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Cherkez R.G. EFFECT OF LEG SEGMENTATION ON THE
EFFICIENCY OF PERMEABLE THERMOELEMENT
OF Co-Sb BASED MATERIALS

The results of computer research on the effect of leg segment length of Co-Sb-based material on energy
conversion efficiency are presented. The optimal operating modes of a 2-segment thermoelement are
determined whereby the maximum efficiency values are realized. The possibility of 1.1-1.2-fold increase
of the electric power generated by using 2-segment permeable thermoelements of Co-Sb-based
materials is demonstrated. Bibl. 14, Fig. 2.
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Introduction

This paper contributes to further research started in [1] and is dedicated to the use of thermal waste
by means of permeable segmented thermoelements. It is known that the use of segmented legs in
thermoelements allows increasing the efficiency and the generated electric power [2]. This is achieved
both due to expansion of the operating temperature range at leg segmentation, and due to the choice of
materials with maximum figure of merit value over the entire temperature range. At the same time, in the
course of recent decades, the researchers’ attention has been drawn to promising materials, namely Co-Sb
based scutterudites [3], which hold much promise for being used in high-temperature legs of thermoelectric
generators in the temperature range up to 800 K. They are characterized by rather high values of the
Seebeck coefficient and electrical conductivity. Maximum ZT values of such materials are 1-1.1 at a
temperature of 700 K [4 —5].

However, studies on the use of permeable thermoelements of Co-Sb based segmented materials have
not been encountered in the literature. Therefore, the purpose of the work is to determine the characteristics
of permeable segmented thermoelements of Co-Sh based materials in electric energy generation mode, as
well as to find their optimal operating conditions and parameters whereby maximum efficiency of thermal
into electric energy conversion is realized.

Physical model and its mathematical description

A physical model of permeable thermoelement in electric energy generation mode is represented in
Fig. 1. 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.
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Fig. 1. Physical model of permeable segmented thermoelement.
1, 8, 9 — connecting plates; 2, 10 — connecting layers;
3,5, 6, 7—segments of n-type leg, 4,14 — heat carrier;
11, 12, 13 — segments (sections) of p-type leg.

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 [7]:
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where [ }E 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, ¢, is specific
heat of heat carrier, ¢ is heat carrier temperature at point x, 7 is leg temperature at point x, o.,is heat-transfer

coefficient, a, K, p are the Seebeck coefficient, thermal conductivity and resistivity of leg material.
Specific heat fluxes ¢ and the reduced density of electric current j are determined through

0 . )

where O is power of heat flux passing through thermoelement leg, / is electric current, S is cross-sectional
area of thermoelement legs, / — the height of the branch.

The boundary conditions necessary for solving (1) 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
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segments xi; k=1, ..., N is the index which determines leg segment number.

For seeking optimal values 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 agreed 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.

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

- . “4)
ZGCP (Tm - T()

np

The maximum efficiency can be conveniently reduced to achievement of functional minimum:

J= 1{2{&,, (T, —TC)}} - ln[Z{Gc,, (T, —1(0)) + q(O)M—I(;—O+;—°JH. (5)

n,p n,p n V4

This problem was solved through use of the Pontryagin maximum principle [8], yielding the
necessary optimality conditions:
1. Optimal values of specific current density in thermoelement legs j must satisfy the equalities

k
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where ( AN AN A )W are right-hand sides of equations (1), y :(\yf,w’g,\u’;)w is pulse vector function

[3, 4], which is found from solving the additional system of differential equations
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with the boundary conditions
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In the case of thermoelement design for fixed segment materials the optimality conditions (10) are
disregarded. Such a method as applied to thermoelectric power conversion is described in many works, for
instance [2, 9], and was used for creation of computer program and research on permeable segmented
thermoelement of Co-Sb based materials.

Results of computer research on permeable segmented generator thermoelement based on
Co-Sb

Results of calculations of the efficiency and electric power dependence on leg segment height are
represented in Fig.2. This figure shows the dependences for 1- and 2-segment legs of permeable
thermoelement for different heat carrier temperatures at the inlet to thermoelement. The data is given for
the case when the cross-sectional area of the leg together with the channels was S= 1 cm?, the contact
resistance at point of connection of legs was ro=5-10° Qm-cm?. The calculation was made under
thermostating of cold junctions at a temperature of 7,=300 K for different values of heat carrier
temperature at the inlet to thermoelement 7,,= 900 K, 1100 K, 1500 K. In so doing, the temperature of
thermoelement hot junctions was program controlled, so as not to exceed 800 K — the boundary value of
the temperature dependences of Co-Sb based materials.

As a result of calculations, the optimal values j, G and doping parameter x were found whereby
maximum efficiency of thermal into electric energy conversion is realized. The dependences of the efficiency
and power on the leg height were determined.

The dependence of maximum efficiency m and specific electric power W of permeable generator
thermoelement at optimal values of j, G and doping parameter x of legs on the leg height /; for different heat
carrier temperatures is shown in Fig. 2. The data is given for channel diameter di=0.1 cm and the number of
channels N, = 25 pes per 1 cm?’.

It is seen that the generated electric power has a maximum at leg segment height which is in the area
of 1.0-1.6cm. A gain in electric power with the use of a 2-segment leg can be 10-20 %. No essential
efficiency gain with the use of a 2-segment leg is observed at the value of contact resistance
r0=510° Qm-cm”.
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Fig.2. Dependence of efficiency and specific electric power W of permeable
generator thermoelement on leg segment height I..

This is due to the negative influence of the Joule-Lenz heat at points of connection of leg segments.

Higher efficiency values can be achieved with a decrease in contact resistance at points of connection of
leg segments.

Conclusions

1.

The effect of leg segmentation in permeable thermoelement of Co-Sb based materials on the basic power
conversion characteristics was determined. Optimal parameters of a 2-segment permeable thermoelement
whereby maximum power conversion efficiency is realized were found.

. It is shown that the electric power generated by a 2-segment permeable thermoelement of Co-Sh based
materials can be 1.1-1.2 fold higher.
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BIIJIMB CETMEHTYBAHHS BITOK HA EOEKTUBHICTD
MPOHUKHOI'O TEPMOEJIEMEHTA 3 MATEPIAJIIB HA OCHOBI Co-Sh

IIpusedeno pezynomamu Komn 10MepHUX 00CAIONHCEHb GNAUBY QOBUCUNHU Ce2MEeHMI8 GIMOK 3 Mamepianie Ha
ocnogi  Co-Sb na egexmuenicmo nepemsopenns euepeii. Busnaueno onmumansvui pexcumu pobomu 2-
CEe2MEHMHO20 mepMoenemMenma, 3a AKoi peanizyiomvcs maxcumanvhi 3navenns — KKJ[. Iloxasamo
MOJICIUBICMb  NOKPAWEHHS  eNeKMPUYHOI  NOMYJICHOCII, WO 2eHEePYEMbCs NpU  GUKOPUCMAHHI  2-
Ce2MeHMHUX NPOHUKHUX mepMoeneMenmie 3 mamepianie Ha ocrogi Co-Sb, 6 1.1-1.2 pasu. bion. 14, puc. 2.
KoaiouoBi ciioBa: NpoHUKHI TEpMOENIEMEHTH, CETMEHTHI MaTepiain, KOMIT I0TepHE MPOSKTYBaHHS,
Matepianu Ha ocHOBi Co-Sb.
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BJIUSHUE CETMEHTUPOBAHUSA BETBEH HA
IOPEKTUBHOCTDb IPOHUITAEMOI'O TEPMOY2JIEMEHTA U3
MATEPHUAJIOB HA OCHOBE Co-Sh

Ilpusedenvl pesyrbmamvl KOMAbIOMEPHBIX UCCICO08AHUL GIUSAHUSL ONUHbL CE2MEHMO8 Gemeaell U3
mamepuanog Ha ocHoge Co-Sb Ha 3ppexmuenocmv npeobpazosanus sHepeuu. Onpedenervl
ONMUMATbHBIE PEJCUMbl pAbOMbL 2- Ce2MEHMHO20 MEPMOINEMEHMA, NO KOMOPbIM Peaiu3yomcs
Mmakcumanvrvle 3Hadenus KIIJ. Tlokazana 603M0diCHOCHb YIYYULEHUs. NeKMPULECKOU MOWHOCMU,
KOMOpasi 2eHepupyemcsi npu UCHONb308AHUU 2-CE2MEHMHbIX NPOHUYAEMbIX MEPMOINEMEHMOE U3
mamepuanog na ochoge Co-Sb, 6 1.1-1.2 pasa. bubn. 14, puc. 2.

KioueBble cioBa: npouuyaemvie mepMOINIEMEHMbl, CE2MEHMHble MAMEPUAbl, KOMHbIOMEPHOE
npoexmupogarue, mamepuanvt Ha ocHoge Co-Sb.
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