PHYSICS AND CHEMISTRY
OF SOLID STATE

V. 20, Ne 4 (2019) p. 467-471

UDK 542.8

Vasyl Stefanyk Precarpathian
National University

®I3UKA I XIMISI TBEPJOTO TLIA
T. 20, Ne 4 (2019) C. 467-471

ISSN 1729-4428

R.G. Cherkez*?, Ye. Pozhar?, A. Zhukova®

Theinfluence of the number of channelson the efficiency of
per meable ther moelements from Bi-Te-Se-Sb materials

The ingtitute of thermoelectricity, Chernivtsi, Ukraine, radionch@ukr.net
2 Yuriy Fedkovych Chernivtsi National University, Chernivtsi, Ukraine, erika.pojar @rambler.ru, zukovaa340@gmail.com

The results of studies of permeable thermoelements are presented. The method of mathematical theory of
optimal control and computer-aided design for solving multivariate optimization problems is described.
Computer-aided calculation of parameters for permeable thermocouples based on Bi-Te-Se-Sb is done. The
obtained results indicate the possibility of increasing the energy conversion efficiency by 1.2 - 1.5 times due to

thermoel ectric materials.

Key words: the materia of thermoelement, thermoel ectric conversion, COMSOL Multiphysics, functionally

gradient materid, Bi-Te-Se-Sh, engineering design.

The article was submitted for publication on 15.11.2019; accepted for publication on 15.12.2019.

I ntr oduction

Thermoelectric generators have been known in the
engineering for less than two centuries, but ther
industrial application began relatively recently, almost
simultaneously with the discovery of the first
semiconductors. Thermoelectric conversion of thermal
energy into eectrica energy dill requires greater
popularization, especially in case of the growing need for
alternative sources of electric energy [1, 2].

The cryogenic thermogenerators in medica devices
used for implantation into the human body (IMD), such
as cardiac pacemakers, defibrillators, drug dosing pumps
and neurogtimulators, are prospective. Most of these
devices use the non-rechargeabl e batteries as the power-
supply source. Therefore, the main limitation of such
devicesisthe battery operationa life.

Currently, the wide application of SCM with a
maximum operating temperature of up to 280°C. This
temperature is very high for bismuth telluride aloys, the
basis of the semiconductor branches of the vast majority
of SCM emitted. Long-term operation of SCM based on
the specified material at temperatures above 300°C is
impossible. Thisiswhat defines the SCM category based
on this semiconductor as “low temperature SCM” [3].

One of the ways to expand the use of low-
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temperature thermoelectricity is to introduce new
thermoelectric materials that are more efficient than
traditional materials based on Bi,Te; PbTe, Si-Ge. The
first theoretica studies of permeable thermoelements for
gas flows [4-6] indicated the perspective of their
creation, since they predict an increase in the cooling
factor of 30 - 40% [7] when cooling the air and an
increase in the efficiency of generators by 20 - 30% [8]
when used low-potential thermal energy of gases.

Therefore, in the study [9], for the more correct
solution of such problems, the mathematical theory of
optimal control was used for the first time and the
research of permeable thermodements in 1-D modd of
semiconductors was carried out, taking into account their
temperature dependences, for homogeneous and
functionally gradient materials (FGM). This made it
possible to create a theory of permeable thermoel ements
with FGM and to point out the possibility of increasing
the energy characteristics in the modes of generation of
electric energy and cooling of heat carriers by 1.2 - 1.5
times.

A prospective direction for increasing the efficiency
of thermoeectric energy conversion is the use of
physical models of thermoelements, in which heat
exchange with the source and heat sink is carried out not
only through the joints of branches, which is
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characteristic of traditional thermoelements, but also in
the volume of materia of the branches.

Physical moddls use the effect of scale in the
case of proportiona use of the whole complex of studied
properties. A physical modd is an analog modd in which
thereisa clear correspondence between the parameters of
an object and amodel of the same physical nature. In this
case, the elements of the system are matched by physical
equivalents that reproduce the structure, basic properties
and ratios of the object under study. In the physical
modeling, which is based on the theory of similarity,
features of the experiment in nature are preserved, with
the optimal range of change of the corresponding
physical parameters.

The embodiments of such models are segmental
thermoelements having channds for the heat carrier to
flow through them. The presence of heat exchange in the
volume of the branch increases the intensity of heat
transfer, leads to the redistribution of temperature fields,
potentials and heat fluxes, thus affecting the energy
characteristics of the thermoelement. By controlling the
thermophysical parameters (the rate of pumping of the
heat carrier, the intensity of heat transfer, the density of
electric current), it is possible to realize such operating
conditions under which the energy efficiency of energy
conversion will beimproved.

The first theoreticd studies of segmental
thermoelements showed the prospect of their creation,
forecasting an increase of the coefficient by 30-40%
when cooling air and increasng the efficiency of
generators by 20-30% when using low-potential thermal
energy. However, such studies were performed for the
simplest model of a thermoelement in one-dimensional
approximation without taking into account the
temperature dependences of the material parameters and
the comutative heat trangtions.

|. Physical model, mathematical
description and results of solving the
problem

For an inhomogeneous isotropic permeable
thermoelectric environment in which there is a steady
flow of heat, charged particles and energy caused by the
presence of temperature gradients NTi electrochemical
potential Nz energy exchange and conversion processes
are described by fundamental laws of energy and electric
charge conservation.

In the stationary case, the temperature distribution T in
the thermoelectric material is determined by the system
of differential equation system in partial derivations

N LN S
RKNT + - - tiRT - Tikpa =0,

D

S
r - 1
where Q=-KkNT+aTi — vector of heat flux density;

1 ~ ~
i =-sNz -saNT — vector of dectric current density;

a — coefficient of theemoEMF, s — electrica
conductivity coefficient; k —coefficient of thermal
conductivity.
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The presence of heat exchange of a thermoelectric
material with a heat carrier necessitates solving the
problems (1) which are related to the indivisibility,
motion and thermal conductivity equations for the heat
carrier, which can be written in the following way:

I
div(rvV) =0, u
I
ro. . r L r T
F - Rip+ kA +?13nN(div(\/)) =0, §
rr r . I
r.FV +div(LV)+div(k,Nt) +r.q, = O,b

where r, —the density of the heat carrier, V - heat
1

e

carrier rate; F -mass force; P-pressure; L — voltage

tensor; k, — coefficient of thermal conductivity of the

heat carrier; q, — internal heat sources; U — internal
energy.

It is advisable to carry out this task in specially
designed computer programs such as Femlab, ANSYS,
COMSOL Multiphysics.

3-D simulation of the generator thermoelement with
the side heat exchange was carried out in the study [10]
based on the COMSOL Multiphysics program. The
temperature distributions in the materia of the branch
based on Bi-Te and the heat carrier (Fig. 1a), the velocity
digtribution of the heat carrier (Fig. 1b) and the
distribution of the potentias, which alows to determine
the thermodynamic characteristics of the transformation
were obtained.

The results of the calculations indicate that with the
use of side heat transfer large values of efficiency are
achieved if the heat transfer at the level of 0.5 height of
the branch, and other parts have thermal insulation. The
data were obtained for other thermoeement
constructions and the heat carrier temperatures, which
vary in the range of 700 - 1100 K. The data indicate that
the use of side heat transfer can give an efficiency
improvement of 20 - 30% and an electric power of 40 -
50%.

The calculation data indicate the need to solve the
multi-parameter optimization problem of finding the
optimal conditions of operation of the thermoelement and
maximum values of its energy characteristics. However,
such multi-parameter optimization for the 3-D modd is
extremdly difficult. The use of the 1-D modd alows to
perform multi-parameter  optimization of energy
characteristics of thermoelements, to identify such
conditions of their operation, under which it is possible
to achieve maximum values of energy conversion
efficiency.

In the 1-D «case, detemining the energy
characteristics of a permeable thermoelement is based on
the solution of a system of differential equations for the
heat carrier and the materia of branches, branchesn- i p-
type of conduction, like:
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where T, T — the temperature of the branch material and
the heat carrier at the x - point; j=il —the current
density of the dectric flux; | — the height of branches of

thermoelement; i — the density of the eectric flux;
q_igaT k(:jTo the gpecific heat flow; leﬁ—
X g

dimensionless coordinate; S — the cross-sectional area
of al channels; S — the cross section of the branch
together with the channdls, p, — the perimeter of the

channd; Nx — the number of channds in the branch; V
— the mass velocity of the hear carrier in the channds
— the coefficient of heat transfer in the channd.

To solve the optimization issue of finding the
optimal conditions of operation of the thermoelement,
the Pontryagin maximum principle of mathematical
theory of optimal control, which gives the necessary
conditions for optimality, was used in the studies:

1) optimal values of the specific current density in
the branches of the thermoelement j should satisfy the

equation:

] 1é i i i
eﬂ u + 808/, Loy, 2+y3—3u =0, (4)

where J - the functional that characterizes the
efficiency of the energy conversion process (efficiency
for generators, cooling coefficient for cooling, etc.);

(f1 i )n‘p — the right hand side of the equation (1),

Y =(Vayay),,

is determined by the solution of the auxiliary system of
differential equations:

— vector impulse function [12], which
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2) the optimal values of the parameters that are determined, wi=(wi,...,.w;), are calculated from the system of

integral-differential equations:

éﬂJ u 3 1e ﬂf ﬂf
-é—1 &1 tYo —
@ﬂWi gn n pO@ fiw, fiw,

Analyzing the results obtained using the method of
sequential approximations and the methods of solving the
systems of differential equations (3) and (5), Newton's
method for solving systems of integral-differentia
equations (6) a computer program for designing a
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(6)

permeable thermoel ement was devel oped [10].

Temperature dependences of parameters a, s ,
k materias based on Bi-Ti-Se-Sb (fig. 2) were used for
calculations.
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Fig. 2. Temperature dependences of parameters of the materials based on Bi-Te-Se-Sb .
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Fig. 3. The dependencies of efficiency and power generated W on the number of channels Ny

Results of calculations of permeable generator
thermoelement from materials based on Bi-Te-Se-Sb
from the number of channels 1 i 2 segment penetrating
thermoelement in the optimal conditions are shown in
fig.3. It is seen that the efficiency increases with the
increase in the number of channds and goes to
saturation. But even at its limit values corresponding to
the boundary porosity (85%) of the materia, the
efficiency of the thermoelement begins to decrease.
Specific electrical power has a maximum, in this case at
30 channels per 1 cm?. Therefore, the rational number of
channels per unit area will be in the range of 30 - 60
units. Comparison with the efficiency of the classica
thermoelement h,, operating under similar conditions,
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also indicates the possibility of increasing the energy
conversion efficiency by about 30-50%.

Conclusions

The possibility of using low-temperature generators
isanalyzed and it is said that physical models are used to
understand the essence of physical processes in the
studied materials, which include theoretical calculation
with subsequent design of the materia, where the
circulating heat carrier flows through the branches of the
semiconductor material.

For the investigated materials of type - Vi-Te-Se-Sh,
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the degree of influence of structural parameters (diameter
of channels and their number, height of branches and
number of segments) is calculated. The most optimal
conditions for their operation in terms of thermoelement
efficiency are determined. The best values of influencing
parameters are named, by means of which it is possible
to determine the characteristic material valuesfor a given
type of thermoel ement.

The comparison on the thermodynamic efficiency of
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3]

Thermoelectrics (OR, Corvallis, 2008). P. 34

energy conversion with traditional thermoelements
showed the possibility of increasing the efficiency by
1.2-1.5times.
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P.I'. Yepkes, E. IToxap, A. XKykoa

BB uyncia kaHajiB Ha eQeKTUBHICTh NPOHUKHUX TEPMOEJEMEHTIB 3
MarepiayiB Ha ocHoBi Bi-Te-Se-Sh

[pencraneHi pe3yabTaTH JOCTIKEHb NPOHUKHUX TepMoeieMeHTiB. OnnucaHo MeToJ MaTeMaTH4HOI Teopii

OIITUMAJIBHOI'O yl'IpaBJ'liHHH Ta KOMIT OTEPHOI'0O

INIPOCKTYBaHHSA

JuIi  BUpilIeHHs  GaraTo)akTOpHHX

ONTUMI3alifHUX 3a1a4. 3po0JICHO KOMIT' FOTEPHUI pO3paxyHOK MapaMeTpiB JUlsl IPOHUKHUX TEPMOEJIEMEHTIB, 110
BUIOTOBJIEHI Ha ocHOBi Bi-Te-Se-Sb. Orpumani pesynpTaTd CBiI4aTh NP0 MOXJIMBICTH 30LIBLICHHS
edeKkTHBHOCTI neperBopeHHs eHeprii B 1,2 - 1,5 pa3u 3a paxyHOK TepMOENIEKTPUIHNUX MaTepiaiB.

KumouoBi cioBa: Marepian TepMoeneMeHTy, TepMoenekTpudHe neperBopenss, COMSOL Multiphysics,
GbyHKI OHaNBHO-TpaIieHTHUI MaTepial, Bi-Te-Se-Sb, npoexryBaHHsI.
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