working tank and is supplied to the hot circuit through a pressure
regulated valve. The system operates under vacuum, and when the volume of the hot circuit decreases
during evaporation, the pressure in it decreases, and additional source liquid is sucked into the distiller. The
product or condensate is fed into the product tank through a pressure-adjustable valve. The product tank is
also maintained under vacuum. As the volume of the cold circuit increases, the pressure increases and the
valve opens to drain the distillate (product).

Heart
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Fig. 8. Functional diagram of a cascade system

The process continues until the hot circuit is filled with concentrated brine and the evaporation
temperature rises. At this point, the heat pump is turned off and the pressure is restored to atmospheric.
This usually occurs when more than 90 % of the water is removed from the feed solution and collected in
the product tank. The brine is then pumped out of the system into the brine tank and the distiller
is turned off.

Two variants of the distiller were made: with three and with five stages.

Fig. 11 shows a diagram of a three-stage distiller. The five-stage device has a similar design, the
main difference of which is only the number of steps.

The distiller has a sealed housing 1, in which the rotor 2 is mounted on bearings. The rotation of the
rotor is provided by a drive through a sealed magnetic coupling. The rotor is divided by partitions into a
number of distillation stages and a final condenser. Process (outlet) solution 3 is fed through channel 4,

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2021 13
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where it is distributed according to the degrees of distillation. The solution is fed through channel 5 to the
system heater, from which (in an overheated state) through channel 6 it returns to the device, where the
overheating of the liquid is removed by self-boiling. The vapor of the last stage of evaporation is
condensed in the final condenser at contact with the distillate cooled on the cold side of the heat pump and
in the additional heat exchanger. The cooled distillate enters the device through channel 7, is heated and
removed again for cooling by the built-in pump through channel 8. Excess condensate (distillate, product)
is discharged by the Pitot tube into the storage tank through channel 10. Evacuation of the device is
through channel 11.

10 1‘1. 1 2
.1k
6 |

Fig. 9. The scheme of the centrifugal three-stage distiller:
1 - case; 2 - rotor, 3 - outlet solution 4 - inlet of the initial solution;
5 - outlet channel; 6 - supply channel; 7 - cooled condensate inlet; 8 - heated condensate outlet;
9 - condensate; 10 - the output of the distillate product; 11 - gas outlet

The advantages of CDS include:

1. High heat transfer coefficients (up to 104 W/(m?* « K)) provide small temperature differences on
the stages of the distiller.

2. The ability to achieve the degree of water extraction from the solution up to 96 % without deposits
on the heat transfer surface.

3. Distillate quality is better than in VCD.

4. No external pumps with separate drives.

5. No seals with friction on a hard surface.

6. Self-regulation of the solution and condensate levels in the rotor cavities of the distiller.

In [23 — 32], a large number of different studies of CMED characteristics in the concentration of
various types of wastewater [33], distiller modeling, system reliability issues [34 — 36], etc. were
carried out.

Comparison of characteristics of the considered distillers

The initial (evaporated) liquids were two solutions [22], the amount was chosen based on the
calculation for a 30-day mission. The first solution 1 consisted of pretreated urine and pretreated moisture

14 Journal of Thermoelectricity Nel, 2021 ISSN 1607-8829
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condensate. The second solution 2 included pre-treated hygienic wastewater (from shower, hand washing,
brushing teeth, and wet shaving), as well as pretreated urine and pretreated moisture condensate. The
summary characteristics based on the test results are shown in Table 1. For solution 1, the degree of water
extraction for all systems was 93.5 %, and for solution 2 — 90 %.

The data in Table 1 show that each technology has proven itself well in the production of quality
distillate. Overall, CDS was slightly better in terms of distillate quality, although all systems effectively
removed over 99 % inorganic components and 98 % organic components. This efficiency minimizes the
amount of post-treatment required to produce potable water.

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

In [33], the characteristics of three centrifugal distillation technologies were compared: a vacuum
compression distiller (VCD), a centrifugal distiller with a Wiped-Film Rotating Disk (WFRD), and a
thermal centrifugal distiller with thermoelectric heat pumps (CDS).

Two solutions were used as working fluids [22], the amount was selected from the calculation for a
30-day mission. The first solution 1 consisted of pre-treated urine and pre-treated moisture condensate. The
second solution 2 included pre-treated hygienic wastewater (from showering, hand washing, brushing teeth
and wet shaving), as well as pre-treated urine and pre-treated moisture condensate. The total characteristics
according to the test results are shown in Table 1. For solution 1, the degree of water extraction for all
systems was 93.5 %, and for solution 2 — 90 %.

The data in Table 1 show that each technology has proven itself well in the production of quality
distillate. Overall, CDS was slightly better in terms of distillate quality, although all systems effectively
removed more than 99 % of inorganic components and 98 % of organic components. This efficiency
minimizes the need for further processing to produce potable water.

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

Table 1
Test results
Distiller CDS VCD WFRD
Solution 1 2 1 2 1 2
Productivity (kg/h) 3.7 4.88 1.63 1.87 16.1 16.8
Specifi
peet .1C power 109 110 188 163 85 86
consumption (Wh/kg)
Average power (W) 375 485 279 296 1252 1293
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Data for WFRD showed an anomaly in the fact that the concentration of contaminants in the distillate
is higher than for CDS and VCD. Analysis of the data shows that in the WFRD the streams of source liquid
and distillate were partially mixed during operation.

The performance of CDS is about twice that of a VCD, and that of a WFRD is about 10 times that of
a VCD. Therefore, although the input energy for WFRD and CDS is higher, the specific energy is less than
for VCD. Values for VCD are also presented for the case when the heaters used to prevent condensation in
the distiller housing are switched off.

Conclusions

Based on this review, it can be argued that the problem of providing astronauts with water during
long flights is still very far from being solved. The VCD distillation system installed on the ISS is
unsuitable in terms of reliability and stability. The TIMES and WFRD have a design unsuitable for
working conditions in weightlessness. The CDS system shows the best results both in terms of energy
efficiency and the quality of the distillate. However, the degree of water extraction is still insufficient.

Further research for future wastewater regeneration systems will be aimed at increasing the
reliability and degree of water recovery.
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TEPMOJJIEKTPUUYECKOM TEILJIOBOM HACOC JJIS JUIMTEJIbHBIX
KOCMHWYECKHUX MUCCHUM

B cmamuve onucanvl ochosHble MemoObl mepmuueckol OUCMUWLIAYUY, KOMOPble MONCHO UCHONb306AMb
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bubn. 36, puc. 9, mabn. 1.
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V.S, Zakordonets THERMOPOWER IN SEMICONDUCTOR SUPERLATTICES

AT SCATTERING OF CURRENT CARRIERS BY
PHONONS AND POINT DEFECTS

In the quasi-classical one-miniband approximation, the thermopower of semiconductor superlattices
(SL) is investigated in the case of arbitrary statistics and at scattering of charge carriers by acoustic
phonons, point defects, and nonpolar optical phonons, taking into account the change in the relaxation
time as compared to bulk materials. An analytical dependence of the thermopower on the reduced
width of the conduction band [ in the direction of the superlattice axis is established. It is shown that
the thermopower of the superlattice increases with an increase in the width of the conduction miniband,
asymptotically approaching the limiting value at f > 10. Bibl. 17, Fig. 3.

Key words: Seebeck coefficient, superlattice figure of merit, thermoEMF.

Formulation of the problem.

The development of modern technique and technology is closely related to the search for new
sources of energy, primarily electrical. The main requirement is to increase the generation power.

However, at the present time, additional conditions are coming to the fore: energy must be
produced by environmentally friendly renewable sources that are not related to carbohydrates.
Thermoelectric energy is one of the promising, and in some cases the only possible way to directly convert
thermal energy into electricity. A significant limitation of thermoelectric energy conversion is the relatively
low efficiency of conversion of thermal energy into electricity - from 3% to 8% [1].

The efficiency of thermoelectric conversion is determined by the ratio

_ﬂ'\/1+ZT—1 (1)
7 T N1+ZT +1

where AT=T; — T>, T=(T;-T>)/2, T; is heater temperature, 7> is refrigerator temperature,

2
7-_%0 | Q)
K'e +K'ph

is figure of merit of thermoelectric material, a is the Seebeck coefficient, 6, k and «,; are coefficients of
electric conductivity, electron and lattice thermal conductivity.
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Analysis of recent research and publications.

High-efficiency thermoelectric energy converters require a large thermoelectric figure of merit,
which for bulk materials has approached the limit value Z7 =1 [2]. However, low-size systems can
overcome this limit. In [3-5], it was shown that the thermoelectric figure of merit of superlattices (SL) with
rather narrow quantum wells (QWs) can significantly exceed the figure of merit of bulk semiconductor
samples, the composition of which is similar to that of the SL. material.

In this regard, special attention is paid to the study of transport phenomena in semiconductor
superlattices. In particular, a large number of theoretical [6-9] and experimental [10,11] works are devoted
to the study of thermopower. Superlattices include plane-layer crystals of transition metal dichalcogenides
and their compounds, 43Bs semiconductors, polytypic semiconductor compounds, and others [11 — 13].

In [3 -5], using a simple parabolic dispersion law in the one-miniband approximation, it was
shown that in 2D structures a significant increase in thermopower is possible in comparison with 3D
structures. It was assumed that dimensional quantization does not lead to a change in the relaxation time
and carrier mobility in the direction perpendicular to the plane of the layers, as compared to bulk materials.
The increase in the thermopower was associated only with an increase in the density of quantum states near
the edges of dimensional quantization bands. The thermopower of SL with the use of a quasi-two-
dimensional energy spectrum in the approximation of the relaxation time tensor for scattering of current
carriers by phonons of various types using the cosine dispersion law and degenerate statistics was studied
in [9]; however, the effect of the width of the conduction miniband on the magnitude of the thermopower
in the direction of the SL axis was not considered.

The purpose of this work is to study the thermopower of semiconductor superlattices in the quasi-
classical one-miniband approximation at scattering of charge carriers by acoustic phonons, point defects,
and nonpolar optical phonons with arbitrary statistics and taking into account the change in the relaxation
time in 2D structures compared to bulk materials.

Formulation of the problem

Presentation of the main material. In semiconductor superlattices, in addition to the periodic
potential of the crystal lattice, there is an additional one-dimensional potential, the period of which
significantly exceeds the lattice constant. The presence of the potential of the superlattice significantly
changes the energy spectrum, due to which it is possible to arbitrarily change its band structure. The
physical properties of semiconductor SL are determined by their electronic spectrum. While the movement
of current carriers in the direction perpendicular to the SL axis is almost free and corresponds to movement
over a wide conduction band, the movement along its 0z axis is limited.

Fig.1. Schematic structure of a semiconductor superlattice.
1 - Gads layer. 2 - AlAs layer.
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In this direction, the electronic spectrum will have a miniband character. In the case of sufficiently
narrow layers, which are quantum wells for electrons, all electrons will be located near the bottom of the
lower miniband of dimensional quantization.

Within the framework of quasi-classical approximation

26, >>Mhz,,, eE,, aV kT, 2)

the dispersion law for electrons in the lower SL miniband looks like [13]

27.2
g(%)z an} +2¢,(1-cosk.a) 3)

L

L
where k= (kf +k f )A ,and fk _ are the transverse and longitudinal to SL axis components of quasi-

wave vector, m, is transverse effective mass close in value to the effective mass m" of electrons of a

semiconductor forming SL, a is SL period, 2g is the width of the conduction band of SL in the
direction k i

The longitudinal component of the relaxation time tensor of the electron gas in SL is written in the
form [15]

TZD 37Zh

r=1/2
5
T3D = O(HJ ] (5)

is relaxation time in the bulk sample, 1o is independent of the electron energy constant, » is scattering

12
2.2 T
_Z2mkT arw[kgTJ , )

0

where

parameter. The values of 19 and 7 for different scattering mechanisms are given in [16].

It is obvious that the differences in the power-law dependence of the relaxation time of the bulk
sample - (-1/2) and the superlattice - », arise due to the different energy dependence of the density of
quantum states.

It is known that at scattering of current carriers by acoustic phonons, point defects, and nonpolar
optical phonons at high temperatures, the scattering parameter is the same, and is equal to » = 0. It is clear
that under the action of the indicated scattering mechanisms, the longitudinal component of the relaxation
time tensor does not depend on energy. Similar assumptions were made in [17] and a number of other
works (see references in the same paper). The most convincing argument in favor of this statement is the
results of [10], in which it was experimentally established that in SL GaA4s/AlAs above the temperature 40K
the relaxation time t = const.

The nonequilibrium electron distribution function f'is found in the approximation of the relaxation
time from the Boltzmann kinetic equation

oL _Ed N, (©)
or hok T,p
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where v="H" 88(%)/ ok is electron velocity, EO = —ago/ or is electric field intensity, ¢ is electric potential,
fi=f—fo S =[1+exp(g—g)/k0TJ is the equilibrium Fermi-Dirac distribution function with a variable in

space temperature 7 and chemical potential C, ko is the Boltzmann constant.
Solving (6) in the approximation of the relaxation time for the nonequilibrium addition to the
distribution function we obtain

f =—T2D(?}j{g;g5-VT—eB-v(¢—gﬂ, (7)
& e

The current density will be found from the ratio

2e

}:_W [olk) £,k Wik ®

We assume that the vectors EO and V T are directed along the SL axis which is compatible with

the axis of the cylindrical coordinate system 0z. Then, taking into account (7), for the current density we
obtain

j=J =0(n,ﬂ)-Vz(i—¢j—a(n, B)-oln.p\V.T ©)

where o (1, B) and 6 (1, B) are the Seebeck coefficient and electric conductivity along the SL axis.
The Seebeck coefficient will be found from relation [16]

“(i) 0

a(nf)=—y7

Assuming the current density in relation (9) equal to zero, for the Seebeck coefficient we obtain

] 4 1022 >
a(n, B)=—k—e°[ 2o IB) T; 5 n B)—n}- (11)
where
L, (M,B)= ][.Fk (n,z,B)-(sin z)[ (sin %)m dz » (12)
: eXp("_“B'Sinzgj s (13)

x'dx

Fi(nzB)=]

0 {1+exp(x—n+[3-sin2;ﬂ

three-parameter Fermi integrals &l:flzki/Zml, x=¢& [kT is reduced energy, n= kol is reduced

2

chemical potential, = 2ey/kyT is reduced width of the conduction miniband in the direction of the
superlattice axis, z = ak..
Figs. 2 and 3 show the results of the numerical analysis of the obtained relations
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a(n)

Fig. 2 Dependence of thermopower on the chemical potential at different values of the
width of conduction miniband in the direction of the SL axis. 1 —atf=1,2—atp = 10.

Dashed curves correspond to the scattering of current carriers in a bulk material:
by acoustic phonons - 3; by polar optical phonons - 4.

25 - - " /0 77— "

alp)

0 5 10 15 20

Fig. 3 Dependence of thermopower on the width of conduction
miniband in the direction of the SL axis at n = 2. Dashed lines
1 and 3 correspond to the scattering of current carriers in
a bulk material: 1 — by acoustic phonons; 3 — by polar optical phonons.
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As follows from the analysis of relation (11), as the thickness of the superlattice layers decreases,
the width of the conduction miniband in the direction k. decreases, leading to a decrease in the Seebeck
coefficient. If B — 0, the value of the Seebeck coefficient asymptotically approaches the limit value

ko | £ (n)
o(0)--2 20| (14)
and in the case of B — oo to
) ol 15)
where
F()= [ g (16)

0 [1 +exp(x— n)}2

one-parameter Fermi integrals of the &-¢h order [16].

An unlimited increase in B should be considered as an approximation of the width of the
conduction miniband in the direction £ to the width of the conduction band in the direction £ . In this case,
the movement of electrons along the SL axis approaches free one.

If n <-4, the electron gas of SL is nondegenerate, and (14) and (15) is converted to the form,

respectively:
a(1,0)= =2 [1-n; (17)
and
a(n,oo)=—@F—n] (18)
el2

For a bulk semiconductor whose composition is similar to the composition of the SL material at
1 < —4 relation (11) transforms into the well-known Pisarenko formula [16]

u(n,oo):fk:()[2fn]- (19)

Conclusions

As a result of calculation by the numerical methods, Figs. 2 and 3 show the graphical dependences
of the thermopower (in units - ky/e) on the chemical potential and the width of the conduction miniband in
the direction of the 0z axis (in units ky7) for SL and bulk material. The analysis shows that the degeneracy
of the SL electron gas sets in the faster, the narrower the width of the conduction miniband in the direction
of its axis. Obviously, this is due to a decrease in the total number of quantum states in the conduction
band. Moreover, at f << 5 the SL thermopower is less than the thermopower of the bulk samples made of
the same material. As the width of the conduction miniband increases, the SL thermopower grows,
asymptotically approaching the limiting value at § > 10 in the bulk samples, which is quite obvious, since
in this case the top of the conduction band in the direction of the 0z axis ceases to play any role. It is clear
that within the accepted assumptions, the thermopower does not depend on the period of the semiconductor
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SL. This is explained by the form of the dispersion law and the nature of the energy dependence of the
relaxation time.

Although a decrease in the width of the conduction miniband in the direction of the SL axis leads
to a decrease in the thermopower, there are a number of factors that have a positive effect on its increase.
For example, the electron-phonon entrainment, which in semiconductor superstructures at low
temperatures can be of crucial importance [17]. In addition, a slight decrease in thermopower in
comparison with bulk materials does not exclude an increase in the thermoelectric figure of merit of SL as
a whole, due to a decrease in the lattice component of thermal conductivity caused by intense scattering of
phonons at the boundaries of the layers.
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STUDY OF STRUCTURAL, THERMODYNAMIC, ENERGY, KINETIC
AND MAGNETIC PROPERTIES OF THERMOELECTRIC
MATERIAL Lu1xZrxNiSh

The crystal and electronic structures, thermodynamic, kinetic, energy and magnetic properties of the
thermoelectric material Lu;..Zr«NiSb in the ranges: T=80—400 K, x=0-0.10 were studied. Mechanisms
of simultaneous generation of structural defects of acceptor and donor nature are established. It is
shown that in the structure of the basic compound LuNiSh there are defects of acceptor nature as a
result of vacancies in the crystallographic positions 4a and 4c of Lu and Ni atoms, respectively, which
gave rise to acceptor levels (zones) in the band gap ¢, Introduction of Zr impurity atoms into the
structure of the LuNiSb compound by substitution of Lu atoms in position 4a generates structural
defects of donor nature with simultaneous elimination of vacancies in positions 4a and 4c of Lu and Ni
atoms, respectively (acceptor levels). The ratio of the concentrations of the available defects of donor
and acceptor nature determines the location of the Fermi level er and the conduction mechanisms in
Lu;Zr«NiSb. The investigated solid solution Lu;.ZrNiSb is a promising thermoelectric
material. Bibl. 15, Fig. 9.

Keywords: electronic structure, electrical resistivity, thermopower coefficient.

Introducion

A new promising class of semiconductor thermoelectric materials with high efficiency of conversion
of thermal energy into electricity are solid substitution solutions based on RNiSh compounds (R — rare earth
metals of the yttrium subgroup) [1 — 4], which crystallize in the structural type MgAgAs (sp. group F&3m)
[5]. Thus, in [1—6], when studying the structural, kinetic and magnetic characteristics of RNiSbh
compounds, it was found that their crystal structure is defective, and the compounds themselves are
semiconductors of the hole-type conductivity. Thus, in the crystal there is a mechanism for generating
structural defects of acceptor nature. However, today there is no model of the structure of RNiSh and the
mechanism of generating defects, which are adequate to the results of the experiment.
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It is known that one of the ways to obtain thermoelectric materials with high values of thermoelectric
quality factor Z is to generate in the crystal structural defects of donor and/or acceptor nature, which
simultaneously leads to changes in the values of thermopower coefficient a(7, x) and thermal conductivity
«(7, x), as well as the specific conductivity o(7, x) [7]. Therefore, to obtain a new thermoelectric material, a
semiconductor solid solution of Lu;..Zr.NiSb obtained by doping a LuNiSh compound with Zr atoms by
substituting Lu atoms at the crystallographic position 4a was investigated. In this case, structural defects of
donor nature must be generated in the semiconductor, because the Zr atom (4d*5s%) has a larger number of
d-electrons than Lu (5d'6s%).

On the other hand, without knowing the features of the spatial arrangement of atoms in RNiSh
compounds and, in particular, in LuNiSh, it is almost impossible to understand the mechanism of entry of
impurity atoms into the semiconductor matrix when obtaining a suitable solid solution. And this makes it
unpredictable to obtain thermoelectric material with high values Z. Thus, the authors [4, 6] based on the
results of calculating the density distribution of electronic states DOS LuNiSh for different variants of
atoms in the nodes of the unit cell and the degree of occupancy of positions of own and/or foreign atoms
suggested the existence of vacancies (~6%) in position 4c atoms Ni. In this case, structural defects of
acceptor nature are generated in the crystal, and acceptor levels (zone) &4' appear in the band gap &, which
corresponds to the results of the experiment [6].

The following results of the study of structural, thermodynamic, kinetic, energy and magnetic
characteristics of the semiconductor solid solution Lu;..Zr.NiSb, x =0 —0.10, will clarify the crystal and
electronic structure of the basic semiconductor LuNiSh. This will allow us to understand both the nature of
LuNiSh defects and make the process of optimizing the characteristics of the thermoelectric material
Lu;ZrNiSb predictable.

Research methods

The crystal structure, the distribution of the density of electronic states (DOS), and the magnetic,
thermodynamic, kinetic, and energy characteristics of Lu;..Zr.NiSb have been studied. Samples of the solid
solution Lu;..Zr:NiSb were synthesized by fusing the charge of the initial components in an electric arc
furnace in an inert argon atmosphere followed by homogenizing annealing for 720 h at a temperature of
1073 K. Crystallographic parameters were calculated using the program Fullprof [8]. Diffraction data
arrays were obtained using a powder diffractometer STOE STADI P (CuKa, radiation).. Calculations of
the electronic structure, density distribution of electronic states (DOS), electron localization function
(ELF), thermodynamic characteristics, as well as optimization of the crystal structure parameters of the
Lu;Zr¢NiSb thermoelectric material were performed using the Koringa-Kon-Rostoker method as a
method. Kohn-Rostoker (hereinafter KKR) in the Coherent Potential Approximation (CPA) and Local
Density Approximation (LDA) approximation, as well as the Full Potential Linearized Augumented Plane
Waves (FLAPW) method. KKR simulations were performed using AkaiKKR software packages [9] in the
local density approximation for the exchange-correlation potential with parameterization Moruzzi, Janak,
Williams (MJW) [10] in the semi-relativistic consideration of the core level and spin-orbit interaction. For
calculations using the FLAPW method used in the software package Elk [11]. The simulation was
performed for a 10x10x10 k-grid in both the local density (LDA) and generalized GGA gradient
approximations. The Brillouin zone was divided into 1000 k-points, which were used to calculate the Bloch
spectral function (band energy spectrum) and the density of electronic states. The width of the energy
window was chosen so as to capture the semi-core states of p-elements. Visualization of volumetric data
was performed using the program VESTA [12]. Topological analysis and interpretation of DOS and ELF
were performed within the framework of Bader's theory [13]. The accuracy of calculations of the position
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of the Fermi level ¢r=6 meV. Temperature and concentration dependences of resistivity (p) and
thermopower coefficient (o) with respect to copper and magnetic susceptibility () (Faraday method) of
Lu;<Zr:NiSb samples, x = 0 — 0.10, in the temperature range 7= 80 — 400 K were measured.

Investigation of structural characteristics of Lu1.xZr«NiSh

Microprobe analysis of the concentration of atoms on the surface of Lu;.Zr:NiSh samples
established their correspondence to the initial compositions of the charge, and X-ray phase and structural
analyzes showed that the diffraction patterns of samples including x = 0 — 0.1 are indexed in the structural
type of MgAgAs [5] phases (Fig. 1a). With the help of structural studies, the change in the values of the
period of the unit cell a(x) Lu;..ZrNiSh was established. Since the atomic radius Lu (7z,=0.173 nm) is
larger than Zr/(rz- = 0.160 nm), it was logical to expect a decrease in the values of the period of the unit cell
a(x) when substituting Lu atoms at position 4a for Zr atoms. In this case, as mentioned above, structural
defects of donor nature will be generated in the crystal, and impurity donor levels (zone) €p' will appear in
the forbidden zone &,.
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Fig. 1. Diffractograms of samples (a) and change of values of the period of
the unit cell a(x) (b) Lu;ZrNiSbh; insert: simulation a(x):
1 — using the program AkaiKKR, 2 — the program Elk
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However, the results of the structural analysis of Lu;.Zr.NiSh show (Fig. 1b) that in the area of
concentrations x =0—0.02 the values of the period a(x) increase rapidly, pass through the maximum and
decrease just as rapidly at x > 0.02. In a related semiconductor solid solution Er;..Zr.NiSh, we observed a similar
behavior of the period of the unit cell a(x): in the region x=0-—0.02 the values of a(x) increased, and at
concentrations x > 0.05 decreased [3].

The fact that in Lu;ZrNiSb there is a nonmonotonic change in the values of the period of the unit cell a(x)
(Fig. 1) suggests that impurity Zr atoms introduced into the matrix of LuNiSh compounds not only replace Lu
atoms in position 4a, but can also partially occupy both different crystallographic positions and generate the
appearance of atoms in the tetrahedral voids of the structure, which make up ~24% of the volume of the unit cell [6].

Formally, based on geometric considerations, we can assume that the increase in the values of the period
of the unit cell a(x) Lu;.Zr.NiSb could cause partial occupation of the crystallographic position of 4c Ni atoms
by Zr atoms. After all, the atomic radius of the Ni atom (ry=0.124 nm) is the smallest among the chemical
elements Lu;ZrNiSh (rsy=0.159 nm). However, such an assumption is unlikely due to the significant
difference in the atomic radii of Zr and Ni. On the other hand, there is a high probability of returning Ni atoms to
position 4c¢ (filling vacancies of the LuNiSh compound [4, 6]), which can lead to an increase in the values of a(x)
and the elimination of vacancies. We also do not rule out the presence of vacancies in the crystallographic
position 4a, which also generates structural defects of acceptor nature. The occupation of these vacancies by
impurity Zr atoms also generates the appearance of structural defects of donor nature and leads to an increase in
the values of a(x) Lu;.ZrNiSh. However, the accuracy of X-ray structural studies does not allow to
experimentally identify these vacancies.

Therefore, from the results of experimental results it follows that in the structure of Lu;.ZrNiSh the
following processes can occur simultaneously:

— substitution at position 4a of Lu atoms by Zr atoms, which generates structural defects of donor nature
in the crystal and the appearance of donor levels (zone) &p' in the band gap &;

— return of i atoms to position 4¢ and elimination of vacancies generates defects of donor nature, and
impurity donor levels (zones) of &5” will appear in the forbidden zone. At the same time, the vacancy disappears
and in the forbidden zone &g the corresponding acceptor level (zone) &4'.

— occupation of vacancies in position 4a by Zr atoms simultaneously eliminates the structural defect of
acceptor nature and now generates a defect of donor nature with the appearance of the corresponding donor
level (zone) &p° in the forbidden zone &,.

To better understand the structural transformations in Lu;..Zr.NiSh, we calculated the change in the values
of the period of the unit cell a(x) Lu;.Zr.NiSb using the software packages AkaiKKR [9] and Elk [11] (Fig. 15,
insert). The results of the calculation of the change in a(x) Lu;.ZrNiSh by both methods, in contrast to the
experimental results, show only a monotonic decrease in the values of the cell period, which is quite logical and
predictable provided that only Lu atoms are replaced by Zr.

From the insert of fig. 15 also shows that the values of the period of the unit cell of the LuNiSh
compound, obtained by simulation by the software package AkaiKKR [9], are less than those obtained by
implementing the software package Elk [11]. At the same time, the simulation result for the hypothetical
compound ZrNiSb (the other side of the solid solution Lu;..Zr.NiSb for x=1) showed the opposite result: the
values of period a of the compounds Zr/NiSh obtained by AkaiKKR [9] are greater than those obtained by Elk
[11]. Therefore, the course of the dependences a(x) Lu,;.Zr.NiSb, obtained by different modeling methods,
occurs according to different laws. In this case, the angles of inclination of the dependences a(x) Lu;Zr«NiSb
are different. It turned out that the angle of change of the values of the period of the cell a(x) Lu;.Zr.NiSb,
obtained from the experiment, coincides with that when using the software package Elk [11]. This result
indicates a higher accuracy of modeling the structural characteristics of Lu;..Zr.NiSh by the FLAPW method
compared to the KKR method.
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Investigation of thermodynamic characteristics of Lu;.«Zr«NiSb

Based on the fact that there is no ZrNiSh compound with the structure of MgAgAs, and hence 100 %
substitution of Lu atoms for Zr and vice versa, it is important to establish the limits of the possible
existence of a solid solution of Lu;..Zr.NiSh. For this purpose, modeling of thermodynamic characteristics
for a hypothetical solid solution Lu;Zr.NiSb, x = 0 — 1.0, in the approximation of harmonic oscillations of
atoms in the framework of the DFT density functional theory was performed. The change in the values of
the enthalpy of mixing AH (Fig. 2a) and the total energy AE (Fig. 2b) Lu;.ZrNiSb, x = 0 — 1.0, suggests
that the thermoelectric material exists as a solid substitution solution in the concentration range x < 0.20.
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Fig. 2. Calculation by Elk method of change of enthalpy
values of mixing AH (a) and total energy AE (b)
of solid solution Lu;..Zr.NiSb

In this concentration region, the values of the enthalpy of mixing AH(x) and the total energy AE(x)
increase, indicating the energy expediency of substituting Lu atoms for Zr. However, at higher
concentrations of impurity atoms Zr, x > 0.20, the dependences AH(x) and AE(x) decrease, which indicates
36
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the energy disadvantage of the formation of a solid substitution solution. Stratification (spinoidal phase
decay) occurs and thermoelectric material does not exist. Therefore, the region of existence of the solid
substitution solution Lu;..Zr:NiSb is limited by the concentration x = 0.20.

Investigation of electrokinetic and energy characteristics of Lu1.xZr«NiSb
Temperature and concentration dependences of specific electrical resistance p and thermopower
coefficient a of samples Lu;..Zr.NiSb, x =0 — 0.10, are shown in Fig. 3 — 7.
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Fig. 3. Temperature dependences of specific electrical resistance p (1) and
thermo-emf coefficient a (2) LuNiSbh; a — the results of the experiment,
b — the calculation in the range T = 4.2-70 K
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As we can see from Fig. 3, for the basic compound LuNiSh the dependence In(p(1/7)) is
characteristic of semiconductors [14] and is approximated by the known relation (1):

_ _ &’ _ &’
p(D)=p lexu(—k;Tst lexu[—k;} M

where the first high-temperature term describes the activation of current carriers €,° from the Fermi level g
to the level of continuous energy zones, and the second, low-temperature term, the hopping conductivity at
impurity donor states &3 with energies close to the Fermi level er. Calculations showed that in the p-
LuNiSb semiconductor the Fermi level ¢ is located at a distance €, = 10.2 meV from the ceiling of the
valence band ¢y.

Temperature dependences of the thermopower coefficient a(1/7) p-LuNiSb (Fig. 3a) are described
by the known expression (2) [15]:

kgl &
=L —y41] 2
a e(kBT 4 ] )

where v is a parameter that depends on the nature of the scattering mechanism. From the high- and low-
temperature activation regions of the a(1/7) dependence, the values of activation energies €;*=35.3 meV
and &= 1.9 meV were calculated, which, as shown in [6], are proportional to the amplitude of large-scale
fluctuations of continuous energy and small-scale zones. of fluctuations of strongly doped and highly
compensated semiconductor [14].

The presence of a high-temperature activation region on the temperature dependence of the
resistivity In(p(1/7)) p-LuNiSh indicates the location of the Fermi level &r in the band gap &, of the
semiconductor, and positive values of the thermopower coefficient a(7) at these temperatures specify its
position — near the valence band gy. Therefore, holes are the main carriers of electric current. The obtained
values of activation energies €,° and €* for p-LuNiSh are consistent with the results of previous
studies [4, 6].

Modeling of temperature dependences of kinetic characteristics of LuNiSh compound in the
temperature range 7 =4.2 —70 K shows a rapid decrease in the values of resistivity p(7) in the range
T=4.2-20K (Fig. 3b). This behavior p(7) is characteristic of semiconductors when there is an increase in
the number of free current carriers due to their activation from the Fermi level €. Such carriers are holes,
which is indicated by positive values of the thermo-emf coefficient a(7) LuNiSh, and this is consistent with
the results of the experiment.

The introduction of Zr atoms into the structure of the Lu/NiSh compound by substituting Lu atoms at
position 4a generates structural defects of donor nature in Lu,;.Zr.NiSh. Simulation of the change in the
values of resistivity p(x,7) at the lowest concentration of Zr atoms (x =0.01) shows two fundamentally
different areas: at temperatures 7=4.2 —20 K, the values of p(7) decrease, which is characteristic of
semiconductors, and with increasing temperatures — increase, indicating the metallic type of conductivity
(Fig. 4). The values of the thermopower coefficient o(7) Lug.99Zr0.01NiSb decrease rapidly from the values
of a42 k=225 pV/K to a7 k=-20 uV/K. The change in the sign of the thermopower coefficient a(7)
indicates a change in the type of conductivity when the main current carriers are electrons. The Fermi level
er is located in the conduction band &c.
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Fig. 4. Results of modeling the temperature dependences of the resistivity
p (T, x) (1) and the thermo-emf coefficient o (T, x) (2)
Lul-xZrxNiSb at temperatures T = 4.2-70

At an even higher concentration of Zr atoms (x=0.07 and x=0.10) in the temperature range
T=4.2-70K, the sign of the thermopower coefficient a(7) remains negative, and the nature of the change
in resistivity values p(7) is similar, as for the case when the concentration of Zr atoms was x =0.01
(Fig. 4). The fact that at all concentrations of Zr atoms in the temperature range 7= 4.2 — 20 K the values
of the resistivity p(T,x) Lu;Zr:NiSbh decrease indicates the depth of occurrence in the band gap &, of the
donor states. At low temperatures (7'<20 K), the thermal energy is insufficient for the activation of
electrons in the conduction band ec. However, at temperatures 7> 20 K the concentration of free electrons
becomes significant and the Fermi level &7 enters the conduction band &c, indicating the transition of the
conductivity of the dielectric metal, which is the Anderson transition [15].

Doping p-LuNiSbh with the smallest in the experiment concentration of Zr atoms (x = 0.01) radically
changes both the nature of the behavior of temperature dependences of resistivity p(7, x) and the
thermopower coefficient a(7,x), and the type of main carriers of electric current (Fig. 5a, 6a). The metallic
nature of the behavior of the temperature dependences of the resistivity p(7, x) Lu;Zr:NiSb (Fig. Sa)
indicates that the Fermi level g has left the band gap &, and is in the zone of continuous energies. The fact
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that such a zone is a conduction band gc can be stated on the basis of negative values of the thermopower
coefficient a7, x) (Fig. 6a) at all concentrations and temperatures. It is clear that the increase in the values
of p(7, x) Lu;ZrNiSb with increasing temperature is due to the current carriers in the semiconductor
scattering mechanisms.
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Fig. 5. Temperature dependences of resistivity p(T,x) Lu;..Zr.NiSb:
a — experimental results, b — calculation;
1-x=001;2—x=0.02;3-x=0.054-x=0.07, 5—x=0.1

Thus, from the above we can note the closeness of the results of experimental studies and
calculations of changes in the values of the kinetic characteristics of the semiconductor solid solution
Lu;Zr.NiSb (Fig. 4 — 6). This is evidence of both the correctness of the experiment and the chosen method
of modeling.
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Fig. 6. Temperature dependences of the thermopower coefficient a(T,x) Lu;Zr«NiSh:
a — experimental results, b — calculation; 1 —x = 0.01; 2 —x = 0.02;
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The nature of the change in the values of the resistivity p(x, 7) Lu;..ZrNiSh at all temperatures
turned out to be unexpected (Fig. 7a). It is known that if two types of electric current carriers are present in
a semiconductor at the same time, then the maximum on the dependence p(x, 7) indicates that the
concentrations of the available ionized acceptors and donors are balanced. Available in Fig. 7a, the
maximum on the dependence p(x, T) Lu;..Zr:NiSh on x~0.01 has a different nature. After all, for x =0 we
have a semiconductor of p-type conductivity, when the Fermi level e lies at a distance of 10.2 meV near
the valence band €. And at a concentration of x =0.01 it is located deep in the conduction band ¢ and
electrons are the main carriers. The same applies to the nature of the change in the values of the
thermopower coefficient o7, x) Lu;Zr.NiSh, in particular, the available minimum at x ~ 0.01 (Fig. 7b). It

is correct to talk only about the increase in the values of p(x, 7) and a(x,T) Lu;Zr.NiSbh at all
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temperatures in the concentration range 0.01 <x <0.10 (Fig. 7a), when the Fermi level &r is located in the
conduction band gc. And the reason for this behavior p(x,7) and a(x, 7) Lu;Zr:NiSb is the increase in the
concentration of free electrons and the density of states at the Fermi level er. This is understandable,

because Zr atoms, replacing Lu, generate structural defects of donor nature, which supply electrons to the
semiconductor.
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Fig. 7. Change in the values of resistivity p(x,T) (a) and the thermopower
coefficient o(T,x) (b) Lu;..Zr:NiSbh at different temperatures.
I1-T=380K;2-T=250K;3-T=160K; 4-T=80K

Extremely interesting and informative were the results of calculation from low-temperature
activation regions of a(1/7) Lu;..ZrNiSh dependences of activation energies &1*(x) (Fig. 8a), the values of
which are proportional to the amplitude of large-scale fluctuations in the zones of continuous energy in the
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crystal space of charged centers, in particular, ionized acceptors and donors [14]. And the higher the degree
of compensation of the semiconductor (the ratio of ionized acceptors and donors), the greater the distortion
of the zones and the value of the modulation amplitude of the zones of continuous energies.

It should be noted at once that it is correct to analyze the behavior of the activation energy &;%(x)
Lu;..ZrNiSb only at the concentration range 0.01 <x <0.10, when the conductivity of the semiconductor
determines one type of basic carriers. After all, for x=0 we have a semiconductor of hole type of
conductivity, and for 0.01 <x — electronic. From fig. 8a, it follows that at concentrations of 0.01 <x <0.10
the values of the activation energy &1“(x) Lu;..ZrNiSb rapidly decrease, indicating the predominance of the
concentration of one type of electric current carrier over another. Since the main carriers of Lu;..Zr.NiSb
current at 0.01 <x are electrons and their concentration is much higher than that of holes, the ratio of
donors to holes increases with increasing impurity concentration (the degree of compensation decreases).
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Fig. 8. Change in the values of activation energy €*(x) (a) and specific magnetic
susceptibility y(x) (b) Lu;Zr:NiSb for T = 293 K
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In the classical case of doping, for example, a p-type semiconductor with a donor impurity, it first
leads to the capture of free electrons by acceptors (ionization of acceptors) to concentrations when the
number of acceptors corresponds to the number of ionized donors. At higher concentrations, when all
acceptors are ionized, the donor electrons become collectivized (free) and participate in electrical
conductivity. That is, first the electrons are captured by the acceptors present in the semiconductor [14].
In the case of Lu;.Zr.NiSh, this compensation mechanism is absent.

The question of the reason for such nonclassical behavior of the kinetic characteristics of
Lu;.«Zr«NiSh seems logical. That is, what structural changes in Lu;..Zr.NiSh could have caused such a
significant effect on the electronic system of the semiconductor, which is reflected in the above
electrokinetic characteristics?

Recall that in the structure of p-LuNiSh there are vacancies at position 4¢ of Ni atoms, which
generates structural defects of acceptor nature, and in the band gap &, appears the corresponding
acceptor level (band) e4' [3, 6]. In addition, structural studies of Lu;.Zr.NiSh found that one of the
reasons for the increase in the values of the period of cell a(x) in the area of concentrations x = 0 — 0.02
(Fig. 1b) is the return to the 4c¢ position of Ni atoms (elimination of vacancies). At the same time,
position 4c¢ generates structural defects of donor nature and eliminates structural defects of acceptor
nature (namely, elimination of vacancies, not their ionization during electron capture). At the same
time, the donor level (zone) ep” appears in the forbidden zone &, Lu;..Zr:NiSh and the corresponding
acceptor level (zone) e5' disappears.

However, the simultaneous disappearance of acceptors and the activation of donor generation
mechanisms, in particular when Zr atoms replace Lu atoms at position 4a and the return of Ni atoms to
position 4¢, cannot cause a giant concentration of donors to appear in the Lu;..Zr.NiSb semiconductor.
the conduction band ¢ at the lowest concentration (x = 0.01). We can assume the existence of another,
not described above, the mechanism of donor generation in Lu,;.Zr.NiSh, which is associated with
changes in the concentration of Zr atoms.

Experimental studies of the magnetic susceptibility of y(x) have shown that samples of both
LuNiSb compounds and Lu;.Zr.NiSbh solid solutions at all concentrations are Pauli paramagnetics (Fig.
8b). In this case, the synchrony of the behavior of the dependences of the resistivity p(x,7) (Fig. 7a), the
thermopower coefficient a(7,x) (Fig. 7b) and the magnetic susceptibility y(x) (Fig. 8b), associated with
a change in the density of states at the Fermi level ¢f.

Therefore, the study of a semiconductor solid solution of Lu;..ZrNiSb obtained by doping a
LuNiSbh compound with Zr atoms by substituting Lu atoms in the crystallographic position 4a showed
the complex nature of the impurity atoms entering the compound matrix when changes occur in several
positions simultaneously. The first and most important step in modeling the electronic structure of
Lu,;+Zr:NiSh, in particular the behavior of the Fermi level ¢f, is to understand the features of the spatial
arrangement and electronic structure of the basic semiconductor p-LuNiSh. It is these features that
determine the way in which impurity atoms enter the semiconductor matrix, which determines the
formation of structural defects of different nature and the appearance in the forbidden zone of the
corresponding energy levels..

Refinement of electronic and crystal structures of the basic p-LuNiSb semiconductor

If we take as a basis an ordered model of the crystal structure of the LuNiSh compound, in which
all crystallographic positions are occupied by atoms according to the structural type of MgAdgAs [5],
then modeling of the electronic structure of LuNiShb shows that the compound is an n-type
semiconductor (Fig. 9). Accordingly, the Fermi level € (dashed line) lies near the conduction band &c,
which in the experiment will give negative values of the thermopower coefficient a(7). However, this
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simulation result does not agree with the results of experimental studies (Fig. 3a), where positive values
of the thermopower coefficient a(7) were obtained.

The inconsistency of the results of experimental studies of the basic p-LuNiSbh semiconductor and
modeling of its electronic structure for an ordered model of the crystal structure indicates its disorder.
Therefore, in the crystal structure of the compound LuNiSh there is a partial occupation of atoms of
foreign positions, and it is also possible to have vacancies in different crystallographic positions. After
all, in the case of doping the LuNiSbh with impurity atoms, the presence of vacancies will determine the
ways of formation of structural defects and energy levels in the band gap &,. That is why it is important
to establish the features of the crystal structure of the p-LuNiSbh semiconductor.

To clarify the crystal structure of the compound LuNiSbh, as close as possible to the results of
experimental measurements (Fig. 3a), modeling of its electronic structure for different variants of the
spatial arrangement of atoms and the availability of vacancies. In Fig. 9 shows the distribution of the
DOS electron density for an ordered model of the crystal structure of the LuNiSh compound (all atoms
occupy their own positions), but the crystallographic positions of 4a Lu atoms and 4c¢ Ni atoms contain
a certain number of vacancies.

Thus, in the hypothetical compound Luo99NiSh the Fermi level €7 will change its position and is
located at the edge of the valence band &y: the dielectric-metal conductivity transition will occur
(Fig. 9), and free holes become the main current carriers. The location of the Fermi level & near the
edge of the valence band €y or in the band itself is understandable, because the absence of the Lu atom
at position 4a generates a structural defect of acceptor nature and the corresponding acceptor level
(band). In this experiment we will have positive values of the thermopower coefficient a(7) Luo.ooNiSh,
and the intersection of the Fermi level gr and the valence band &y will change the conductivity from
activation to metallic: the values of resistivity p will increase with temperature.
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Fig. 9. Calculation of the density distribution of electronic states of DOS for
different employment options of the crystallographic positions of the compound LuNiSb

Such simulation results with respect to the type of main electric current carriers correspond to the
experimental results (Fig. 3a). However, experimental studies have shown that the temperature
dependences of the resistivity p(7) of LuNiSbh contain high- and low-temperature activation regions,
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indicating the activation of holes from the Fermi level e to the edge of the valence band &y. Therefore, the
Fermi level &r in the real crystal is located in the band gap ¢, of the semiconductor, and not the edge of the
valence band &y, as shown by the simulation results for the case Lu.99/NiSh.

The most acceptable results of experimental studies are the model of the electronic structure of the
compound LuNiSh, which assumes the presence of vacancies in the crystallographic positions of 4a Lu
atoms (~0.005) and 4¢ Ni atoms (~0.04) (Fig. 9). In this model Luo9sNio96Sb the spatial arrangement of
atoms and the presence of vacancies at positions 4a and 4c, the compound is a hole-type semiconductor
semiconductor in which the Fermi level & is located in the band gap near the edge of the valence band ¢y.
Under this model of the electronic structure of p-LuNiSh on the temperature dependences of the resistivity
p(T) will be present high- and low-temperature activation sites, and the value of the thermopower
coefficient a(7) corresponds to the results of the experiment (Fig. 3a).

Thus, doping of the LuNiSh semiconductor with donor Zr impurities introduced into the structure by
substituting Lu atoms at position 4a revealed defects of acceptor nature in the structure of the base
compound as a result of vacancies at crystallographic positions 4a and 4¢ of Lu and Ni atoms, respectively,
the corresponding acceptor levels (zones). The ratio of the concentrations of donor and acceptor levels
present in the structure of the LuNiSh compound determines the location of the Fermi level e in the
semiconductor, and its doping with Zr donors will change the mechanisms and type of
conductivity Lu;..ZrNiSb.

Conclusions

The result of a comprehensive study of the crystal and electronic structures, thermodynamic, kinetic,
energy and magnetic properties of the thermoelectric material Lu;..ZrNiSb is the establishment of the
nature of structural defects of donor and acceptor nature. It is shown that the structure of the basic
compound LuNiSh has defects of acceptor nature as a result of vacancies in the crystallographic positions
4a and 4c of Lu and Ni atoms, respectively, which gave rise to acceptor levels (zones) in the band gap &,.
Introduction of Zr impurity atoms into the structure of the Lu/NiSh compound by substitution of Lu atoms in
position 4a generates structural defects of donor nature with simultaneous elimination of vacancies in
positions 4a and 4c of Lu and Ni atoms, respectively (acceptor levels). The ratio of the concentrations of
available donors and acceptors determines the location of the Fermi level er and the conduction
mechanisms in Lu;..Zr.NiSh. The investigated solid solution Lu,..Zr.NiSh is a promising thermoelectric
material. The investigated solid solution Lu;..Zr.NiSh is a promising thermoelectric material, but requires
additional research.
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JOCIIKEHHSA CTPYKTYPHUX, TEPMOJINHAMIYHHUX,
EHEPTETUYHHUX, KIHETUYHUX TA MAT'HITHUX
BJACTUBOCTEMW TEPMOEJEKTPHYHOI'O
MATEPIAJY LuixZrxNiSb

Jlocniooceno kpucmaniuny ma eileKmporHy CIpyKmypu, mepmoOuHamiuHi, KinemuyHi, eHepeemuyHi ma
MazHimHi enacmusocmi mepmoenekmpuurnozo mamepiany Lu;.ZrNiSb y odianasonax: T = 80-400 K,
x=0-0.10. Bcmano6nieHo MexaHizMu  OOHOHACHO20  2CeHEPYBAHHL  CMPYKMYPHUX  OegheKkmis
akyenmopnoi ma 0oHopHoi npupoou. Iloxkasano, wo y cmpykmypi 6asoseoi cnonyku LuNiSb npucymmi
Oeghexmu axyenmopnoi npupoou sIK pe3yrbmam HAAGHOCMI 8aAKANCILL Y KPUCMALOZPADIUHUX NOZUYISLX
4a ma 4c amomié Lu ma Ni 6i0nogiono, wo oOymosuno nosgy y 3a00poHeniti 30Hi &g AKYenmopHUxX
pisHie (30n). YVeedenus 0o cmpykmypu cnonyku LuNiShb domiukosux amomis Zr wisxom 3aMiljentst y
nozuyii 4a amomis Lu cenepye cmpykmypHi Oegpekmu OOHOPHOI NPUpooU 3 0OHOUACHOIO NIKBIOAYIEIO
eaxanciu y nosuyisix 4a ma 4c amomie Lu ma Ni 6ionosiono (axyenmoprux pienis). CniegionouieHHs
KOHYeHmpayitl HAsA8HUX Oeghekmie OOHOPHOI ma axkyenmopHoi npupoou eusHayae y Luj.ZrNiSb
posmautyeanns piens Depmi er ma mexanizmu npogsionocmi. Jocniodcenuti meepouti pozuur Lu;.
ZrNiSb € nepcnexmugnum mepmoenrekmpuynum mamepiaiom. bion. 15, puc. 9.
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Hccnedosanvl kpucmaniuyeckas u 51eKmMpOHHAs CMPYKMYpbl, MepMOOUHAMUYECKUe, KUHemuyecKue,
9Hepeemuueckue U MAcHUMHbIe CB0UCM8d mepmodnekmpuyeckoeo mamepuana Lu . Zr.NiSb &
ouanaszonax: T = 80-400 K, x = 0-0.10.Ycmanosnenvl mexanuzmvl 00HOBPEMEHHO20 2€HEPUPOBAHUS
CMPYKMYPHBIX 0edheKmos akyenmopHou u 0OHOPHOU npupoosl. Ilokazano, ymo 6 cmpykmype 6a308020
coeounenus LuNiSb npucymcmeyiom Oepexmbvl axyenmoprou npupoobl KaKk pe3yibmam Haiudus
saxancull 8 Kpucmannoepaguueckux nosuyusx 4a u 4c amomos Lu u Ni coomeemcmeeHHo, ymo
00yCI08UI0 NOsIGIEHUE 8 3ANPEWEHHOU 30He Eg AKYENMOPHBIX YposHell (30H). Beedenue 6 cmpykmypy
coeounenus LuNiSh npumecnvix amomos Zr nymem 3amewjenus 8 nosuyuu 4a amomos Lu eenepupyem
cmpykmypHvle 0eghekmbl OOHOPHOU NPUpoObl ¢ OOHOBPEMEHHOU TUKEUOAyUell 8aKAHCUll 8 nosuyusx 4a
u 4c amomos Lu u Ni coomeemcmeento (axyenmophuwix yposHeti). Coomuoulenue KOHYeHmMpayui
umeuuxcs 0epekmos OOHOPHOU U AKYENnmopHoU npupoosi onpeoeisiem 8 Luj ZriNiSb nonoscenue
yposHa Depmu er u mexamuzmvl npogooumocmu. Hccnedosannwiti meepoviil pacmeop Lu . Zr.NiSh
A67IeMCSL NePCREKMUBHBIM MePMOINEKMpudeckum mamepuanom. buobn. 15, puc. 9.
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THERMOMETRIC INDICATORS IN PATIENTS
WITH CHRONIC LOWER BACK PAIN

The paper presents the results of the development of a thermoelectric device for the diagnosis of
inflammatory processes and pain syndrome in degenerative-dystrophic diseases of the lumbosacral
spine. Such a device makes it possible to store, process and visualize measurement results in real time.
The results of preliminary clinical trials are presented, in particular, the determination of thermometric
indicators in the lumbosacral region of the spine in persons with chronic pain syndrome against the
background of degenerative-dystrophic pathology of the spine in the presence of hernias and
protrusions of intervertebral discs. The effectiveness of using the proposed thermoelectric device in
medical practice has been confirmed. Bibl. 33, Fig. 2, Tabl. 3.

Key words: heat flux density, temperature, thermometric indicators, spinal osteochondrosis,
thermoelectric device.

Introduction

General characterization of the problem. Degenerative-dystrophic pathologies of the spine and
their neurological manifestations are one of the urgent problems of modern medicine. This is due to
the wide prevalence of pathology in the active working age, the frequent predisposition of the disease
to a stable and prolonged course, the steady progression of the number of such patients with age. An
important place in this list is occupied by neurological manifestations of osteochondrosis of the lumbar
spine, which account for 60-70 % of all diseases of the peripheral nervous system and are the cause of
more than 70 % of cases of temporary disability. The prevalence of this pathology in Ukraine is 10
thousand people per 100 thousand population. It should be noted that many aspects of this pathology
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have not yet been studied, modern methods of diagnosis and treatment of this disease need further
improvement [1 — 5].

The Institute of Traumatology and Orthopedics of the National Academy of Medical Sciences of
Ukraine has established [6 — 10] that determining the pathophysiological mechanisms of back pain
based on clinical and paraclinical methods of examination of the patient is the main step towards
prescribing the most effective and safe therapy and predicting the disease. The most common cause of
low back pain is a herniated disc — a disease of the musculoskeletal system which occurs due to
rupture of the fibrous ring (upper disc) and squeezing out the pulpal ring (inner part of the disc). The
main clinical signs of intervertebral disc herniation can be manifested alone or in combination with the
following syndromes: local pain (lumbar pain), reflected pain (lumbosciatica), radicular syndrome
(radiculopathy), spinal cord injury syndrome (myelopathy).

The development of modern diagnostic methods, such as magnetic resonance imaging,
computed tomography, makes it possible to determine the level, localization of hernia or protrusion of
the intervertebral disc. Today there are already many works [11 — 13], which showed the absence of a
direct relationship between the presence or severity of degenerative-dystrophic changes in the spine
and the presence or intensity of pain in the back. That is, there is an urgent problem of studying other
peripheral mechanisms that cause back pain. The mechanisms of back pain in the first hours/days of
its occurrence in degenerative-dystrophic pathology of the spine, especially in its lumbosacral region,
which is most common in the clinical practice of neurologist and orthopedist, have not been studied at
all. Medical practice also requires the introduction of new highly informative, portable devices for
functional diagnostics, which would allow in the first hours/days to reveal the nature of neurological
damage in degenerative-dystrophic pathology of the spine and assess the degree of pain in this
pathology [14 — 17].

Semiconductor thermoelectric heat flux sensors [18 — 27], which combine miniature size, high
sensitivity, stability of parameters in a wide range of operating temperatures and are consistent with
modern recording equipment [28 — 31], are promising for the study of local human heat release. Use of
such sensors allows one to achieve high locality and accuracy of thermometric measurements. This, in
turn, makes it possible to obtain information about the characteristics of objects under study and
analyze them in detail in order to identify in the early stages the inflammatory processes in the
human body.

Therefore, the purpose of this work is to study the thermometric indicators in patients with
chronic low back pain using a thermoelectric device for the diagnosis of inflammatory processes and
pain in degenerative-dystrophic diseases of the lumbosacral spine.

Design and technical characteristics of the device

The Institute of Thermoelectricity of the National Academy of Sciences and the Ministry of
Education and Science of Ukraine has developed a thermoelectric device for diagnosing inflammatory
processes and pain in degenerative-dystrophic diseases of the lumbosacral spine [32, 33] (Fig. 1).
Technical characteristics of the device are given in Table 1.

The device comprises control unit 1 and thermoelectric temperature and heat flux sensors 2.
Temperature and heat flux density are measured simultaneously by two thermoelectric sensors with
recording of measurement results on a MicroSD memory card and computer display on a personal
computer (PC). Special computer program "TermoMonitor" was also developed to process
measurement results, their accumulation and reproduction in a given form on a PC.
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Fig. 1. Thermoelectric device for diagnosing

inflammatory processes and pain degenerative-dystrophic diseases of human lumbosacral spine:

1 — control unit, 2 — thermoelectric temperature and heat flux sensor

Technical characteristics of the device

Table 1

Ne Technical characteristics Parameter values

1. Heat flux density measurement range (1 +100) mW/cm?
2. Maximum error in measuring heat flux density 5%

3. Operating temperature range of thermoelectric sensor (0 ++50) °C

4. Temperature measurement accuracy +0.1°C

5. Number of thermoelectric sensors 2

6. Overall dimensions of thermoelectric sensor (14 x 14 x 3) mm
7. Thermoelectric sensor weight 0.020 kg

8. Overall dimensions of control unit (90 x 55 x 25) mm
9. Device weight 0.150 kg

10. Time of continuous operation of the device 48 hours

The operating principle of the device consists in converting the heat flux and temperature of the
human body using two thermoelectric heat flux density and temperature sensors into equivalent
electrical signals, which are shown on the digital display of the control unit in units of heat flux
density (mW/cm?) and temperature (°C).

On the upper wall there are two connectors for thermoelectric temperature and heat flux sensors
and a power button. On the right side wall there is a slot for a microSD memory card and a miniUSB-
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connector for connecting the device to a PC. The device battery is also powered via the miniUSB
connector.

Mounted on the front wall of the case is a liquid crystal display, which displays the values of the
heat flux density of the relevant parts of the human body and the temperature values in the form of
graphs. Thus, the obtained measurement results can be analyzed directly from the graphs shown on the
display. The presence of two thermoelectric sensors in the device at the same time allows one to
compare the results of measuring the sick and healthy parts of the human body surface.

In addition, on the front wall of the device there are 6 buttons to control the operation of the
device — "LEFT", "RIGHT", "UP", "DOWN", "OK", "MENU". The purpose of the “MENU” items of
the device is as follows:

"START RECORDING" / "STOP RECORDING" — the device starts recording the measurement
results in a new file, stops the corresponding recording and saves the information on the memory
card;
— "MODE SELECTION" — calls the sub-menu to select one of 9 modes of displaying information in
the form of real-time graphs;
- "RECORDING PERIOD" — is used to select the period of time after which the measured results will
be recorded in a file on a memory card and shown on the display of the device;
"TIME/DATE" — switch to time and date setting mode;
"BATTERY" — displays the voltage on the battery of the device;
"HELP" — displays information about the device.

The block-diagram of the device (Fig.2) consists of the following functional units:
thermoelectric heat flux sensor with built-in temperature sensor, analog-to-digital converter (ADC) for
converting analog sensor signals to digital, multiplexer for switching digital signals from ADC and
their alternate transmission to microcontroller. It is used for processing digital signals, their storage on
a memory card, graphical visualization of information on the display and PC.

.

Analog-to-digital
converter
Multiplexer
Computer
Microcontroller <+ program
Display ‘ Memory card ‘ ‘ Personal
computer

Fig. 2. Block-diagram of thermoelectric device
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The main functional unit of the control unit is a microcontroller that operates at a frequency of up to
20 MHz and provides a high speed of processing signals from thermoelectric temperature and heat flux
sensor. Personal computer helps to program the microcontroller, which, in turn, controls the work of other
functional units of the device.

The device contains its own power supply in order to be able to use it offline with a patient. This, in
turn, allows one to expand the functionality of the device. The device is powered by a lithium-ion battery
with a capacity of 1200mA/h, which provides 48 hours of continuous operation of the device.

Methods of clinical trials

The purpose of preliminary clinical trials was to investigate thermometric parameters in patients
with chronic low back pain using a thermoelectric device to diagnose inflammation and pain in
degenerative-dystrophic diseases of the lumbosacral spine, and to confirm the effectiveness of such a
device in medical practice. Clinical trials were conducted in the laboratory of neuro-orthopedics and pain
problems and in the rehabilitation department of the Institute of Traumatology and Orthopedics of the
National Academy of Medical Sciences of Ukraine.

This study included 55 patients with chronic lumbosacral pain. The pain was constant, radiated to
one of the lower extremities, significantly limited their daily activities and intensified at night. Along with
the use of nonsteroidal anti-inflammatory drugs, patients were forced to use anticonvulsants and
antidepressants. The duration of the disease was 1 — 5 years. Age of patients: 49 =+ 3.5 years. All patients
were divided into two clinical groups.

Clinical group I included 39 people with unilateral lumbosciatica in the presence of hernias and
protrusions of intervertebral discs with signs of linear instability of the lumbosacral spine, which were
subject to conservative treatment (main group).

Clinical group II included 16 patients with unilateral lumbosciatica with hernias and protrusions of
intervertebral discs without signs of linear instability of the lumbosacral spine, which were also subject to
conservative treatment (comparison group).

The control group consisted of 10 people with no pain, in the presence of hernias and protrusions of
the intervertebral discs, without signs of linear instability of the lumbosacral spine.

In all patients, the level of pain intensity was assessed using a verbal-analog scale (VAS). We used a
scale of 100 mm length with millimeter divisions, which additionally every 20 mm contains words that
characterize the intensity of pain: 0 — means no pain (starting point of the line), 20 mm — corresponds to the
descriptor "weak", 40 mm — "moderate" , 60 mm — "strong", 80 mm — "extremely strong", 100 mm —
"intolerable" (end point of the line). The intensity of pain was estimated in millimeters [10].

In the room where the examination was carried out, the temperature was constantly maintained in the
range of 20 — 22 °C and the relative humidity of 50 — 60 %. On the eve of the examination, the patients
were canceled all physiotherapeutic and warming procedures, as well as anti-inflammatory, antipyretic,
sudinosilicidal or vasoconstrictive medications. Patients had to stop smoking 3 —4 hours before the
examination. 2 —3 hours before the examination, patients were removed from various ointment
applications and the skin surface was degreased with a mixture of 40 % ethyl alcohol and ether (in a ratio
of 4:1). Immediately before the examination, patients underwent temperature adaptation for 15 —20
minutes. At this time, they were at rest, without static and dynamic muscle tension. The measurement of
thermometric parameters from the patient's skin surface was carried out in real time for 3 min. using the
above thermoelectric device. During the measurements, the time of thermal adaptation (in seconds) was
recorded —t (the time from the beginning of the examination until the main parameters of the device
reached “saturation”), the temperature and heat flux density at “saturation”. Thermoelectric sensors were
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applied in the spine region symmetrically on both sides paravertebrally at the level of the spinous processes
of the Ly — Ls vertebrae. In addition to measuring thermometric parameters, heart rate variability was
determined simultaneously, as both of these parameters are regulated by the autonomic nervous system,
and the main centres of regulation of heat exchange and vascular tone are located nearby in the brain stem.

Spectral analysis of the heart rhythm made it possible to identify high-frequency respiratory waves
(HF — high frequency), reflecting the tone of the parasympathetic nervous system, low-frequency waves
(LF — low frequency), reflecting the state of segmental baroreflex regulatory sympathetic mechanisms and
very low-frequency slow waves (VLF), reflecting the degree of activation of cerebral ergotropic systems.
Additionally, time characteristics were also analyzed: for the parasympathetic nervous system (RMSSD
and Pnn 50 %), sympathetic nervous system (SDNN), cerebral metabolic fluctuations (SDANN), and the
ratio of autonomic balance was determined by the formula of this ratio LF/HF. The obtained results were
processed using the computer software package STATISTIKA 6.0.

Results of preliminary clinical trials

Patients of clinical group I complained of heartburn and pain in the lower back, lower extremities,
trophic disorders. Their backs were fixed in a bent position. Unilateral tension symptoms were positive,
and 23 % of patients had the overlapping Lasegue sign. There was also a decrease in the volume of
movements in the lumbar spine, lumbar muscle tension, pain on palpation and percussion of the
paravertebral points, a sharp restriction of inclinations towards the lesion. In the supine position and with
bent lower limbs in the hip joints, the pain decreased. The pain was pulling in nature, accompanied by
numbness and running creeps in the lower extremities. The skin was pale, cold to the touch, dry with signs
of hyperkeratosis. White dermographism was noted. The severity of the pain syndrome on the VAS scale
was 76.2 + 4.1 mm.

In persons of clinical group II, the pain was also unilateral, sometimes at night it tended to be
bilateral, increased with flexion or extension of the spine and prolonged sitting, decreased at rest.
Movements in the lumbar spine were not limited, but painful, especially when bending. At a symptom of a
tension there was a back pain. Pale skin, burning sensation, distension, asymmetry of white and red
dermographism in the lower extremities were noted. Cyanosis, "marbling" of skin, mainly in feet was
noted. Concomitant diseases were detected: varicose veins of the lower extremities and hemorrhoidal
veins, which indicated systemic weakness of the venous apparatus. The intensity of the pain syndrome on
the VAS scale was 49.4 + 3.9 mm.

In the control group (10 persons), uniform indicators of temperature and heat flux density were
recorded on both sides within the range: 7p =33.2 £ 0.5 °C, g = 171.3 £ 0.6 mW/cm?.

In the main group I (39 people) there was a symptom of "scissors" on the pain side (intersecting
temperature and heat flux density on the pain side), with a significant decrease in heat flux density and a
moderate increase in temperature on the injured side. Indicators of temperature in the paravertebral region
on the pain side were 7; = 34.2 + 1.7 °C, and heat flux density ¢; = 26.8 £ 4.9 mW/cm? (Table 2). In our
opinion, the appearance of the scissors symptom in the examined individuals can be explained based on the
well-known experimental studies of P. Veselovsky (1982), who found that when the peripheral nerve fiber
is damaged, cold receptors, which are 2 — 2.5 times more numerous than thermal, are the first to suffer.

In comparison group II (16 people), a moderate decrease in the heat flux density and a slight increase
in temperature on the pain side were revealed. The main thermometric parameters are as follows:
T,=39.8+6.3°C, g>=120.6 £ 99.2 mW/cm® (Table 3).

The analysis of the obtained results showed that in persons of the main and clinical group the
severity of long-term chronic pain process is due to the high degree of activity of metabolic processes both
at the cellular level and at the level of cerebral ergotropic systems; there is a relative activation of both
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sympathetic and parasympathetic autonomic nervous system. In addition, a balanced combination of drugs

helped to maintain a balanced autonomic balance between the sympathetic and parasympathetic nervous

systems.

Table 2

Parameters of spectral and time characteristics of vegetovascular reactions in group 1

Ve e T/=342+1.7°C 7 mif/'/i;fg
Correlation ratio, »

Indicators (spectral characteristics)

VLF, ms’ 13768.07+7361.08 0.65 0.28
LF, ms? 23417.68+14962.65 0.76 0.37
HF, ms? 32919.18+21321.92 0.84 0.44

LF/HF, l‘;’ﬁzenuonal 2.0140.55 -0.15 0
LFn, % 54.86+4.37 -0.2 -0.3
HFn, % 45.14+4.37 0.2 0.3
Indicators (time characteristics)
SDNN, ms 156.11+61.38 0.76 0.41
Pnn 50, % 18.35£7.01 0.65 0.57
RMSSD, ms 186.58+86.67 0.81 0.46

Table 3

Parameters of spectral and time characteristics of vegetovascular reactions in group 11

1,=39.8 +63°C 427 120.6:+59.2
N=16 M+m mW/cm
Correlation ratio, »
Indicators (spectral characteristics)

VLF, ms® 21608.2+11315.41 -0.09 -0.10
LF, ms? 60093.9+31361.08 -0.06 -0.11
HF, ms? 114969.2+60523.87 -0.07 -0.10
LF/HF,

conventional units 1.0+0.37 -0.13 -0.14
LFn, % 37.4+3.57 -0.17 -0.28
HFn, % 60.5+3.72 0.21 0.30

Indicators (time characteristics)
SDNN, ms 287.5+£108.02 -0.02 -0.06
Pnn 50, % 54.0+£22.07 0.08 -0.08
RMSSD, ms 383.7+153.47 -0.02 -0.04
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According to correlation analysis, in patients of clinical group I a high degree of correlation with the
indicators of skin temperature fluctuations in the superficial paravertebral areas in the lumbar region was
recorded. A high degree of correlation was also observed when measuring the heat flux density. However,
these correlative changes indicated that patients undergo more significant changes in the deep nervous
processes with a tendency to predominant activity of the parasympathetic part of the nervous system. This
was indicated by the ratio of the LF/HF coefficient, when a high correlation was found between this
indicator and the heat flux density; the reliability was p < 0.05.

In the comparison group (clinical group II), all negative weak correlations between the heat flux
density and heart rate variability were found, except for the HFn indicator, which also indicated the role of
parasympathetic reactions in the formation of heat flux density indicators in patients with signs of
lumboischialgia in the absence of linear instability in lumbar spine.

Thus, preliminary clinical trials provide an opportunity to diagnose inflammatory processes, in
particular in the neurological manifestations of spinal osteochondrosis, and to monitor the effectiveness of
conservative treatment in degenerative-dystrophic diseases of the lumbosacral spine.

Thus, the statistical set of clinical material will improve the method of automatic processing of the
results, which in the future will introduce the proposed thermoelectric device in the primary care at the
level of family doctor's office and automatically diagnose people with neurological vertebrogenic disorders
without costly diagnostics.

Conclusions

1. A thermoelectric device for the diagnosis of inflammatory processes and pain syndrome in
degenerative-dystrophic diseases of the lumbosacral spine has been developed and manufactured.
Such a device makes it possible to store, process and visualize measurement results in real time.

2. On the basis of preliminary clinical trials it was established that determination of thermometric
parameters in the lumbosacral region of the spine in persons with chronic pain syndrome against the
background of degenerative-dystrophic pathology of the spine in the presence of hernias and
protrusions of intervertebral discs makes it possible to improve the diagnosis of neurological
manifestations of this pathology, to predict the course of this disease and choose an effective method
of treatment.

3. The efficiency of using the proposed thermoelectric device in medical practice has been confirmed,
which, in the future, at the level of a family doctor’s office, will automatically make a diagnosis for
persons with neurological vertebrogenic disorders without the use of expensive radiation diagnostic
devices.
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INDIVIDUAL AIR-CONDITIONERS FOR
DOCTORS’ CLOTHES

The paper discusses the possibility of using individual conditioners for doctors’' clothes. Their use will
improve the temperature conditions for the stay of medical personnel during long-term operations. To
determine the most rational options for using these air conditioners, their physical models have been
developed, and the advantages and disadvantages of the known options for individual conditioners for
doctors' clothes have been analyzed. The paper also considers the prospects for the use of
thermoelectric air conditioners.

Key words: air-conditioner for clothes, thermoelectric air-conditioner, thermal conditions, phase transition,
doctor’s clothes.

Introduction

General characterization of the problem. In recent years, extensive research has been pursued on the
study of individual air conditioners for humans. Thus, in [1] their classification by air conditioning method
and purpose was carried out. As a result of this classification, almost 20 new design features of air
conditioners have been found, which can be useful in the development of air conditioners for both mass
and special purposes. From the proposed classification, depending on the areas of application, individual
air conditioners for doctors were identified as particularly promising. At the same time, their detailed study
was not carried out in the work.

With the development of medical technology, modern methods of performing operations without
incisions (radiosurgery, angiography, laparoscopy, etc.) are becoming more widespread [2]. At the same
time, surgeons, nurses and technologists working with X-ray control methods are increasingly exposed to
radiation hazards. To protect against radiation, medical personnel use special radiation-protective clothing
[3]. With long-term use of such clothing, a problem arises that due to the lack of ventilation between the
body and clothing, a significant overheating of the body occurs, which leads to increased fatigue and the
inability to perform the assigned work [4].

To solve this problem, individual air conditioners are used. In [5— 7], various options for the
implementation of air conditioning are considered depending on the type of refrigeration or various design
features. The most common options for providing air conditioning for medical staff are the use of phase
transition and ambient air, on the basis of which real air conditioners are developed [8]. Also promising is
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the use of air conditioning with thermoelectric converters. This is due to the presence of a number of
advantages in such converters, namely: high reliability, the ability to provide both cooling and heating, the
absence of harmful refrigerants, low maintenance costs, the ability to adjust the temperature in a wide
range [9]. But with all these advantages, this type of conditioning has no real application.

Analysis of the literature. Today, the problem of air conditioning of clothes is solved by various
methods. In particular, the known methods are based on the use of substances with high heat capacity; on the
phase transition of a liquid (evaporation of water); on the use of ambient air and on cooling and heating due to
thermoelectric effects.

In [4], a project is presented, the purpose of which was to develop a cooling vest using phase change
material to increase the thermal comfort of the surgeon. This air conditioner provided some improvement
in temperature conditions, but all results were based only on the subjective assessments of the surveyed
medical workers. In addition, the design of such a vest was imperfect due to the low cooling efficiency and
the need for constant replacement of the cooled elements.

In [5], designs of radiation protective clothing were proposed in which the solution to the problem of
the level of protection against radiation, rather than the efficiency of cooling, is described in more detail.
Therefore, there is a need for further study of this issue.

In [10], clothes with cooling for doctors are described, based on the absorption of thermal energy as
a result of the phase transition of a substance. Such clothes are designed in the form of vests with channels
filled with a special liquid (water, gel, etc.). Cooling in this case is carried out by evaporation of the liquid
through a special porous outer surface of the air conditioner.

In [11], the method of cooling the body by blowing it with ambient air was used. Such an air
conditioner is produced in the form of overalls with channels for the passage of air, which is forced into the
clothes by an electric fan.

In [12 — 14] the possibility of using thermoelectric conditioners for clothes is considered. In most
cases, such air conditioners are Peltier modules located in clothes (or in special devices that are attached to
clothes), which cool or heat clothes depending on the direction of the electric current.

All of these options for individual conditioners for doctors' clothes have their own advantages and
disadvantages. Therefore, it is important to consider the known methods of conditioning the clothes of
doctors and determine the most promising of them.

The purpose of the proposed work is to determine the most rational options for known individual air

conditioners for doctors' clothes and to study the possibility of using thermoelectric air conditioners.

Known options of individual air-conditioners for doctors’ clothes

The most defining feature that distinguishes individual air conditioners from each other is the type of
heat or cold sources. The efficiency of air conditioners depends on them in the first place. Among the main
options are: the use of heat and cold accumulators (with the presence of phase transitions of substances);
use of ambient air (with the presence of electric fans); use of an electric heater; use of a catalytic heater;,
the use of a compression heat pump; and the use of a thermoelectric heat pump. It is also possible to
combine the above sources of heat and cold [1].

Today there are a number of companies that develop individual conditioners for doctors' clothes.
Basically, these air conditioners use three types of cooling: the use of heat and cold accumulators; using
ambient air and using liquid cooling in combination with a heat pump.

To determine the most rational options for individual conditioners for doctors' clothes, we will

consider their real implementations and carry out a comparative analysis of their main parameters.
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The Japanese company Kuchofuku Co. Ltd develops cooling clothing based on the intensification of
heat exchange by air fans. The main product is an air-conditioned shirt. The use of such a shirt makes it
possible for a long time to provide comfortable conditions for medical personnel, since the fans are
connected to a lithium-ion battery pack, which can operate for up to 24 hours on a single charge, depending
on the cooling mode [15]. The physical model of such clothing is shown in Fig. 1.

damb
e 3
Fig. 1. Physical model of air conditioner for clothes using
ambient air (fans): 1 - conditioned clothes;
ﬁ 2 - a system of electrically coupled fans,; 3-power supply.
I'V.“"(m

q hum

Where qnum is the power of heat release from the human body; gamb. is the power of heat release from
the ambient; qgur. is thermal power removed to the ambient; Wn is power of the fan.

There are samples of special clothes for doctors, developed by the American company Coolshirt
Systems. Their products are vests that are connected to special cooling systems. Further, these systems
supply water with adjustable temperature to the vest to create optimal temperature conditions [16]. Such
products are ideal for surgeons and medical staff while working in any operating room.

The products of the American company Polar Products are developed in a similar way. A special
system for the surgeon's cooling consists of a cooling vest in which more than 15 meters of thin tubes are
connected, through which the flow of cooling water passes. The system also includes a waterproof cooling
tank, special couplings and insulated water pipes. For convenience, when transporting the tank, a wheeled
cart is used [17]. The physical model of such variants of individual conditioners for doctors' clothes is

shown in Fig. 2.

Fig. 2. Physical model of air conditioner for clothes
using a circulating fluid system: 1 - conditioned
7 == G clothes, 2 - a system of pipes through which chilled

£ liquid circulates; 3 - a cooling tank with a pump.

=

4 hum

II'/.WJH,U
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Where qnum is the power of heat release from the human body; qamb is the power of heat release from
the ambient; qiiq is thermal power removed to the ambient; Wpump is the power of the pump.

The most common type of cooling is the use of phase transition of the substance (Fig. 3). The
following companies use this method: the German company E.COOLINE [18], the American company
TechNiche [19], the Dutch company INUTEQ B.V [20] and the American company StacoolVEST [21].
Although the products of such companies have the same type of cooling, but the parameters of air
conditioners can be quite different. First of all it depends on the working substance which will be used by
conditioners, and also on the design features.

Fig. 3. Physical model of air conditioner for clothes

using phase transition (cooling mode): 1 —
o ' conditioned clothes; 2 — cooling packages with a

qamb =

working substance (heat accumulator).

G hum

In Fig. 3: qnum is the power of heat release from the human body; q.mb is the power of heat release
from the ambient; Qheataccum 1S the amount of heat absorbed by the working substance (heat accumulator).

Based on the products of the companies reviewed, Table 1 was created, which contains the main
parameters of individual conditioners for doctors' clothes. As you can see, the parameters of various air
conditioners can vary both within wide limits and in an insignificant range. One of the main parameters,
the cooling temperature, in all the options presented is almost the same. That is, each air conditioner can
provide approximately 10 °C cooling, which is sufficient. Despite this, there is a significant difference in
weight, operating time and cost of air conditioners.

The Coolshirt Systems and Polar Products options are the most expensive, but they can still provide
continuous cooling as they can be operated directly from an outlet. If necessary, there is a possibility of
autonomous operation from batteries with a working time of about 6 hours. The weight of such air
conditioners is not the largest, even taking into account the tubes that are located over the area of the
clothing. A version of the air conditioner from Kuchofuku Co. Ltd is the most rational choice when
considering cost and weight, as these figures are the smallest compared to others. At the same time, the
operating time of such air conditioners is also one of the highest among those reviewed.

A wide range of phase change refrigeration air conditioners can compete with other options
primarily due to cost and weight, and also due to the simplicity and reliability of the design itself.
One of the significant drawbacks is the operating time, which strongly depends on environmental
conditions (temperature, humidity).

ISSN 1726-7714 Journal of Thermoelectricity Nel, 2021 68



Anatychuk L1, Kibak A.M.
Individual air-conditioners for doctors’ clothes

Table 1
Parameters of individual air-conditioners for doctors’ clothes
Companies Wor . . .
. . Cooling | Workin | Electric .
that develop . Cooling | king | Mass Price
Ne . Cooling type . temperat | g range (componen
air- type time | (kg) 6))
. ure (°C) (°O) ts
conditioners (h)
Air-
Kuchofuku o
conditioning
Co. Ltd ) ) Battery
using ambient
1 (Japan) D Body 8-24 0.5 5-10 15-35 (6500 200
air (with the
[15] N mA)
availability of
fans).
INUTEQ Liquid cooling
2 | et (working 1 pogy | 848 | 0.7 510 | 20-25 150
(Netherland | poo o ody - . - - -
5) water).
[20]
E.COOLIN
E Evaporative 150-
3 _ Body 2-24 1 Upto 12 24-32 -
(Germany) cooling 200
[18]
TechNiche | Liquid cooling | Abdome § Power
rom
4 (USA) with the use of | n, chest, 6 1 5-10 15-30 |supply (12 | 1000
[19] a pump back Vand3 A)
TechNiche | Cooling based
5 (CLIA) on phase Body 2-3 1-1.5 Upto 10 | from 14 - 400
[19] transition
COOLSHI
RT Liquid cooling 6
rom
6 | SYSTEMS | with the use of | Body 6 1.5-2 5-8 18-32 | 2A/12B | 1500
(USA) a pump.
[16]
Stacool VES | Cooling based
7| T(USA) on phase Body 1-3 2-2.5 5-10 20-30 - 190
[21] transition

Thermoelectric air-conditioners for doctors’ clothes

As noted above, thermoelectric conditioners for doctors' clothes have no real use in practice. At the same
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time, work is underway to make it possible to manufacture various design options for such air conditioners. It
follows from the analysis of the literature that only three possible variants of thermoelectric air conditioners for
doctors' clothes are mainly considered. All of them differ in the arrangement of thermoelectric converters - in a
special backpack behind clothes, over the entire surface of clothes and in a device that acts only on the
corresponding part of the human body. To further determine the advantages and disadvantages of each of the
options, we will consider them in more detail based on known works.

Option A

The arrangement of thermoelectric converters in a special backpack behind clothes was studied in [22].
The air conditioner belongs to a surgical suit that provides a high degree of cooling and sterility. It includes a
hood and vest that are loosely attached to the user's head and body, respectively. The hood has a large visor
through which the user can see freely. The body is located above the user's head and under the hood. At the
same time, it carries a significant part of the weight of the hood and is supported above the user's head by means
of vertically extended support rods that are connected to the backpack. The casing houses a fan and a
thermoelectric module. An exhaust fan is part of the backpack and forces air to be drawn in through the filter
and then flow past the user's face. A fan in the backpack draws air downward around the user's upper body and
expels it out of the vest through a filter.

This air conditioner is quite difficult to implement. At the same time, it is inappropriate to use it together with
radiation-protective clothing. First, it is quite large, which is a significant disadvantage, as it is an additional burden
on the surgeon, who already wears heavy radiation-protective clothing. Secondly, the cooling in this embodiment
occurs from the outside of the user, which is inefficient for the torso, which is under clothing. The latter problem is
solved by supplying cooled air from the backpack directly under the clothes, using a system of special channels. But
at the same time it is necessary to understand the complexity of such a design in the implementation.

Option B

The next possibility of realizing a thermoelectric air conditioner for doctors' clothes is the use of
thermoelectric converters, which are placed directly in the clothes. The physical model of this option is shown in
Fig. 4. Where qnum is the power of heat release from the human body; qamy 1S the power of heat release from the
ambient; gy is thermal power absorbed on the cold side of thermoelectric converter; Wee is the power supplied to
thermoelectric module.

q hum
»
i m

EX

' WL’C

damb

Fig. 4. Physical model of air conditioner for clothes using thermoelectric modules
located on the area of conditioned clothes (cooling mode): 1 — conditioned clothes;
2 — electric connections,; 3 — power supply, 4 — element for providing thermal contact,

5 — thermoelectric module; 6 — air heat exchanger.
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The cooling system contains several thermoelectric modules, which are located in the area required
by the user. They are then electrically connected to a DC power supply. On the cold side, the
thermoelectric module is connected to the element to ensure thermal contact, and on the hot side - to the air
heat exchanger to dissipate unnecessary heat into the environment.

The disadvantage of this air conditioning option is primarily associated with the removal of excess
heat, since for high cooling efficiency it is assumed to use a thermoelectric air conditioner under radiation
protective clothing. In this case, unnecessary heat from the hot surface of the module will not be dissipated
into the environment, which negatively affects the overall cooling effect. In this case, the use of
thermoelectric air conditioning on top of radiation-protective clothing will also lose in cooling efficiency. It
is impractical to change the design of the radiation-protective clothing. For example, if you make extra
holes in such clothes, you can solve the problem of removing excess heat. But it should be understood that
this will reduce the ability of such clothing to perform its basic functions, namely the protection of medical
personnel from radiation.

Option C

The third option of thermoelectric air conditioning is to create a special air conditioner that will cool
only the relevant part of the human body. First of all, this means conditioning the head or neck.

Figs. 5 and 6 show physical models of thermoelectric device for cooling the neck and head of a
person, respectively. Where gum is the power of heat release from human body; qamb is the power of heat
release from the ambient; q. is thermal power absorbed on the cold side of thermoelectric converter; Wie
is the power supplied to thermoelectric module.

32X
XX
¥

d hum

}

<= (amb

Fig. 5. Physical model of air conditioner for clothes using thermoelectric device
with a directed action on neck area (cooling mode):
1 — thermoelectric device,; 2 — element for providing thermal contact,

3 — thermoelectric module; 4 — air heat exchanger; 5 — fan.
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Fig. 6. Physical model of air conditioner for clothes using
thermoelectric device with a directed action on head area
(cooling mode). 1 — thermoelectric device;

2 — element for providing thermal contact; 3 — thermoelectric module;

4 — air heat exchanger; 5 — fan.

The thermoelectric device consists of a heat dissipation element that fits around the user's neck. The
thermoelectric module, operating at low current and low voltage, is thermally connected on one side to the
rear surface of the element, and on the other to an air heat exchanger. The presence of a fan allows efficient
heat dissipation to the environment. A battery can be used to power the thermoelectric module.

The work [23] studied a thermoelectric device that corresponds to this option. The invention is a
self-contained device that can be sized to fit the user's neck or forehead (or other body part) to provide
cooling or heating. The device operates in a dry state, that is, without the need for any external coolant. It
includes a thermal contact element that absorbs or dissipates heat. The surface of this element is directed
towards the user and is pressed against the corresponding area of the human body. The Peltier
thermoelectric module is in thermal contact with the surface of this element. The device preferably includes
a power supply from a low voltage battery, a fan and the corresponding electronic circuits, and also
provides temperature control on the element that absorbs / dissipates heat to select the operating mode.
There is also an air heat exchanger, which allows you to effectively dissipate unnecessary heat. The device
operates at low voltage and low current, but achieves a fairly efficient operation. The electronic circuits
that are housed in this invention control the precise degree of heating or cooling and make compensatory
changes, if necessary, in the power supply to reach a user-selected temperature. In cooling mode, the
thermoelectric device will dissipate heat, thus cooling the user. The fan diverts heat flow from the air heat
exchanger, which, in turn, leads to greater cooling of the surface returned to the user. As a result, effective
cooling of the corresponding area of the human body is achieved.

Another variant of head cooling was studied in [24]. The invention relates to a new and useful
personal protective system, such as the type of system used to provide a sterile barrier between medical
staff and the patient. In this case, the system can operate in cooling mode, which is realized through the use of a
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cooling strip located in the headdress. Such a strip includes Peltier thermoelectric modules that are attached to a
flexible strip. There are also conductors, which are built into a flexible tape, through which current is supplied to
thermoelectric modules. The presence of two sensors allows you to control the surface temperatures of the
modules. The use of radiators and fans provides greater cooling efficiency. The modules and fans are powered by
the battery. If necessary, the cooling strip can be placed not only in the hat, but also in other possible clothing
options.

In [25], a personal heat control device is considered. The invention has many application aspects. It can be
a stand-alone device or integrated into an accessory. One of the options for its use is to cool the human head. The
device is made in the form of a helmet and contains thermoelectric modules, which are attached to the user's head
thanks to an elastic band. At the same time, the cooling surfaces of the modules are directed towards the user's
head, and the heating surfaces are directed away from the head. The heat pipes are thermally connected to the hot
side of the modules at one end and to the heatsink at the other. They provide heat transfer from one place to
another with minimal losses. The design of the device also provides a place for one or more power sources.
Current is supplied to thermoelectric modules through electrical conductors, which can travel the same path as
heat pipes.

The use of option C as thermoelectric cooling allows solving the problems that arose in the previous
two options. At the same time, the cooling efficiency will be less, but still sufficient to ensure optimal
conditions for the stay of medical personnel.

In general, the development of a thermoelectric air conditioner for doctors' clothes is very promising.
All variants of such air conditioners considered in the work have their own advantages and disadvantages.
To cool medical personnel who use radiation-protective clothing, it is most appropriate to choose a
thermoelectric conditioner for clothing with conditioning only a certain part of the human body. At the
same time, solving some of the described shortcomings of options A and B will allow to obtain air
conditioners that will be on a par with the known individual air conditioners, or even outweigh them.

Conclusions

1. The use of liquid-cooled air conditioners is the most rational for the development of a self-contained
and efficient air conditioning system that can be used by medical personnel in any operating room. This
is achieved due to continuous running time and low cooling temperature. At the same time, their price
is higher than the other options considered. Therefore, it is rational to use air conditioners based on
phase transitions and air conditioners with air cooling, which are less efficient in air conditioning, but
win in price.

2. Among the thermoelectric conditioners for doctors' clothes, the most expedient from the point of view
of general efficiency is option C. Such a conditioner allows solving the shortcomings related to the mass
and removal of excess heat from the hot side of the thermoelectric module.

3. It is also expedient to study thermoelectric air conditioners, which are presented by options A and B.
Today, their efficiency is not high enough, but solving these problems will allow such air conditioners to

compete with other individual air conditioners, or even outperform them.
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ANUKHIN ANATOLIY IVANOVICH
(Dedicated to 70" birthday)

On January 25, 2021, Anatoly Ivanovich Anukhin, a Corresponding
Member of the International Thermoelectric Academy, a well-known
specialist in the development of new thermoelectric materials, celebrated his
70th birthday.

A.L. Anukhin was born in Karelia; in 1952, together with his parents,
he moved to Ukraine.

In 1974 he graduated from the Physics Department of Taras

Shevchenko Kyiv State University (specialization - cryogenic materials science).

After graduation, he was sent to work at the “Saturn” Research Institute in the laboratory of
thermoelectricity, where he was engaged in X-ray structural analysis of thermoelectric materials and
epitaxial films on leucosapphire of refractory metals such as molybdenum, tungsten, vanadium and
rhenium. At the “Saturn” Research Institute" A.l. Anukhin worked from 1974 to 1993 as an engineer,
senior engineer, leading engineer. Since 1978, he led a group of developers of technology for
obtaining high-performance thermoelectric materials. The technology was introduced at the pilot
plant of the institute in the town of Glukhov, Sumy region. During the same period of time, he was
engaged in the development of new thermoelectric materials for work in the low-temperature region
(150-180 K).

The main directions of scientific research and practical developments of A.l. Anukhin include
thermoelectric modules and thermoelectric semiconductor materials.

In 1991 he defended his Ph.D. thesis devoted to studies of the properties of low-temperature
thermoelectric materials.

From 1995 to 2011 he worked in the research and production company "Modul".

A.L. Anukhin is the author of over 30 scientific papers and two inventions in the field of
thermoelectricity.

The International Thermoelectric Academy, Institute of Thermoelectricity, “Journal of
Thermoelectricity” Editorial Board congratulate the esteemed Anatoly Ivanovich Anukhin on his
jubilee and wish him good health, happiness and further creative success.
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IVANOVA IIDITA DMITRIEVNA
(Dedicated to 80 birthday)

January 24, 2021 marks the 80th birthday of Lidiia Dmitrievna
Ivanova, a Corresponding Member of the International Thermoelectric
Academy, a well-known specialist in the field of physical and chemical
analysis of semiconductors and the creation of new thermoelectric
materials, leading researcher of the laboratory of semiconductor materials
at the A. Baikov Institute of Metallurgy and Materials Science (IMET) of
the Russian Academy of Sciences.

Lidiia Dmitrievna Ivanova was born on January 24, 1941 in Moscow. She began her career in
1960 in the laboratory of semiconductor materials at IMET.

In 1965 L.D.Ivanova graduated from the Faculty of Physics (Department of Semiconductors) of
M. Lomonosov Moscow State University; in 1973 she defended her dissertation for the degree of
Candidate of Technical Sciences.

Lidiia Dmitrievna is constantly working in the field of physical and chemical materials science
and technology of thermoelectric materials. Under her leadership, research is being carried out on the
development of new materials for various temperature levels for thermoelectric refrigerators and
generators. Various methods have been developed for obtaining materials, both in the form of fine-
crystalline materials and in the form of perfect single crystals. Comprehensive studies of
thermoelectric, mechanical, X-ray structural, optical and transport properties of various thermoelectric
materials are carried out. A number of studies were carried out jointly with scientists from various
cities of Russia and different countries, both of near (Ukraine, Belarus, Georgia) and far abroad
(Germany, France, USA). The obtained scientific results are published in scientific articles and
reported at scientific conferences.

The main directions of scientific research and practical developments of L.D. Ivanova include
materials science, growing of single crystals of thermoelectric materials, physicochemical analysis of
thermoelectric materials.

Lidiia Dmitrievna is the author of about 140 scientific works, 6 certificates of authorship and
patents for manufacturing methods, structure and composition of thermoelectric materials.

The method of growing single crystals based on solid solutions of bismuth and antimony
chalcogenides was introduced at the Chernivtsi State University and at the Phonon LLC enterprise
(Voronezh).

At the present time, Lidiia Dmitrievna is pursuing research in the field of a new direction in
thermoelectricity, namely, the possibility of using nanotechnology to obtain highly efficient
thermoelectric materials.

The International Thermoelectric Academy, “Journal of Thermoelectricity” Editorial Board
congratulate the esteemed Lidiia Dmitrievna Ivanova on her jubilee and sincerely wish her good
health, happiness and new creative achievements.
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