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COMPUTER METHOD OF
DESCRIPTION OF THE TECHNOLOGIES
AND PROPERTIES OF Biz-Tes-BASED THERMOELECTRIC
MATERIALS OBTAINED BY THE PRESSING METHOD

This paper presents the results of the study of literary sources describing the technologies and
properties of thermoelectric materials obtained by the pressing method. The results of one of the
stages of creating a software product for the description of the production technologies and
properties of thermoelectric material based on Bi-Te compounds are given. Bibl. 13, Fig. 2, Table 1.

Key words: hot pressing method, cold pressing method, dynamic elements, bismuth telluride

Introduction

Thermoelectric materials science is an important direction in the development of
thermoelectricity, since advances in this area as a whole determine the possibilities and versatility of
practical uses of thermoelectric energy conversion [1]. Increasing the efficiency of thermoelectric
converters is a rather important and widespread problem. The characteristics of thermoelectric

materials can be determined by the formula:

L=—, (1
K
where a is the Seebeck coefficient, ¢ is electrical conductivity, « is thermal conductivity.

One of the ways to obtain thermoelectric materials is the pressing method. An important
advantage of pressed thermoelectric materials (TEMs) based on Bi2Tes is their high mechanical
strength compared to crystallizing materials from a melt. In addition, powder metallurgy contributes to
increased productivity and savings. Materials obtained by powder pressing, as a rule, have a lower
value of figure of merit Z due to misorientation of grains in the bulk of the material [2].The purpose of

this work is to study the thermoelectric characteristics of solid solutions based on bismuth telluride
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obtained by pressing, as well as application of a modified computer program to study the pressing

method and characteristics of thermoelectric materials based on Bi-Te compounds.

Dependence of the thermoelectric characteristics of Bi>-Tes-based materials obtained
by the pressing method

Pressed BixTes-based materials are obtained from a powder of a preliminarily synthesized
material from a mixture of powders of initial components taken in a stoichiometric ratio [3]. Two
pressing methods are used: cold pressing, which consists in briquetting the powder in a cold mold,
followed by sintering in vacuum, in an atmosphere of hydrogen, an inert gas, and hot pressing of the
powder in a heated mold with additional annealing of the sample. Materials obtained by the pressing
methods have increased strength due to grain boundaries that prevent the propagation of cracks along
cleavage planes. In addition, this method is relatively inexpensive. One of the important thermoelectric
characteristics of pressed materials is the ability to withstand shock loads and thermal stresses. The

thermoelectric characteristics of Bi-Te-based materials obtained by pressing are indicated in Table 1.

Table 1
Production technologies and properties of thermoelectric materials
obtained by the pressing method
- s v
[ g 2 -
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530 1.4 | 290 | 454 1.3 P Bio.sShisTe; - - 30 480 2]
100- . 1.25
1.4 | 215 - 1.2 P BiSbTe - - - [3]
250 -25
380, 0.95 .
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400, | 2.69 | 223 - 1.09 | P - 30 200 - [4]
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420 1.17
Bio.sShos 400-
700 | 3 - - - | N 5% 10 - 30 [5]
Teos 585
400- . .
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Continuation of Table

623- BiosShi sTes
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100- .
wo | P21 - | P| ShisBigeTes | 4x2x2 1200 | - | [13]

All the data in the table were implemented in the software product to describe the technologies

and properties of the thermoelectric Bi-Te - based material. Further updating the software product

database will be described in future articles.

Further updating the software product to describe the technologies and properties of

Bi-Te-based thermoelectric material

Currently, the function of adding new records has been implemented into the software

product, which contains data on the growing technology and characteristics of the thermoelectric

material based on Bi-Te compounds. The general algorithm of this function is as follows.

e Calling the add function by the user.

e Creation of a dynamic form and all its components, according to the chosen method of

obtaining thermoelectric materials.

e After the user enters all the necessary data about the mode of obtaining thermoelectric

material, the program checks the correctness of the data.

e The program switches to data adding mode.

e A new record is created in the database.

e The program switches to working mode.

ISSN 1607-8829
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Delete the dynamic form and all its components.

The general view of record adding window is presented in Fig. 1.

Fig. 1. General view of record adding window.

The function of editing existing records was also implemented. The general algorithm of this

function is as follows.

Calling the editing function by the user.

Creation of a dynamic form and all its components, according to the chosen method of
obtaining thermoelectric materials.

Transfer of information from the selected record to the editing window.

After the user makes all the necessary corrections in the thermoelectric material acquisition
mode, the program checks the correctness of the data.

The program switches to data editing mode.

Editing of the selected record in the database.

Transition of the program into working mode.

Delete the dynamic form and all its components.

The general view of record editing window is presented in Fig. 2

It should be noted that depending on the chosen method of obtaining thermoelectric material, a

corresponding window for adding and editing records about the mode of obtaining thermoelectric

material is created. Further development of the software product will be described in future articles.

Journal of Thermoelectricity Ne4, 2021 ISSN 1607-8829
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Fig. 2. General view of record editing window.

Conclusions

1. A study of literary sources describing Bi-Te-based thermoelectric materials obtained by pressing
was carried out.

2. The research data were added to the database of the software product to describe the
technologies and properties of obtaining Bi-Te-based thermoelectric material.

3. New functions were introduced into the software product to describe the technologies and
properties of obtaining Bi-Te-based thermoelectric material.

4. Further versions of the software product will be described in the future articles.
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KOMIT'IOTEPHUI METO/I OIIUCY TEXHO.JIOI'TA
TA BJIACTUBOCTEM TEPMOEJEKTPUYHUX MATEPIAJIIB
HA OCHOBI Bi,-Tes, OTPUMAHUX METOJIOM IIPECYBAHHSI

YV oaniti pobomi Hasooamuvca pesyrvmamu  O0CHIONCEHHS JIMEPAMYPHUX O0dceper 6 SAKUX
ONUCYIOMbCA MEXHONO2TT Ma 61ACUBOCHT MEPMOETEKMPULHUX MAMEPIANi8 OMPUMAHUX MEMOOOM
npecysanus. Hagoosmocs pesynomamu 00HO20 3 emanié CmeopeHHs NPoSPaAMHO20 NPOOYKMY OJis
OnuUCy MexHoN02lll OMPUMAHHA Ma GIACMUBOCEN MEPMOENeKMPULHO20 MAMEPIALy HA OCHOBI
cnoayk Bi-Te. Bion. 13. puc. 2. mabn. 1.

KirouoBi cioBa: Meroj rapsdoro MpecyBaHHS, METOH XOJOJHOTO MPECYBaHHS, IMHAMIYHI

CIIEMEHTH, TSIYPHI BiICMYTY.

Puiouaxos /1. E.
Cepoun M. B.

UNncturyt TepmosnextpuuectBa HAH u MOH Vkpaunsi,
yi. Hayku, 1, YepHoBupbl, 58029, Ykpaunna,
e-mail: anatych@gmail.com

KOMIIBIOTEPHBIN METO/] OIIMCAHUSI TEXHOJIOT'MA 1 CBOMCTB
TEPMODJEKTPUYECKHUX MATEPHUAJIOB HA OCHOBE Bi,-Tes,
MOJIYYEHHBIX METOJIOM IIPECCOBAHUS

B Oannoii pabome npugodsmcs pe3yibmamvl UCCLEO08AHUST TUMEPAMYPHBIX UCHOYHUKOS, 8
KOMOPLIX — ONUCHLIBAIOMCSL  MEXHON02UU U CEOUCMBA  MEPMOINEKMPULECKUX — MAMePUaos
HONYYEHHBIX MemoOom npeccoganus. [Ipusodamcs pesyibmamvl 00HO20 U3 2MAN0E CO30AHUSL
APOCDAMMHO20 — NPOOYKmMa  Ofid  ORUCAHUSL  MEXHONO02Ull  NOAYYeHusi U CBOUCMB
MEPMOINEKMPULECKO20 MAmepuaia na ochoge coedunenuii Bi-Te. Bubx. 13. puc. 2. maba. 1.

KaroueBble cjoBa: MeTOJ TOpSYEro MPECCOBAHMS, METOJ XOJOIAHOIO IPECCOBaHMS,

JAAHAMHUYCCKUE DJICMCHTDI, TCJUTYpUd BUCMYTa.
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THEORETICAL MODELS OF ORDERED ALLOYS OF TERNARY
SYSTEMS OF THERMOELECTRIC MATERIALS.
2. CHEMICAL BOND AND STATE
DIAGRAMS OF Bi-Pb-Te

A comprehensive approach has been developed for the construction of theoretical models of
ordered alloys of ternary systems of promising thermoelectric materials. Calculations of effective
radii, redistribution of electron density and dissociation energy of non-equivalent hybrid orbitals
(NHO) in the Bi-Pb-Te system depending on interatomic distances are presented. Triangulation
methods were used to construct the distribution scheme of phase areas and isothermal sections in
the Bi-Pb-Te system based on intermediate binary compounds Pb-Te; Bi-Te; Pb-Bi. Bibl. 15,
Fig. 4, Table 7.

Key words: theoretical models, chemical bond, non-equivalent hybrid orbitals, effective radii,

electron density, dissociation energy, state diagrams.

Introduction

Bismuth telluride is considered to be the most studied thermoelectric material. It has high
thermoelectric parameters [1, 2].

However, despite many years of research into its physicochemical properties, many important
questions remain unanswered. The question of chemical bonds remains open, and the theoretical
understanding of many empirical relationships is associated with a revision of views on the problem of
interatomic interactions [3].

In this connection, the study of the problems of synthesis of new materials based on tellurides
with programmable properties remain an urgent issue. At the same time, the search for new promising
thermoelectric materials is increasingly reduced to the need to study multicomponent systems. The

reason is that solid phases of variable composition are formed in such systems, within which a
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transition is made in both chemical composition and structure with corresponding changes in physical
properties [4, 5].

However, it should be noted that when studying complex systems, the classical scheme of
dividing them into the sum of one-sided experiments no longer reveals the conditions for the
appearance of the desired properties with the prospect of their change in the desired direction, since
such systems are nonlinear, and there is still no consistent theory of phase transformations from the
standpoint of chemical bond [7].

There is a search for new ways and approaches to solving such problems. The question of how
general principles can be fruitfully use d to solve the set nonlinear problems acquires special relevance and
significance. The answer to this question is related to the multi-layer structure of theoretical knowledge in
various areas dealing with nonlinear systems. Knowledge of them is possible on the paths of
interdisciplinary synthesis. The basis of this synthesis, according to [7], is the energy approach. In so doing,
energy, as a general measure of various types of interaction, is considered both in terms of its organizational
structure and state function. The combination of electronic, vibrational and configurational components of
energy made it possible to calculate the ordering processes in alloys by statistical methods [8]; regularities of
the formation of short-range order of chemical bonds in melts — by quantum chemical methods [9];
redistribution of electron density and dissociation energy of non-equivalent chemical bonds in ternary
systems — by methods of microscopic theory using solutions of inverse problems and molecular models 10].

This work contributes to further comprehensive research [3 —10] and is devoted to the
construction of theoretical models of ordered alloys of the Bi-Pb-Te ternary systems. What was new in
the study of tellurides was that a method based the geometrical properties of a triangle was used to
solve the given problem [11]. This mathematical approach - the method of triangulation - makes it
possible to solve a number of problems of physics, chemistry, mathematics. In particular, in chemistry,
when studying state diagrams of ternary systems, this approach allows you to divide them into simpler
binaries with regard to the laws of chemical interaction (solubility; substitution; exchange; formation
of compounds; formation of solid solutions and mechanical mixtures).

This work solves the inverse problem of triangulation: based on the experimentally established and
given in [12] state diagrams of binary alloys with regard to chemical interaction between the elements Bi,
PDb, Te, located at the vertices of the triangle, a diagram of the distribution of phase regions for different
isothermal sections is constructed in the Bi-Pb-Te system, and the parameters of phase transformations
were calculated theoretically by the methods of quantum chemistry [7].

The availability of such information makes it possible to theoretically describe the processes of
melting and crystallization in ternary systems Bi-Pb-Te and to optimize the synthesis of new materials

based on them with programmable properties.

Theoretical models of state diagrams
When constructing the theoretical model of Bi-Pb-Te, it was necessary to summarize the results
of experimental studies of binary state diagrams of Pb-Te; Bi-Te; Pb-Bi [12]; physicochemical

properties and results of studies of quantum regularities of the initial components [9,10]. First, an
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analysis of binary state diagrams was given and isothermal sections at different temperatures were
constructed. Then, by constructing the corresponding conoid triangles, the quantitative ratios of the
coexisting phases were determined and the limits of phase equilibrium in the liquid-crystal regions
were established. This made it possible to predict cases of congruent and incongruent melting. The
obtained results are shown in Figs.1-4, where the following designations are entered:

o — solid phase based on Bi;

B — solid phase based on Te;

v — solid phase based on Pb;

€ — solid phase based on intermediate Bi-Te binary compounds;

¢ — solid phase based on intermediate Pb-Te binary compounds;

o — solid phase based on intermediate Pb-Bi binary compounds;

d — solid phase based on intermediate Bi-Pb-Te ternary compound;

L — liquid.

Fig. 1. A diagram of the distribution of
Bi-Pb-Te phase regions for
equilibrium in the solid state

Fig. 1 shows a diagram of the distribution of Bi-Pb-Te phase regions in the solid state. The
division of the Bi-Pb-Te ternary system into six ordered ternary subsystems is clearly observed. This
makes it possible to consider the issue of interatomic interaction both from the standpoint of state
diagrams and chemical bond. It should be also noted that with the availability of additional

experimental data, the number of ordered ternary systems may be larger.
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Fig. 2. Bi-Pb-Te isothermal section at t = 200°C

Fig. 2 shows an isothermal section at a temperature of t=200°C, which is lower than the
melting temperature of Bi, Pb, Te components and at the same time higher than the temperature of the
first eutectic of the Pb-Bi system. Most of the Pb-Bi section is occupied by liquid L. Two-phase
equilibrium (L+a), (L+y), (L+0o) is realized by primary crystals a and vy, as well as o- crystals (based

on BixPbm compounds) and liquid.

Fig. 3. Bi-Pb-Te isothermal section at t = 300°C
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Fig. 3 shows an isothermal section at a temperature of 300°C, which is slightly lower than the
melting temperature of Pb and Te components. As in the previous case, most of the Pb-Bi section is
occupied by liquid L, but unlike the previous case, the cross-section contains conoid triangles with
equilibrium phases (L+o+¢) and (L+y+c), which are formed by primary crystals a and vy, as well as €
and o crystals (based on BinTem and BicPbx) and liquid L. Exactly this division of ternary systems into
separate sectors of dual state diagrams makes it possible to study the fine structure of cooling and
heating of individual elements depending on their environment and the processes of forming the short-

range order of chemical bonding.

Fig. 4. Bi-Pb-Te isothermal section at t = 400°C.

Fig. 4 shows the isothermal section at t = 400°C, which is higher than the melting temperature of
Bi and Pb. The entire Bi-Pb section is occupied by liquid, and in the Bi-Te and Pb-Te diagrams three-
phase equilibria are represented by conoid triangles with phases (L+o+€) and (L+y+g). Alloys of
Bi-Pb-Te triangle are in a solid state at this temperature. Thus, the given isothermal sections make it
possible to:
1. Determine quantitative ratios of coexisting phases and their concentrations.
2. Establish the limits of phase equilibrium in the liquid-crystal regions and transformations in
the solid state.
3. Distinguish state diagrams corresponding to chemical compounds and solid solutions of
different concentrations and mechanical mixtures.
4. Separate the boundaries of eutectic and peritectic state diagrams.
5. Predict cases of incongruent melting of chemical compounds, the composition of which
differs from the composition of the original compound.

However, it should be also noted that isothermal sections alone do not yet indicate the
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temperature points of phase transitions of multicomponent systems. In such cases, additional methods
are used that combine analytical and topological approaches with calculations of the interaction energy
in both phases and increase the role of theoretical calculations in the construction of the state diagram

of ternary systems.

Theoretical models of chemical bonding of ordered Bi-Pb-Te alloys

The theoretical analysis of empirical dependences of crystallization processes is related to the
revision of views on the problem of interatomic interaction and the emergence of new ideas which are
not always the result of the development of existing theories, but mostly deny some of them.

Analytical relations reflecting the quantum patterns of interatomic interaction in tellurium were
given in [9, 10]. However, there is still no single quantitative method for calculating the electronic
structure of tellurium compounds and alloys based on both the quantum mechanical and empirical
approaches.

Thus, for instance, the calculation of electron density distribution between interacting atoms by
the methods of quantum mechanics does not take into consideration the fact that different types of
their hybrid orbitals affect the strength of the electron-nucleus bond, and the electron density
distribution around an isolated atom (ion), according to the calculation method, has spherical
symmetry. This contradicts the fact that the formation of a chemical bond is accompanied by a
rearrangement of the valence electron shells of the interacting atoms, and a redistribution of the
electron density along the chemical bonds.

On the other hand, allowance for statistical regularities made it possible to obtain the
dependence of electrons n on the outer shell of an atom on the Fermi radius rr. Establishing the
relationship between 1r and n can be considered the beginning of a quantitative theory of chemical
bonding [13].

Empirical information on the properties of atoms and ions based on the experience and traditions
of the crystal-chemical approach can be combined by introducing the concept of unpolarized Ru. ionic
radii [13]. Since both the functions that include the Fermi radii rr = f(n) and the equations that include
Rux determine the electronic configurations of the interacting atoms depending on the length and
number of bonds formed by them, all this gives reason to consider the concepts of the Fermi radius
and unpolarized radius identical and denote by one symbol Ru — effective ionic radii.

Despite the imperfection, from a theoretical point of view, of the concepts of the crystal
chemical radius of ions, electronegativity, polarizability and other empirical criteria, their positive role
in the systematization of experimental data and the development of ideas about the nature of
interatomic interaction does not raise doubts, since the numerical values of these criteria are
determined on the basis of the generalization of experimental data in combination with their
interpretation from the standpoint of quantum mechanics, which contain important information about
the nature of interatomic interactions.

Numerical values of electronegativity turned out to be most useful when searching for the form

of a graphical solution to the problem of the connection of Ru to n. The relationship between
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AlogR
An

u

tano = and electronegativity does not make it possible to change the compared values

arbitrarily, fixing the position of the lines in the coordinates logR, = f(n). A good agreement of the

complex of experimental data on various physicochemical properties of atoms and their ions with the

values of Ru and tana gives the postulated dependence
logR), =logR!, —xtana, (1)

Where R, is the radius of the atoms in the unexcited state, and X is the valence which allows us

to state that the derivation of equations for ionic radii is based on the generalization of the main
empirical material of physics and chemistry, and their usefulness is determined by the extent to which
their use allows overcoming the difficulties of the modern theory of chemical bonding and obtaining
quite accurate and physically justified result of interatomic interaction.

As already noted, the formation of a chemical bond is accompanied by a rearrangement of
valence electron shells of interacting atoms. The possibility of using the system of ionic radii for their
description follows from the basic principles of quantum mechanics. Since the equations of the system
of ionic radii describe the change in Ru of atoms 4 and B when the number of electrons in the orbitals
changes, assuming the equality of the absolute values of the charges of interacting atoms, dependence

(1) takes the form of a system of equations [13]:

lgRIx =1gR\ — Xtana,, ()
lgRg =1gRs + Xtanog, 3)
di’ =logR{ +logRg, 4)

The presence of dmin and two possible values of zey for di>0min from the standpoint of crystal
chemical approach is justified by the increase in the internuclear distance with a change in the ionicity
and covalency between the same partners.

The main drawback of this approach is that in many cases the internuclear distances 4-B in
molecular and crystalline compounds are smaller than the dmin value, and it is impossible to calculate
the charge of ions using zey=f(d) diagrams. Therefore, difficulties can be overcome only by
abandoning the attempt to interpret the solution of system (2)-(4) in terms of crystal-chemical
approach. The reason is that in the system (2)-(4) the ideas of the theory of polarization and the
concept of electronegativity (EN) are combined, as it describes the mutual change of the polarization
of anion and cation depending on tan a. From the standpoint of a quantum mechanical approach to
solving the problem of chemical bonding, system (2)-(4) formally considers the geometrical conditions
of contact of spherical electron shells with different density at the boundary. In this case, the single

quantum system is replaced by an arithmetic sum of parts that retain their individuality, and the
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complex process of rebuilding the electronic shells of interacting atoms comes down to a simple
transfer of electrons from the orbitals of one to the orbitals of the other. Thus, additional criteria are
necessary to translate the crystal chemical system (2)-(4) into the language of quantum chemistry. It
should be taken into consideration that in the zone of binding localized orbitals, the spherical
symmetry of the electron density is broken and for di> dmin, the formation of 4-B bonds is
accompanied by the transition of electrons to other directions of interatomic interaction, and this bond
becomes a donor.

Thus, at di# dmin, the change in the values of zep of atoms should be such as to ensure the
equality of the density of states at the boundary of the corresponding ions. This condition is fulfilled if
the extraction (+Ae) of electrons or their localization (-Ae), in the given bond direction equally change
the value of charges that this pair has at di= dmin, i.e. ZepA(B)= Zmin A(B)*+(Ae/z). The thus calculated
Zep and Ru characterize for arbitrary di the conditions for preserving the continuity of the wave

function in the zone of interacting atoms. These conditions are described by a system of equations:

d; =RiA +Ris (5)
log Rjﬁ‘ =log RSA - (Zmin A+ Ej tana, (6)
r
logRZ =1logRY% — (zmm B + ﬁj tanp, (7)
r

Externally, Egs. (2)-(4) and (5)-(7) are similar, but in reality, replacing x with (Zmin +§j
r

changes their physical content. The function di = f(zep) is calculated in accordance with the traditions
of the crystal chemical approach (Za= -Zs), is correct from the quantum molecular point of view only
at d = dmin, but this turns out to be sufficient for system (5)-(7) to be solved for known di. With this
approach, the system (5)-(7) allows to reconcile the theoretical part with the experimental one and was
solved for all possible values of di in the considered compounds. Thus, as a result of taking into
consideration quantum interpretation of empirical material, the expression for the energy of chemical

bonds acquires the form:

o R+ Ris) Gy 1
Da'g = 2 T (®)
(tanap +tanag)| d? —R ARz i

where RSA(B) and tanap gy are coefficients of equations (2)-(4) for atoms 4 and B, and Rua and

Rus are the effective radii of their ions, in 4-B bonds of length di, i is the number of non-equivalent
interatomic distances in the considered compounds; Ci is a coefficient reflecting the relationship

between dimensional and energy characteristics of interatomic interaction (measured in electric volts);
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(> is a coefficient which depends on the type of crystal structure and chemical bond and is chosen

dimensionless.
The given equations were used in the calculations of effective charges, effective radii and

dissociation energies of non-equivalent chemical bonds of compounds and alloys that are part of the
ternary system Bi-Pb-Te. The result of calculating the coefficients of equations (2)-(4) RL(JO) and tana

of initial components are given in Table 1.
Table 1

Coefficients of equations of initial

components
z Element RSO) (A) tana
52 Te 1.57 0.076
82 Pb 1.53 0.0675
83 Bi 1.63 0.068

Effective charges Aq;i, effective radii Rui and dissociation energies for nearest neighbours at

different interatomic distances di (1 <1 < 8) of structural modifications of bismuth are given in Table 2.
Table 2
Effective charges 4q;, effective radii Rui, dissociation energies Di of chemical bonds i for

nearest neighbours at different interatomic distances di of various
structural modifications of bismuth.

Bi

Parameters
?1 P2 ¢3 P4 ®s ®s ®7 ®s

di”“(4) 2.8 29 3.0 3.1 3.3 3.5 3.7 4.7

di"P(A4) 2.805 2.9033 3.009 3.1008 | 3.3036 | 3.5034 | 3.7008 | 4.7024

Ru(4) 1.4025 | 1.45165 | 1.5045 1.5504 1.651 1.7517 | 1.8504 | 2.3512

Aqi 0.13 0.10064 | 0.06936 | 0.0435 -0.111 | -0.0625 -0.11 | -0.318

Di(ev) 2.8536 | 2.75524 | 2.6634 2.577 2421 2.2829 | 2.1595 | 1.700

Results of calculations for tellurium and lead are given in Tables 3 and 4.
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Table 3

Effective charges 4q;, effective radii Rui, dissociation energies Di of chemical bonds ¢i for
nearest neighbours at different interatomic distances di of various structural
modifications of tellurium.

Te

Parameters

61 ¢2 ¢3 ¢4 s o ¢7 ¢

di”“(4) 2.8 2.9 3.0 3.1 3.3 3.5 3.7 4.7

di"P(A) 2.024 29046 | 3.00558 | 3.1018 | 3.30056 | 3.4998 | 3.7014 | 4.7042

Ru(4) 1.4012 | 1.4523 | 1.50279 | 1.5509 | 1.65028 1.7499 1.8507 | 2.3521

0.0106
Aqi 0.0988 | 0.06764 | 0.038 -0.04332 | -0.09424 | -0.143 | -0.35112

Di(ev) 2.45927 | 2.37447 | 2.29533 | 2.2213 | 2.0866 1.9674 | 1.86107 | 1.465097

Table 4
Effective charges 4q;, effective radii Rui, dissociation energies Di of chemical bonds ¢i for
nearest neighbours at different interatomic distances di of various
structural modifications of Pb.

Pb

Parameters
?1 02 ®3 04 ®s ®s ®7 ®3

di“(4) 2.8 29 3.0 3.1 3.3 3.5 3.7 4.7

di"P(A4) 2.80057 | 2.90024 | 3.00345 | 3.1006 3.302 3.50032 | 3.7016 4.699

Ru(4) 1.400285 | 1.45012 | 1.50428 | 1.5503 1.651 1.75016 | 1.8508 | 2.3495

Aqi 0.07695 | 0.046575 | 0.0162 | 0.011475 | -0.06615 | -0.1168 | -0.1654 | -0.3726

Di(ev) 2.6984 2.5272 2.5185 | 2.43729 | 2.289562 | 2.15873 | 2.04204 | 1.60756

As regards the above parameters for Bi-Te, Pb-Te and Pb-Bi compounds, they are given in
Tables 5, 6, 7.
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Table 5

Effective charges 4q;, effective radii Rui, dissociation energies Di of chemical bonds ¢i for
nearest neighbours at non-equivalent interatomic distances di of various structural
modifications of Bi-Te.

Bi-Te
Parameters

¢1 ¢2 ¢3 ¢4 ¢s s @7 s

di®“(4) 2.8 29 3.0 3.1 3.3 3.5 3.7 4.7

di"P(A) 2.803 2.906 3.0048 3.106 3.303 3.502 3.702 4,707

RE(A) | 1438 | 148 | 1536 | 1584 | 1681 | 1775 | 1871 | 2347

RIE(A) | 1365 | 1418 | 1468 | 1522 | 1622 | 1727 | 1831 | 236

Aqi 0.1152 | 0.08352 | 0.05472 | 0.02736 | -0.0288 | -0.0785 | -0.126 | -0.3355

Di(ev) 2.6429 | 2.5664 24672 | 238814 | 2.24367 | 2.115826 | 2.00169 | 1.576

Table 6

Effective charges 4q;, effective radii Rui, dissociation energies Di of chemical bonds ¢i for
nearest neighbours at non-equivalent interatomic distances di of various
structural modifications of Pb-Te.

Pb-Te
Parameters

61 2 ¢3 P4 s ¢s @7 s

di“(4) 2.8 29 3.0 3.1 3.3 3.5 3.7 4.7

di"’(4) 2.804 2.904 2.998 3.104 3.302 3.504 3.7062 | 4.7037

REC(A) | 1392 | 14378 | 14827 | 1531 | 1.6231 | 1.7163 | 1.8096 | 2.2635

RIE(A) | 1412 | 14662 | 15153 | 1573 | 1.6771 | 1.7877 | 1.8966 | 2.4402

Aqi 0.0868 | 0.0574 | 0.0290 - -0.05455 | -0.106 | -0.1549 | -0.36162

Di(ev) 2.5718 | 2.4828 2.40 2344 | 2.18132 | 2.05638 | 1.945 1.5291
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Table 7
Effective charges 4q;, effective radii Rui, dissociation energies Di of chemical bonds ¢i for
nearest neighbours at non-equivalent interatomic distances di of various
structural modifications of Pb-Bi.

Pb-Bi
Parameters
61 62 ¢3 ¢4 s ®s 7 ¢8
di”“(4) 2.8 2.9 3.0 3.1 33 3.5 3.7 4.7
di"P(A4) 2.8028 | 2.90014 | 3.0014 3.11 3.306 3.5027 | 3.7051 4.704
RUF;b (A) 1.3574 | 1.40464 | 1.4535 1.506 1.601 1.6952 1.7928 2.273
RuBii (A) 1.4454 1.4955 1.5479 1.604 1.705 1.8075 1.9123 2451
Aqi 0.104 0.0745 0.0447 | 0.01355 | -0.0393 | -0.0894 | -0.1382 | -0.3455
Di(ev) 2.773 2.677 2.588 2.504 2.3528 2.2181 2.098 | 1.65148

In the above tables, the values of the coefficients Ci1 and C> when calculating in the first

approximation are chosen to be equal to unity.

Discussion of results

As follows from the results presented in Table 2, with increasing interatomic distances, the
dissociation energy of the corresponding chemical bonds decreases, the redistribution of the electron
density in the interval of interatomic distances 3.1 < di< 3.3 changes its sign. This means that chemical
bonds can be donors and acceptors in certain conditions. In turn, this confirms the experimentally
established fact [14] that in compounds bismuth has different oxidation states, which can take values
from -3 to +5 and can exhibit electronic properties in semiconductor melts as metallizing liquids,
semimetallic liquids and semiconductors withy one and bilateral arrangement [15].

Thus, the use of the obtained results of the electronic properties of bismuth makes it possible to
predict the shape of the liquidus, and hence the type of melting of the resulting material.

As for tellurium, with increasing interatomic distances, the dissociation energy of chemical
bonds decreases, and the redistribution of electron density changes sign, just like bismuth. Tellurium
can also have different oxidation states +4, +6 and -2, and has semiconducting properties. In melts
with bismuth and lead, it behaves as a semi-metallic liquid.

The results of calculations of effective charges, effective radii and dissociation energies obtained
in this work are in good agreement with the results of thermal rearrangement of atoms, during the
formation of short-range order of chemical bonds in the Bi-Te, Pb-Te and Pb-Bi systems, which expands
the technological possibilities when considering phase transformations, which are affected by such

factors as the destruction of existing connections and the formation of new ones. This makes it possible
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to calculate the influence of the composition on the formation of the nuclei of a new phase, the influence

of the distribution of phase components on the physical properties of the obtained materials.

Conclusions

1.

A method of constructing theoretical models of ordered Pb-Bi-Te alloys using the geometric
properties of a triangle is proposed.

The diagram of the distribution of phase regions and isothermal sections in the Bi-Pb-Te ternary
systems has been constructed.

Calculations of effective radii, effective charges, dissociation energies in the Bi-Pb-Te ternary
systems have been carried out.

The results obtained are consistent with the results of calculations of chemical bond parameters by
the methods of microscopic theory [3—5], [7] and can be used in the development of

technological modes for obtaining new materials based on Bi-Pb-Te.
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TEOPETUYHI MOJEJII BHOPAIKOBYBAHUX

CILJIABIB ITIOTPIMHUX CUCTEM TEPMOEJIEKTPUUHUX MATEPIAJIIB.

2. XIMIYHUMH 3B’S130K TA JIIATPAMU CTAHY Bi-Pb-Te
Po3spobneno xomnaexcruu nioxio 011 nob6yoosu meopemudnux mooenel ynopaoKo8aHux Cniasié
NOMPItIHUX cUCMeM NepCneKMUBHUX MEPMOEIEKMPULHUX Mamepianis.
Ilpeocmasneno po3paxymku epexmusHux padiycie, nepeposnooiny ereKmpoHHOI 2yCmuHu ma
enepeii Jucoyiayii Heeksieanenmuux 2iopuonux opboimanei (neo) ¢ cucmemi Bi-Pb-Te ¢
3aneAHCHOCMI 8i0 MIdDHCAMOMHUX 8i00aNell.
Memooamu mpuaneynsiyii nobyoosano cxemy po3noodiny gazosux obaacmeil ma izomepmiuni
nepepizu ¢ cucmemi Bi-Pb-Te. Ha ocnosi npomixcuux 6inapnux cnonyk Pb-Te; Bi-Te; Pb-Bi.
bion. 15, puc.4, mabn. 1.
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TEOPETUYECKHUE MOJIEJIN YIIPABJIAEMBIX
CILJTIABOB TPOMHBIX CUCTEM TEPMOSJIEKTPHUYECKHUX
MATEPHAJIOB. 1. XUMHNYECKAS CBA3b U TIUAT'PAMMDbI

COCTOSHUA Bi-Pb-Te

Paszpaboman  xomniaekcuviti  no0xXo0  OnA  NOCMPOEHUs — MeOpemuyeckux  mooenel
VHOPAOOUEHHbIX — CNIAB06  MPOUHbIX — CUCMEM  NEPCHEeKMUBHBIX — MEPMOINEKMPUYECKUX
mamepuanog. Ilpedcmagnenvt pacuemuvl dQGexmusHvix paouycos, nepepacnpeoenenus
INEKMPOHHOU NIOMHOCMU U IHEP2UU OUCCOYUAYUU HEIKBUBALEHMHBIX 2UOPUOHBIX OpOumanell
(neo) 6 cucmeme Bi-Pb-Te 6 zasucumocmu om medxcamomuvix paccmosnuii. Memoodamu
MPUAHSYIAYUU NOCMPOEHA CXeMd pacnpedeneHus (hazosvlx obaacmel U uzomepmuyecKue
ceuenus ¢ cucmeme Bi-Pb-Te. Ha ocnose npomesicymounvix dunapuwvix coeounenuii Pb-Te;
Bi-Te; Pb-Bi. buba. 15, puc.4, mabn. 7.

KiawueBble CJI0Ba. TEOPETHYSCKHUE MOJICIH, XHMHYECKas CBSI3b, HEIKBUBAJICHTHbIC
rubpugHble  opOutanu, IPQPEKTHBHBIC PAAUYChl, SICKTPOHHAS IJIOTHOCTh, JHEPTHUS

Aucconran, JuarpaMmMbl COCTOSHUA.
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COMPUTER SIMULATION OF A PERMEABLE
GENERATOR THERMOELEMENT

The paper presents the results of computer studies of a 3D model of a permeable generator
thermoelement. A physical model and design of a permeable thermoelement are given, and its
mathematical description is presented. A method for calculating a thermoelement based on the
Comsol Multiphysics software package has been developed. The dependences of the energy
characteristics of a thermoelement made of Bi-Te-Se-Sb based materials on the height of the
thermoelement leg are calculated. Bibl.11, Fig. 4.

Key words: permeable thermoelement, computer simulation, electric energy generation, energy

characteristics.

Introduction

The widest application of thermoelectric energy converters is based on the use of a
thermocouple element [1, 2]. Its energy conversion efficiency is determined by the figure of merit Z of
materials used. Therefore, the search for materials with the maximum value of the figure of merit
becomes the main task of thermoelectric materials science. However, despite intensive research, no
significant increase in the figure of merit has been observed in this direction over the past 20-30 years
[3, 4]. The maximum values of the dimensionless figure of merit of thermoelectric materials for
industrial use remain at the level of 1+ 1.2. Therefore, to improve efficiency, it is necessary to use
new, unconventional approaches, which consist in the use of other non-traditional variants of physical
models of thermoelements, which are the main component of a thermoelectric power converter.

One of them is the use of thermoelements with a developed internal heat exchange surface, i.e.
permeable thermoelements. In such thermoelements, heat exchange with the heat source and heat sink

occurs not only at the junctions, but also in the legs. Already the first theoretical [5] and experimental
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[6] studies for cooling gas flows showed their promise. They point to the possibility of improving the
energy conversion efficiency by a factor of 1.3 + 1.4.

However, such studies were carried out for a model that is difficult to implement in practice.
Therefore, it is necessary to create and study a more realistic 3D model of a permeable thermoelement,

which is the purpose of this work.

Physical model and its mathematical description

The physical model of a permeable thermoelement, in which heat exchange with the heat carrier
occurs not only through the interconnect plates, but also with the side surfaces of the leg, is

shown in Fig. 1.

Fig. 1. Physical model of a permeable thermoelement:
1 — adiabatic isolation, 2 — n-type legs, 3 — channels,
4 — interconnect plate, 5 — channel, 6 — channel,
7 — heat carrier, 8 — adiabatic isolation, 9 — channel,
10 — p-type leg, 11, 12 — interconnect plates, 13 — electric contacts,
14 — layer between n- and p-type legs, 15 — channel outlets.

It includes n - and p - type legs (2, 10), covered by adiabatic isolation 1 and 8, which together
form channels 5, 6, 9. Heat carrier 7 with temperature 7h flowing through channels 3, 5 and 5, 9 is
supplied through channel 6. The legs are made of a homogeneous material based on Bi-Te with a
maximum value of figure of merit Z in the temperature range 20+ 320 °C. The temperature
dependence of the material parameters should be taken into account. Interconnect plates ¢ are made of
copper, interconnect resistance is 10 Ohm-cm?. The temperature To of the lower interconnect plates is
thermostatically controlled. The n - and p - type legs are interconnected by a thin layer 14, the thermal
conductivity, electrical conductivity and thickness of which are neglected. The material of the legs is
homogeneous and isotropic with known temperature dependences: electrical conductivity o(7),

thermoelectric coefficient a(7), thermal conductivity (7). In the thermoelectric medium, the
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volumetric effects of Thomson, Joule-Lenz and the near-contact Peltier effect are taken into account.
The temperature of the heat carrier at the inlet to the thermoelement was assumed to be equal to the
temperature of the hot junctions. The size of the thermoelement in the direction perpendicular to the
plane of the figure is d, the value of d = a. The planes d = 0 and d = a are the adiabatic isolations
forming channels 5, 6, 9. There is no friction between the heat carrier and the adiabatic isolations 1, 8.
On the side surface of the legs 2 of the interconnect 4, which are in thermal contact with the heat

carrier 7, heat transfer is described by the Newton-Richmann law:
q=o;(t-T), (1)

where ar is the heat transfer coefficient, T is the temperature of the thermoelement leg, t is the heat
carrier temperature.

The system of equations describing the distribution of temperature and potential in the
thermoelectric medium is described by the fundamental laws of conservation of energy and current

carriers [7]:
VW =0 2)
Vi=0 3)

where W = +Ui is energy flow density.

Using the generalized Fourier and Ohm’s laws for a thermoelectric medium:
G=-xVT +ai T (4)

i=—o(VU +aVT) (5)

where U is the potential, x is the thermal conductivity, a is the thermoelectric coefficient, o is the
electric conductivity, it is possible to obtain a system of differential equations for finding the

distribution of temperatures and potentials:

S R
ViVT +—-TiVa =0;
o (6)

V(-o(VU +aVT))=0.

The Navier-Stokes equation and the continuity equation can be written as [8]:

dg . T BN
— = pF -VP+ uV-3+—uv(div9),
PP U JH (div) (7)

divpd = 0.
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The left side of (7) represents the fluid inertia force. The first term on the right side of (7) is the
mass force, the second is the action of surface pressure forces (normal stresses), and the last two terms
are the action of the contiguous components of surface forces (internal friction forces).

Heat transfer in a liquid is described by thermal conductivity equation [9]:

T (G |=—(Va T (% 5 8
pcp(at +(,9V)TJ_ (Vq)+;qjsij o P(@t +(9V)Pj+Q ®)

where p is the density, Cp is the heat capacity, T is the temperature, 3 is the heat flux density, q is the

heat flux density, P is the pressure, 7ij is the viscous stress tensor, # is the viscosity, / is the unit tensor,

S;; is the strain rate tensor.

Since this problem is considered for a steady-state case, the left side of the first equation of
system (7) is equal to zero. The influence of mass forces is also neglected, so the first term in the left
part of the same equation is also equal to zero. Equation (8) must also be written for the steady-state
case, and heating of the liquid due to internal friction, compression of the liquid, and heating of the
liquid due to internal heat sources are neglected. Then the system of Navier-Stokes, continuity and

heat conduction equations for this problem will be written in the form:

~VP +uv39 +% uv(divd) =0,
divpd =0, ©
pC, (V)T +V§=0.

Boundary conditions describing the conjugate problem used in this task have the following
form:

—for thermoelectric medium:

_T|o=300K
temperature ) (10)
T|, =a,(T,~T)
h
potential - Ul =0 , (11)
U ‘X3 =U 0
— for heat carrier:
elocit 8‘0 % (12)
\4 - s
YTy, = P, =0
h
A5 =0
inlet temperature - t|z =T (13)

h N
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where 9, is the initial velocity of heat carrier, Uo is a fixed potential value, So is the side surface of

thermoelement.

Implementation of given problem in the Comsol Multiphysics software package

To calculate the problem, the Comsol Multiphysics software package was chosen, namely, the
equation in partial derivatives (PDE modes), where one of the ways to represent the equation is the

coefficient form:

2 _
U g a—u+?(—c?U—aU+7)+,b’§u+aU=f (14)

e_
fotr Yot

This equation is used for a thermoelectric medium and reduced to the form of V(—cVii) = 0. For

this, €a, da, @, , f, @ are set to zero, and the value c is written in the form of a matrix:

2
C:(K+O{ ol +oUa aTa+on. (15)

aoc o

Moreover, the vector U also has the form of a matrix:

_ (T
u_(U) (16)

The Comsol Multiphysics — Non-Isothermal Flow module [11] is used to describe the motion
and heat transfer of a fluid. The module includes a system of Navier-Stokes equations, a continuity
equation and a heat transfer equation for a fluid, in a time-varying or steady-state mode. The

calculation of the given model, in the steady-state mode, was carried out according to the relations:

PV, = 6[—P| +ﬂ(€§+(€§f)—§y(€§)l }
V(p3)=0, (17)
pC,IVT +V(KVT)=0.

The value of the electric current was calculated through the integral over the cross-sectional area Sv::

[ :”Indsv , (19)
Sy
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wherel, =n, 1, +n I, +n,l, is electric current density vector. The values of Ix ly I were

determined by the relations:

| —o M e, (20)
OX OX

Iy:—aﬂ—o-aﬂ, (21)
oy oy

Ll iy (22)
0z 0z

The heat carrier flow rate was determined by integrating the velocity v over the cross-sectional

area of the channel Svi:

G = [[gds,, (23)

Svi

Electrical power of the thermoelement W =1-U, heat flux entering the thermoelement
Q, = GC,At
The main parameter characterizing the efficiency of the thermoelement in the electric power

generation mode is the efficiency factor, determined by the relation:

n=—-. (24)

Results of computer research on the characteristics of a permeable
thermoelement based on Bi-Te-Se —Sb materials

Calculation was made for materials based on Bi-Te-Se-Sb with functional dependences of
material parameters, i.e. the Seebeck coefficient a, thermal conductivity k and electric conductivity ¢
on temperature [3].

The simulation of the permeable thermoelement was carried out in the Comsol Multiphysics
program for the following basic design (Fig. 1): height b = 10 mm, length 10 mm, width a = 10 mm.
Dimensions of the lower interconnect: height ¢ = 1 mm, length 10 mm, width @ =10 mm; of the upper
interconnect: height d = 1 mm, length ¢ = 10 mm, width a= 10 mm. The interconnect material is
copper. The slots in interconnects, together with the legs, form a system of channels for pumping the
heat carrier. The design takes into account the presence of a transient layer of solder with a thickness

of 0.3 mm. Fig. 2 shows the partition of such a design into finite elements.
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At the inlet gas temperature of 600K, the temperature distributions in the heat carrier in Fig. 3

and the thermoelement material in Fig. 4 were obtained.

Fig. 2. Geometric grid.

T g cso

10

a)
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b)

Fig. 3. a) temperature distribution;

b) isothermal surfaces
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b)

Fig.4. a) temperature distribution;
b) isothermal surfaces

The height of the thermoelement legs was set equal to Imm, 5 mm, 10 mm, 15 mm, 20 mm.
The coefficient of heat exchange between water and thermoelement - ar, in the Newton-Richmann law,
was 1000 W/(m*-K).

For these parameters, the mean integral characteristics of the thermoelement were determined:
air temperature at the thermoelement outlet - tout; thermoelement electromotive force - EMF; the value

of electric current |, 4; air consumption - G; electric power W; efficiency 7. The dependences of these

parameters on the leg height |, for the case when the air temperature at the inlet to the thermoelement

was 600K, are presented in the table.

Table
l, tout , EMF, I, G, W, 10% n
mm K A% A m?/s W (%)
1 473.60 0.00003 0.0004782 0.00047 1.43 1.57
5 414.13 0.00017 0.0001539 0.00680 2.62 1.84
10 365.01 0.00038 0.0001355 0.00599 5.13 2.87
15 335.62 0.00062 0.0000822 0.00582 5.09 1.56
20 299.98 0.00243 0.0000215 0.00480 5.22 0.83

Thus, there are such rational heights of the thermoelement legs whereby the efficiency has
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maximum values. To reveal the extreme possibilities of a permeable thermoelement, it is necessary to

carry out multi-parameter optimization of its structural and thermophysical parameters.

Conclusions

1.

A 3D model of a permeable thermoelement for cooling liquid and gas flows has been developed
in the Comsol Multiphysics software package.

Temperature distributions in the material of the thermoelement legs and heat carrier, potentials
in the thermoelement, air velocities and energy characteristics of a permeable thermoelement
made of Bi-Te-Se-Sb based materials are determined.

It is necessary to carry out multi-parametric optimization of the structural and thermophysical
parameters of a permeable thermoelement, which will make it possible to determine the

maximum characteristics
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EXPERIMENTAL BENCH STUDIES
OF THERMOELECTRIC SOURCE OF HEAT AND
ELECTRICITY FOR HEAVY DUTY VEHICLES

The design of a thermoelectric generator with an electrical power of up to 350 W for
supplying electrical energy and ensuring autonomous operation of pre-start sources of heat
and electricity with a thermal power of up to 40 kW for high duty vehicles is considered. A
description of the bench for studying the characteristics of the developed thermoelectric
generator and the results of experimental investigations of the generator model sample are
presented. Bibl. 8, Fig. 4, Table 1.

Key words: starting pre-heater, thermoelectric generator, bench studies.

Introduction

The operation of vehicles in conditions of low ambient temperatures requires the use of
methods for preliminary thermal preparation of engines for start-up. To do this, starting pre-
heaters are increasingly used, powered by the fuel of vehicles and using the heating of the engine
coolant [1, 2].

Preheating of the engine is also important for large-scale civil and military equipment. The
main reasons that make it difficult to start such equipment at low ambient temperatures are:
increasing the viscosity of the engine oil on the parts of the connecting rod-piston group of the
internal combustion engine (ICE); increasing the viscosity of the lubricant in the transmission
units; solidification of fuel in fuel lines, fuel filter and other parts of the fuel system; deterioration
of fuel ignition conditions in the engine cylinders, which is due to the reduction of its evaporation
and low temperatures of the air entering the cylinders of the internal combustion engine from the
environment; freezing of the coolant in the engine cooling system; reduction of power of the

starter-generator due to reduction of capacity of rechargeable batteries; overuse of fuel at cold
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start of the internal combustion engine. The influence of these factors at low temperatures is
manifested simultaneously, which leads to a reduction in engine life and premature failure of
equipment. This significantly increases the likelihood of sudden violations and failures of the
equipment.

The determining factor limiting the possibility of mass use of starting pre-heaters is the
discharge of the battery during the operation of pre-start equipment [3]. An effective method of
solving this problem is the use of a thermoelectric generator, which works from the heat of the
heater and provides autonomous power to its components [4 —6]. In addition, the excess
electricity of the heat generator can be used to recharge the battery and power other equipment.

In [7, 8] the possibility of using thermoelectric sources of heat and electricity to improve the
performance of high-power vehicles is shown and the results of development and optimization of
thermoelectric generator design for such sources are presented.

The purpose of this work is to conduct experimental studies of the developed model sample

of a thermoelectric generator to confirm its expected characteristics.

Description of the thermoelectric generator design

The main unit of the pre-start source of heat and electricity for high duty vehicles, which
provides autonomous operation of the system without discharging the vehicle battery is a
thermoelectric generator, the general design and appearance of which is shown in Fig. 1. The
computer-aided design [8] made it possible to optimize the design of such a generator.

The thermoelectric generator contains a five-section system of hot heat exchangers, which is
supplied with hot air from a heat source by a fan, which together with the fuel pump is part of the
heat source (not shown).

On the outer surface of the heat exchangers are thermoelectric modules, the heat from which
is removed by a system of liquid heat exchangers. Thermal contact between thermoelectric
modules and heat exchangers is provided by clamping devices. The free space between hot and
cold heat exchangers is filled with thermal insulation.

The design of hot heat exchangers (Fig. 2) of each section (diameter and number of channels) is
selected so as to ensure optimal operation of thermoelectric modules. The thermoelectric module 10 is
clamped between the seat 9 on the hot heat exchanger and the cold heat exchanger 11 by means of a clamp.
The clamp consists of a clamping bar 4, a clamping screw 5 and a disk 6 and is attached to the hot heat
exchanger by means of screws 7 with fluoroplastic washers 3. Between the surface of the module and the
hot heat exchanger is an electrical insulator - mica gasket 8.

Cold heat exchangers consist of a housing made of a material with high thermal conductivity
(copper), in which through channels are made, connected in series with a system of plugs. All cold
heat exchangers are connected in series in two parallel circuits and are connected to the hydraulic
circuit of the vehicle's engine cooling system. The circulation of the liquid heat carrier in the
"heater-motor" circuit is carried out by a pump. An overheating sensor is located on one of the

cold heat exchangers to control the temperature of the heat carrier.
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b)

Fig. 1. Design (a) and appearance (b) of thermoelectric generator for pre-start source
of heat and electricity for high duty vehicles:
1- system of hot heat exchangers;
2— system of cold heat exchangers; 3 — clamping devices

The generator contains 40 Altec-1061 generator modules, which are best suited for use in
pre-start heat sources. The modules are electrically connected. Interconnect of the modules is
selected so that the output voltage of the heater corresponds to the voltage on the vehicle battery.

The thermoelectric generator system has an electric power of up to 350 W, which will be enough to
power the preheaters type PROHEAT M90 24V (with a useful thermal power of 26 kW and electric power
consumption up to 230 W) or OZhD30.8106010 (with a useful thermal power of 30 kW and electric power
consumption up to 140 W). Such a system, taking into account the thermal energy of a thermoelectric
generator (about 10 kW), will be equivalent in terms of thermal power — 36 - 40 kW (but autonomous) and
will allow replacing the PZhD-44Sh type pre-heater (with a useful thermal output of 37 kW and a

consumed electric power of up to 340 V), which is widely used in heavy duty civil and military equipment.
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Fig. 2. Design of the hot heat exchanger of thermoelectric generator:1- channels for passing
hot gas; 2 — holes for fastening the sections of the hot heat exchanger to each other;
3 — fluoroplastic washers; 4 — clamping bar; 5 — clamping screw; 6 — clamping disc;
7 — screws for attaching the clamp to the heat exchanger; 8 — mica plate; 9 — the seat of
thermoelectric module; 10 — thermoelectric module; 11 — cold heat exchanger

Description of a bench for studying characteristics of the developed thermoelectric
generator and the results of experimental studies

The layout of the bench for experimental studies of a model sample of a thermoelectric
generator is shown in Fig. 3. The thermoelectric generator 1 is connected to the heat source 7 on
diesel fuel. In the system of liquid cold heat exchangers 3 by means of the pump 4 the heat carrier
was pumped, the flow rate of which was measured by the flow meter 9. The liquid circuit also
contained a radiator 8 to transfer heat from the generator to the environment and maintain the
desired temperature of the coolant.

The temperatures of hot heat exchangers 71 — 75 of sections 1-5 of the thermoelectric
generator, as well as the temperature of the coolant at the inlet 7s and outlet 77 from the cold heat
exchanger system were measured using chromel-alumel thermocouples, the cold junctions of
which were immersed in Dewar vessel 6.

As a result of experimental studies (Table 1) of the developed model sample of the
thermoelectric generator of heat and electricity for high duty vehicles, it was found that at full
power of the heat source the developed generator has an electric power of about 350 watts.

In Table 1: 71 — T5 are the temperatures of the hot heat exchangers of sections 1-5 of
thermoelectric generator, respectively; 7e is coolant temperature at the inlet to the system of cold
heat exchangers; 77 is coolant temperature at the outlet of the system of cold heat exchangers; G:
is coolant consumption in the system of cold heat exchangers; E is the EMF of thermoelectric
generator; U is the voltage of thermoelectric generator in the mode of matched load; | is the
current of thermoelectric generator in the mode of matched load; W is the electrical power of

thermoelectric generator in the mode of matched load.
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Fig. 3. Layout of the bench for experimental studies of characteristics of the developed
model sample of thermoelectric generator: 1 —thermoelectric generator;
2 — thermoelectric modules;3 — cold heat exchangers; 4 — circulation pump;
5 — hot heat exchangers; 6 — Dewar vessel; 7 — heat source on diesel fuel; 8 — radiator

Table 1.
Results of bench studies of thermoelectric generator
W,
T, 1>, T3, T4, Ts, Ts, T, G, E, u, I, \W%
°C °C °C °C °C °C °C m’/h A% v A
Thermal power of the heat source ~ 5 kW
142.8
183.2 | 181.3 | 175.8 | 170.0 | 164.2 | 19.8 | 25.5 0.7 20.77 | 10.39 | 13.75
Thermal power of the heat source ~ 10 kW
351.8
294.9 | 293.8 | 284.8 | 275.3 | 263.3 | 20.1 | 30.9 0.7 35.06 | 17.53 | 20.07
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Fig. 4. Dependence of generator power W on coolant temperature 77 in the
system of liquid heat exchangers

The dependence of generator power W on coolant temperature 77 in the system of liquid heat

exchangers (heat removal from thermoelectric modules) is presented in Fig. 4. As is seen from the

figure, with a rise in coolant temperature (77 — from 30 to 90 °C), the generator power is reduced

fro

m 350 W to 180 W.

The results obtained, taking into account possible experimental errors, correspond to the

expected results of computer design.

Conclusions

1.

The design of a thermoelectric generator with electric power up to 350 W and heat power up to
10 kW is described. In combination with a pre-heater with a thermal power of 25-30 kW, the

generator will form an autonomous preheating system with a thermal power of up to 40 kW.

. A bench was set up to study the characteristics of the developed thermoelectric generator for

the pre-start source of heat and electricity for high duty vehicles.

. Bench experimental studies of the model sample of the developed thermoelectric generator

were carried out. It has been established that at a coolant temperature in the thermoelectric
generator cooling system in the range from 30 to 90 °C, the power of the thermoelectric

generator is from 180 to 350 W, which fully corresponds to the expected values.
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EQUIPMENT FOR DETERMINING THE PARAMETERS
OF GENERATOR THERMOELECTRIC MODULES

The results of development of the design of automated equipment for determining the parameters of generator
thermoelectric modules are presented. The equipment was created on the basis of the absolute method, which
allows measuring the parameters of the modules in real conditions of their operation, instrumentally
minimizing the main sources of measurement errors, as well as determining the thermoelectric properties of
the materials in the composition of these modules. The measurement control unit is built on the basis of a
multi-channel analog-to-digital converter. Processing and display of measurement results are carried out
using a computer, the results are displayed in the form of graphs and tables.

Key words: thermoelectric module, generation of electrical energy, electrical conductivity, thermoEMF,

thermal conductivity, thermoelectric material, automation, computerization.

Introduction

General characterization of the problem.

Quality control of thermoelectric generator modules plays an important role in the development of
these modules and the creation of thermoelectric generators based on them. This control is carried out by
measuring the parameters of the modules - electric power and efficiency, as well as their dependence on
temperature [1]. One of the best measurement methods in this case is the absolute method [2, 3], which
allows measurements to be made in real conditions of module operation and provides the possibility of
instrumental minimization of the main sources of measurement errors.

In addition, the absolute method makes it possible to obtain additional information about the
properties of the material in the module - thermoEMF, electrical conductivity and thermal conductivity of a
pair of thermoelectric circuits [4, 5]. This information is useful for optimizing the material for specific
module applications in thermoelectric generators of various types, as well as for improving the design of
the modules themselves.

The purpose of this work is to develop the design of equipment for determining the parameters of
generator thermoelectric modules, as well as the properties of the thermoelectric material in the
composition of these modules.
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1. Description of the measurement technique

The diagram of the absolute method for determining the parameters of generator thermoelectric
modules is shown in Fig. 1. The module is placed between two heat-levelling plates, which in turn are
located between the electric heater and the heat meter. The heat meter contacts the thermostat with its other
side.

Using an electric heater, a given temperature difference is created on the module and the EMF Ergy,
which occurs at the module terminals, is measured. After this, a matched electrical load is connected to the
module terminals, at which the voltage at the module terminals becomes equal to half the EMF. The values
of the electric current l7zy passing through the module, the voltage at its terminals Utgm are measured, and
the heat flow Q; removed from the cold side of the module to the thermostat is determined using a heat
meter. The electric power of the module P and its efficiency ) are determined using the formulae

P= ITEM 'UTEM , (1)
_ P
Q + Prew ] 2)

where ltem and Urem are current and voltage of module, Q; is heat flow removed from the cold side of
module and determined with the aid of a heat meter.

n

Fig. 1 — Absolute method of measuring the parameters of thermoelectric generator modules:
1 - thermostat; 2 — heat meter, 3, 5 — heat levelling plates; 4 — module under study; 6 — heater;
8 — clamp; 10, 11 —-thermocouples.

To find the properties of the thermoelectric material in the modules, the method described in detail in [5]
was used. The average values of electrical conductivity, thermoEMF, thermal conductivity and the figure of merit
of the material of the legs of the thermoelectric module are determined by the formulae

1 h
c=———1 K, (6)
R a b !
%N L
E
OLZAN'K @)

AT Y
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Q
K=@ h k., ®)
AT a, b,
2
z=%9° ©)
K

where Ry is module resistance measured with alternating current; a; x b is cross-section of legs; h; is leg height;
N is the number of pairs; £ is module EMF; AT is temperature difference between the thermocouples located on
the heat-levelling plates between which the module under study is located; Q is heat flow through the module; K;
- K; are correction factors for reducing the magnitude of measurement errors, calculated for a given module
design and measuring equipment or determined experimentally.

2. Description of the design of measuring equipment

The equipment for determining the parameters of the generator thermoelectric module consists of a
module holder, an electronic measuring unit and a thermoregulation unit, an electric power supply unit, and
hydraulic armature for connecting the holder to water cooling line.

The equipment is computerized to eliminate possible subjective errors and increase the accuracy and
speed of measurements. The measurement automation system is built on the basis of a 4-channel analog-to-
digital converter (ADC) with differential inputs, the range of measured voltages of which is = (5 pV —
2.5 V). The differential inputs of the ADC make it possible to carry out high-precision measurements of
voltages in electrical circuits of various units, which may have different power sources.

The appearance of the measurement automation system is shown in Fig. 2.

Fig. 2. Appearance of the automation system for measuring parameters of thermoelectric
generator modules.

The developed control system is universal. Depending on the selected measurement algorithm, the
heat flow can be determined both by the heat meter and by the power of the reference heater, with
compensation for heat losses by the screen heater. This allows implementing different algorithms for
measuring module parameters.

The generator module holder is a mechanical structure in which the generator module under study is
placed. The holder ensures the transfer of thermal power through the module and the removal of the
generated electric voltage from the module. The transfer of thermal energy through the module is
performed using two heat exchange units: a heating unit and a heat removal unit. The appearance of the
generator module holder is shown in Fig. 3.

The heating unit has the main reference heater of the hot side of the generator module and
temperature and heat flow control elements: thermocouples, protective and screen auxiliary heaters and an
air cooler.
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The heat removal unit on the cold side of the module has a main water heat exchanger and
temperature and heat flow control elements: thermocouples, heat meter, auxiliary heaters and air cooler.

To increase measurement accuracy and versatility, heat exchange units have replaceable elements
that are designed for specific module sizes and can be easily changed.

Fig. 3. Design of the generator module holder: 1 — heating unit;
2 — generator module; 3 — heat removal unit;
4 — electrical terminal block; 5 — supporting steel frame; 6 — lever-spring clamping mechanism;
7 — jack-screw mechanism for moving the heat exchanger; 8 — hydraulic armature.

The heat exchange units have sliding bearings, with the help of which they can move up and down
along two steel racks fixed on the base of the steel frame. The heat exchange units have working platforms
between which the generator module is clamped during measurement. The centers of the working
platforms are coaxial.

The heating unit is fixed in the upper part of the racks of the frame, and the heat removal unit on the
same racks is located below and can be moved up and down with the help of a jack-type screw mechanism.
Even higher, above the heating block on the racks, a generator module clamping device is fixed between
the working platforms of the heat exchange blocks. The clamping force is fixed using a lever-spring
method, and is set using a jack mechanism. A standard dynamometer is used as a spring.

An electrical terminal block is attached to the heat sink unit for connecting the outputs of the
generator module. The terminal block is electrically connected to the electronic load unit with a cable.

The source of thermal power for the generator module in the device is a heating block. The basis of
the design of the heating block is an aluminum finned radiator, to which all its components are attached:
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moving elements, clamping elements and a replaceable heater unit. For different sizes of generator
modules, proportionate heating elements are provided. The structure of the heating block is shown in
Fig. 4.

Fig. 4. Structure of the heating unit: 1 — casing with a fan; 2 — ribbed radiator; 3 — rod of the clamping unit;
4 — fastening unit for replaceable heaters, 5 — sliding bearings of the unit for moving heat exchange units;
6 — unit of heaters; 7 — casing of the unit of heaters; 8 — reference heater; 9 — heat levelling plate;

10 — screen heater; 11 — thermal insulation gaskets; 12 — holes for installation of thermocouples.

Thermal energy that flows through the working surfaces of the generator module is partially
converted into electrical energy, and the rest is taken by the heat removal unit and dispersed into the
environment. The basis of the design of the heat removal unit is also an aluminum finned radiator, to which
all its components are attached: moving elements, clamping elements and a replaceable unit of a water heat
exchanger, a heat meter and an additional corrective heater (Fig. 5).

Fig. 5 — Structure of the heat removal unit: 1 — ribbed radiator with blower fan; 2 — water heat exchanger;
3 — centering plate for the thermometer; 4 — thermometer; 5 - holes for installing thermocouples; 6 - corrective
heater, 7 - thermal shunt; 8 — fastening unit for replaceable heat exchangers. 9 — sliding bearings of the unit for
moving the heat exchange units.

For different types of generator modules, removable, commensurate heat meters and heaters are
provided. With the help of the correcting heater, it is possible to change the temperature range of
measuring parameters of the generator modules within wide limits. A bracket is attached to the central part
of the ribbed radiator below, which is connected to the upper movable platform of the jack. With the help
of this jack, the heat removal unit is moved up and down.
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The clamping device is important. To improve thermal contacts, thermal drivers are used that can
work at elevated temperatures, within the range of maximum operating temperatures for the generator
module.

When measuring the parameters of the module, the thermal power from the electric heater, which
passes through the module, generates an electrical voltage at its terminals. By the moment the temperatures
on the heat-levelling plates reach the set levels, the electronic load is turned off and the thermal emf of the
module is measured using an ADC. After reaching the specified temperature difference, the electronic load
is switched on at the command of the processor and the current of the module is measured. At the same
time, the thermoregulators of the thermostat and the heating heat exchanger automatically compensate for
the thermal disturbance caused by the Peltier effect from the action of the module current. The values of
electric voltages, currents and temperatures are displayed on a digital indicator, and are also sent to a
personal computer for calculations and plotting in a given temperature range. The sequence of
measurements and the time intervals between them are specified in the cyclogram, which is formed by the
operator before starting the measurements.

The developed equipment allows measuring the parameters of generator thermoelectric modules
with sizes from 10x10 to 72x72 mm in the temperature range from 30°C to 600°C, as well as determining
the properties of thermoelectric materials in the composition of these modules.

Conclusions

1.The design of measuring equipment has been developed, which allows measuring the parameters of
generator thermoelectric modules by the absolute method, as well as determining the properties of
thermoelectric materials in the composition of these modules. The created equipment allows measuring
the parameters of modules with sizes from 10x10 to 72x72 mm in the temperature range from 30°C to
600°C.

2.The created equipment is computerized, allowing measurements to be taken according to a given
algorithm, their results to be processed in real time, the results of measurements to be displayed on the
screen in the form of graphs and tables, stored on the computer, and the passport of the module studied to
be printed out.
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EQUIPMENT FOR DETERMINING THE PARAMETERS
OF THERMOELECTRIC COOLING MODULES

The results of the development of the design of equipment for measuring the parameters of
thermoelectric cooling modules, as well as determining the thermoelectric properties of
materials in these modules, are presented. The equipment was created on the basis of the
absolute method, which makes it possible to determine the parameters of modules in real
conditions of their operation and allows instrumental minimization of the main sources of
measurement errors. The measurement control unit is built on the basis of a multichannel
analog-to-digital converter. Processing and display of measurement results are carried out
using a computer; the results are displayed through graphs and tables. Bibl. 5, Fig. 6.

Key words: thermoelectric module, cooling, electrical conductivity, thermoEMF, thermal

conductivity, thermoelectric material, automation, computerization.

Introduction

General characterization of the problem.

It is known that the quality control of thermoelectric energy converters (modules) plays an
important role both in their development and in the creation on the basis of these modules of
thermoelectric cooling devices. Such control is carried out by measuring the parameters of
thermoelectric modules, namely cooling capacity, coefficient of performance and temperature
difference on the module, as well as their temperature dependence [1]. One of the best
measurement methods in this case is the absolute method. The main advantages of this method are
the determination of module parameters in real operating conditions and the possibility of
instrumental minimization of the main sources of measurement errors [4].

Moreover, the absolute method makes it possible to obtain additional information about the
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properties of the material forming part of the module, namely thermoEMF, electrical conductivity
and thermal conductivity of a pair of thermoelectric legs [5]. This information is useful both for
optimizing thermoelectric material for its specific applications and for improving the design of
modules.

The purpose of this work is to develop the design of equipment for determining the
parameters of thermoelectric cooling modules, as well as the properties of thermoelectric material

in these modules.

Description of measurement method

The schematic of the absolute method, taken as a basis for the creation of automated
equipment for determining the parameters of thermoelectric cooling modules, is shown in Fig.1.
To determine the parameters of the thermoelectric module, the latter is placed between two heat
equalizing plates, which in turn are located between the electrical heater and the thermostat.
Additionally, a protective heater is used, the temperature of which is maintained equal to the
temperature of the reference heater, which prevents heat loss from the heater through the clamping
mechanism. The electrical current is passed through the module and its value is selected at which
the temperature difference between the cold and hot surfaces of the module will reach the
maximum value ATmax. After that, the electrical current through the heater is turned on and
gradually increases to a value at which the temperature difference across the module becomes

equal to zero.

Fig. 1. Absolute method of measuring the parameters of thermoelectric cooling modules:
1 — thermostat; 2, 4 —heat equalizing plates; 3 — module under study; 5 — reference heater;
6 — thermal insulation; 7 — protective heater; 8 — clamp; 9 — zero thermocouple; 10, 11 — thermocouples
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The maximum cooling capacity of the module is considered to be equal to the electrical
power, which is released by the electrical heater.
The values of cooling capacity Qo, temperature difference AT and coefficient of

performance ¢ are determined by the formulae

Qo =1,-Uy, (3)
AT =T, -T,, 4)
pe 2 5)

where lo and Uo is current through the heater and voltage drop thereupon, 71 is the cold side
temperature of module, 72 is the hot side temperature of module, W is the electrical power
consumed by the module.

To find the properties of the thermoelectric material forming part of the modules, the
technique described in detail in [5] was used. It is as follows:

- determination of the electrical conductivity ¢ by the measured module resistance on the
alternating current and the known module design;

- creation on the module of temperature difference by means of the electrical heater (with
current through the module switched off);

- determination of the Seebeck coefficient o by the measured values of module EMF and
temperature difference on the module;

- determination of the thermal conductivity k by the measured values of heat flux through
the module (electrical heater power) and temperature difference on the module.

The average values of the electrical conductivity, thermoEMF, thermal conductivity and

figure of merit of the material of thermoelectric module legs are determined by the formulae

1 h,
c= K, (6)
R%N ah
E
a:%«p (7
Q
AN h, . 8
= £2N K, (8)
AT a, b,
(120
Z = (9)
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where Rm is module resistance measured on the alternating current; a1 x b1 is cross-section of
legs; hi is the height of legs; N is the number of pairs; £ is module EMF; AT is temperature
difference between thermocouples placed on heat equalizing plates with a module under study
arranged between them; Q is heat flux through the module; K1 - K3 are correction factors to reduce
the magnitude of measurement errors, calculated for a given design of the module and measuring

equipment or determined experimentally.

Description of measuring equipment design

The equipment for determining the parameters of a thermoelectric cooling module consists
of a thermoelectric module holder, an electronic measuring unit and a thermal control unit, an
electrical power supply unit, hydraulic fittings for connecting the holder to the water cooling line.
The measuring unit has an interface for connection to a PC for measurements and processing of
their results. The holder of the cooling module is a mechanical design in which the investigated
module is placed. The design of the holder is shown in Fig. 2.

The holder provides the supply of current and heat load through the module and the removal
of information from the module about the created temperature differences and heat energy
transfers. The transfer of thermal energy through the module is carried out by means of supply
current between two heat exchange units - from the heating unit to the heat removal unit.

The heating unit has a main reference heater for the cold side of the cooling module and
temperature and heat flux control elements: thermocouples, shield thermoelectric heater/cooler,
and an air cooler.

The heat removal unit on the hot side of the module has a main water heat exchanger,
temperature control elements: thermocouples, an auxiliary thermoelectric table, heaters and an air
cooler.

To increase measurement accuracy and for versatility, the heat exchange units have
replaceable elements designed for specific cooling module sizes and which can be easily changed
as needed.

The heat exchange units have slide bearings, with which they can move up and down along
two steel racks fixed on a steel frame. The heat exchange units have working platforms between
which the studied module is clamped during the measurement. The centers of the working
platforms are coaxial.

The heating unit is fixed in the upper part of the racks of the frame, and the heat removal
unit on the same racks is located below and can be moved up and down using a jack-type screw
mechanism. Even higher, above the heating block on the racks, a device for pressing the studied
cooling module between the working platforms of the heat exchange blocks is fixed. The clamping
force is fixed by a lever-spring method, and is set using a jacking mechanism. A standard
dynamometer is used as a spring.

An electrical terminal block is attached to the heat removal unit for connecting the wires of
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the cooling module. The terminal block is connected to the electronic units with a cable.

The source of thermal power for the cooling module in the device is the heating unit, from
which it is transferred to the heat removal unit. If there is no inflow of heat from the heating unit -
the module operates in the mode of the maximum temperature difference. When a thermal load
occurs, the resulting temperature difference will be less and the module will operate in cooling
capacity mode. The basis of the design of the heating block is an aluminum finned radiator, to
which all its components are attached: moving elements, clamping elements and a replaceable
heater unit - a working platform for thermal contact with the surface of the module and heat load
heaters. For different standard sizes of cooling modules, elements proportionate to them are

provided — work platforms and heaters. The structure of the heating unit is shown in Fig. 3.

Fig. 2. The design of the module holder for measuring the parameters
of thermoelectric cooling modules: 1 — heating unit;
2 — module under study; 3 — heat removal unit;
4 — electrical terminal block; 5 — load-bearing steel frame;
6 — lever-spring clamping mechanism;
7 — jack-screw mechanism for moving the heat exchanger;
8 — hydraulic fittings
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Fig. 3. The structure of the measuring equipment heating unit:
1 — casing with fan; 2 — clamping assembly rod; 3 — finned radiator;
4 — heating unit and the receiving work platform for cooling module;
5 — fixing assembly for replaceable heating units; 6 — heater assembly cover;
7 — reference heater with receiving platform; 8 — shield heater/cooler;
9 — thermal insulation gasket; 9 — holes for mounting thermocouples

The electrical supply current flowing through the cooling module creates a temperature
difference on its working surfaces and in the presence of thermal contact between the module and
the working platforms of the heat exchange units, a heat flux will appear in the direction from the
heater unit to the heat removal unit. External heat can be generated both by the reference heater
and absorbed from the environment. To cut off heat from the external environment, passive
thermal insulation of the working platform and the use of a shield heater/cooler are used, the
operation of which is controlled by electronic units.

The structure of the heat removal unit is shown in Fig. 4. The basis of the design of the unit
is also an aluminum finned radiator, to which all its components are attached: elements of
movement, clamps and a replaceable unit of water heat exchanger and additional corrective
thermotable - heater or cooler, as needed.

For different types of cooling modules, removable, proportionate water heat exchangers are
provided with working platforms or thermotables placed on them. With the help of corrective
heaters or thermoelectric modules of the thermotable, it is possible to change the temperature
range for measuring the parameters of the cooling modules over a wide range.

Attached to the center of the finned radiator, at the bottom, is a bracket that is connected to

the upper movable jack pad. With this jack, the heat sink moves up and down.
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Fig.4. Design of unit for heat removal from cooling module:

1 — finned radiator with a blower fan; 2 — fixing assembly for replaceable heat exchangers;
3 — water heat exchanger; 4 — centering plate for thermotable; 5 — thermoelectric modules
of thermotable; 6 — working platform for installation of cooling nodule;

7 - holes for installation of thermocouples

To increase the accuracy of measuring the parameters of a thermoelectric cooling module, it
is necessary that the heat generated by the upper heat exchanger and removed through the module
by the lower heat exchanger passed with the least losses. The imperfection of the working surfaces
of the heat exchangers and the cooling module, which is measured, leads to the fact that the
temperatures on the surfaces of the heat exchangers differ from the temperatures on the working
surfaces of the module. The actual difference on the module will be less than the measured
difference between the heat exchangers, but it is in the heat exchangers that the temperature
sensors are located for technological and design reasons.

To improve thermal contact, thermal drivers are also used - liquid substances with a fairly
high (relative to air) coefficient of thermal conductivity. These can be various heat-conducting
pastes, oils, etc. When using such substances, they fill the air gap between the unevenness of the
surfaces of the module and heat exchangers. To improve the thermal contact, the module surfaces
between the heat exchangers should be pressed with such force that the excess material of the
thermal driver is displaced from the interlayer, and the solid surfaces of the heat exchangers and
the module rest against each other only by the nearest protrusions. The holder design makes it
possible to apply a compression force from 0 to 200 kg to the module (for example, a standard
ALTEC-22 thermoelectric module with a total area of about 10 cm? of legs must be compressed

between heat exchangers with a force of about 80 kg).
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Fig. 5 — Block diagram of the automation system for measuring the parameters of
thermoelectric modules by the absolute method:
1 — thermoelectric module holder; 2 — power unit; 3 — control unit; 4 — personal computer;
5,17 —fans; 6, 16 — air heat exchangers; 7 — water heat exchanger; 8 —tap;
9 —thermostat electric heater; 10 — heat meter; 11, 14 — heat equalizing plates with
embedded temperature sensors; 12 — thermoelectric module under study;
13 — dynamometer; 15 — module heater; 18 — electronic load; 19 — heater connection block;
20 — 4- channel precision ADC; 21 — electronic load current/voltage converter;
22 — electronic load control unit; 23 — thermostat power supply;
24 —shield heater power unit; 25 — zero node; 26 — reference heater current/voltage meter;
27 — reference heater power unit; 28 — digital indicator; 29 — control processor;
30 — triac heater control key

The equipment is computerized to eliminate possible human errors and increase the accuracy
and speed of measurements. The block diagram of the automation system for measuring the
characteristics of thermoelectric modules is shown in Fig.5. It is based on a 4-channel analog-to-
digital converter (ADC) with differential inputs, the measured voltage range of which is (5 pV -
2.5 V). Differential ADC inputs allow high precision voltage measurements in electrical circuits

of different units, which may have different power sources.
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Fig. 6. Appearance of equipment for measuring the parameters
of thermoelectric cooling modules

The developed control system is universal. Depending on the chosen measurement
algorithm, the heat flux can be determined by both the heat meter and the power of the reference
heater, provided that the heat loss is compensated by the shield heater. This makes it possible to
implement different algorithms for measuring the parameters of both cooling modules and
generator modules. All measured signals are sent to the controller, where they are normalized to
certain physical values. The values of electrical voltages, currents and temperatures are displayed
on a digital indicator 28, and also supplied to a personal computer 4 for calculations and plotting
in a given temperature range. The sequence of measurements and the time between them are set in
the cyclogram, which is formed by the operator before the start of measurements.

The appearance of the developed equipment is shown in Fig. 6. The equipment makes it
possible to measure the parameters of thermoelectric modules with dimensions from 10x10 to
72x72 mm in the range of temperatures from -50°C to 100°C, as well as to determine the

properties of thermoelectric materials forming part of these modules.

Conclusions

1. The design of measuring equipment has been developed which makes it possible to measure
the parameters of thermoelectric cooling modules by the absolute method, as well as to
determine the properties of thermoelectric materials forming part of these modules. The
equipment allows measuring the parameters of modules with dimensions from 10 % 10 to
72 x 72 mm in the range of temperatures from -50 °C to 100 °C.

2. Computerized equipment has been created that allows measurements to be made according to
a given algorithm, real-time processing of their results, displaying the measurement results on
the screen in the form of graphs and tables, storing them on a computer, and printing out a

passport of the studied module.
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