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COMPARATIVE ANALYSIS OF THERMAL DISTILLATION METHODS
WITH HEAT PUMPS FOR LONG SPACE FLIGHTS

The work compares technologies currently in use for water recovery from the vital products of
astronauts in the conditions of long space missions. The advantage of using centrifugal thermal
distillation is demonstrated. Possible failures and disadvantages of a compression vacuum centrifugal
distiller compared with a centrifugal multistage distiller with a thermoelectric heat pump are shown.
Bibl. 38, Fig. 3, Tabl. 2.

Key words: thermoelectricity, heat pump, distiller.

Introduction

The thermal distillation of the wastewater of the life support system for long space flights was
developed with the advent of astronautics. In [1], several distillation methods are described: an air-
evaporation system (AES), a vacuum static evaporation system, and a centrifugal vacuum evaporator — an
analogue of the Hickman evaporator described in [2].

In 1962, the first vacuum compression centrifugal distiller (VCD) was manufactured - a prototype of
a distiller operating since 2008 at the International Space Station (ISS) [3].

In [4], a thermoelectric membrane evaporator is described in which wastewater evaporates in
vacuum on porous membranes on one side of a thermoelectric module, and steam condenses on a porous
plate on the other side of the module.

In 1961, the Kiev Polytechnic Institute began research on the processes of hydrodynamics and heat
transfer during condensation and evaporation in liquid film on a rotating surface.

In [5], the results of studying the liquid flow on a rotating surface are presented. In [6], the research
results are presented and a method for calculating the minimum irrigation density, which ensures full
coverage of a rotating surface with a liquid film, is substantiated. In [7], dependences are given for
calculating heat transfer during condensation, and in [8], dependences are given for calculating heat
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transfer during evaporation of a laminar and turbulent liquid film on a rotating disk and conical heat
transfer surfaces, as well as during evaporation in a rotating liquid ring [9].

From 1974 to 1993, on the instructions of a space company from Russia, scientists and engineers of the
KPI developed and tested prototypes of centrifugal distillers made in Ukraine and designed for operation in space.

Several types of centrifugal distillers with various heat pumps were developed [10, 11]:

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

— centrifugal steam jet distiller in which a steam jet compressor is integrated in a rotating shaft;

— centrifugal three-stage distiller.

Until 1990, publications in the USSR, which contained data on the design of spacecraft, were not
permitted.

In [12-14], brief information is given on a 3-stage distiller (production, total energy consumption)
without information on the degree of concentration, the hours of the distiller operation, the number of rotor
revolutions, and the quality of the distillate.

Since 1999, “Thermodistillation” company (created by KPI employees) together with the Institute of
Thermoelectricity (Chernivtsi) on the instructions of Honeywell Co (USA) began to develop, manufacture
and test a new five-stage distiller with an improved thermoelectric heat pump (THP). In the period 2000-
2007, three centrifugal distillers and two THPs were manufactured.

From 2000 to 2017, centrifugal distillation systems (distiller + THP) were tested to recover water
from various wastewater of life support systems for manned spacecraft at the KPI, Honeywell Co, at the
Marshall Center (NASA).

Test results have been published in numerous articles and reports at Life Support Conferences
(ICES) and International Astronomical Congresses (IAC) [15-29]. The processes in a centrifugal apparatus
with a thermoelectric heat pump are considered in detail in a series of articles [30-32].

These studies show in detail the effect produced on the efficiency of centrifugal distillation with
THP by rotation speed, degree of water recovery, liquid flow rate in the circuits of the distillation system,
quality factor of thermopile, type of solution.

Almost simultaneously with the development of VCD, a thermoelectric membrane distillation
system called TIMES was manufactured in the USA [33—35]. In this distiller, evaporation and
condensation takes place on the static surface of thermoelectric modules.

This article compares the technical and operational characteristics of three thermal distillation systems:

— static thermoelectric membrane distiller (TIMES);

— vacuum vapor compression centrifugal distiller (VCD);

— centrifugal multistage distiller with a thermoelectric heat pump (CMED + THP).

Static thermoelectric membrane distiller TIMES

This distiller was developed by Hamilton Seastrand Space Systems International in the 1970s.

The system uses a polymer membrane, from the surface of which evaporation of pure water from
contaminated wastewater occurs. Ideally, solutes and solids do not pass through the membrane. The
resulting steam condenses on a cooled membrane. The resulting condensate is aspirated through a cooled
membrane and a high-quality distillate is obtained at the system outlet. An important feature of TIMES is
total recycling of the feed stream, which is becoming more and more concentrated. Energy consumption is
minimized through the use of static heat pumps (thermoelectric devices).

The evaporation of wastewater in this system occurs in vacuum. For terrestrial applications and
small capacities (less than 5 liters per hour), the TIMES system is quite simple and effective, especially if
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there is a slight difference in the temperature of the evaporated liquid and steam condensation in the
thermoelectric module. When urine is concentrated to a salt content of 40 %, only due to physicochemical
temperature depression, the temperature difference in the thermoelectric module will increase by 4 ... 5 ° C,
which significantly reduces the efficiency of the system. In addition, the magnitude of this difference will
depend on the pump capacity in the circulation circuit of the source fluid.

The maximum concentration of liquid in the TIMES system is limited due to salt deposits in the
pores of the membrane evaporator. Similar processes are observed in reverse osmosis membranes during
desalination of salt water with a concentration close to urine and a water recovery level of up to 60% [33].
The data of publications [3, 4, 34] on the TIMES system show that the maximum efficiency of this distiller,
taking into account the costs of the distiller’s circulation pumps, does not exceed = 2.5 ... 3 (with n'THP =
3 ... 3.5). This is close to the theoretical possibilities of such a heat pump when the temperature difference
of the liquid from the heating side in the module and the steam from the cooling side is less than 4 ... 5 °C.

Centrifugal vapor compression distiller (VCD)

The vapor compression centrifugal distiller was created and manufactured in 1962 by order of
NASA [34]. At the moment, the latest version of VCD is installed on the ISS. With its help, more than
13 tons of distillate have been produced at the ISS since 2008.

mmp Water steam \
Evaporator W

Solution o w Concentrate
inlet w output (z{D
Y Heat
Compressor

Distillate Condenser
_. = e 1.0

Fig.1. Circuit diagram of VCD

The vapor compression distiller utilizes the latent heat of condensation by compressing the resulting
water steam in order to increase its pressure and temperature, followed by condensation on the surface in
thermal contact with the evaporator.

The resulting heat flux from the condenser to the evaporator, determined by the temperature
difference between saturated steam and liquid, is sufficient to evaporate an equal mass of water from
water-containing waste. The need for additional energy is determined by the need to compress water vapor
and replenish mechanical and heat losses.

Before delivery to the station, more than 10 prototypes were manufactured with a detailed
publication of the test results of these distillers almost every year. According to the results of operation on
the ISS, information is given about various damage in operation, both mechanical and problems with the
quality of the distillate. Each year, reports on the ICES Life Support Conference provide information on the
status of the system.

Fig. 1 shows a graph of the total production of distillate by a vapor compressor distiller in the period
from 11/21/2008 to 11/21/2018 [35], from which it follows that the average VCD output was 4 ... 5 //day (did
not exceed 1.8 1/ hour), the degree of water recovery was 75 % and only after 2016 it increased to 85 %.

ISSN 1607-8829 Journal of Thermoelectricity Ne4, 2019 7



Rifert V.G., Anatychuk L.1., Barabash P.O., Usenko V.1., Solomakha A.S.....
Comparative analysis of thermal distillation methods with heat pumps for long space flights

3/11/2019

UPA Water Produced vs Hardware Up-Mass (includes installed spares)
A FCPA @ UPA System + ARFTA A SPA © PCPA

RFTA @ DA

——Total Water (lbs) ==—Up Mass (Ibs)
45,000
40,514.26 Ibs
40,000 18,382.15 L
35,000
30,000
325,000
3
©
S 20,000 |
15,000
10,000
5,000 5 O O
.m.‘.__«u.ur-w“‘ - 5,111 Ibs Mass
o B ‘ .
N T N o CpN s N S L
o of of o o o o o o o W

Fig. 2. Total and annual amount of distillate produced on the ISS using VCD [34, graph 7]

Back in 1989, a comparison of three technologies with a phase transition was made in [3]: TIMES,

VCD, and AES (air evaporation system on a porous surface). The main characteristics of the three systems
are shown in [3, table 12]. VCD has significant advantages over AES and TIMES. Already in 1990, VCD

had a significantly longer test time when concentrating various wastewater compared to other systems

Therefore, in the future, VCD was installed on the ISS.

Multistage centrifugal distiller with a heat pump
In a multistage distillation system with a thermoelectric heat pump, as described in [10 — 14], two

principles of reducing energy consumption are used to concentrate wastewater under zero gravity

conditions: multistage evaporation and thermoelectric heat pump (CMED + THP). Figure 3 shows a
centrifugal distillation scheme with a thermoelectric

g 7 g heat pump.
IIII I|l‘l 4
I| Il
\ i =
| Fig. 3. Schematic of water regeneration system with a
D centrifugal distiller and a thermoelectric heat pump
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The initial liquid from tank 3 enters the rotating rotor of the centrifugal distiller 2 evacuated by
means of a vacuum pump 1, fills the circuit 5 and the heating cavity of the thermopile 6 to the required
level of evaporation of the distiller. The cold cavity of the thermopile is connected to the condenser of the
distiller using circuit 7 ("cold" circuit). The excess heat is removed from the system using a refrigerator 8.
The distillate product, as a result of the evaporation-condensation process, is pumped into tank 10, and the
concentrate - into tank 4.

If the thermoelectric heat pump 6 fails, the system will be able to work with reduced efficiency when
heating the liquid in the hot circuit using the heater 11.

The distiller is multistage and includes 3 or 5 stages with rotating heat transfer surfaces that separate
the brine and condensate. A number of built-in pumps (based on Pitot tubes) provide irrigation of heat-
exchange surfaces in each stage of the distiller. Wastewater flows sequentially through each of the
evaporation stages. The last evaporation stage is the instant boiling stage of an overheated solution, which
is overheated on the hot side of a thermoelectric heat pump. The steam obtained in this stage is heating in
the previous stage of the distiller.

The distillate from each stage and the steam of the evaporation stage with the lowest pressure enter
the final condenser cooled by the distillate circulating along the circuit: the final condenser - the cold side
of the thermoelectric heat pump - the final condenser.

Papers [21 —32, 36] are concerned with numerous studies of CMED characteristics with the
concentration of different types of wastewater [24], distiller simulation and system reliability issues [25 — 26].

In [30 —32], the local characteristics of the distiller and heat pump are analyzed and the analytical
model of centrifugal distillation is refined.

Analysis of the characteristics of vapor compression and multistage distiller with a
thermoelectric heat pump
Technical characteristics

The main technical characteristics: production, energy consumption, degree of concentration,
distillate quality, weight, volume and scalability. These data are shown in Table 1 [23].

Table 1
Comparison of centrifugal techniques
Technology VCD CMED + THP
Mass, kg 216 202
Volume, m’ 0.5 0.5
Production, kg/day 1.63 2...7.5
Recovery, % Up to 85 Up to 95
Distillate quality Meets potable water standards Meets potable water standards
SpemﬁF energy <180 <110
consumption, W-h/kg

From Table 1 it follows that in CMED, depending on the power of the heat pump, it is possible to vary
production over a wide range, which meets the requirements of the system according to the scalability
criterion.

In VCD, it is not possible to significantly increase the production of a distiller due to a
disproportionate increase in energy consumption with an increase in compressor speed. With an increase in
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production of more than 1.8 I/h [34], an increase in the degree of concentration of urine leads to an almost
directly proportional increase in specific energy consumption.

In CMED with THP, the effect of concentration on the production and energy consumption is
significantly lower [30, 32].

System reliability

The operation of the vapor compression distillation system of liquid wastewater (urine, atmospheric
moisture condensate) on the ISS for 11 years has been a significant achievement by American scientists
and engineers in solving the problem of water regeneration in space flight conditions.

None of the many other technologies for concentrating liquid effluents (reverse osmosis,
electrodialysis, static thermoelectric evaporator) has and cannot have such results when working in space.

At the same time, improving thermal distillation using centrifugal forces is of great importance. This
is due to the fact that VCD has certain limitations on the production, the possibility of increasing the degree
of concentration, as well as in some positions related to the system reliability.

During the 11 years of VCD operation, there have been a large number of failures, incidents of poor
water quality and other shortcomings (see Table 2).

Table 2

The list of failures in the operation of the urine processing assembly (UPA) of the US segment on the ISS in
comparison with the prototype Centrifugal Multieffect Distiller (CMED) (as of 2019)

Source of
Ne VCD problem name . . CMED + THP
information
1 VCD Centrifuge Drive Belt Slip [37] There is no such drive
Leakage of urine into the distillate through In the CMED design, bearings do not
2 . . [37] . . .
the shaft bearing of a VCD centrifuge come into contact with urine
3 Liquid level sensor malfunctions [37] There is no sensor
4 Leakage of water vapor from the condenser 137] CMED design eliminates steam
into the stationary housing. leakage
Condensation in the CMED housing i
5 Water condensation in a fixed housing [37] oncensation m e OUSIg 18
eliminated
Evaporation of accumulated condensate in There is no such problem, since
6 the heater housing reduces the efficiency of [37] condensation in the CMED housing
the distiller does not accumulate
7 Wear and breakdown of centrifuge bearing 37] Ceramic bearings of CMED eliminate
and compressor the problem
Insufficient ice life of th istalti
8 fisuttictent setvice fiie 0L Hhe peristatiic [38] There are no peristaltic pumps
pump
9 Worn compressor drive gears [38] There is no compressor
10 Failures in the transmission of the pump 38] In CMED, fluid is pumped by a Pitot
assembly tube
1 Failures of flow control valves in the pump 38] No pump assembly
assembly
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The right column of this table contains comments regarding the possibility of a similar problem in the
CMED system. Another particularly important case of damage to the heat pump and the consequences of
such a case should be added to this table. In VCD, when the compressor is damaged, the system ceases to
function. In CMED, when shutting down due to complete or partial damage to the heat pump, the system
switches to a conventional heat exchanger-heater, in which the solution of the first stage will circulate (see
pos. 11, Fig. 3). Such an accident will lead to an increase in the specific energy consumption by about a
factor of 1.5 ... 2, but will not affect the performance of the entire system.

Conclusions

Comparison of different technologies for water recovery with a phase transition showed that
VCD at the time of installation on the ISS had significant advantages compared to AES and
TIMES. During operation, it was possible to regenerate and obtain more than 13 tons of distillate,
which greatly reduced the cost of delivering fresh water to the station. At the same time, a number
of significant design flaws of the system were identified during the operation, which almost
completely eliminates the possibility of using VCD for long-range space missions to the Moon
and Mars. In this regard, there is a need to develop a reliable and efficient water recovery system
for long-range space missions. The stated requirements are most closely met by CMED with a
thermoelectric heat pump.
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EFFECT OF NONPARABOLICITY DESCRIBED BY THE FIVAZ
MODEL ON THE ELECTRICAL RESISTANCE OF
THERMOELECTRIC MATERIAL-METAL CONTACT

The temperature dependences of thermoelectric material-metal electrical contact resistance
were investigated in the case when a band spectrum of free charge carriers in material is
described by the Fivaz model. A transient contact layer formed by the deviation of the surface
of superlattice semiconductor thermoelectric material (SL TEM) from the ideal plane and
transient contact layers with and without clusters formed in the process of steady-state
diffusion of metal particles in SL TEM were considered. It was established that contact
resistance drastically decreases with increase in the degree of nonparabolicity of SL TEM
band spectrum, which is determined as the ratio of the Fermi energy of ideal two-dimensional
electron (hole) gas with a quadratic dispersion law to the miniband width describing
translation motion of charge carriers in the direction perpendicular to the plane of layers.
This decrease is explained by blocking of free carrier scattering in the direction
perpendicular to the plane of layers. It is shown that in the range of degrees of
nonparabolicity K from 0.1 to 10, transient layer thicknesses from 20 to 150 um,
dimensionless intensities of metal atoms entering the volume of transient layer A from 0 to 1
and temperatures from 200 to 400 K, the electrical contact resistance of transient layer due to
the deviation of SL TEM surface from the ideal plane varies from 8-10° to 1.9-107Ohm-cm’,
transient layer due to steady-state diffusion of metal into SL TEM without formation of
clusters — from 8-10° to 4-107 Ohm-cm?, transient layer due to steady-state diffusion of metal
in SL TEM with formation of clusters — from 8107 to 4.5-107 Ohm-cm?.

Key words: Fivaz model, superlattice, Fermi energy, miniband, degree of nonparabolicity,
thermoelectric material-metal contact, electrical contact resistance of transient layer,

deviation of thermoelectric material surface from the ideal plane, steady-state diffusion,
intensity of metal particles entering semiconductor, clusters.

Introduction

The thermoelectric material (TEM)—metal electrical contact resistance, all other conditions
being equal, essentially depends on the resistivities of metal and TEM. In turn, the resistivity of
TEM depends not only on the concentration and scattering mechanisms of free charge carriers in
it, but also on the nature of the TEM band structure, because the mobility of free charge carriers
depends not least on it.

Layered TEM, which, in particular, include bismuth telluride and alloys on its basis, are
more or less prone to the formation of superlattices. In turn, thermoelectric converters from these
materials are usually made so that the planes of the contact electrodes are perpendicular to the
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planes of layers. Therefore, the TEM-metal electrical contact resistance in this case depends
essentially on the resistivity of TEM in the plane of layers. But it is known that the formation of a
superlattice, that is, a gradual transformation of a material with a three-dimensional parabolic
band spectrum into a material with a quasi-two-dimensional substantially non-parabolic band
spectrum, reduces the TEM resistivity in the plane of layers. The study of the influence of the
degree of quasi-two-dimensional TEM with a superlattice (SL TEM) on the electrical resistance of
TEM-metal electrical contact resistance under different conditions is the purpose of this article.

The resistivity of TEM described by the Fivaz model

The energy spectrum of charge carriers in SL TEM is rather often described by the Fivaz
model [1]. Within this model, the motion of electrons and holes along the layers is described by
the effective mass approximation, and across — by the tight-binding method. It can be presented as
follows:

ek, k, k. )= ;Z* (€2 + £2)+ A(1 —cos ak.), (1)

where kx,ky,kz — the quasi-momentum components of electron (hole), m" — the effective mass of

electron (hole) in the plane of layers, A—the half-width of the mini-band that describes the
motion of electrons (holes) in the direction perpendicular to the layers, a—the distance between
the translation equivalent layers.

Therefore, the electrical resistivity of “superlattice” thermoelectric material (SL TEM) in
the plane of layers as determined as follows [2]:

eoly/4

_ yexp{[y+K_1(l—cosx)—y*]/t20} dvd )
7 GOI'(["([{exp{[y+K_1(1—cosx)—y*]/t2D}+l}2\/2y+47zK_2n0a3sinzx - ()

where o, =87z5/2e211/n0a/(ahtw),l—mean free path of electrons (holes), n,—concentration of

electrons (holes), t,p =kT/Cpops Sonp = hznoa/47zm* —the Fermi energy of an ideal two-
dimensional Fermi-gas with a quadratic law of dispersion at the absolute zero temperature,
K=Cop/A, 7" =C¢/Cop » € —chemical potential of electron (hole) gas in SL TEM. Parameter K

characterizes the degree of quasi-dimensionality of SL TEM, or, in other words, the degree of
openness of its electron (hole) Fermi surface.
Chemical potential is determined from the equation:

V4 * =11
tz—DJ'In|:l+eXp£y K (1 Cosx)]]dx—lzo. (€))
V4

0

bhp

It is believed that scattering of charge carriers mainly occurs on the deformation potential of
acoustic phonons, and, hence, the mean free path of charge carriers is inversely proportional to
temperature and does not depend on the energy of charge carriers. To calculate the temperature
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dependences of SL TEM resistivity at different values of the degree of nonparabolicity K , the
following parameters of SL TEM were taken: n, =3- 1019cm'3, a=3nm, m" =m,, T, =300K,
[y =20nm.

Based on these dependences, the temperature dependences of the SL TEM-metal electrical
contact resistance were calculated for two cases: when transient contact layer is due to the
deviation of the SL TEM surface from the ideal plane and when it is due to steady-state diffusion
of the metal in SL TEM without the formation of intermetallic compounds.

SL TEM-metal electrical contact resistance due to a deviation of SL TEM surface
from the ideal plane

The calculations were performed on the assumption that “hollows” and “humps”, caused by
the deviation of SL TEM surface from the ideal plane, are distributed evenly over it. Therefore,
for the thickness /4 of the damaged layer which is recognized at the vertical distance between the
deepest “hollow” and the highest “hump”, the TEM-metal electrical contact resistance caused by

this deviation was determined through the resistivities of semiconductor p, and metal p,, as

follows [3]:

. _hloy—p,) @

«“ c_ln(ps/pm),

\
If

and the resistivity of metal was considered to be directly proportional to temperature. Nickel was
taken as the metal whose resistivity at 300 K is 8-10° Ohm-cm.

The results of calculations of the temperature dependences of thermoelectric material-metal
contact resistance caused by the deviation of TEM surface from the ideal plane are shown in Figs.
1 and 2.

rce,'ID'SC?M'CI\.fI2 rce,10_?O|M'CM2

1.5}

. ' : 0.5 * :
05200 250 300 350 TK 200 250 300 350 TK

a), b)

Fig.1.Temperature dependences of TEM-metal electrical contact resistance at damaged layer
thickness: a) h=20 um, n) h=150 um. 1 — K=0.1; 2 - K=0.5; 3—-K=1; 4 - K=5; 5 - K=10.
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It can be seen from the figures that with an increase in the degree of nonparabolicity of the
band spectrum of free charge carriers, and, consequently, in the degree of openness of the Fermi
surface (FS) of TEM, the TEM-metal electrical contact resistance, due to the deviation of TEM
surface from the ideal plane, decreases significantly, and with a rise in temperature grows in
conformity with the temperature dependences of the resistivities of both metal and SL TEM. In
the whole temperature range of 200 — 400 K at the degree of openness 0.1 < K <10 the specific
electrical resistance of TEM — metal contact varies from 8-10” to 2.5:10® Ohm-cm? at the
thickness of damaged layer 20 pm, and from 6-10® to 1.9-107 Ohm-cm?® at the thickness of
damaged layer 150 um, which is not only in qualitative, but also in quantitative agreement with
the experimental data. The larger contact resistances observed by the authors can be explained by
the lower degree of nonparabolicity of the band spectrum of bismuth telluride-based alloys used
for the manufacture of thermoelectric legs.

SL TEM-metal electrical contact resistance due to steady-state diffusion of metal in
SL TEM without formation of clusters

If transient contact layer is formed in the process of steady-state diffusion of metal in SL
TEM, then the distribution of metal atoms over the depth of this layer is determined as [4]:

n(x):noll—(l—A)x—AxZJ, (5)

where x —depth normalized to layer thickness, n, —concentration of metal atoms close to metal-

transient layer boundary, 4 —dimensionless parameter which characterizes the mode of contact
creation as is determined as:

A=0n’ [2Dn, (6)

where Q —the intensity of metal entering TEM, D —coefficient of metal diffusion in TEM.

From formula (5) follows the distribution of the relative volumetric fraction of metal in the
transient layer:

ox)= (4 /ra = (1= a)v— 4] -

" Uy 7= (= Ape = ax (4, 1= A+ A7)

where 4, , A

N

Vm»> Vs —atomic (molecular) masses and densities of metal and TEM,

respectively. So, if there are no clusters in transient layer, the dependence of its electrical
conductivity on the depth is determined as:

o,(x)=0, +(o, —o Mx). )

and, thus, the SL TEM-metal electrical contact resistance with the uneven distribution of metal
atoms in transient layer is determined as:
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1
dx
-y . 9)
o

If, however, the distribution of metal atoms in transient layer becomes uniform, for
instance, due to annealing of contact structure, its electrical conductivity is determined as:

60=0s+(6m_o-s)V0’ (10)

where

, m/}/m [1 Ax - Ax] -
2 (4 /7 1= (1= A)x Ax2J+ (4, /7,1~ Ax+Ax2J

'—.»—A

Hence, in this case
1. =hloy. (12)

The results of calculation of the electrical contact resistance of transient layer without
clusters are shown in Figs.2 — 5.

re,1080m-cm?

0 . L L
200 250 300 350 TK
a)

re,1070Om- cm?

0 L L
200 250 300 250 TK
b)
Fig.2. Temperature dependences of TEM-metal electrical contact resistance at uneven

distribution of metal particles in transient layer without clusters at the value of A=0: a) h=20 um,
b) =150 um. 1 — K=0.1; 2-K=0.5; 3—-K=1;, 4-K=5; 5—-K=10.
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Fig.3. Temperature dependences of TEM-metal electrical contact resistance at uneven
distribution of metal particles in transient layer without clusters at the value of A=1:
a) h=20 um, b) h=150 um. 1 — K=0.1; 2 - K=0.5; 3-K=1; 4 - K=5; 5 - K=10.
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Fig.4. Temperature dependences of TEM-metal electrical contact resistance after levelling
the distribution of metal particles in transient layer without clusters at the value of
A=0: a) h=20 um,b) h=150 um.1 — K=0.1; 2 - K=0.5; 3 - K=1; 4 - K=5; 5 - K=10.
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Fig. 5. Temperature dependences of TEM-metal electrical contact resistance after
levelling the distribution of metal particles in transient layer without clusters
at the value of A=1: a) h=20 um, b) h=150 um. 1 — K=0.1;
2-K=0.5;3-K=1;4-K=5;5-K=10.
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It can be seen from the figures that the electrical contact resistance decreases with an
increase in the degree of nonparabolicity of SL TEM band spectrum and the intensity of metal
entering transient layer during its creation, and increases with a rise in temperature. Moreover, it
also decreases after levelling the distribution of metal particles in transient layer. On the whole, in
the considered range of degrees of nonparabolicity (openness of SL TEM FS), the intensities of
metal particles entering transient layer, the thicknesses of contact layers and temperatures, the
electrical contact resistance due to steady-state diffusion of metal particles without formation of
clusters varies in the range of 8-10” to 4-107 Ohm-cm?. This interval is broader than in the case when
transient contact layer is formed due to the deviations of SL TEM surface from the ideal plane.

SL TEM-metal electrical contact resistance due to steady-state diffusion of metal in
SL TEM with formation of clusters

Due to the large number of defects in layered SL TEM, clusters of atoms can form in the
interlayer space. In this case, the conductivity calculation should be performed using percolation
theory. In accordance with this theory, taking into account the depth dependence of the
concentration of metal atoms in transient layer, the electrical conductivity of transient layer is
determined as [5]:

al(x)=0.25{as[2—3v(x)]+a [3v \/ 2 3v(x ]+O' [3v( )— 1]}2+86mO'S }, (13)

and in the case when the distribution of atoms over the depth of transient layer becomes uniform, as:

oy = 0.25{as (2=3vy)+ 0, (3 = 1)+ /[, (2= 3vy )+ 7, (3v = F + 80,0, } (14)

Further, the calculation of the electrical contact resistance is performed in the same order as
in the case of transient layer without clusters. The results of calculating the temperature
dependences of the SL TEM-metal electrical contact resistance in the case of transient contact

layer with clusters are shown in Figs. 6 - 9.

6 re, 10°Om-cm® _ ) 5 o 1070Om-cm?

0 .
200 250 300 350 TK

a) b)
Fig.6. Temperature dependences of TEM-metal electrical contact resistance at uneven
distribution of metal particles in transient layer with clusters
at the value of A=0: a) h=20 um, b) h=150 um. 1 — K=0.1;2 - K=0.5;
3-K=1;4-K=5;5-K=10.
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Fig.7. Temperature dependences of TEM-metal electrical contact resistance at uneven
distribution of metal particles in transient layer with clusters at the value of
A=1:a) h=20 um, b) h=150 um. 1 — K=0.1;2 — K=0.5;
3-K=1;4—-K=5;5-K=10.
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Fig.8. Temperature dependences of TEM-metal specific electrical
contact resistance after levelling the distribution of metal particles in
transient layer with clusters at the value of
A=0: a) h=20 um, b) h=150 um.
1-K=0.1; 2—-K=0.5; 3 - K=1;
4-K=5;5-K=10.
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Puc.9.Temperature dependences of TEM-metal specific electrical contact resistance
after levelling the distribution of metal particles in transient layer with clusters at
the value of A=1: a) h=20 um, b) h=150 um. 1 — K=0.1; 2 - K=0.5;
3-K=1;4-K=5;5-K=10.

From the figures it is seen that just as in the case of transient contact layer without clusters,

the electrical contact resistance decreases with increase in the nonparabolicity degree of the band

spectrum of SL. TEM and the intensity of metal entering transient layer in the process of its

creation, and increases with a rise in temperature. In so doing, it also decreases after levelling the

distribution of metal particles in transient layer. On the whole, in the considered range of degrees

of nonparabolicity (openness of SL TEM FS), the intensities of metal particles entering transient

layer, the thicknesses of contact layers and temperatures, the electrical contact resistance due to

steady-state diffusion of metal particles with formation of clusters varies in the range from 8-107

to 4.5-107 Ohm-cm?. This range is somewhat broader than in the case when transient contact

layer formed in the process of steady-state diffusion of metal atoms in SL TEM has no clusters.

Conclusions

1.

It was established that, just as in the case of formation of SL TEM-metal transient contact
layer due to the deviation of SL TEM surface from the ideal plane, in the cases of said
transient contact layer formation due to steady-state diffusion of metal in SL TEM with or
without formation of clusters, SL TEM-metal electrical contact resistance decreases
essentially with increase in the degree of nonparabolicity of SL TEM band spectrum, or,
which is the same, the degree of openness of SL TEM FS.

As in the case of TEM with a parabolic band spectrum, the TEM-metal electrical contact
resistance decreases with increasing intensity of metal entering transient layer and as a result
of subsequent levelling the distribution of metal atoms in transient layer, for instance, due to
annealing.

At the thickness of transient layer 20 pum and the degree of nonparabolicity of SL TEM band
spectrum K=10, which corresponds to strongly open SL TEM FS, the electrical contact
resistance at a temperature of 200 K tends to the asymptotic value equal to 8-10° Ohm-cm?.
This value can be considered as minimum for this temperature. Though the character of
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temperature dependence of the electrical contact resistance even at such degree of
nonparabolicity depends on contact creation conditions, at 400 K this contact resistance does
not exceed 2-10® Ohm-cm?.

4. On the whole, in the range of degrees of nonparabolicity K from 0.1 to 10, the thicknesses of
contact layers from 20 to 150 pm and temperatures from 200 to 400 K, the electrical contact
resistance of transient contact layer due to the deviation of SL TEM surface from the ideal
plane varies from 8-10” to 1.9:10”7 Ohm-cm?, the electrical contact resistance of transient
contact layer due to steady-state diffusion of metal in SL TEM without formation of clusters —
from 8-107 to 4-107 Ohm-cm?, the electrical contact resistance of transient contact layer due
to steady-state diffusion of metal in SL TEM with formation of clusters — from 8-107 to
4.5-107 Ohm-cm?. Therefore, in the case of SL TEM the formation of clusters affects the SL
TEM-metal electrical contact resistance significantly less than in the case of SL TEM with a
parabolic band spectrum.
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BJIMSIHUE HEMTAPABOJIUYHOCTH, OMAUCBIBAEMOM MOJEJBIO
OUBA3A HA DJIEKTPUYECKOE KOHTAKTHOE
COMNPOTUBJIEHUE TEPMOJJIEKTPUUECKHI

MATEPHAJI - METAJLJI

Hccredosanvi memnepamypHule 3agucumocmu INEKMPULECKO20 KOHMAKMHO20
CONPOMUBNIEHUS. MEPMOIIEKMPUYECKUTl MAMEPUAT - MEMAN 8 CAyYae, K020d 30HHbII CHEeKmp
€60600HbIX HOCumeNell 3apsda 8 mamepuaie onucvleaemcs mooeivio Dugaza. Paccmompervl
nepexooHvlll  KOHMAKMHuIU  C1O0l, 00pa3zo6anHbIL  OMKIOHEHUEeM  NOBEPXHOCHIU
NOIYNPOBOOHUKOBO2O MEPMOIIEeKMpUyeckKo2o mamepuana co ceepxpewemroi (CPTOM) om
UOeanbHOU NIOCKOCU U NepexoOHble KOHMAaKmuvie Ciou Oe3 Kiacmepog u ¢ Kiacmepami,
obpazosannvlie 6 npoyecce cmayuoHapuou ougp@ysuu uacmuy memairra ¢ CPTOM.
Yemanosneno, umo xonmakmmuoe conpomuenieHue pe3Ko CHUNCAEMCS C POCMOM CHeneHu
Henapabonuunocmu 30nHo20 cnekmpa CPTOM, xomopas onpedensemcs kax omHoulenue
anepeuu Depmu udeanbHO20 08YMEPHO2O INEKMPOHHO20 (ObIPOUHO20) 2A3d ¢ KEAOPAMUYHbIM
3aKOHOM Oucnepcuu K WUPUHE MUHUZOHbL, ONUCLIGAIOWeEl MPAHCISYUOHHOE OBUIICEHUE
Hocumenell 3apsoa 6 HAnpasieHuu, NePReHOUKYIAPHOM naockocmu croes. Takoe chudicenue
o00vAcHAemcA ONOKUPOBAHUEM pACCeAHUA CB0O00HBIX Hocumenell 3apaod 8 HANpasieHul,
NepneHoOuKyIapHomM  niaockocmu — cioeg. Ilokasamo, umo 6 uHmepgaie cmeneneu
nenapaboauynocmu K om 0.1 0o 10, monwun nepexoonoco cnos om 20 0o 150 mxm,
0e3pazmMepHbIX UHMEHCUBHOCMEN NOCMYNIeHUS AMOMO8 Memanid 8 00bem nepexoono2o cios
A om 0 0o I u memnepamyp om 200 oo 400 K asnexkmpuueckoe KOHMaKmHoe conpomusieHue
nepexooHoeo cios, 00ycliosieHH020 omkioHenuem nosepxrocmu CPTOM om udeanvhou

naockocmu meusemea om 8107 0o 1.9-107 Om-cm?®

, nepexooHo020 Cc10s, 00YCNl08NeHHO20
cmayuonapnoii oupghysueti memarna ¢ CPTOM 6e3 obpazosanus xnacmepos - om 8-107 do
4-107 Om-cM?, nepexoonozo cnos, obycro61eHHO20 CmMayuonapHol Oug@ysueii memaina 6
CPTOM c obpazosanuem kracmepos - om 8-107° 00 4.5-107 Om- cm?.

KiaroueBbie ciaoBa: monens ®uBaza, cBepxpeueTky, sHeprus PepMu, MUHU3OHBI, CTEIIEHb
HermapaboIMYHOCTH, KOHTAaKT TEPMOAJIEKTPHYSCKHHA MaTepuan - MeTallul, DJISKTPUYECKoe
KOHTaKTHOE COINIPOTHBIICHHE MEPEXO0JHOTO cIos, OTKJIOHEHHS MOBEPXHOCTH
TEPMOIJICKTPHUECKOT0 MaTepuaja OT HICaJbHON IUIOCKOCTH, cTamuoHapHas nuddysus,

MHTCHCHUBHOCTD IMMOCTYIJICHUA YaCTUL] ME€TaJlJIa B IOJIYIIPOBOAHHUK, KJIACTEPHI.
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Hocnidoceno  memnepamypHi — 3a1edCHOCMI — el1eKMPUYHO20  KOHIMAKMHO20  ONOpY
mepmMoereKmMPUdHULL Mamepian — Meman y GURAOKY, KOAU 30HHULL CHEeKmp GLIbHUX HOCIig
3apady y mamepiani onucyemscsa mooenno Digaza. Pozenanymo nepexionuil KOHMAKMHUL
wap, YmeopeHull GIOXUNEHHAM NOGEPXHI HANIBNPOBIOHUKOBO2O  MEPMOENEKMPUUHO2O
mamepiany 3 Hadepamkorw (HI'TEM) 6i0 ideanvHol niowunu ma nepexioni KOHMAaKmHi wapu
be3 knacmepis i 3 K1acmepamu, ymeopeni y npoyeci Cmayionaproi oughy3ii uacmuHox memany
y HI'TEM. Bcmanogneno, wo KOHMAKmMHuuLl Onip pi3ko 3HUNCYEMbCA 31 3pOCMAHHAM CHLYNeHs
Henapaboniunocmi 30HH020 cnekmpy HI'TEM, axuil eusnHauaemvcs 5K GIOHOULeHHS eHepaii
Depmi i0eanbHo20 080BUMIPHO20 eNeKMPOHHO20 (0ipK08020) 2a3y 3 K8AOPAMUUHUM 3AKOHOM
oucnepcii 00 WUPUHU MIHI30HU, KA ONUCYE MPAHCIAYIUHUL PYX HOCII8 3apsdy y HANPIMKY,
nepneHOUuKyIApHomMy 00 niowunu wapie. Taxke 3HUNCEHHS NOACHIOEMbCA OIOKYBAHHAM
PO3CII08AHHS GIILHUX HOCII8 3aps0y V HANPAMKY, NEePReHOUKVIAPHOMY 00 NIOUWUHU Wapis.
Ilokazano, wo 6 inmepseani cmynenié Henapaboniyunocmi K 6io 0.1 oo 10, moswun
nepexionozo wapy 6io 20 0o 150 mxm, 6e3p0o3MipHUX iHmeHcusHOCmel HA0X00NCEHHS AMOMIE
memany 6 00’em nepexionozo wiapy A 6i0 0 0o I ma memnepamyp 6i0 200 oo 400 K
eleKmpUYHUl KOHMAKMHUL ONnip nepexionozo wapy, 3YMOGNEH020 GIOXUNEHHAM NOBEPXHi
HI'TEM 6i0 ideanvioi nrowunu sminoemocs 6i0  8-10° oo 1.9-1070m-cm?, nepexionozo
wapy,3ymosieHo2o cmayionapuoio ougysiero memany y HITEM 6e3 ymeopenusa xkiacmepis —
6i0 8:107° 0o 4:107 Om-cm’, nepexionozo wapy,3ymMo6nenozo cmayionaproio ougysicio
memany y HTTEM 3 ymeopennam kiacmepis — 6io 8107 0o 4.5-107 Om-cm?.

KawuoBi caoBa: wmomens @iBaza, Hanrpatka, eseprisi @epwmi, MiHI30Ha, CTYIiHb
HenapaboIiYHOCTi, KOHTAKT TEPMOCICKTPHIYHAN MaTepiall — MeTal, CIeKTPUYHIA KOHTAaKTHHH
OIIip MepeXiHOTO APy, BIAXUICHHS HOBEPXHI TEPMOEIIEKTPUYHOTO MaTepially BiJl ileanbHO1
IUIONIMHYU, CcTamioHapHa nudy3is, IHTEHCHUBHICTh HAAXOMKCHHS YaCTHHOK MeETaly ¥y

HaIIBIIPOBIIHUK, KJIACTEPH.
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ca /B INFLUENCE OF PLATE THICKNESS ON THE EFICIENCY OF
Cherkez R.G. A PERMEABLE PLANAR COOLING THERMOELEMENT

This paper presents the theory of calculation and computer methods of search for optimal
parameters (electric current density, heat carrier flow rate) of a permeable planar cooling
thermoelement whereby the energy conversion efficiency will be maximum. The thickness of leg
plates of a permeable thermoelement based on Bi-Te at which the coefficient of performance will
be maximum is calculated. It is shown that the rational use of such energy converters allows
increasing the coefficient of performance by 20-40 %. Bibl. 9, Fig. 2, table 1.

Key words: thermoelectric materials, coefficient of performance, cooling capacity, design of a

permeable planar thermoelement.

Introduction

There are thermoelements in which heat exchange with the heat source and sink occurs not only
on the thermoelement junctions, but also in the bulk of the leg material [1 —3]. Variants of
implementation of such models are permeable thermoelements where in the leg material along the
direction of electric current flow there are channels (pores) for pumping of the heat carrier. By
controlling the heat transfer conditions (heat carrier velocity, heat transfer intensity, etc.) in
combination with the distribution of physical effects in the leg material, it is possible to influence the
energy conversion efficiency.

The study of permeable thermoelements [3 — 5] showed a good outlook for their use, since it
allows increasing the coefficient of performance by a factor of 1.3-1.6.

However, their practical implementation is related to certain material research and technological
difficulties, which encourages the search and study of simpler variants of physical models of
converters with internal heat transfer.

A variant of implementation of internal heat exchange are permeable planar thermoelements
where each leg consists of a certain number of plates spaced apart. The gaps between the plates form
channels through which the heat carrier (liquid or gas) is pumped.

Research on such thermoelements with a view to determine the optimal thickness of plates and
maximum characteristics of energy conversion is a relevant task, which is the purpose of this paper.

Physical model and its mathematical description

A physical model of a planar permeable thermoelement working in the mode of thermoelectric
cooling is shown in Fig. 1. It comprises n- and p-type legs, each leg consisting of N, segments (planes)
that are Ay apart. The width of the segment is 4, and its thickness — /,. The gaps between the segments
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form channels through which the heat carrier (air or liquid) is pumped to cool it. The hot and cold
junctions of the thermoelement are maintained at constant values of 7, and T, respectively. The
coolant is pumped in the direction from the hot to cold junctions. The temperature of the heat carrier at
the inlet of the thermoelement is 75,. The heat transfer coefficient of the heat carrier inside the channels
of a permeable planar thermoelement is ¢, .

- -
-J carrier flux

‘f:’) heat

F T TTTTTTS

heat

— —

carrier flux

Fig. 1. Model of a permeable planar thermoelement.

To find the distribution of temperatures in thermoelement material, it is necessary to solve a
differential equation

a
dx

dT

(K(T)—j-kizp(T)—Ti

dx

da(T) 2 a,

dx h

p

(T-1)=0, (1)

Where ¢ is heat carrier temperature at point x; 7 is leg temperature at point x; «; is heat transfer
coefficient; i is electric current density (i = 1/S - Sx) o(T), ¥(T), p(T) — the Seebeck coefficient, thermal
conductivity and resistivity of material are functions of temperature 7. Note that thermoelectric
medium parameters o, k, p are interdependent. The system of these relations sets certain area G £ of
change in the inhomogeneity & Specifying material of the leg, one must assign these relations, for
instance, in the form of theoretical or experimental dependences of a., k, p on 7 and determine G £.

On the area of leg segment dx, a change in heat carrier temperature dt is determined by the law

of conservation of energy. A differential equation for the distribution of heat carrier temperature ¢ is of
the form

a2 a;
dx Veph

(T-1). 2)

p

where V' is specific mass velocity of heat carrier in the channel (V' =vp, v is velocity, p, is heat
carrier density); cp is specific heat of heat carrier.

Egs. (1) and (2), written for n- and p-type thermoelement legs, form a system of differential
equations to determine the distribution of temperatures.
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d dry _
;a[KuzgyE;j+zp(ng)
3 .d(Z(T,(f)_Zﬁ N
Tz—dx h (T-t)=0, 3)
at _ 20; ..
E_VcPhP(T ‘)

n,p

Consider the problem of the maximum energy efficiency of thermoelectric cooling at fixed
temperatures of heat sources 7, and T..

The problem reduces to finding coefficient of performance maximum

o= @

at differential relations (3) and boundary conditions:
T,,(0)=1, T,1)=T, 1,(0)=T. (5)

n,p c s

where T, is the hot side temperature of junctions, 7, is the cold side temperature of junctions, T, is the

initial temperature of heat carrier, Qs Q., are thermal fluxes which the thermoelement exchanges with
the external heat sources

0,=0,(0)+0,(0),

0.=0,()+Q,(1)+0:,

where Q, is the heat supplied due to internal heat exchange

0, = VepSp (1(0)—1(1)).

Hereinafter, instead of maximum € it is convenient to consider minimum of functional I:
I=1n¢g(0) - Ing(1),

where
40)= - ,0)+4,(0).
_Qc _ QL
q(1)= ] —q,,(1)+qp(1)+j(S_SK)l,

where ¢,(1),9,(1),4,(0),g,(0) are the values of specific heat fluxes on the cold and hot

thermoelement junctions for n and p-type legs that are determined from solving the system of
differential equations (3).
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The optimization problem is to choose from the control area & e G, such concentration

functions & nop (x) and simultaneously assign such a specific mass velocity of heat carrier in the
channels V=V, which under restrictions (3),(4) and the condition for electric current density

q,)+q,1)=0, (7

impart to functional 1 the lowest value, in which case the coefficient of performance & will be
maximum [7].

Problem solving method and calculation results

To solve the problem, we use the mathematical optimal control theory, developed under the
guidance of L.S. Pontryagin, as applied to permeable thermoelements [8]. We specify the formalism of
the mathematical optimal control theory in relation to our problem.

Functions wy(x) (pulses) must satisfy a system of equations that is canonically conjugate to
system (3) and is given by:

. . 2
dy, _aj Rl%_(a] Rz—aTHKNKZJ i

dx K (S-S¢)Jj
o Nl
Ve,S, ¥
dy aj
dvy _Jj ., @i,
dx K K

— +
dx  (S-S.)j v Ve,S,

n,p

where

1

R :1+d1naT_dan(T+1]’

dr dr a
R, :R1+Ldlno-+dan(T+ij.
Z, dT dT a

n.p

The boundary (transversality) conditions for this system are as follows:

o7

7| _aT
oy

v(0) o

. v(1)=

x=0

x=1

where J =J +Z(v,g ) is an expanded functional; v, g are vectors of undetermined Lagrange

multipliers and the boundary conditions (5).

Then the boundary conditions for the conjugate system will take on the form
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1
2n,p 0 =,
v () qn(0)+qp(0)
o (S—=S¢)J
vi"(1)= e, S, (200) =1, () —1,(1)’
wy (1) = 1

200) 1, () —1,(1)’

Using the above system of equations with regard to relations (3),(5) and the numerical methods,
we created a program of computer design of optimal functions of thermoelectric material
inhomogeneity £(x) and optimal heat carrier velocity V' with a view to achieve maximum energy
efficiency of a permeable planar cooling thermoelement.

Results of studying a permeable planar thermoelement for Bi-Te based materials

We present the results of computer design of the optimal inhomogeneity of semiconductor
thermoelectric material in combination with the optimal distribution function of heat sources (sinks)
for permeable planar cooling thermoelements. The heat transfer coefficient of the heat carrier inside
the channels was 0.01 W / cm’K.

As the initial data for such optimization, the experimental temperature dependences of
characteristics of n- and p-type Bi-Te based semiconductor materials ¢, o, x for various impurity
concentrations were used [9].

Dependences of maximum coefficient of performance (COP), thermoelement cooling capacity
(Qcc), power consumption (W), voltage (U), heat carrier temperature at the outlet from thermoelement
(Tc_v), optimal heat carrier flow rate (V) on plate thickness (h_p) for the height of legs /= 1.0 cm

are presented in the table

Tabauya
Banescnocmi xapaxmepucmux mepmoenemenma 6i0 WUpuUHu HiIACHMUHU
h_p, cm 0.5 0.1 0.05 0.01 0.005
COP 0.524 0.566 0.574 0.581 0.58
0., Br 2.660 0.5654 0.2869 0.0582 0.029
W, W 5.06 0.999 0.500 0.100 0.050
U,V 0.071 0.071 0.071 0.071 0.071
Ter, K 280.3 255.1 252.5 250.5 250.25
Vop, kg/(cm? s) 0.135 0.0126 0.006 0.0012 0.0006

It is seen that there is an optimal plate thickness (0.1 cm) whereby the characteristics of the
thermoelement have the most favorable values.

The results of calculation of the influence of channel width on the characteristics of a permeable
thermoelement with the number of channels 10 pcs, the height of legs 1 cm are presented in Fig. 2.
The plots of characteristics of a permeable planar cooling thermoelement (coefficient of performance
g, heat flux Q, heat carrier velocity V) on channel width H, are constructed here.
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Fig. 2. Dependence of coefficient of performance &, heat carrier velocity V
and heat flux Q on channel width.

The intersection of the two lines will show us the rational value of channel width whereby the
cooling capacity and coefficient of performance will have the most favorable values. In this case,
channel width is approximately 0.04 cm

Efficiency comparison with classical thermoelements indicates the possibility of improving the
coefficient of performance by a factor of 1.2-1.4.

Conclusions

1. The optimal thickness of leg plate whereby the thermoelement characteristics have the most
favourable values for Bi-Te based material is 0.1 cm.

2. The use of permeable thermoelectric coolers of such power converters allows increasing the
coefficient of performance by 20-40%.

3. The results demonstrate the prospects of research and creation of permeable planar thermoelectric
coolers.

The author expresses gratitude to academician of the NAS of Ukraine L.I. Anatychuk. for
valuable remarks on the work, the chief researcher of the Institute of Thermoelectricity L.M. Vikhor
for discussing the peculiarities of the application of optimal control theory method, students of ChNU
V. Toronchuk and the college of ChNU A. Zhukova for assistance in plotting, visualization of
computer research results.
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SUBSTANCE PART 3

A theoretical model for evaluating the efficiency of the partial case of heat and mass transfer processes
between a moving substance and thermoelectric heat pumps with their heat exchange parts, in which
the moving substance (or at least part of this moving substance) is brought into thermal contact with
heat absorbing and heat dissipating heat exchangers , which can operate in modes that may differ from
the mode of maximum energy efficiency, in particular, taking into account the amounts of materials
required for the manufacture of these thermoelectric heat pumps. The results of the corresponding
theoretical estimation are given. Bibl. 9, Tabl. 1, Fig. 2.

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

Introduction

This paper (part 3) is a continuation of the previous works [1, 2] (part 1 and part 2). In this part 3 we
will use abbreviations that were introduced in [1, 2], in the same sense as in [1, 2]. We will also use the
word combination the investigated process in order to indicate the process which corresponds to the
investigated method of heat and mass transfer [1 - 5]. In [1, 2], mathematical expressions were obtained for
estimating the efficiency of the investigated method of heat and mass transfer and examples of appropriate
calculations were given, in particular, for the case of using thermoelectric heat pumps (THPs) that operate
in the modes if maximum energy efficiency. According to the data of these calculations, there exists a
possibility to increase the energy efficiency of the investigated method of heat and mass transfer owing to
increased number of heat pumps (HPs) that are used in this case. At the same time, in [1, 2], the details of
how the amount of materials from which the HPs are made changes with a change in the number of HPs.

The purpose of this work is to create theoretical prerequisites for an approximate quantitative
estimation of the efficiency (primarily energy efficiency) of the investigated method of heat and mass
transfer using THPs that can operate in the modes that may differ from the maximum energy efficiency, in
particular, with regard to the amount of materials of which these THPs are made. To achieve this purpose,
the objectives of this work are to create an appropriate estimation model, obtain mathematical expressions

for estimation calculations and obtain examples of relevant calculations.
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Description of estimation model

Consider the following example of the investigated processes. Consider the processes involving
moving substance (MS) and at least one THP (all HPs used in these processes are THPs based on
thermocouples), in which according to Fig. 2 [1] MS in its input flow is cooled by all individual THPs.

Let the useful effect of these processes be to maintain the temperature difference of the MS in its
input flow between the positions 1.0 and 1.n according to Fig. 2 [1] (for some MS the inlet temperature in

position 1.0). This useful effect is carried out due to the total power consumption of all THPs W (and

more directly due to the total cooling capacity of all THPs QCT(E[) In this work (part 3) we will not take into

account the energy consumption to create a MS flow [6].
Consider an individual i-th THP.

We use a well-known ratio to determine the coefficient of performance of the i-th THP el.TE [7, 8]:

TE
TE Qcool,i 31
l WTE > ( . )
where
TE_ o [T 1]2 k(TTE TTE )
Qcool,i _ai i*cool,i _E i 7’; TR\l hoti T teooli )0 (32)
TE 2 TE TE
W =11 +a, (Thot,i T oo, )Ii > (3.3)
QC];Eo,J — is total cooling capacity of thermoelements of the i-th THP; Wl.TE is total electrical power

consumed by thermoelements of the i-th THP; «; is total differential Seebeck coefficient of material of
thermoelements of the i-th THP; I, is strength of current flowing through thermoelements of the i-th THP;
1, is total electrical resistance of thermoelements of the i-th THP; k, is total thermal conductivity of

thermoelements of the i-th THP; T," . is temperature of heat-releasing junctions of thermoelements of the

hot i

i-th THP; T™*

cool i

is temperature of heat-absorbing junctions of the i-th THP.
The coefficient of performance of the i-th THP that works in the investigated process according to

Fig. 2 [1] and with regard to assumption 6 [1] (d = const ) E,TTH :

TTH PP PP

TTH __ Qcool,i _ T'cool,(ifl) _Tml,i 34

g ~ oy _( PP PP )_(Tpp _Pr )a 3.4
i hot,(i-1) hot,i cool (i-1) cool i

TTH
cool i

where is cooling capacity of the i-th THP; Wl.TTH is power consumed by the i-th THP; T'* is

hot i
temperature of MS immediately before its thermal contact with heat-releasing heat-exchange part (HE) of

the i-th THP; Thff(ifl) is temperature of MS immediately after its thermal contact with heat-releasing HE of
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the i-th THP; T is temperature of MS immediately after its thermal contact with heat-absorbing HE of

cool i

the i-th THP; T*° ;) 1s temperature of MS immediately before its thermal contact with heat-absorbing HE

cool ,(i—
of the i-th THP.

Let O, =0, . and W™ = W™  Then, on the basis of expressions (1) and (4) one can write:

cool i

g =&, (3.5)
1
T M ailizz-ifli _711'2”1' —k; (T;tifz _T;Zfli)
cool ,(i—1) cool i _ ’ 2 ’ ? (3 6)
MS MS MS MS 2 TE TE ) :
(T;mt,([—l) - T;mt,i ) - (]Z‘z)z)l,(i—l) - ]Z‘oz)l,i) Ii }7 + ai (Twhot,i - 710001,[ )Iz

We will assume that heat transfer from MS to heat-absorbing junctions of thermoelements of the i-th
THP is carried out through the medium characterized by the corresponding resistance of heat transfer

(thermal resistance) R and heat transfer from heat-releasing junctions of thermoelements of the i-th

cool i >
THP to MS is carried out through the medium heat transfer resistance (thermal resistance). We will also
assume that there are no other additional factors that could affect the heat transfer between the MS and the
i-th THP. Then we can write the following equations, which, in particular, reflect the relationship between
the junction temperatures of thermoelements of the i-th THP and MS (in the corresponding positions
of its motion):

Eﬁslt - Tchl,i = QcTzf;l,iRcooz,i ’ (3.7)

1
EZSZ: - Tc:fz,i = (ai[iTc:fl,i _Elizr;' - ki (];:51 - T;:fl,i )chool,[ (3-8)

expression (3.8) was obtained with the use of expression (2));

p p
Thii - EZ?(;—U = hToEz,iRhoz,i ’ (3.9)

1
T;:Zfz - T;i/lts,‘(i—l) = (ai[izg,i +Elt2rf —k (Thfz - Tiflt )thot,i > (3.10)

where Q,f“ is total calorific power of thermoelements of the i-th THP

hot i hot i hot i cool,i

7E =ailiTTE<+%1i2ri—ki( PR )[7, 8]).

As a characteristic of MS flow we will use heat capacity losses of MS (the rate of losing MS, if the
amount of MS is expressed in the units of its heat capacity) V" , (J/K)/s or W/K:

42 Journal of Thermoelectricity Ne4, 2019 ISSN 1607-8829



Kshevetsky O.S., Orletskyi O.V.
Estimation of the efficiency of partial case of heat and mass transfer processes between heat pumps...

CMS
s = , 3.11
c A7 (3.11)

where C"® is heat capacity of MS that takes part in the corresponding process during time interval Az (in
some position of MS motion, for instance, according to Fig. 2 [1] — in position 1.1; in the context of this

work we will consider that ¥* is the same in all positions of MS motion).

For instance, if we know the specific mass heat capacity of MS ¢ and mass losses of MS M™ |

then the heat capacity losses of MS can be determined by the formula:
VI =M, (3.12)

With regard to assumption 6 [1] and the information given above, we write the equation, which, in
particular, reflects the relationship between the total cooling capacity of thermocouples of the i-th THP, the
change in MS temperature as a result of its thermal contact with heat-absorbing HE of the i-th THP and the
heat capacity losses of MS:

cool (i-1) cool i cool i

Ve (T8 =T8S ) =l T, = 17—k (T, =T, ). (.13)

With regard to assumption 6 [1] and the information given above, we write the equation which, in
particular, reflects the relationship between total calorific power of thermoelements of the i-th THP, change
in MS temperature as a result of its thermal contact with heat-releasing HE of the i-th THP and heat
capacity losses of MS:

VCMS ( TMS - _pMS ) —q, [iTTE

hot (i—1) hot i

1
i +51i27;‘ _ki (7—;17(-)5! _Z-Zfl,i)- (3.14)

hot i

With regard to assumption 6 [1] and the information given above, we write the equation which, in
particular, reflects the relationship between the total power consumption of thermoelements of the i-th
THP, total change in MS temperature as a result of its thermal contact with heat-absorbing and heat-
releasing HEs of the i-th THP and heat capacity losses of MS:

VCMS ((Eff(ifl) —Thﬁfi)—(ﬂfz,m ~To )) :Iizri T (TTE ~T,,

cool i hot i cool ,i

). (3.15)

In this work (part 3) we will assume that the values R, R a,, r, k, are constant (their

ot,i > cool,i °
possible temperature and other dependences will be disregarded) for an individual case.
Equations (3.6), (3.8), (3.10), (3.13), (3.14), (3.15) can be used for estimation calculations of the
operating modes of individual THPs and the investigated processes in general.
For the above described example we will use an indicator of the energy efficiency of the investigated

process a)cool :
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Qe AT,
Ocoor = W T = ATPP _ATPP (3.16)

hot cool

(the right-hand side of this expression was obtained with the use of expressions (1), (23) and (24) [1)),

where AT in conformity with the diagram in Fig. 2 [1] is the temperature difference of MS which is

cool

formed as a result of cooling MS in its input flow by all individual THPs; AT;* in conformity with the

diagram in Fig. 2 [1] is the temperature difference of MS which is formed as a result of heating MS in its
output flow by all individual THPs.
Note that when in the investigated process only one THP is used, then®,,, is equal to the coefficient of

performance of this single THP 81TTH .

On the change in the amount of materials

The technical implementation of the investigated method of heat and mass transfer can be carried out
using a suitable device. The cost, weight, size and other characteristics of such a device may depend on the
quantities (e.g. masses) of the materials of which THPs are made, for example, in particular, on the amount
of thermoelectric material of which the thermocouple legs are made (e.g. bismuth telluride material) and on
the amount of material of which HEs are made (for example, in the first place, the aluminum-based
material of which the heat exchangers are made). With a change in the number of THPs n, which are used
to implement the investigated method of heat and mass transfer, the above amounts of this or other material
can remain unchanged, decrease or increase. As characteristics of this, you can use the coefficient of
change in the amount of thermoelectric material (with a corresponding change in the implementation of the
investigated method of heat and mass transfer) and the coefficient of change in the amount of material of

which the heat exchangers ¢1’0* are made (with a corresponding change in the implementation of the

investigated method of heat and mass transfer):

Vi =~ (3.17)
m

: (3.18)

where m lfM is the amount of thermoelectric material, expressed in appropriate units (for example, mass,

expressed in kilograms) in the case (variant) of the implementation of the investigated method of heat and

mass transfer, with which the comparison is carried out (in the initial case); /,is designation of this initial
case (as a variant — its number in Table 3.1); m ,TM is the corresponding amount of thermoelectric material

(expressed in the same units) in the case (variant) of implementation of the investigated method of heat and

mass transfer which is considered (compared); /_is designation of this compared case (as a variant — its

HE

number in Table 1); ml}:)l is the amount of material of which the heat exchangers are made, expressed in
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appropriate units (for instance, mass, expressed in kilograms) in the case (variant) of implementation of the

ninvestigated method of heat and mass transfer, with which the comparison is carried out (in the initial

HE

case); /, is designation of this initial case (as a variant — its number in Table); mfl”h is the corresponding

amount of material of which the heat exchangers are made (expressed in the same units) in the case
(variant) of implementation of the investigated method of heat and mass transfer, which is considered

(compared); /_ is the designation of this compared case (as a variant — its number in Table).

Let us make the following assumptions.
10. Suppose that with a change in the implementation of the investigated method of heat and mass
transfer, which may be accompanied by a change in the number of THPs, the following
relations are fulfilled, which are related to the amount of thermoelectric material (provided that
all thermoelements of the i-th THP are electrically connected in series, and in terms of heat flows - in
parallel):

o 1. .

Ay =7 Ao (3.19)
n

- =n—°71'; Ko (3.20)
n

kiw =271k 3.21)
n

where n,, is the number of THPs in the case (variant) of implementation of the investigated method of

heat and mass exchange, with which the comparison is carried out (in the initial case); 7, is the number
of THPs in the case (variant) of implementation of the investigated method of heat and mass transfer which
is considered (compared); «,  is total differential Seebeck coefficient of the material (legs) of
thermoelements of the i-th THP in the case (variant) of implementation of the investigated method of heat
and mass transfer, which is considered (compared); ¢, is total differential Seebeck coefficient of the
material (legs) of thermoelements of the i-th THP in the case (variant) of implementation of the
investigated method of heat and mass exchange, with which a comparison is carried out (in the initial case);

;.. is total electrical resistance of thermoelements of the i-th THP in the case (variant) of implementation

of the investigated method of heat and mass transfer, which is considered (compared); 7, is total electrical

resistance of thermoelements of the i-th THP in the case (variant) of implementation of the investigated

method of heat and mass transfer, with which a comparison is carried out (in the initial case); k., is

thermal conductivity of thermoelements of the i-t4 THP in the case (variant) of implementation of the

investigated method of heat and mass transfer, which is considered (compared); k[; o 1s thermal

conductivity of thermoelements of the i-th THP in the case (variant) of implementation of the investigated
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method of heat and mass transfer, with which a comparison is carried out (in the initial case).

11. Suppose that with a change in the implementation of the investigated method of heat and mass transfer
the following relations are fulfilled, which are related to the amount of material of which the heat
exchangers are made (provided that all thermoelements of the i-th THP are connected in parallel in terms
of heat flows):

— X .
Izhot,i;lX - I Rhot,i;lo ’ (322)
0%,
n,
Rconl,i;lx - [ Rcool,[;lo ’ (323)
nyo,

where R, ., is total resistance of heat transfer from heat-releasing thermoelement junctions of the i-th

THP to MS in the case (variant) of implementation of the investigated method of heat and mass exchange

which is considered (compared); R, ;, is total resistance of heat transfer from heat-releasing

thermoelement junctions of the i-th THP to MS in the case (variant) of implementation of the investigated

method of heat and mass exchange, with which a comparison is carried out (in the initial case); R is

cool izl
total resistance of heat transfer from MS to heat-absorbing thermoelement junctions of the i-th THP
in the case (variant) of implementation of the investigated method of heat and mass exchange,

which is considered (compared); R is total resistance of heat transfer from MS to

cool i,
heat-absorbing thermoelement junctions of the i-th THP in the case (variant) of implementation
of the investigated method of heat and mass exchange, with which a comparison is carried out
(in the initial case).

Hereinafter, in this work (part 3) we will use assumptions 10 and 11.

Results of estimation calculations and their peculiarities

The initial data and the results of the corresponding calculations related to example under
study are presented (in abbreviated form) in Table. Column headings of Table contain,
sequentially, from top to bottom, a textual description of the corresponding quantities, their
symbolic designation (if any) and dimension (if any), which are separated by dotted lines. In Table 1, the
initial data and calculated results are designated by different colours (the initial data — in this colour,
and calculated results — in this, different colour). Case numbers of example under study for which the
value V*® is identical are designated by the same colours.

For all the cases of example under study the total temperature difference of MS in its input flow
according to expression (23) [1] and diagram in Fig. 2 [1] is identical and equal to 5 K :

AT =5K. (3.24)
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Table
Initial data and some results of corresponding estimation calculations of the efficiency of the
investigated method of heat and mass exchange with the use of THP for the case of cooling MS in its
input flow by all individual THPs (according to Fig. 2 [1],; according to assumptions

1,2,4-8[10; " =T" =298.15K )

cool,n

Case Ne of example under study
Total number of THPs
Coefficient of change in the amount of thermoelectric material
Coefficient of change in the amount of material of heat echnagers
Total differential Seebeck coefficient of material (legs) of
thermoelements of each individual i-th THP
Total electrical resistance of thermoelements of each individual i-th THP
i-th THP
Total thermal conductivity of thermoelement legs of each individual ith
THP
Total resistance of heat transfer from heat-releasing thermoelement
junctions of each individual i-th THP to MS
Total resistance of heat transfer from MS to heat-absorbing thermoelement
junctions of each individual i-th THP
Heat capacity losses of MS (heat capacity rate of \ms)
Total temperature difference of MS 1in its input flow
Temperature difference at
Temperature difference on thermoelements of n-th THP
Coefficient of performance of thermoelemnts of n-th THP
Indicator of energy efficiency of the investigated process

Strength of current flowing through each thermoelement of each individual

! n 7/11(: gollo\ a; 7’; I k Rhot,i Rcool,i VCMS ATMS ATR

i i i 1 cool,n n n cool

""""""" v |om| A |[WK|{KW|KW|[WK| K | K [ K | |
1|1 1 10.048| 2.6 | 1.617| 034 | 0.1 0.1 |3.152| 5 1.5762 | 11.36 |2.051|2.051
2111 2 1 10.096| 52 |0.863 | 0.68 | 0.1 0.1 |3.152| 5 1.5762 | 10.12 |3.343|3.343
3116 | 1 |0.768| 41.6 | 0.364 | 5.44 | 0.1 0.1 |3.152| 5 1.5762 | 11.829 |1.789|1.789
4121 1 [0.024| 13 | 149 | 0.17 | 0.2 02 |3.152| 5 1.5835 | 7.306 |2.517|2.492
5021 2 1 0.048| 2.6 |0.768 | 0.34 | 0.2 02 |3.152| 5 1.5844 | 6.601 |4.458|4.411
62| 2 2 10.048| 2.6 |0.713 | 034 | 0.1 0.1 |3.152| 5 0.791 | 4.712 [5.337|5.288
712 [087(0.87[0.021|1.128| 1.765 |0.148 | 0.23 | 0.23 |3.152| 5 1.825 | 8.255 (2.074|2.051
812110909 (0.022| 1.17 | 1.689 |0.153 0.222 | 0.222 |3.152| 5 1.760 | 7.989 [2.183|2.160
918 | 1 1 |0.006|0.325| 1.403 |0.042| 0.8 0.8 [3.152| 5 1.586 | 4.560 [2.923]2.878
10|16 | 1 1 |0.003|0.162|1.3895|0.021| 1.6 1.6 |3.152| 5 1.565 | 5.677 [2.997|2.948
11|16 | 4 4 10.012] 0.65 | 0.313 {0.085| 0.4 04 |3.152| 5 0.396 | 1.155 [14.51|14.32
12|16 | 16 | 16 [0.048| 2.6 | 0.082 | 0.34 | 0.1 0.1 |3.152| 5 0.0991 | 0.521 |50.44|49.71
13116 32 | 16 [0.096| 52 | 0.047 | 0.68 | 0.1 0.1 |3.152| 5 0.0994 | 0.520 |71.02]|69.72
14|16 | 32 | 32 10.096| 52 |0.045| 0.68 | 0.05 | 0.05 (3.152| 5 0.050 | 0.419 [81.05|79.69
15|16 (0.78|0.78 | 0.002 | 0.127 | 1.882 | 0.017|2.042 | 2.042 (3.152| 5 2.028 | 5.492 |2.089|2.051
16|16 | 0.9 | 0.9 10.003|0.146| 1.579 |0.019|1.778 | 1.778 |3.152| 5 1.764 | 4.648 [2.582]2.538
17|48 | 48 | 48 10.048| 2.6 |0.0272]| 0.34 | 0.1 0.1 |3.152| 5 0.033 | 0.172 [153.5|151.2
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Table (continued)

Z n }/[lg ¢1le Q; ’; ] k Rhoti Rcaol,i VCMS ATMS ATR

i i i R 1 cool,n n n cool

17 1 | v {om| A |WK[KW[KW[WK| K [ K | K | | ]

18] 1 1 1 10.048| 2.6 0'(32)14 0.34 | 0.1 0.1 |0.445 5 0.223 | 6.267 |6.360|6.360
0.350

19| 1 1 1 10.048| 2.6 0.34 | 0.1 0.1 [0.536 5 0.268 | 6.374 |6.293|6.293

200 2 | 1 1 (0.024| 1.3 |0.274| 0.17 | 0.2 0.2 [0.536| 5 0.270 | 3.300 |11.31|11.18

.162 .021 20.
21|16 | 1 1 10.003 056 0.214 035 1.6 1.6 [0.536| 5 0.269 | 0.881 |21.12 0983
.310.310. .
22|16 Oj 0: 0;)‘(1)0 0.051] 0.699 0(;06 5.098|5.098 |10.536| 5 0.859 | 2.216 |6.383|6.293
. . 22.81(22.51
23164 | 1 1 0.000 0.041] 0.207 0.005 64 | 64 0536 S 0.269 | 0.632 8 >
75 3 6 6
0.042
241 64 | 8 8 10.0060.325| 0.027 5 0.8 | 0.8 [0.536] 5 0.034 | 0.147 |160.4|158.1
4.502
25|11 | 1 1 10.048| 2.6 @ |034) 01 0.1 [5.669| 5 2.834 | 26.841 |0.484|0.484
5.455
26| 1 | 1 1 10.048| 2.6 034 | 0.1 0.1 [5343| 5 2.671 | 35.21 |0.309|0.309

(%)
27| 2 | 1 1 (0.024| 1.3 |3.086| 0.17 | 0.2 | 0.2 [5343| 5 2.694 | 13.08 |1.009|0.994

0.162 0.021

28|16 | 1 1 10.003 5 2.846 25 1.6 1.6 [5343| 5 2.704 | 8.201 |1.219]1.191
0.82(0.82]0.002 (0.134 0.017

29| 16 g g | 483 5 4.838 59 193 | 1.93 [5343| 5 3.327 | 14.008 |0.519|0.495
0.80 0.002 | 0.130 0.017

30| 16 ) 1 404 ) 4.928 03 1.6 1.6 [5343| 5 2.751 | 11.724 0.521|0.497

M coefficients of change in the amount of materials for all other cases were calculated with respect to the
amount of materials in this case (the amount of materials in this case is initial); ® in the mode of maximum
energy efficiency of THP working in the investigated process; ® corresponds to the mode of maximum
energy efficiency of THP thermoelements working at the temperature values of their heat-absorbing and
heat-releasing junctions that correspond to this case ¥ in the mode of maximum cooling capacity of THP
working in the investigated process; ® corresponds to the mode of maximum cooling capacity of THP
thermoelements working at the temperature values of their heat-absorbing and heat-releasing junctions that
correspond to this case.

In the 1% case of example under study only one THP is used, the thermoelements of which work in
the intermediate mode between the modes of maximum energy efficiency and the mode of maximum
cooling capacity. The parameters of this process were calculated with the use of a system of 4 equations
(3.8), (3.10), (3.13), (3.14) (it is also possible to use a system of 4 equations (3.8), (3.10), (3.13), (3.15), or
a system of 4 equations (3.8), (3.10), (3.14), (3.15) or a system of 4 equations (3.6), (3.8), (3.10), (3.13), or
a system of 4 equations (3.6), (3.8), (3.10), (3.14), or a system of 4 equations (3.6), (3.8), (3.10), (3.15)).

In so doing, the values of Zzii(i—l)’ T T

cool,i > ~hot,i >

PP .
V." are unknown, and other values are known. The initial

data and the results of calculations for this case are given in the row of table 3.1, which corresponds to this
case.
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In the following cases of the considered example in which several THPs are used, these several

THPs are identical (the values of «;, 7;, k,, R, anda R for all these THPs are identical) and also

hot i cool i

for all these THPs the strength of current flowing through them, /; is the same.

Fig. 3.1 shows some peculiarities of cases 18 and 19 of example under study. Plot a in Fig. 3.1 was
built on the basis of a function that reflects a dependence of the coefficient of performance of respective i-

th THP on the strength of current flowing through thermoelements of this i-th THP &™ (I l.), which, in
turn, was obtained on the basis of equations, such as (3.6), (3.8), (3.10), (3.13) and expression (3.4),
provided that AT™ =const =5 K . Coordinates of point 18 in Fig. 3.1 (which corresponds to case 18 of

!
example under study) were obtained, in particular, with the use of condition (EiTTH (] ; )) =0. Plots b and ¢

in Fig. 3.1 were built on the basis of expression (3.1) (with the use of expressions (2) and (3)).
The results of calculations for case 19 were obtained using a system of 5 equations, for instance, (6),
(8), (10), (13) and a commonly known expression to determine the strength of current flowing through

TE
thermoelements that work in the mode of maximum energy efficiency / f““‘” [9]:

TE TE
]g,ff]ax _ ai (T;wt,i - T'cool,[)

(3.25)

hot i cool i

! 2
r \/1+0.5Z" (T +T™ )1

11

In this case 19 [, = ™,

0.30 0.35 0.40 0.45 0.50 0.55
I, A

Fig. 3.1. Figure showing some peculiarities of cases 18 and 19 of example under study:
a — plot €iTTH (]i )(ATIMS =const=5K , V) # const ); b plot of EiTE versus 1[ for fixed
temperature values of heat-absorbing and heat-releasing thermoelement junctions of the i-th THP
that correspond to case 19 of example under study, c¢ — plot of E,‘iTE versus I, for fixed temperature values

of heat-absorbing and heat-releasing thermoelement junctions of the i -th THP that correspond to case
18 of example under study, point 18 corresponds to case 18 of example under study;
point 19 corresponds to case 19 of example under study.
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Fig. 3.2 shows some peculiarities of cases 25 and 26 of example under study. Plot @ in Fig. 3.2 was
built on the basis of a function showing a dependence of cooling capacity of corresponding i-th THP on the

strength of current flowing through thermoelements of this i-th THP QTTH (I l.), which, in turn, was

cool i

obtained on the basis of equations, such as (3.6), (3.8), (3.10), (3.13) and the expression to determine
cooling capacity of the i-th THP by its effect on MS:

o —yrr(re L ~Tr ) (3.26)

(with regard to the respective assumptions) provided that A" = const =5 K .

Coordinates of point 25 in Fig. 3.2 (which corresponds to case 25 of example under study) were obtained,

!
in particular, with the use of condition (QCTOTO?Z (1 ; )) =0. Plots b and c in Fig. 3.2 were built on the basis

of Eq.(2).

TE
ool,i * Bm

Bm; 0,

TTH
cool,i

Q

Fig. 3.2. Figure showing some peculiarities of cases 25 and 26 of example under study:
a —plot QCTOT;;IZ(L) (AT = const =5 K , V™ # const ); b—plot of Q" . versus 1, for fixed

cool ,i

temperature values of heat-absorbing and heat-releasing thermoelement junctions of the i-th THP

that correspond to case 26 of example under study; ¢ — plot of QCTOEOI ; versus 1 ; for fixed temperature

values of heat-absorbing and heat-releasing thermoelement junctions of the i-th THP that correspond
to case 25 of example under study; point 25 corresponds to case 25 of example under study;
point 26 corresponds to case 26 of example under study.

The results of calculations for case 26 of example under study were obtained using a system of 5
equations, such as (3.6), (3.8), (3.10), (3.13) and a commonly known expression to determine the strength
of current flowing through thermoelements that work in the mode of maximum cooling capacity

TE
I[Qcool,[.max [8] .

C[TTE

][Qﬁil,i,max —_ i~ cool,i i (3.27)
V.

1

TE
In this case 26 [, =1 l.Q“’”""’m"“ .
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Conclusions

From the calculations described in this paper it can be concluded that increase in the quantity of

THPs used in the above described processes, in particular, can:

1) create the possibility of reducing the amount of thermoelectric material and/or the amount of
material of heat exchangers of which all THPs are made, with constant energy efficiency of the
respective process;

2) create the possibility of increasing the energy efficiency of the respective process with constant
amount of thermoelectric material and/or material of heat exchangers of which all THPs are made;

3) create the possibility of increasing the energy efficiency of the respective process with a change (in
particular, increase) in the amount of thermoelectric material and/or material of heat exchangers of
which all THPs are made.
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Kmeseubknii O.C., kano. ¢us.-mam. nayx'
OpJaenbkuii O. B.

UepHiBeIIbKAN HaIlIOHATBHIH YHIBepcUTET iMeHi FOpis denpkoBuya,
Bya. Komrobuncrkoro 2, UepHisii, 58012, Ykpaina

OINIHKA EOFEKTUBHOCTI YACTUHHOI'O BUITAJIKY
MNMPOLECIB TEIINTOMACOOBMIHY MIX TEIIVIOBUMHA
HACOCAMM 1 PYXOMOK PEHOBHUHOIO
YacTuna 3

Ilpeocmasnena meopemuyna modenv 01 OYIHKU eeKMUSHOCMI poOOmU HACMUHHO2O BUNAOKY
npoyecie meniomacooOMiny Midic pyXomMow pedosUHOI0 i MEPpMOEIeKMPULHUMU MENTO8UMU HACOCAMU
3 IX MenI0oOMIHHUMU YACMUHAMU, NPU AKOMY PYXOMY De408UHY (AO0 NPUHAUMHI YacmuHy yiei pyxomoi
PeyosuUHY) Npueoodsimv Y  MEnIoGull KOHMAKM 3 MEeNION02IUHAIbHOIO 1 MenioguoLisiouon
MenI000MIHHUMU YACMUHAMYU NPUHAUMHI 080X MePMOeNeKMPUYHUX MEeNI08UX HACOCI8, AKI MOJICYMb
npayoeamu 8  pexlcumax,  AKi - MOJNCYMb  GIOPIHAMUCA IO PENCUMY — MAKCUMATbHOL
eHepeoehekmueHocmi, 30Kpema, 3 6pAXYEAHMSIM KIIbKOCWeEl mamepianie, wo HeoOXioHi O
BUCOMOBICHHA YUX MePMOeIeKMPUYHUX meniogux Hacocig. Haegedeni pesynomamu 8i0nosioHol
meopemuunoi oyinku. . bion. 9, maobn. 1, puc. 2.

KaouoBi ciaoBa: TemoBuii  Hacoc, pyxoMa pEYOBHMHA, TEIUIOMAacOOOMiH, e€(EKTHUBHICTb,
eHeproe()eKTUBHICTh, TEPMOECJCKTPUYHUI TEIUIOBUH HACOC, TEPMOEJIEMEHTH, TEPMOECICKTPUYHUIMA
Marepiai.

Kmaseuxuii .A. C., kano. us. mam nayx'
Opaenxuii A.B.

'YeproBuIKNMii HAIMOHATBHEIH YHUBEPCHTET
uM. Opus denpkoBuya, yi. Komtobunckoro, 2,
Yepnorupl, 58012, Ykpauna

OHEHKA 9OPEKTHUBHOCTHN YACTHOM CJIYYAE
MNMPOLECCOB TEIINIOMACCOOBMEHY MEXAY TEIIJIOBbBIX
HACOCOB U1 JIBUKEHUEM BEHIECTBOM
Yactsb 3

Ilpeocmasnena meopemuueckas modenv 015 oyeHKU 3ekmusHocmu pabomovl 8 YACMHOM Caydae
npoyeccos MenioMaccooOMena Medncoy OBUIICYWUMCA BEUWeCm8OM U MeEPMOINEKMPUYECKUMU
MENNOBLIMU HACOCAMU C UX MENI00OMEHHBIMU YACMAMU, NPU KOMOPOM O8UICYIEECs: Geuecmso (U
xoms Obl uacmb  IMO20  OBUINCYWE20CS  BEWeCmBa) NPUBOOam 6 Menioeol KOHMAKMm ¢
mennonoanowaouell U meniogvloensioujelti Mmenioo0OMeHHbIMU YaACMAMU NO KpauHel Mmepe O08YX
MEPMOINEKMPUYECKUX MENI0BbIX HACOCO8, MOSYWUX paAbOmamv 6 pPelCUMAX, OMAUYAIOWUXCSL Om
PEANCUMA MAKCUMATLHOU IHEP2OIPDEKMUSHOCTU, 8 YACMHOCMU, C Y4emOM KOAUYeCs Mamepuaios,

HEOOXO00UMbBIX Ol U320MOGICHUsSL  IMUX MEPMOIIEKMPUHECKUX MENTIOBbIX HACOCOSE. HpueeOeHbz
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pe3yibmamsi COOMEemcmeywel meopemuyeckou oyenku. bubn. 9, maébn. 1, puc. 2.

KnwueBble cj10Ba:  TEIUIOBBIM  HACcOC, TOABIDKHE  BEIIECTBO,  TerutomaccooOmer,  KIIJI,
9HeprodpPeKTUBHOCTh, TEPMOIICKTPHICCKHI TEIUIOBOM HACOC, TEPMOIIECMEHTBI, TEPMOIICKTPAICCKUIA
MaTepHal.
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SIMULATION OF THE EFFECT OF THERMAL UNIT
VELOCITY ON THE PROCESS OF GROWING Bi>Te; BASED
MATERIALS BY VERTICAL ZONE MELTING METHOD

The paper presents the results of computer simulation of the process of growing Bi;Te; based
thermoelectric materials by vertical zone melting method. It was found that, depending on the
velocity of the heater and coolers, not only the curvature of the crystallization front changes,
but also its shape. At temperatures of the heater and coolers Ty, = 1058K, T, = 303K for
velocities greater than 1.25 cm/h, the crystallization front along the entire crystal becomes
convex into the solid phase, but at lower velocities it changes its shape from convex to
concave along the grown sample. Bibl. 5, Fig. 6.

Key words: simulation, vertical zone melting, thermoelectric material, bismuth telluride.

Introduction

Zone melting is one of the most commonly used methods for the production of semiconductor
materials, in particular thermoelectric. However, obtaining thermoelectric materials (TEM) with the
required properties is possible only under the conditions of a controlled crystallization process, since
the curvature of the crystallization front, the temperature gradient at the interface between the solid
and liquid phases, the geometry of the melt zone, and the velocity of zone motion have a great
influence on the stability of growth and uniformity of a single crystal, etc [1, 2].

Computer simulation of TEM growing processes makes it possible to determine the growth
conditions and explain possible difficulties that may arise as a result of changes in these
conditions. It cannot replace, but presupposes and complements the experiment, providing
information that can be experimentally obtained only indirectly. Therefore, the improvement and
development of the technology for growing thermoelectric materials by means of multiparameter
computer optimization of the controlled process parameters is urgent.

This study is a continuation of [3], in which the shape of the crystallization front depending
on the temperature and size of the heater was studied by computer simulation.

The purpose of this work is a computer study of the effect of thermal unit velocity on the
process of growing Bi,Te; based materials by vertical zone melting method. In particular, the
analysis of the influence of TEM growth conditions on the formation of a flat crystallization front.
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Physical model of vertical zone melting

The circuit diagram of the process of growing thermoelectric materials by vertical zone
melting is represented in Fig.2.
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Fig.1. Physical model of installation for growing TEM by vertical zone
melting method: 1 — container, 2 — material in solid phase (polycrystal),
3 — material in solid phase (single crystal), 4 — melt front,
5 — crystallization front, 6 — material in liquid phase
(melt zone), 7 — heater, 8§ — coolers.

The figure depicts a fragment of an ingot comprising polycrystalline material 2, a molten
zone 6, and a single crystal 3. The ingot is placed in a container 1. Using a heater 7 and a system
of coolers 8§, a molten zone 6 is formed that moves together with the heater along the sample to
provide melting of the polycrystal and crystallization of the melt below the boundary 5, which is
called the crystallization front. The system which is composed of a heater 7 and coolers 8 is
commonly referred to as a thermal unit.

Mathematical model of zone melting process

COMSOL Multiphysics software package was used for computer simulation of the process
of growing the Bi,Te; thermoelectric material, which allows simulating almost all physical
processes described by algebraic and differential equations in partial derivatives. To do this, it is
sufficient to use ready-made modules of the corresponding physical phenomenon. If necessary,
the researcher can change the equation built into the COMSOL module, or specify his own.
Numerical calculation is performed by the finite element method [5].
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Simulation of the motion of the heater and coolers in the COMSOL Multiphysics system

was carried out by using the Moving Mesh module, which allows changing the mesh during the

calculations of unsteady processes (Fig. 2).

x10° K
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0.8

0.7
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Fig.2. Image of computer model mesh of the plant for growing

TEM by vertical zone melting method.

The temperature distribution in the test sample was found from solving the differential

equation of thermal conductivity, supplemented by the dependences of the physical properties of

the test material as a function of the phase state at a given point at a given temperature:
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where p is the density; €, is the heat capacity of material; k is thermal conductivity; u is

the velocity of the medium which in the problem under study is equal to zero; T is
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temperature; @ is phase ratio at a given temperature; &, is mass ratio between phases; L is
latent heat of phase transition; @ is external heat flux. The indices phasel and phase2

indicate to which phase, solid or liquid, respectively, the properties are related.

To account for heat transfer due to radiation to the physical interface Heat Transfer in
Solids in the COMSOL Multiphysics system, the boundary condition Surface-to-Surface
Radiation is added, selecting the outer boundaries of the container and the thermal unit (Fig. 3). :

-100 ]|

-110]] =

-120]]

-130]

-140|

-1507 T T T ml T T rr‘lnq

-60 -40 -20 o] 20 40 60

Fig.3. Radiation boundaries between the surfaces.
—n(—xVT) = gap(TE, — T4), (7)
where F,;r is temperature of thermal unit wall; T is temperature of container wall, n is vector

-1
directed along the normal to the surface of cylinder (container); & = (ai -‘r-i - l) is reduced
1

radiation coefficient of the system; £; is radiation coefficient of thermal unit, £; is radiation
coefficient of container; @ is the Stephan-Boltzmann constant.

To calculate the computer model, the geometric dimensions of the system elements, the
initial temperatures of the heater and coolers, the liquidus and solidus temperatures of Bi,Tes as
well as the temperature dependences of the properties of the grown material are set [4].
Convection and mass transfer of molten Bi,Te; are not taken into account.

Computer simulation results

With regard to the results obtained in [3], the study of the effect of thermal unit velocity on
the process of growing BixTes was carried out with the following input parameters of the system:
wall thickness of the quartz container 3 mm; the diameter d of the grown crystal was assumed to
be 24 mm, its length / = 30 cm; height and temperature of the heater hy, = 3d, T}, = 1058K; height
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and temperature of coolers i, = 1d, T, = 303K. The thermal unit velocity varied from 0.5 to 4

cm/h. The temperature of the heater was selected based on the initial simulation results such that
even at high velocities, the heater had time to completely melt the crystal under study.

The change of the temperature gradient at the crystallization front depending on the velocity
of the heater and coolers was studied. The simulation results are shown in Fig.4.

160
140
£
O
2z
- 1204
5 ——0,5cmh
S 1 em/h
—1,25 cm/h
100 - 2 cm/h
3 cm/h
—4 cm/h
80 L 1 * 1 ] 1 ¥. ) % I

0 5 10 15 20 25 30
X, M

Fig. 4. Change in the temperature gradient at the crystallization front
along the grown crystal at thermal unit velocities v=0.5 — 4cm/h.

As can be seen from the figure, the temperature gradient at the crystallization front
increases with increasing growth rate. In addition, you can see that regardless of the rate, there is
a clear change in the magnitude of the gradient near the coordinate of 21 cm, which is due to the
exit of the upper cooler outside the grown ingot and the violation of the thermal balance of the
system.

As is known, when TEM is obtained by vertical zone melting, the curvature of the
crystallization front has a great influence on the stability of the growth of a single crystal and its
homogeneity [2, 3]. With directional crystallization, the cleavage planes are oriented along the
normal to the crystallization front. If the front is flat, then the polycrystalline ingot consists of
grains, the cleavage planes of which are oriented parallel to its axis, i.e., a directional structure is
formed. Therefore, it is important to study the effect of thermal unit velocity on the nature of
change in the shape of crystallization front along the crystal during its growth.

Fig. 5 shows how the shape of the crystallization front changes during the motion of the
melt zone along the crystal at growth rates v =1 cm/h and v = 4 ci/h.

It can be seen from the figure that in the lower part of the grown ingot the crystallization
front is substantially convex into the solid phase for thermal unit velocity of 4 cm / h and slightly
convex for a velocity of 1 cm/h. As the molten zone moves, the curvature of the front decreases in
both cases, but at the end the front is again curved.
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Fig.5. Image of melt zone motion along the crystal at growth
rates v = lemfh and v = 4 em/fh.
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Fig.6 shows a dependence of the value of crystallization front curvature along the crystal at
various thermal unit velocities. The curvature was calculated as a difference between the

maximum and minimum points &2 = Zq. — Ep Of the front.
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Fig.6. Dependence of the value of crystallization front curvature
along the crystal on thermal unit velocity.

As can be seen from the figure, maximum flat crystallization front was achieved at a
growth rate of v=1.25 cm/h. A detailed analysis of the simulation results showed that at the given
temperatures of the heater and coolers (7w = 1058 K, 7. = 303 K) for velocities greater than 1.25
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cm/h the crystallization front along the whole crystal was convex into a solid phase. For velocities

lower than the specified value, the front changed its shape and at the initial section of the grown

crystal it was convex, then it became concave into the melt and at the end of the crystal it again

became convex.

Conclusions

1.

A procedure has been developed for computer simulation of the effect of the growth rate of
thermoelectric materials on the crystallization process of Bi,Tes; based TEM by vertical zone
melting method.

It is shown that with increasing the growth rate the temperature gradient at the crystallization
front increases slightly.

It was established that depending on the velocity of the heater and coolers, not only the
curvature of the crystallization front changes, but also its shape. At the temperatures of the
heater and coolers Ty = 1068K, T, = 303K for velocities greater than 1.25 cm/h, the

crystallization front along the entire crystal was convex into the solid phase, but at lower
velocities it changed its shape from convex to concave along the grown sample.
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BEPTHUKAJBHOI 30HHOI IILTABKHA

Y cmammi nasedeno pezyromamu KomMn’'iomepHoco MOOENO8AHHL NPoOYecy GUpOWy8aHHs
mepmoeneKmpusHux mamepianie na ocroei Bi:Te; memodom eepmukanivioi 30HHOI NAAGKU.
Bcmanoeneno, wo 6 3anedxcnocmi 8i0 weuOKOCmi pyXy HASPIGHUKA MA OXO0A00MHCYBAUIE
3MIHIOEMbCSL He Juwle Kpueusna Gpoumy kpucmanizayii, ane U tioco ¢opma. Ilpu
memnepamypax niuku ma xonoounvrukie Ty=1058K, T.=303K ons weuoxocmeii 6invuiux 1.25
CcM/200 poum kpucmanizayii 630084C 6Cb020 KPUCMALY CMAE ONYKIUM 8 meepoy aszy, ane
npu MeHWUX weUOKOCMSX B6IH 3MIHIOE C8010 (POpPMY 8I0 ORYKI020 00 YBICHYMO20 830084
supowysanozo 3pasxa. bion. 5, puc. 6.

Kuaro4oBi cioBa: MOeIIOBaHHs, BEPTUKAIbHA 30HHA IIaBKA, TEPMOCICKTPUIHII MaTepiad,
TEIypuJ BiCMYTY.
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MOJIEJIMPOBAHUE BJINSIHUS CKOPOCTH IBUKEHUSA
TEIIJIOBBIX Y3JIOB HA ITPOIIECC BbIPAIIIUBAHU S
MATEPHAJIOB HA OCHOBE Bi;Te; METOJOM
BEPTUKAJIBHOM 30HHOM IIJIABKH

B cmamve npugedenvi  pesyrbmamuvl  KOMHbIOMEPHO20 — MOOEIUPOBAHUA — Npoyecca
BLIPAWUBAHUA  TEPMOIIEKMPUYecKux  mamepuanros Ha ocHose BulTe3  memooom
6epMUKANLHOL 30HHOU NIABKU. YCmaHo61eHo, Ymo 6 3a8UCUMOCHU Om CKOPOCHU OBUIICEHUS.
Hazpesamens u oxaaoumeneil USMEHAEMCA He MOIbKO KPUBUSHA PPOHMA KPUCMATIUZAYUU, HO
u eco ¢opma. Ilpu memnepamypax neuu u xonoounvrukos T, = 1058K, T.= 303K onra
ckopocmeii bonvuux 1.25 cm/u pponm kpucmaniuzayuu 6001b 6ce20 KPUCMANLA CHIAHOBUNCA
BBLINYKALIM 6 Meepoyio a3y, HO Npu MeHbWUX CKOPOCMAX OH MeHsem C801 gopmy om
8bINYKI020 K B02HYNO020 800b blpaujueaemozo obpasya. bubn. 5, puc. 6.

KnioueBble cjioBa: MOJAENIMPOBaHHE, BEPTHUKAIbHAs 30HHAs IUIaBKa, TEPMOIIEKTPHYCCKUH
MaTepua, TeJUTypu BUCMYTa.
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THERMOELECTRIC DEVICE FOR TREATMENT OF SKIN DISEASES

The paper presents the results of development of a thermoelectric device for treatment of skin diseases.
The developed device has an extended range of operating temperatures (-50 + 0) °C and visual control
of the temperature of cooling work tools during therapeutic procedures. The design features of the
device, its technical characteristics and the results of testing in clinical practice are given. Bibl. 44,
Fig. 6, Tabl. 1.

Key words: thermoelectric device, thermoelectric cooling, treatment of skin diseases, dermatology,
cosmetology.

Introduction

According to experimental and clinical studies, the influence of temperature factors is one of the
effective methods for treatment of many human diseases, including skin [1-5]. However, the majority of
technical devices that are currently used for temperature exposure in medical practice are cumbersome,
without the proper ability to control the temperature and reproduce thermal conditions. To achieve low
temperatures, in most cases, chloroethyl or liquid nitrogen systems are used, which have a number of drawbacks
that significantly limit the possibilities of their use in dermatology and cosmetology practice [1 — 9].

To solve this problem, it is possible to use thermoelectric cooling [10 —15], which has several
advantages over the traditional methods of temperature exposure. Existing thermoelectric devices are used in
various fields of science and technology, in particular in medicine. Structural plasticity, reliability, ease of
operation and the ability to accurately adjust the temperature create favorable conditions for their wide
practical application in medical practice. In particular, in dermatology and cosmetology, thermoelectric
devices are promising for cryomassage in order to accelerate the regression of skin rash elements and
stimulate the metabolic processes in the skin in various dermatoses, as well as for conducting cryodestruction
of skin neoplasms, freezing of warts, papillomas, etc [3, 5]. Thermoelectric devices for treatment of skin
diseases, created by this time, usually have a range of operating temperatures (-30 + +5) © C [11 - 15]. In
most cases, such temperatures are sufficient for complex treatment of various skin diseases [16 — 21], but not

ISSN 1607-8829 Journal of Thermoelectricity Ne4, 2019 63



Anatychuk L.I., Kobylianskyi R.R., Denysenko O.1., Stepanenko V.I., Svyryd S.G., Perepichka M.P.
Thermoelectric device for treatment of skin diseases

enough for the cryodestruction of pathological changes and skin neoplasms.

Therefore, the purpose of this work is design development and manufacture of a thermoelectric
device for treatment of skin diseases with an extended range of operating temperatures (50 + 0) ° C and
testing the device in clinical practice.

Design and technical characteristics of device

At the Institute of Thermoelectricity of the NAS and MES of Ukraine, in the framework of an
agreement on cooperation with the Higher State Educational Establishment of Ukraine “Bukovinsky State
Medical University”, a thermoelectric device was developed for treatment of skin diseases (Fig.1) [22].
The technical characteristics of the device are listed in Table 1.

Fig.1. Thermoelectric device for treatment of skin diseases:
1 — thermoelectric cooling unit, 2 — work tool

Table 1
Technical characteristics of the device
Ne Technical characteristics of the device Parameter Value§ ’
measurement units
1. Operating temperature range (-50 +0)°C
2. Temperature accuracy +1°C
3. Time required for the device to reach temperature mode 10 min
4. Device AC supply voltage 220100V
5. Device power consumption 200 W
6. Overall dimensions of thermoelectric cooling unit (135%120%110) mm
7. Overall dimensions of work tool (215%23%18.5) mm
8. Thermoelectric cooling unit weight 1.5kg
9. Work tool weight 0.08 kg
10. Continuous work time of the device 8h
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The device consists of two main functional units (Fig. 1): thermoelectric cooling unit 1 and a
set of work tools 2 with variable tips of different configuration. Moreover, the work tools of the
device are not connected and functionally independent of the thermoelectric cooling unit. In turn,
the thermoelectric cooling unit consists of the following elements: housing, high-efficiency two-
stage thermoelectric modules “Altec-2”, cooling chamber for work tools, liquid heat exchangers,
thermal insulation and a set of pressure plates. The heat is removed from the hot sides of
thermoelectric modules by two liquid heat exchangers. The electric power of the thermoelectric
cooling unit is supplied from the power supply unit.

The work tools of the device (Fig. 1) contain built-in electronic thermometers with a stand-
alone power supply unit for visual control of temperature during therapeutic procedures.
Cylindrical copper nozzles of various configurations are attached to the lower part of the work
tools, the internal volume of which is filled with a high heat capacity fluid. This enables sessions
of the necessary therapeutic manipulations to be carried out alternately for 2-5 minutes, after
which the work tool is replaced with the next cooled one. It should be noted that the work tools of
the appliance are sterilizable and safe for future reuse. The availability of a replaceable set of work
tools ensures continuous operation of a thermoelectric device for a long time. At the same time, it
is essential that the work tool is much lighter and more compact in comparison with analogs and
does not contain electrical connections to control and power units. Such a device allows with high
accuracy to control the temperature of cryothermic effect on the corresponding areas of the
patient’s skin during therapeutic manipulations.

A block diagram of a thermoelectric device for treatment of skin diseases is shown in Fig. 2, where 1
is a cooling chamber, 2 is a two-stage thermoelectric Peltier module, 3 is a liquid heat exchanger, 4 is a
housing, 5 is a power supply unit, 6 is an electrical terminal connection, 7 - union fluid connection, § -
water supply network. The use of thermoelectric Peltier modules in the design of a system for liquid
cooling of the hot sides of the thermoelectric modules makes it possible to extend the operating
temperature range of the device to (-50 + 0) ° C.

3 <
» _
» —
3 dc
4

Fig.2. Block-diagram of thermoelectric device for treatment of skin diseases:
1 — cooling chamber, 2 —two-stage thermoelectric Peltier modules, 3 —liquid heat-exchangers,
4 — housing, 5 — power supply unit, 6 — electrical terminal connection, 7 —union fluid connection,
8 —water supply network
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The operating principle of the device

The operating principle of the device is to cool work tools with the help of thermoelectric Peltier
modules. The cooled work tool has a temperature effect on the corresponding areas of human skin. The
advantages of such a device include: the presence of electronic thermometers of work tools, the lack of
connection of work tools with the cooling unit and the small overall dimensions of work tools.

Cooling of work tools takes place in a thermoelectric cooling unit based on thermoelectric Peltier
modules, the heat from the hot sides of which is removed using a coolant flowing through liquid heat
exchangers. For this, the proposed device is connected to a central water supply. The device makes it
possible to maintain the temperature of work tools in the range (50 + 0) © C, which makes it possible to
carry out cryodestruction of skin defects and complex treatment of various skin diseases.

The specified device is simple, compact and reliable in operation, which allows a doctor or medical
professional to use it without special training, having previously read the instructions. Therefore, the use of
such a device is possible both in state medical institutions and in private practice. The introduction of such
a device into medical practice will provide physicians with an effective method for the comprehensive
treatment of dermatological diseases and cosmetological defects. Such a device can be recommended for
practical use in dermatology and cosmetology both in Ukraine and abroad.

In order to determine the effectiveness of the created thermoelectric device and to develop methods
for its application, its clinical trial was conducted in the complex treatment of skin diseases with the
involvement of employees of the Department of Dermatovenerology, the HSEE of Ukraine "Bukovinsky
State Medical University" in the framework of agreement on cooperation. Preliminary results of clinical
trials of the device testify to its high prospects in medical practice.

Cryotherapy

A total of 43 patients (31 women, 12 men) aged 19 to 58 years were monitored, of which 22 were
diagnosed with acne vulgaris (acne), and 21 were diagnosed with rosacea. During treatment, patients were
divided into 2 similar groups by gender, age and diagnosis: the first (comparative) amounted to 21 people
who were prescribed standardized therapy for dermatoses, and the second (main) - 22 patients who used
cryomassage method in complex therapy with the aid of the developed thermoelectric device for treatment
of skin diseases. Statistical processing of the research results was carried out on a personal computer using
the licensed software packages Microsoft Excel and Statistica 6.0 StatSoft Inc. Student's t-test was used to
assess the probability of differences in the indicators, the difference in indicators was considered probable
at p <0.05. To evaluate the nature of the relationships between the indicators, Friedman nonparametric
analysis of variance with the definition of y-square (°),) was used, the dependence between the indicators
was considered probable if the y-square value exceeded the critical value. Examples of clinical applications
of a thermoelectric device are given below.

Acne vulgaris (acne). Among the examined patients, common acne was diagnosed in 22 people, of which
18 - clinical manifestations of moderate acne, 4 - severe acne. All patients were prescribed standard therapy for
dermatosis, which included means of systemic and external exposure. After regression of pustular acne (purulent
rash) in order to accelerate the resolution of inflammatory infiltrative manifestations of acne elements and prevent
the development of post-acne, 11 patients (the main group), of which 9 people were previously diagnosed with
moderate acne, 2 - with severe acne, additionally used the method of cryomassage with the aid of a thermoelectric
device. Cryomassage sessions for patients with acne vulgaris were prescribed for 20-30 seconds 3-4 times
in each field (with a total exposure of up to 7-8 minutes) daily for 5-7 days and every other day for the next
10-12 days (total for the course - 10 -12 treatments). According to the analysis of the regression dynamics
of the rash elements, which were evaluated 3 months after completion of the course of treatment,
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significantly better treatment results were observed in patients with acne of the main group who
additionally used the method of cryomassage with the aid of a thermoelectric device (Fig. 3).

Fig.3. Patient M, 23 years. Diagnosis: Common acne, moderate severity
(before and 3 months after treatment).

So, among 11 patients with acne from the main group, the state of clinical recovery or mild
manifestations of acne was noted in 9 people, moderate in 2 patients (in the comparison group,
respectively, 4 and 7). When conducting Friedman's nonparametric analysis of variance, it was found that a
statistically significant relationship is found between the number of patients with a clinical recovery or
mild acne and the number of patients with moderate acne 3 months after standard treatment and complex
therapy using cryomassage sessions (calculated value [12 = 4.0 at a critical value of 3.84).

Rosacea (acne pink). Among the examined persons, 21 patients were diagnosed with rosacea (acne
pink), 12 of them had papulo-pustular and 9 had erythematous-telangiectatic form of dermatosis. All
patients were assigned standard rosacea therapy, which included systemic and external exposure, and in
complex therapy, 11 patients (the main group) additionally used the method of cryomassage with the aid of
the developed thermoelectric device. The cryomassage method was prescribed to 5 patients with an
erythematous-telangiectatic form of dermatosis from the first days of treatment, and to 6 patients with a
papular-pustular form - after regression of pustular elements of the rash (7-10 days after the start of
treatment). Cryomassage sessions using a thermoelectric device for patients with rosacea of the main group
were performed for 20-30 seconds 3-4 times in each field (with a total exposure of up to 10 minutes) daily
for 5 days, and the next 10-12 days - every other day (total for the course - 10-12 procedures).

To assess the dermatological status in patients with rosacea before and after their treatment, the
rosacea diagnostic assessment scale (SDOR) was used, which includes the sum of the severity of the
clinical manifestations of dermatosis: erythema (0 - no erythema; 1 - mild erythema; 2 - moderate; 3 -
expressive erythema); determination of the number of papules and pustules (0 - up to 10 elements; 1 - from
11 to 20; 2 - from 21 to 30; 3 - more than 30 elements); presence of telangiectasia (0 - absence; 1 -
telangiectasia occupy less than 10% of the face; 2 - from 11% to 30%; 3 - more than 30%); skin dryness
and flaking (0 - dryness absent; 1 - weak; 2 - moderate dryness with slight peeling; 3 - strong with
pronounced peeling); burning and tingling sensation (0 - absence; 1 - mild; 2 - moderate; 3 - severe);
presence of facial edema (0 - no edema; 1 - weak; 2 - moderate; 3 - pronounced). According to clinical
observations, within 3 months from the start of treatment, significantly better treatment results were
observed in patients with rosacea of the main group, who additionally used the cryomassage method with
the aid of the developed thermoelectric device (Fig. 4).
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Fig.4. Patient B., 53 years. Diagnosis: Rosaceaa, erythematous-telangiectatic form
(before and 3 months after the start of treatment).

As the results of clinical observation showed, a positive dynamics of the clinical manifestations of
rosacea after treatment was noted in patients of both groups, however, a more significant decrease in the
SDOR was observed in patients of the main group as compared to its initial values before treatment (2.64
times, p < 0.001), and relative to the values of the SDOR after treatment in patients of the comparative

group (respectively: 1.57 times, p = 0.007).

Cryodestruction

Clinical testing of the use of the developed thermoelectric device for cryodestruction of viral warts
using special nozzles, the working surface of which corresponds to the area of the affected skin areas, was
also conducted. The results of using the created thermoelectric device with an extended range of operating
temperatures with maximum cooling to -50 ° C are presented in Fig. 5 and Fig. 6.

Fig.5. Patient M., 26 years. Diagnosis: common wart (vulgar)
(before and after cryodestruction).

68 Journal of Thermoelectricity Ne4, 2019 ISSN 1607-8829



Anatychuk L.1., Kobylianskyi R.R., Denysenko O.1., Stepanenko V.1, Svyryd S.G., Perepichka M.P.
Thermoelectric device for treatment of skin diseases

‘ L 4

Fig.6.Patient C., 19years. Diagnosis: plantar wart
(before and after cryodestruction).

It should be noted that all patients underwent the use of cryomassage or cryodestruction sessions
with the aid of the developed thermoelectric device for treatment of skin diseases well, without adverse
reactions or complications.

So, according to the results of our studies, the created thermoelectric device with an extended range
of operating temperatures (50 + 0) °C is effective for cryodestruction of skin defects, in particular, common
and plantar warts, as well as for cryomassage in the complex treatment of chronic skin diseases (common
acne, rosacea), which indicates its promise and expediency for a widespread use in both cosmetology and
dermatology practice to increase the effectiveness of treatment of chronic dermatoses.

Conclusions

1. A thermoelectric device has been designed and manufactured for treatment of skin diseases that has an
extended range of operating temperatures (-50 +~ 0) °C and a visual temperature control of cooling work
tools during therapeutic procedures.

2. Clinical testing was carried out and therapeutic efficiency and safety of using the elaborated
thermoelectric device with an extended range of operating temperatures (-50 + 0) °C for treatment of
skin diseases in dermatology (acne vulgaris, rosacea) and cosmetology (ordinary warts, plantar) was
established, which makes it possible to increase significantly the effectiveness of treatment of such
patients.

3. The results of the studies indicate the prospects and the expediency of application of the developed
thermoelectric device for treatment of skin diseases in dermatology and cosmetology practice.
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CONTACT RESISTANCE DUE TO
POTENTIAL BARRIER AT THERMOELECTRIC
MATERIAL-METAL BOUNDARY

The theoretical aspects of estimating the resistance due to carriers passing through a potential
barrier at the boundary between thermoelectric material and metal are considered. The
temperature dependences of boundary resistivity were calculated for thermoelectric legs of Bi:Te;
based materials with the deposited anti-diffusion nickel layers. It was established that the value of
boundary resistance in such legs varies with temperature from 0.5-107 to 2.5-107 Ohm-cm?. It was
shown that boundary resistance can be reduced by increasing carrier concentration in the ultra-
thin nickel contact layer of thermoelectric material due to doping. It was established that
increasing the concentration of doping impurities in the near-contact zone by one order of
magnitude with respect to its optimal value results in decreasing electrical boundary resistance by
two orders. Under these conditions, the resistance value approaches minimum possible value and
is 10° Ohm-cm?. Bibl. 35, Fig. 6, Tabl. 1.

Key words: thermoelectric material-metal contact, potential barrier, electrical boundary resistance.

Introduction

The efficiency of thermoelectric modules is mainly determined by the figure of merit of
semiconductor materials of which the thermoelement legs are made. However, the efficiency of a real
thermoelement essentially depends on the electrical resistance of a contact between semiconductor
material and metal interconnect layers [1 — 3] connecting the thermoelectric legs of module. The Joule
heat released in the contact zone reduces the energy efficiency of thermoelectric converters and leads
to its dependence on the height of the thermoelement legs [4]. The negative influence of contact
resistance on the characteristics of thermoelectric devices is especially perceptible in the conditions of
miniaturization of the thermoelement legs, when the thickness of the transient contact layer between
thermoelectric material (TEM) and metal becomes commensurate with the height of the
thermoelement leg, and the contact resistance commensurate with the resistance of the leg itself [5,6].

The miniaturization of thermoelectric energy converters is a modern direction of their
improvement, aimed primarily at reducing the cost of thermoelectric materials and cheapening due to
this of thermoelectric modules [6-12]. Therefore, reducing the value of contact resistance to increase
the energy efficiency of thermoelectric converters in miniaturization is an urgent task.
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In [13], a model of TEM-metal contact structure was considered. It was shown that the contact
resistance is formed by its two main components. This is, first, the electrical resistance of the transient
layer at the boundary between semiconductor material and metal. This resistance depends on such
factors as mutual diffusion of atoms or molecules of contacting materials, their chemical interaction,
which results in the formation of new phase [14,15] and even multilayer [16,17] microstructures. Also,
some action is exerted by the non-ideality of TEM-metal boundary which is due to roughness,
chemical contamination of leg surface prior to deposition of metal thereupon, and other factors [18-
20]. Modern technologies of manufacturing TEM-metal contacts, in particular in micromodules, by
spraying, chemical deposition of anti-diffusion metal layers on the cleaned, polished and specially
treated ends of thermoelectric legs allow minimizing the height of the transient layer and, therefore, its
electrical resistance, and to obtain actually “ideal” (without transient layer) TEM-metal boundary.
However, the sharp difference between the energy band structures of the semiconductor and the metal
leads to the formation of a potential barrier at the TEM-metal boundary [21]. A potential barrier
impedes the movement of current carriers across the boundary and is the cause of the second
component of contact resistance, commonly called the electrical boundary resistance [22,23].

The purpose of this work is to consider theoretical methods for estimating the TEM-metal
boundary resistance and the factors affecting this resistance, to calculate the potential barrier
resistance for thermocouples from traditional Bi,Te3;-based materials and to identify ways to reduce the
boundary resistance to a minimum possible value.

Methods for calculating the electrical resistance of TEM-metal boundary

Methods for calculating the electrical resistance due to carriers passing through semiconductor-
metal boundary are described in [21-27]. We consider the main results of these works and apply them
to calculate the specific, that is, related to unit area, resistance of TEM-metal boundary.

For example, consider the contact of a metal with an n-type semiconductor for the case of such
current polarity when electrons move from metal to semiconductor. When a metal collides with a
semiconductor, due to the difference between their Fermi levels, a contact potential difference arises
that distorts the energy bands of the semiconductor [26]. If the difference between the Fermi levels is
such that part of the electrons from metal pass to semiconductor, then the so-called anti-locking layer
is created in semiconductor near the boundary and the bands are bent down (Fig.1a). It is obvious that
such contact will not interfere with the movement of electrons. If, however, the difference between the
Fermi levels is such that part of the electrons at the boundary will pass from semiconductor to metal, a
locking layer is formed, the bands bend upwards (Fig. 1b) and a potential barrier [27] is created for
electrons moving from metal to semiconductor. As noted, this barrier is the cause of the electrical
boundary resistance.

The diagram of TEM-metal energy bands in the presence of a potential barrier is shown in Fig.
2. In this figure, E, =, —y%, —A@, is the height of potential barrier, ¢, is electronic work function, .,

is affinity of semiconductor electrons, A@, is the energy of barrier reduction due to the non-ideal
metal-semiconductor contact.

The electrical boundary resistance depends on the mechanism of carriers passing through the
potential barrier. Carriers can overcome the potential barrier by thermionic emission over the barrier
(TIE) or tunneling through the barrier. There are two types of tunneling: tunneling of carriers with
energies close to the Fermi energy in a semiconductor, the so-called field emission (FE) and tunneling
of carriers with higher energies, the so-called thermionic field emission (TFE) (Fig.2). [27].
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Fig.1. Bending of semiconductor energy bands in the zone of contact with metal.

a) anti-locking layer, b) locking layer.
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Fig.2. Diagram of energy bands of metal contact with thermoelectric n-type material.

Mechanisms of electrons passing through potential barrier:

FE — field emission, TFE — thermionic field emission,
TIE —thermionic emission.
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The criterion of the mechanism for carriers passing is the ratio of thermal energy k7T to
parameter Ego, which was proposed by Padovani and Stratton [28] and is defined as

eh | N,
Ey :7 *—d (1)
m'eg,
where e is electron charge, N, is impurity concentration in semiconductor, m* is the effective mass of
charge carriers, g is the dielectric constant, €, is the relative permeability of semiconductor. Under

high temperature conditions in weakly doped semiconductors, when T/E, >1, the thermionic
emission mechanism without tunneling prevails. For heavily doped (degenerate)
semiconductor at low temperatures k7/E,, <1, the field emission (FE) is predominant. When
kT/E,, ~1, the thermionic field emission (TFE) mechanism is operating.

In case of thermionic emission, the ratio for estimating the boundary resistivity 7, is obtained on
the basis of standard equations of thermionic emission and is given by [21,25,27]

k E,
r, =——exp| — |, 2
" eAT p(kT] @
em'k* . ) )
where 4 :W is the effective Richardson constant.
T

In the cases of tunneling of carriers, for the calculation of r;, one can use the approximate
analytical expressions [27-29]:

, = K@) o[ £ |, when #7/E, <1, 3)
enAT 00
k* cosh(E,, /kT th(E,, /kT -
) cosh(E,, /kT),/coth(E,, / )ex £, —or + 2 , when kT/E, ~1, 4)
eAd TC(Eb —Qr )Eoo Eoo COth(EOO /kT) kT
where ¢, =

4E . . . .
ln[ - J, or are the energies of semiconductor Fermi level (¢r is counted from
—0r

the bottom of conduction band and for the degenerate semiconductors is a negative value).
Thus, from the analytical expressions (2) — (4) it is clear that the value of TEM-metal boundary

00

resistivity 7, depends on the temperature, the height of potential barrier E, and the impurity

concentration in TEM N,. In the mode of thermionic emission the value of r is actually independent

kT

In tunneling mode, the exponential dependence of r, on barrier height is supplemented by the

of the impurity concentration and is determined only by the height of potential barrier: 7, ~ exp(ﬂ}

dependence on impurity concentration. For the mechanism of FE 7, ~exp(Eb / N d), and for TFE

~ exp[ / (1/ N, coth—> )J [29]. Under the condition of high impurity concentration N4, when the

mechanism of FE is operating, 7, assumes low values. With decreasing impurity concentration, the FE
tunneling mechanism is substituted by TFE and goes over to thermionic emission TE, and the
resistance 7, in this case increases.
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It also follows from (2) — (4) that the values of 7, will be low under conditions of low potential
barriers. In [30], it was studied which boundary values can be reached by resistance r,. The expression
for estimating the minimum boundary resistance 75 min Was obtained which is given by [30]

ok 1 Lk 1 )
P edT ln[1+exp(—(pF/kT)]' P edT ln|:1+exp(—(pF/kT):|'

For the nondegenerate semiconductors ¢, > kT, the relation (5) is transformed into classical

formula for calculating the resistivity of anti-locking contact [25, 30]:

k k N, Qmum'kT)"
rbmin ZECXP((PF/]CT)_ _:(

- 6
eAT N, e’N, ©®)

Qum"kT)"?
2

where N_ =2 is the effective density of energy states in conduction band.

For the case of degenerate semiconductors with ¢, <—k7 [30] the expression for 7ymin is given
by
. k kT
pmin eAT[1+2a(—(pF )] (-9,)

(7)

where o is a nonparabolicity parameter of semiconductor conduction band.

The value of the Fermi energy @r, required for estimating 7, by the formulae (3), (4) and 7smin
by formula (5), is a solution of electroneutrality equation, which for impurity semiconductor with the
impurity concentration N4 on the assumption that all impurity atoms are single ionized, is of the form
[30,31]

NcFl/z (_I_;)ZNd > (8)

)_iTL
Jrgl+exp(x—n)

Thus, in order to obtain a low TEM-metal boundary resistivity, the impurity concentration in the

where F,(n dx is the Fermi integral.

near-contact region should be high and the height of potential barrier - low. These are classical
requirements for improving the ohmicity of semiconductor-metal contact. It should be borne in mind

that the barrier height E» depends on semiconductor energy gap ¢g (Fig. 2). For wide-gap
semiconductors it is difficult to achieve good ohmic contacts. In the majority of metals, the value of
work function @, is high, which also does not contribute to formation of low TEM-metal potential
barriers, and, accordingly, good ohmic contacts. Therefore, to get a low TEM-metal boundary
resistivity, one can recommend traditional technologies for improving the ohmicity of contacts [27].
One of the methods is to make heavily doped a narrow layer of thermoelectric material which is in
contact to metal.

Consider the results of calculating TEM-metal boundary resistivity for classical thermoelements
based on Bi;Te; and analyze the effect of heavier doping of the near-contact layer on this resistivity
value.
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Results of calculating the resistivity of TEM-metal boundary

The electrical boundary resistivity was estimated for thermoelectric legs of traditional n-type
materials BirTe>7Seos and p-type materials BigsSbisTe; that are in contact to nickel anti-diffusion
layers. The parameters of these TEM required for calculations are given in Table 1.

Table 1
TEM parameters
TEM
Parameter BiyTe, 15¢e03 Biys SbysTes Reference

n-type p-type
Optimal impurity concentration in )

3-10% 2:10% 32
TEM Ny opi, m” [32]
Carrier mass m*

" 1.25m 0.6 [32]

(mo — electron mass)
Relative dielectric constant 98 62 [23]

To estimate the effect of heavier doping of near-contact TEM layer, calculations were performed
for different values of impurity concentration in this layer, which was increased by the order of
magnitude with respect to its optimal value.

To calculate the electrical resistance of TEM-metal boundary rs, it is primarily necessary to
determine the mechanism of carriers passing through the potential barrier. For this purpose, the
Padovani-Stratton Eo was calculated (1), and the temperature dependence of effective mass m* and
dielectric constant was not taken into account. The temperature dependences of dimensionless
criterion k7/Eq of the mechanism of passing the barrier for different values of impurity concentration
Ny in the near-contact layer of n- and p-type TEM are shown in Fig.3a. It follows from the figure that
in the temperature range of 200 — 350 K under condition of optimal impurity concentration Ny, for n-
type thermoelectric leg k7/Eq > 1, and for p-type leg — kT/Eoo ~ 1. If the near-contact concentration of
impurities, hence of carriers, will be of the order of 10?°m™, then for n-type leg kT/Eo ~ 1, and for p-
type leg kT/Eo < 1. Thus, in order to calculate the electrical boundary resistance of n-type leg with the
optimal impurity concentration, it is expedient to use relation (2), valid for TIE mechanism of passing
the barrier, and for the leg with impurity concentration in the near-contact layer of the order of
10 m™ — formula (4) for TFE mechanism. For p-type leg with optimal concentration use was made of
formula (4), and for high concentrations — formula (3) for FE mechanism to overcome the barrier.

Also, for the calculations one should first of all determine the value of the Fermi energy ¢r in TEM
and the height of potential barrier E;. The temperature dependences of the dimensionless Fermi energy
or/kT for BiTes-based TEM with different impurity concentrations calculated on the basis of Eq. (8) are
shown in Fig. 36 and were used to calculate the boundary resistance 7, for these TEM contacts with nickel.

The height of potential barrier can be estimated by simple relations, namely for metal-n-type

semiconductor boundary E, =, — 7, , for metal-p-type semiconductor boundary £, =¢, - (¢, —%,)

[27]. However, these relations are almost never satisfied [27]. This is due to such major reasons as the
presence of a contact gap between metal and semiconductor, the existence of contact energy states, the
lowering of the barrier height due to the forces of images, etc.

Therefore, the height of TEM-metal barrier should be determined experimentally. In [33],
potential barriers between individual metals and semiconductors are presented. It is shown that the
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height of barriers E, <0.1¢eV, including the boundary between two TEM Bi,Tes/Sb,Tes (E»=0.035 eV).

In [22], the barriers between Bi;Te; and Sh,Te; with metal were taken to be E,=0.1eV. In [34], for the
contacts between Ni and solid solutions (Bi,Sb)(Se,Te)s, the value of barrier height £,=0.13eV was
proposed, which we used to calculate the electrical boundary resistance between nickel and Bi,Tes -

based TEM.

Fig.3. Temperature dependences of the dimensionless criterion kT/Egg of barrier passing
mechanism (a) and the dimensionless Fermi energy @e/kT (b) for n-type Bi;Tes 7Se 3
(solid lines) and p-type Biy.5Sb; sTes (dashed lines). Impurity concentration Ny in
TEM contact layer: 1 — optimal concentration in TEM, 2 — N;=10°° m,
3 - N~=1.5-10° m?3, 4 — Ny=2-10°° m™.

The temperature dependences of the electrical boundary resistance 7,(7), calculated for different
concentrations of doping impurities in the near-contact layer, are shown in Fig. 4. As the temperature
decreases from 350K to 200 K, under optimal concentration of impurities in TEM, the value of
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increases from 0.5-107 to 2.5-107 Ohm-cm?. With a rise in impurity concentration, the boundary

resistivity drastically decreases and actually is temperature-independent.

1
300 Tk 350

Fig.4. Temperature dependences of boundary resistivity ry for contacts of nickel with
n-type BirTe; 7S¢ 3 (solid lines) and p-type BiysSb, sTes (dashed lines), calculated for

different concentrations of doping impurities Ny in the near-contact
TEM layer: 1 — optimal concentration in TEM, 2 — Ny=10°° m™3,
3 - N=1.5-10°° m?3, 4 — Ns=2-10° m™.

Fig.5 shows the temperature dependences of minimum resistivity 7 min(7) of TEM-Ni barrier,
calculated by relation (5) for different values of Ny rp min weakly depends on temperature, and the
order of magnitude of this resistance is 10° — 10" Ohm-cm?. 74 ,.ix is a boundary value to which the
value of TEM-Ni boundary resistance tends under condition of lowering the height of potential barrier.

A min, 10° Ohm cm
3

|
|
|
300 T K 350

Fig.5. Temperature dependences of minimum boundary resistivity vy min fOr contacts
of nickel with n-type Bi>Te, 7Sey 3 (solid lines) and p-type Biy sSb; sTes (dashed lines),
calculated for different concentrations of doping impurities Ny in the near-contact TEM layer:
1 — optimal concentration in TEM, 2 — Ny=10°° m3, 3 — Ny=1.5-10°° m>, 4 — N;=2-10°° m3.

Fig.6 shows the dependences of boundary resistivity on impurity concentration N; under
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conditions of heavier doping of near-contact layer. The same figure shows a similar dependence of
minimum boundary resistance. If we increase the concentration of doping impurities in the near-
contact TEM layer by one order with respect to its optimal value, the electrical boundary resistance is
actually decreased by two orders. Under these conditions, its value r, approaches minimum value of 7,
min, and its order will make 10 Ohm-cm?.

r 10° Ohm cm?

40

35

30

25

20

15

10

5

0
10

Fig.6. Dependences of boundary resistivity ry on impurity concentration Ny in the
nickel contact layer of p-type BiysSh; sTe;z (1) and n-type Bi>Te; 7Sey 3 (2) under
condition of T=300 K. 3 — dependences of minimum resistivity ry min(Na)
practically coincide for p- and n-type TEM.

Thus, the creation at the boundary between the BirTes-based material and the nickel of a thin
contact layer with a high concentration of charge carriers neutralizes the effect of the potential barrier
and reduces the electrical boundary resistance and the contact resistance as a whole. This is confirmed,
in particular, by the experimental results described in [34]. To obtain such heavily doped near-contact
layers, special technologies are used, for example, ion implantation of impurities [34].

In [35], the results of theoretical and experimental studies of contact resistance in Bi,Te; -based
thermoelectric legs with anti-diffusion nickel layers were analyzed. It was shown that the value of
contact resistance does not exceed 5-10° Ohm-cm’. Creating “ideal” contacts allows reducing this
value to 10 Ohm-cm?®. Using the Comsol Multiphysics thermoelectric software package, we estimated
the effect of contact resistance on the efficiency of a Bi,Tes-based thermoelectric converter with
miniature legs 0.5 mm high. It was concluded that improving the contact technology which would
reduce the contact resistance from 5-10°° Ohm-cm? to the minimum possible 10° Ohm-cm?, helps to
increase the converter efficiency by 20 %.

Conclusions

1. Methods for calculating the electrical resistance of TEM-metal boundary arising due to formation
of potential barrier in the zone of contact between thermoelectric material and metal are proposed.
The temperature dependences of the boundary resistance for thermoelectric legs made of Bi>Tes-
based materials with the deposited anti-diffusion nickel layers are calculated.

2. It is established that boundary resistance in such structures under optimal impurity concentration in

TEM reaches the value from 0.5-107 to 2.5-107 Ohm-cm? and is a function of temperature.
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3. It is shown that the impact of potential barrier at the TEM-metal boundary can be effectively
neutralized by creating a thin near-contact layer with a high concentration of carriers due to doping.
This requires special technologies, such as ion implantation technique.

4. It is established that increasing the concentration of doping impurities in the nickel contact zone of
TEM by one order of magnitude with respect to its optimal value results in decreasing the electrical
boundary resistance actually by two orders of magnitude. Under these conditions, its value
approaches the minimum possible value, and its order is 10 Ohm-cm?, which helps to increase the
efficiency of thermoelectric energy conversion by 20 %.
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MePMOINEKMPULECKUM MAMEPUATIOM U MemalloM. Paccuumanvl memnepamypuvie 3a8UcumMocmu
VOENbHO2ZO CONPOMUBLEHUS 2PAHUYDL OJis MEPMOINEKMPULECKUX 6eMBell U3 MAMEPUATO8 HA OCHOGE
Bi;Te; ¢ nanecennvimu anmuou@y3uoHHbIX CRLOAMU HUKENS. YCMAHOBIEHO, YMO GeNUYUHA
Cconpomuenenus 2panuysvl 6 MaKux 6emesx usmensemcsa ¢ memnepamypoti om 0.5-107 0o 2.5-107
Om-cm’. Tlokazano, umo ymenvuiumo CONPOMUGLEHUE SPAHUYLL MOJICHO NYymemM NOBbIUEHU
KOHYeHmpayuu Hocumernetl 3apsoa 8 VAbMPAMOHKOM NPUKOHMAKMHOM cnoe
MEPMOINEKMPULECKO20 MAMEPUALA 3d CYem J1e2Upo8anuss NOCiedHe20. YCmaHosieHo, 4mo
nogvlueHUe KOHYSHMPpAyuu iecupyrowmux npumeceti 8 NPUKOHMAKMHOU 30He HA O0OUH NOPsSOOK
OMHOCUMENbHO ee ONMUMALIbHO20 3HAYCHUS 8 Mamepuaie 8 YeioM NHPUGOOUN K YMEHbUICHUIO
INEKMPULECKO20 CONPOMUBILEHUS. 2PAHUYbL Ha 06a nopsioka. bubn. 35, puc. 6, maéba. 1.

KirioueBsble ¢cJI0Ba: KOHTAKT TEPMOIIICKTPHUESCKUI MaTepHal — METaJlI, TOTEHIIHATBHBIN Oapsep,

3JIEKTPUYECKOE CONPOTUBIIEHNE TPAHULIBI.
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