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IKCHEPUMEHTAJIBHOE UCCJIEAJOBAHHE
TEPMOJJIEKTPUYECKOI'O MOAYJIA OXUIAKAEHUA
JAETEKTOPA PEHTTEHOBCKOI'O U3JIYYEHUA

B pabome npugedenvi pesynbmamvi IKCHEPUMEHMATLHBIX UCCICO0BAHULL  MEPMOIIEKMPULECKO2O
MHO20KACKAOHO20 —~ MEPMOINIEKMPULECKO20  MOOYIS  OXAAHNCOCHUSL  PEHM2eHOBCKUX — OemeKmopos.
Paspaboman cneyuanusuposanmwiti cmeHo, U3L0MOGIEH MEPMOINEKMPUYECKULL MOOYb OXAANCOEHUST U
nposedeHa cepus e20 UCCLe008aHUll 8 YCI08UAX, KOMOpble UMUMUPYIOM e20 pobomy 6 cocmage
demekmopa peHmeeH08cko20 usnydenust. buon. 6, puc. 3.
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INFLUENCE OF THE NUMBER OF CHANNELS ON THE EFFICIENCY OF
PERMEABLE THERMOELEMENTS OF Bi-Te-Se-Sb BASED MATERIALS

The basic properties of thermoelectric materials are analyzed. For a permeable thermoelement of
Bi-Te-Se-Sb based materials a physical model is presented and a mathematical description is given.
Computer calculation of parameters for Bi-Te-Se-Sb based permeable thermoelements is made. The
dependence of permeable thermoelement efficiency and its generated power W on the number of
channels Nyis presented graphically. Bibl. 5, Fig. 2.

Key words: Thermoelectric materials, generator efficiency, design of permeable segmented
thermoelement, thermoEMF

Introduction

Permeable thermoelectric elements are characterized by the presence in their structure of channels
for pumping liquid or gaseous heat carrier through them. The presence of heat exchange in the bulk of the
leg 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 (heat carrier pumping rate, heat transfer rate, electric current density), it is
possible to realize such working conditions whereby the energy efficiency of power conversion will be
improved [1].

The first theoretical studies of permeable thermoelements for gas fluxes showed the prospect of
their creation, predicting a 30-40% increase in the coefficient of performance while cooling the air and an
increase in the efficiency of the generators by 20-30 % with the use of low-potential thermal energy of
gases. The use of permeable structures in Bi-Te thermoelectric elements can improve energy conversion
efficiency by 30 % [2]. However, such studies were conducted for the simplest model of permeable
thermoelement in one-dimensional approximation without taking into account the temperature dependences
of the material parameters, connecting heat spreaders.

Over the past decade, promising Bi-Te-Se-Sb based thermoelectric materials have been attracting
increasing attention of researchers. They are environmentally safe and are characterized by high values of
the Seebeck coefficient and electrical conductivity with maximum values of dimensionless thermoelectric
figure of merit parameter Z7 at the level of 1 - 1.1 in the temperature range 300-600 K.

Physical model and its mathematical description

A physical model of permeable thermoelement of materials based on Bi-Te-Se-Sb in electric energy
generation mode is represented in Fig. 1.
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Fig. 1. Physical model of permeable segmented thermoelement
1, 2 — connecting plates; 3, 4 — connecting layers,; 5 — segments (sections)
of n-type leg; 6, 7, 8 — segments (sections) of p-type leg, 9 — heat carrier.

The thermoelement consists of n- and p-type legs whose physical properties are temperature-
dependent. Heat input is realized by passing heat carrier along the legs through the channels (pores). Each leg
comprises N, and N, segments, and the contact resistance of compound is 7. The lateral surfaces of the legs
are adiabatically isolated; heat carrier temperature at thermoelement inlet 7,, is assigned. The temperature of
cold junctions 7 is thermostated.

A system of differential equations describing the distribution of temperatures and heat fluxes in a
steady-state one-dimensional case, in the infinitely small part dx of each k-th segment of n- and p-type legs,
in the dimensionless coordinates is given by relations [2]:

ar _ oJ T-iq,
dx K, K,
L ' AL NI k=1,..N,,
%:M}q_akf q+jpk+u(f-?’),> N
K, K, (S-S)J X, Sx<x,
dr _ o, I Nyl (1-T)
dx Gep, '

n.p

where IT'x is channel perimeter; Nx is the number of channels; Sk is cross-sectional area of all the channels;
S is a section of leg together with the channels; G is heat carrier consumption in the channels; C, is specific
heat of heat carrier; t is heat carrier temperature at point x; 7 is leg temperature at point x; a7 is heat-
transfer coefficient; a and « are the Seebeck coefficient and thermal conductivity, and p is the resistivity of
leg material.

Specific heat fluxes ¢ and the reduced density of electric current j are determined through the

expression:

q=—, J =
I S
where O is power of heat flux passing through thermoelement leg, / is electric current, S is cross-
sectional area of thermoelement legs.
The boundary conditions necessary for solving the equation with regard to the Joule-Lenz heat
release due to contact resistance ry at points of connection of leg segments are formulated as:
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where indices "-" and "+" denote the values of functions immediately to the left and right of the interface of
segments xi; k=1, ..., N is the index which determines leg segment number.

For seeking optimal concentrations of doping impurities which determine carrier concentrations in
leg segments it is necessary to assign the dependences of material parameters o, K, p on temperature and
concentration of carriers (or impurities).

The main task in the design of permeable segmented generator thermoelement is to determine such
matched parameters (reduced current density j in the legs, heat carrier consumption in channels G,
concentration of doping impurities in materials of each segment) whereby the efficiency of the
thermoelement reaches a maximum [3].

The efficiency will be determined through the relation of electric power P generated by the
thermoelement to a change in heat carrier enthalpy:

P
]’":
2.6e, (T, - 1)

n,p

2

and its maximum will be reduced to achievement of functional minimum:

J =IH{Z{GCP(I,;—TF)}]—IH Z{ch(z,,—r(m)w(O)_f(S [—S,\«)_ 1(;_+;_}} ‘

np n.p n P

This problem was solved through use of the Pontryagin maximum principle, on which basis the
relations yielding the necessary optimality conditions were obtained. Such a method as applied to
thermoelectric power conversion is described in many works, for instance [4]. The same method was also
used for creation of computer program and research on permeable thermoelement of Bi-Te-Se-Sh based
thermoelectric materials [5].

Results of solving the problem

Calculations of permeable thermoelectric generator were performed with regard to losses of heat
with exhaust gas and such input data as optimization of current density and heat carrier consumption, and
optimization by equal concentration in leg sections with introduction of complex — G. b, :=G - C, . Sk - Ni.

The following input data was used. The inlet heat carrier temperature is 600 K, the temperature of
thermoelement cold junctions is 300 K; the channel diameter is 0.01 cm; the channel perimeter (circle) is
0.031416 cm; the cross-sectional area of all N; — channels is 0.0024 cm?; the number of sections in one leg
is 1 pcs; the height of legs is 20 cm; the cross-sectional area of leg material is 0.9976 cm?.

The temperature dependences of o, o, Kk parameters of Bi-Ti-Se-Sbh based materials were used for
calculations [5]

It is seen that the efficiency of Bi-Te-Se-Sb based permeable thermoelement increases with
increasing the number of channels. Maximum efficiency lies in the area from 25 to 80 channels per 1cm?,
and power — from 25 to 60. The specific electric power has a maximum in this case with 40 channels per
1 cm? and is P = 1.57 W. So, the rational number of channels per unit area will be within 25 — 60 pcs.
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Fig. 2. Dependences of the efficiency and the generated power W of Bi-Te-Se-Sb
based permeable thermoelement on the number of channels Ny,

The data obtained testify that the efficiency increases with increasing the number of channels and
reaches the highest value, just as in the two previous cases, at heat carrier temperature 7,, = 600 K and is
1N = 6.8%. The increase in efficiency can reach 1.32 times as compared to conventional thermoelement.

Conclusions

Thus, for different operating conditions of a permeable generator thermoelement of Bi-Te-Se-Sb based
materials it is necessary to determine its optimal design parameters (leg height, channel diameter and their
number), whereby the maximum energy conversion efficiency and electric power will be obtained. The
efficiency under optimal working conditions is higher than that of conventional thermoelement by a factor
of 1.32. Comparison with 1o, the efficiency of conventional thermoelement operating under similar
conditions, also indicates the possibility of about 32% increase in the efficiency of Bi-Te-Se-Sb based
permeable thermoelement when converting energy.

References

1. Anatychuk L.I. (2003). Termoelektrichestvo. Tom II. Termoelektricheskiie preobrazovateli energii
[Thermoelectricity. Vol Il. Thermoelectric power converters]. Chernivtsi: Bukrek [in Russian].

2. Anatychuk L.I., Cherkez R.G. (2010). Permeable segmented thermoelement in electric power
generation mode. J. Thermoelectricity, 3, 5-12.

3. Cherkez R. G. (2012). Energy possibilities of permeable generator thermoelements based on segmented
legs. AIP Conf. Proc. 1449, 443, pp. 439-442; doi:http://dx.doi.org/10.1063/1.4731590

4. Pontryagin L.S., Boltianskiy V.G., Gamkrelidze R.F., Mishchenko. (1976). Matematicheskaia teoriia
optimalnykh protsessov [Mathematical theory of optimal processes]. Moscow: Nauka [in Russian].

5. Bublik V.T., Drabkin I.A., Karataiiev V.V.,, et al. (2012). Obiomnyi nanostrukturirovannyi
termoelektricheskii material na osnove (Bi,Sb),Tes, poluchennyi metodom iskrovogo plasmennogo
spekaniia (SPS) [Bulk nanostructured thermoelectric material based on (Bi,Sb),Tes obtained by spark

58 Journal of Thermoelectricity Ne3, 2019 ISSN 1607-8829



Cherkez R.G. Pozhar E.V., Zhukova A.S., Khrykov V.K.
Influence of the number of channels on the efficiency of permeable thermoelements of Bi-Te-Se-Sb based materials

plasma sintering method (SPS)]. Proc. of XIII Interstate Workshop “Thermoelectrics and their
Application” (Russia, Saint-Petersburg, 2012) (pp.70-75).
Submitted 03.07.2019

Yepxes P.I. ook. iz.— mam. nayx, 6.0. npogpecopa'**
IToxkap E.B., Kykosa A.C., Xpuxos B.K.

Tacturyt Tepmoenexrpuxu HAH Ykpainu Ta MOH Ykpainn,
Byx. Haykw, 1, Yepnimi, 58029, Ykpaina,
e-mail: anatych@gmail.com;
*Yepnisenpkuii HalionanpHuil yisepeuret im. FOpis denpkopuua,
ByJ1. KomrobunchkoTO, 2, UepHisti, 58012, Ykpaina

BIIJIUB YU CJIA KAHAJIIB HA EOEKTUBHICTDb IPOHUKHHUX
TEPMOEJIEMEHTIB 3 MATEPIAJIIB HA OCHOBI Bi-Te-Se-Sb

Ilposedeno amaniz OCHOBHUX GrACMUBOCHEl MEPMOELIeKMPULHUX Mamepianie. i NPOHUKHO20
mepmoenemenmy 3 mamepianie Ha ocuosi Bi-Te-Se-Sb npusedeno @izuuny mooderv ma Oano
mMamemamuyHuii  onuc. 3pobieHo  KOMN IOMepHull PO3PAXYHOK —Napamempié Oaf  NPOHUKHUX
mepmoenemenmis, w0 Gueomogneni Ha ocHogi Bi-Te-Se-Sb. IIpeocmasneno epaghiunuu 6uensio
sanexcnocmi KKJ[ i nomyosicnocmi nponukHozo, sika eenepyemuvca W 6io yucaa kauanie Ny,

KurouoBi caoBa: Tepmoenexkrpuuni wmarepianu, KKJI reneparopy, NpOEKTyBaHHS NPOHHKHOTO
CEerMEHTHOTO TepMoenieMenTa, Tepmo-EPC.
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BJIMAHUE YUCJIA KAHAJIOB HA 9®@PEKTUBHOCTD ITIPOHULIAEMbBIX
TEPMOY2JIEMEHTOB N3 MATEPHUAJIOB HA OCHOBE Bi-Te-Se-Sb

IIposeden ananuz OCHOBHBIX CBOUCME MEPMOINEKMPUYECKUX MAMEPUANOS. OA NPOHUYAEMO20
mepmodnemenma u3 mamepuanos na ocrose Bi-Te-Se-Sb, npusedena gusuueckas modens u oamo ee
mamemamuueckoe onucanue. CoOeran KOMNLIOMEPHBIL —paciem napamempos NpOHUYACMbIX
MepMOINeMENNO08,  U320MosNeHHblx  Ha  ochHoge  Bi-Te-Se-Sb.  IIpedcmasnenvr  epagpuuecku
sasucumocmu KIIJ] u mowrocmu, nponuyaemozo eenepupyemozo W euo uucia kananos Ny.
KiroueBble cioBa: TepmoanekTtpuueckue Marepuansl, KIIJ[ reHepatopa, mHIpoeKTHpOBaHUE
MIPOHHUIIAEMOTO CETMEHTHOTO TepMo3ieMeHTa, TepMoI/IC.
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