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THEORETICAL MODELS OF ORDERED ALLOYS OF TERNARY SYSTEMS 
OF THERMOELECTRIC MATERIALS. 5. CHEMICAL BOND  

AND STATE DIAGRAMS OF Cd-Sb-Te 

Theoretical models of ordered alloys of promising thermoelectric materials of ternary systems based 
on Cd-Sb-Te have been developed. Using inverse triangulation methods, isothermal cross-sections 
and diagrams of the distribution of phase regions in ternary systems were constructed using binary 
state diagrams of the initial components (Cd-Sb; Cd-Te; Sb-Te). Calculations of the effective radii 
of interatomic interaction, electron density redistribution, and dissociation energy of the 
corresponding chemical bonds forming the Cd-Sb-Te crystal structure depending on the interatomic 
distances are presented. 
Key words: theoretical models, chemical bond, effective radii, dissociation energy, state diagrams, 
non-equivalent hybrid orbitals (NHO). 

Introduction 

Ternary systems of tellurides and antimonides are increasingly attracting the attention of 
specialists in thermoelectricity [1]. This is due to the presence of a number of concentration and 
structural features in such systems. With a change in the concentration of the initial elements, solid 
phases of variable composition with a crystalline structure from a densely packed crystal lattice to 
layered structures are formed. The chemical bond in such systems varies from metallic (in the original 
components) to covalent (in compounds) and intermediate (in solid solutions). This leads to phase 
transformations, ordering processes in melts and alloys that shape the physical and chemical properties 
of the obtained materials [2], [3]. At the same time, all technological issues of the synthesis of new 
materials based on ternary systems have to be solved experimentally. The reason is that ternary systems 
are complex, nonlinear, and the well-known developed theoretical approaches for problems of phase 
transformations of simple systems no longer reveal the conditions for the appearance of ternary 
properties with the prospect of their change in the desired direction. There is still no consistent theory 
of phase transformations from the standpoint of chemical bond. 

This is why new approaches to solving complex, multifactorial problems are needed to solve 
technological issues in ternary systems. Their solution is beyond the power of individual disciplines. 

DOI: 10.63527/1607-8829-2023-3-5-18 
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Multidimensional understanding of this circumstance requires an unconventional understanding of the 
theory and the methods of its application in this analysis. 

The question of how general principles can be fruitfully used to analyze real systems and to solve 
specific, multifactorial problems is becoming especially relevant [4], [5]. 

In this regard, the task set in this work was to develop theoretical models of ordered alloys that 
would allow generalizing the capabilities of existing models by combining thermodynamic, statistical, 
and quantum-mechanical approaches, taking into account chemical bond. 

The peculiarity of this approach is that a number of considered factors are interconnected and 
their influence on the properties of the studied materials is revealed indirectly through the parameters of 
theoretical models. In this case, the considered approach allows solving the inverse problem both at each 
stage in particular and as a whole. In this case, the initial conditions are chosen as the values of the 
parameters of physical quantities that the materials should receive, and the result of the research should 
be the technological parameters of the modes of obtaining these materials. The availability of such 
information allows us to theoretically describe the processes of melting and crystallization in ternary 
systems Cd-Sb-Te and optimize the synthesis of new materials based on them. 

Theoretical models of state diagrams 

In constructing the theoretical model of Cd-Sb-Te, it was necessary to generalize the results of 
studies of the physicochemical properties and quantum regularities of the initial components [6 – 8]. 
The next stage of research is devoted to establishing the dynamics of the formation of a chemical bond 
by analyzing the interatomic interaction in the initial components, binary systems of the initial 
components (Cd-Sb; Cd-Te; Sb-Te) and isothermal sections of ternary systems Cd-Sb-Te at different 
temperatures. 

The results of theoretical studies of the features of the chemical bond of cadmium are presented 
in [6]. Analysis of diverse information on the crystal structure, thermodynamic and quantum laws of 
cadmium made it possible to establish a theoretical model of the chemical bond, determine the force 
constants of the microscopic theory, characteristic temperatures that must be taken into account when 
choosing technological solutions for obtaining new thermoelectric materials based on cadmium. 

The next constituent element of the Cd-Sb-Te ternary system is antimony. This element can be 
both a constituent component of many binary semiconductor compounds and widely used as an alloying 
additive. The increased interest in this element is due to the presence of polymorphic transformations in 
it – its ability to coexist in several structural forms with the same chemical composition. Solving the 
problem of polymorphic transformations from the standpoint of chemical bond leads to the emergence 
of new technological approaches to obtaining high-quality materials. In this regard, in [7], research was 
carried out on the features of the chemical bond and the possibilities of using antimony in the further 
technological development of new thermoelectric materials. The analysis of the crystal structure given 
in [7] showed that in antimony compounds the degree of oxidation is – 3, + 3, + 5. Antimony is also 
known in four metallic allotropic (existing at different pressures) and three amorphous modifications. 
Under normal conditions, only the crystalline rhombohedral structure is stable. There is also a hexagonal 
modification of antimony. The physical nature of their occurrence has not yet been determined. 

Highly pure single crystals of antimony are plastic at 293 K and brittle at 233 K. Depending on 
the manufacturing technology, these materials are characterized by different values of physicochemical 
parameters. Studies of the features of the chemical bond and polymorphic modifications of antimony 
[7] showed that in the range of 200 – 1000 K, the considered modifications are characterized by the 
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presence of a fine chemical bond structure with non-equivalent interatomic distances. In this case, the 
temperature of formation of the first component of the chemical bond of the hexagonal modification 
Т(1)

hex and the melting temperature Tm coincide (Tm = Т(1)
hex = 903 K). In the case of the rhombohedral 

modification, the temperature Т(1)
rhomb exceeds Tm and the first component of the chemical bond is 

formed in the liquid phase with overheating. This means that the synthesis of new materials based on 
antimony must be carried out with regard to the fine structure of the chemical bond. 

The examination of the initial components of the studied ternary system is completed by tellurium. 
Comprehensive studies of tellurium are carried out in [8], where a review of experimental and theoretical 
works is given, the crystal structure, force and energy parameters of tellurium are considered from the 
standpoint of chemical bond.  It is noted that tellurium is a typical scattered element. It has eight stable 
and about twenty unstable artificially obtained isotopes. Tellurium is in group VI and period V between 
selenium and polonium, with which it is similar, although selenium is a metalloid and polonium is a 
metal. According to the period, tellurium is placed between antimony and iodine, of which antimony is 
a metal, and iodine is a metalloid. 

Tellurium belongs to semiconductor substances and crystallizes in the hexagonal system, forming 
spiral chains. The tellurium atoms in the chains have a covalent bond, and the chains are bound together 
by metallic forces. Such a qualitative description of the chemical bond makes it possible to explain some 
of the physical properties of tellurium. However, in order to obtain materials with the given properties, 
it is necessary to calculate the technological parameters in terms of chemical bond. Therefore, complex 
studies of the dynamics of chemical bond formation using the methods of vibration theory, elasticity 
theory, and molecular models were carried out in [8]. 

Thus, the studies conducted in [8] showed that tellurium has a complex hexagonal crystal 
structure, characterized by five different interatomic distances and a consistent structure of melting and 
crystallization. It was established that the increase in the ratio of the parameters of the hexagonal 
structure c/a causes a redistribution of the electron density in such a way that d-shells begin to take part 
in the formation of chemical bonds in the processes of crystallization and melting through the formation 
of "new" and destruction of "old" chemical bonds of tellurium. In addition, it was established that the 
selection of specific values of the characteristic frequencies and their corresponding temperatures make 
it possible not only to control the dynamics of the formation of the tellurium chemical bond, but also 
the quality of the obtained materials based on tellurium, due to the selection of the composition and 
structure of the initial components. 

The next stage of research is devoted to establishing the dynamics of the formation of chemical 
bonds of the initial components in going to the structures of binary alloys [9] and heterogeneous 
equilibria [10] of ternary systems. 

To describe the dependence of primary crystallization temperatures on the composition of binary 
systems, the state diagrams of Cd-Sb, Cd-Te, Sb-Te [9] shown in Fig. 1 were used. 

When constructing the distribution diagram of the Cd-Sb-Te phase regions, triangulation methods 
[10] and calculation of chemical bond parameters by quantum-chemical methods [4, 5] were used. 

From the analysis of the phase diagrams shown in Fig. 1 it follows that antimony in compounds 
with cadmium and tellurium behaves similarly, has a double eutectic, and the Cd-Te compound melts 
congruently at 1098 °C and forms degenerate eutectics with its components. 

The dependence of the melting temperature on pressure shows that with increasing pressure the 
melting temperature decreases to 996 °С, and at the triple point the sphalerite structure goes over to the 
NaCl type structure. Subsequently, with increasing pressure, the melting temperature begins to increase 
[2, 3]. The reason for such behaviour in the Cd-Te system has not been established. 
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Analyzing the phase diagram of Sb-Te, it should be noted that there are continuous solid solutions 
between antimony and Sb2Te3 during slow cooling. During rapid cooling of the melt, peritectic reactions 
with the formation of solid solutions do not have time to occur, and a nonequilibrium eutectic crystallizes 
from the melt – continuous solid solutions of Sb-Sb2Te3 are absent. 

Of all the components, cadmium antimonide is considered the most studied. The works [2, 3] 
systematize and summarize publications on the properties of Cd-Sb, provide state diagrams, information 
on phase transformations; physical and chemical interaction of components in liquid and solid states. 
When studying the properties of Cd-Sb near the melting point, in addition to the thermal effect at 456 °C, 
which corresponds to the melting of Cd-Sb, another one was found on the thermograms at 464 °C, 
accompanied by a sharp increase in electrical conductivity and caused by changes in the short-range 
order and its transition from a semiconductor to a metallic state. The reason for the appearance of such 
effects may be the features of the crystalline structure of Cd-Sb and the supersaturation of the phase with 
antimony, which leads to a decrease in the melting temperature. Based on the data on the formation of 
polymorphic compounds in the Cd-Sb system, it was concluded that in the Cd-Sb system there is only 
one stable Cd-Sb and two unstable – Cd4Sb3 Cd3Sb2 compounds, which correspond to one stable and 
two metastable state diagrams. The short-range order corresponding to CdSb molecules exists only up 
to 500 °C. In liquid alloys of the Cd-Sb system, an irreversible process of rearrangement of the short-
range order structure occurs in the sequence CdSb→Cd4Sb3→Cd3Sb2, which depends on heat treatment. 
This information, as well as the data presented above, were obtained experimentally. At the same time, 
how the initial components in the ternary systems Cd-Sb-Te will interact, what will be the regions of 
extreme points of the dependence of the primary crystallization temperature on the composition, what 
will be the coordinates of the ternary eutectics of the concentration triangle - there is no answer from 
the standpoint of chemical bond yet. This work is a continuation of complex studies [3-8] and is devoted 
to the construction of theoretical models of ordered alloys of ternary systems Cd-Sb-Te. A new feature 
in the study of antimonides and tellurides was the use of a method based on the geometric properties of 
a triangle [10]. This mathematical approach, the triangulation method, is used in chemistry when 
studying the state diagrams of ternary systems and allows their distribution into simpler binary systems, 
taking into account chemical interaction. 

In this paper, the inverse problem of triangulation is solved: based on the experimentally 
established and presented in [9] phase diagrams of binary alloys, taking into account the chemical 
interaction (solubility; substitution; exchange; formation of compounds; formation of solid solutions 
and mechanical mixtures) between the elements Cd, Sb, Te, located at the vertices of the triangle, a 
diagram of the distribution of phase regions for various isothermal sections in the Cd-Sb-Te system is 
constructed, and the parameters of phase transformations are calculated theoretically using quantum 
chemistry methods [4, 5]. Next, the quantitative ratios of coexisting phases were determined and the 
limits of phase equilibrium in the liquid-crystal regions were established. The obtained results are shown 
in Fig. 1 – 4, where the following designations are entered: 

α – solid phase based on Cd; 
β – solid phase based on Te; 
γ – solid phase based on Sb; 
ε – solid phase based on Cd-Te; 
ρ1 – solid phase based on Sb0.7Te0.3; 
ρ2 – solid phase based on Sb0.4Te0.6; 
ρ3 – solid phase based on Sb0.1Te0.9; 
δ – solid phase based on Cd-Sb; 
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δ1 – solid phase based on Cd0.9Sb0.1; 
δ2 – solid phase based on Cd0.42Sb0.58; 
σ – solid phase based on intermediate ternary compound Cd-Sb-Te; 
L – liquid. 

 

Fig. 1. Diagram of distribution of Cd-Sb-Te phase regions for equilibrium in the solid state. 
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Fig. 1 shows a diagram of the distribution of Cd-Sb-Te phase regions in the solid state. The 
division of the Cd-Sb-Te ternary system into ten ordered ternary subsystems is traced. This makes it 
possible to consider the issue of interatomic interaction both from the standpoint of stable and metastable 
phases of state diagrams, as well as chemical bond and temperature. 

Fig. 2 shows an isothermal section at a temperature of t = 300 °C, which is lower than the melting 
point of the components Cd, Sb, Te, and at the same time higher than the temperature of the first eutectic 
of the Cd-Sb system. Unlike the previous case, the section contains conoid triangles with equilibrium 
phases (L + α + σ) and (L + δ1 + σ), which are realized by primary crystals α, as well as σ and δ1 crystals 
and liquid. 

 
Fig. 2. Cd-Sb-Те isothermal section at t = 300 °C. 

This division of ternary systems into separate sectors of binary phase diagrams allows studying 
the fine structure of cooling and heating of individual elements depending on their environment and the 
processes of formation of short-range order of chemical bonds. 

Fig. 3 shows an isothermal section at a temperature of t = 400 °C, which is higher than the melting 
point of cadmium, but lower than the melting point of tellurium and antimony. In the Cd-Sb diagrams, 
three-phase equilibria are represented by conoid triangles with phases (L + α + σ), (L + δ1 + σ), and 
(L + δ + σ). Alloys of the triangle (ε, γ, β) are in the solid state at this temperature. 

Fig. 4 shows the isothermal section at t = 600 °C, which is higher than the melting temperature of 
cadmium and tellurium, but lower than the melting temperature of antimony. Most of the Cd-Sb cross-
section is occupied by liquid, and on the Cd-Te, Sb-Te diagrams, three-phase equilibria are represented 



О.М. Manyk, T.O. Manyk, V.R. Bilynskyi-Slotylo 
Theoretical models of ordered alloys of ternary systems of thermoelectric materials. 5. Chemical bond… 

ISSN 1607-8829 Journal of Thermoelectricity №3, 2023     11

by conoid triangles with phases (L + ρ2 + γ), (L + ρ2 + σ) and (L + σ + ρ3), (L + β + σ), (L + β + ε), 
(L + α + β), (L + α + ε). 

 

 
Fig. 3. Cd-Sb-Те isothermal section at t = 400 °C. 

 
Fig. 4. Cd-Sb-Те isothermal section at t = 600 °C. 
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Thus, the presented isothermal sections make it possible to separate the limits of phase 
equilibrium for eutectic and peritectic type diagrams and to optimize the technological modes of 
obtaining new materials based on Cd-Sb-Te. 

However, isothermal sections alone do not yet indicate the temperatures of phase transitions of 
multicomponent systems. Theoretical models are needed that combine generalized experimental data 
with calculations of the interatomic interaction of components in both phases depending on interatomic 
distances and increase the role of theoretical calculations in constructing phase diagrams of 
multicomponent systems. 

Theoretical models of chemical bonding of ordered alloys Cd-Sb-Te 

Theoretical analysis of crystallization processes of thermoelectric materials requires a revision of 
the fundamentals of the theory of interatomic interaction. The reason for this is that theoretical 
approaches reflecting the regularities of ordering processes in crystals contradict the formation of a 
chemical bond, accompanied by the rearrangement of the valence electron shells of interacting atoms 
and the redistribution of electron density along chemical bonds [5]. 

On the other hand, taking into account statistical regularities made it possible to obtain the 
dependence of n electrons on the outer shell of an atom on the Fermi radius 𝑟ி, which can be considered 
the beginning of the quantitative chemical bond theory [11]. 

Analysis of empirical information about the properties of atoms based on a crystal-chemical 
approach made it possible to generalize the concept of the Fermi radius to the case of electronic 
configurations of interacting atoms depending on the length and number of bonds formed by them and 
to introduce effective ionic radii 𝑅௎. The most useful relationship in searching for the connection of 𝑅௎ 

with 𝑛 proved to be the relationship 𝑡𝑔α ൌ ∆௟௢௚ோೆ
∆௡

 with the properties of atoms in the coordinates 

𝑙𝑜𝑔𝑅௎ ൌ 𝑓ሺ𝑛ሻ. Good agreement between the experimental data on the properties of atoms and their 
ions and the values of 𝑅௎ and 𝑡𝑔α is given by the postulated dependence: 

 𝑙𝑜𝑔𝑅௎஺
௫ ൌ 𝑙𝑜𝑔𝑅௎஺

଴ െ 𝑥𝑡𝑔α, (1)  

where 𝑅௎଴  is radius of atoms in the unexcited state; 𝑥 is valence. 
The use of the system of ionic radii to describe the chemical bond follows from the principles of 

quantum mechanics. Since the equation of the system of ionic radii describes the change in 𝑅௎ of atoms 
A and B with a change in the number of electrons in the orbitals of each, then dependence (1) takes the 
form of a system of equations [11]: 

 𝑙𝑜𝑔𝑅௎஺
ା௫ ൌ 𝑙𝑜𝑔𝑅௎஺

଴ െ 𝑥𝑡𝑔α஺, (2) 

 𝑙𝑜𝑔𝑅௎஻
ି௫ ൌ 𝑙𝑜𝑔𝑅௎஻

଴ ൅ 𝑥𝑡𝑔α஻ , (3) 

 𝑑ଵ ൌ 𝑅௎஺
ା௫ ൅ 𝑅௎஻

ି௫ , (4)  

The presence of a minimum interatomic distance 𝑑௠௜௡ from the standpoint of the crystal chemical 
approach is justified by the increase in the internuclear distance with a change in ionicity between the 
same partners. The disadvantage of this approach is that in many cases the internuclear distances A-B in 
compounds and alloys are less than 𝑑௠௜௡and it is impossible to calculate the ion charge using the  
𝑍௘௙ ൌ 𝑓ሺ𝑑ሻ diagrams. Difficulties can be overcome only by abandoning the attempt to interpret the 
solution of system (2) – (4) from the standpoint of a crystal-chemical approach. Additional conditions 
are necessary to translate the crystal chemical system (2) – (4) into the language of quantum chemistry. 
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It should be taken into account that during the formation of A-B bonds, the spherical symmetry of the 
electron density of atoms A and B is broken and is accompanied by the transition of electrons to other 
directions of interatomic interaction. 

The thus calculated effective charges and effective radii characterize for an arbitrary 𝑑ଵ the 
conditions for preservation of continuity of wave function in the zone of interacting atoms. This 
condition is fulfilled if the extraction (൅∆𝑒) of electrons or their localization (െ∆𝑒) change the values 

of charges that this pair has at 𝑑ଵ ൌ 𝑑௠௜௡, i.e. 𝑍௘௙𝐴ሺ𝐵ሻ ൌ 𝑍௠௜௡𝐴ሺ𝐵ሻ ൅ ቀ∆௘
ଶ
ቁ and are described by the 

system of equations: 

 𝑑ଵ ൌ 𝑅௎஺
௓஺ ൅ 𝑅௎஻

௓஻ , (5) 

 𝑙𝑜𝑔𝑅௎஺
௓஺ ൌ 𝑙𝑜𝑔𝑅௎஺

଴ െ ሺ𝑍௠௜௡஺ ൅ ቀ∆௘
ଶ
ቁሻ𝑡𝑔α஺, (6) 

 𝑙𝑜𝑔𝑅௎஻
௓஻ ൌ 𝑙𝑜𝑔𝑅௎஻

଴ െ ሺ𝑍௠௜௡஻ ൅ ቀ∆௘
ଶ
ቁሻ𝑡𝑔α஻ , (7)  

Replacing 𝑥 in the system of equations (2) – (4) with (𝑍௠௜௡ ൅ ቀ∆௘
ଶ
ቁ) in (5) – (7) changes the 

physical content of these equations. The function 𝑑ଵ ൌ 𝑓ሺ𝑍௘௙ሻ is calculated from the standpoint of the 
crystal-chemical approach, (𝑍஺ ൌ െ𝑍஻) is correct from the quantum-molecular point of view only when 
𝑑ଵ ൌ 𝑑௠௜௡, but this is sufficient for the system (5) – (7) to be solved for a known 𝑑ଵ and for the effective 
radii and redistribution of the electron density to be found. With this approach, system (5) – (7) allows 
us to agree the theoretical part with the experimental part for all possible values of 𝑑ଵ in the compounds 
under consideration. Thus, taking into consideration the quantum interpretation of the empirical material 
made it possible to obtain 

 𝐷஺ି஻
ሺ௜ሻ ൌ ቀ

஼భ൫ோೆಲ
బ ାோೆಳ

బ ൯

ሺ୲୥஑ಲା୲୥஑ಳሻ
ቁ ൬ ஼మௗ೔

ௗ೔
మିோೆಲோೆಳ

െ
ଵ

ௗ೔
൰, (8)  

where 𝑅௎஺ሺ஻ሻ
଴ , 𝑡𝑔α஺ሺ஻ሻ are the coefficients of equations (2) – (4) for atoms А and В, and 𝑅௎஺,𝑅௎஻ are 

the effective radii of their ions in А – В bonds of length 𝑑௜, 𝑖 is the number of non-equivalent interatomic 
distances in the considered compounds; 𝐶ଵ is the coefficient reflecting the relationship between 
dimensional and energy characteristics of interatomic interaction (measured in electron volts); 𝐶ଶ is a 
coefficient that depends on the type of crystal structure and chemical bond and is chosen dimensionless. 

The above equations were used in the calculations of effective charges, effective radii and 
dissociation energies of non-equivalent chemical bonds of Cd-Sb-Te ternary systems. 

The results of calculations of the coefficients of equations (2) – (4) 𝑅௎଴  and 𝑡𝑔α of the initial 
components are given in Table 1. 

Table 1 
Coefficients of equations of the initial components 

𝑍  Element 𝑅௎
଴ሺÅሻ 𝑡𝑔α 

48  Cd 1.51 Å 0.097 

51  Sb 1.45 Å 0.074 

52  Te 1.57 Å 0.076 
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Effective charges ∆𝑞і, effective radii 𝑅௎і and dissociation energies for the nearest neighbours at 
different interatomic distances 𝑑іሺ1 ൑ 𝑖 ൑ 6ሻ of the structural modifications of cadmium are given in 
Table 2. The results of calculations for antimony and tellurium are given in Tables 3 and 4. 

Table 2 

Effective charges ∆𝑞௜, effective radii 𝑅௎௜ and dissociation energies 𝐷௜ of chemical bonds 𝜑௜ for the 

nearest neighbours at different interatomic distances 𝑑௜ of structural modifications of cadmium 

φ௜ 

Parameters 
φ1 φ2 φ3 φ4 φ5 φ6 

𝑑௜ሺÅሻ 2.8 2.9 3.0 3.1 3.2 3.3 

𝑅௎஼ௗሺÅሻ 1.4 1.45 1.5 1.55 1.6 1.65 

∆𝑞ሺφ௜ሻ + 0.33 + 0.18 + 0.025 – 0.05 – 0.27 – 0.4 

𝐷௜ሺ𝑒𝑉ሻ 1.853 1.789 1.730 1.674 1.622 1.572 

Table 3 

Effective charges ∆𝑞௜, effective radii 𝑅௎௜ and dissociation energies 𝐷௜ of chemical bonds 𝜑௜ for the 

nearest neighbours at different interatomic distances 𝑑௜ of structural modifications of antimony 

φ௜ 

Parameters 
φ1 φ2 φ3 φ4 φ5 φ6 

𝑑௜ሺÅሻ 2.8 2.9 3.0 3.1 3.2 3.3 

𝑅௎ௌ௕ሺÅሻ 1.4 1.45 1.5 1.55 1.6 1.65 

∆𝑞ሺ𝜑௜ሻ 0.2 0 – 0.2 – 0.39 – 0.6 – 0.75 

𝐷௜ሺ𝑒𝑉ሻ 2.332 2.252 2.177 2.107 2.041 1.98 

Table 4 

Effective charges ∆𝑞௜, effective radii 𝑅௎௜ and dissociation energies 𝐷௜ of chemical bonds 𝜑௜ for the 

nearest neighbours at different interatomic distances 𝑑௜ of structural modifications of cadmium 

φ௜ 

Parameters 
φ1 φ2 φ3 φ4 φ5 φ6 

𝑑௜ሺÅሻ 2.8 2.9 3.0 3.1 3.2 3.3 

𝑅௎்௘ሺÅሻ 1.4 1.45 1.5 1.55 1.6 1.65 

∆𝑞ሺ𝜑௜ሻ 0.653 0.454 0.26 – 0.0073 – 0.108 – 0.284 

𝐷௜ሺ𝑒𝑉ሻ 2.46 2.374 2.295 2.221 2.147 2.087 

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

Effective charges ∆𝑞௜, effective radii 𝑅௎௜ and dissociation energies 𝐷௜ of chemical bonds 𝜑௜ for the 

nearest neighbours at different interatomic distances 𝑑௜ of structural modifications of Cd-Te 

φ௜ 
Parameters 

φ1 φ2 φ3 φ4 φ5 φ6 

𝑑௜ሺÅሻ 2.8 2.9 3.0 3.1 3.2 3.3 
𝑅௎஼ௗሺÅሻ 1.355 1.41 1.465 1.515 1.576 1.63 
𝑅௎்௘ሺÅሻ 1.445 1.49 1.535 1.585 1.624 1.67 
∆𝑞ሺ𝜑௜ሻ 0.497 0.318 0.134 – 0.022 – 0.195 – 0.34 
𝐷௜ሺ𝑒𝑉ሻ 2.116 2.044 1.977 1.913 1.855 1.798 

Table 6 

Effective charges ∆𝑞௜, effective radii 𝑅௎௜ and dissociation energies 𝐷௜ of chemical bonds 𝜑௜ for the 

nearest neighbours at different interatomic distances 𝑑௜ of structural modifications of Sb-Te 

φ௜ 
Parameters 

φ1 φ2 φ3 φ4 φ5 φ6 

𝑑௜ሺÅሻ 2.8 2.9 3.0 3.1 3.2 3.3 
𝑅௎ௌ௕ሺÅሻ 1.345 1.444 1.46 1.48 1.53 1.58 
𝑅௎்௘ሺÅሻ 1.455 1.456 1.54 1.62 1.67 1.72 
∆𝑞ሺ𝜑௜ሻ 0.43 0.227 0.03 – 0.159 – 0.324 – 0.521 
𝐷௜ሺ𝑒𝑉ሻ 2.392 2.314 2.235 2.159 2.092 2.029 

Table 7 

Effective charges ∆𝑞௜, effective radii 𝑅௎௜ and dissociation energies 𝐷௜ of chemical bonds 𝜑௜ for the 

nearest neighbours at different interatomic distances 𝑑௜ of structural modifications of Cd-Sb 

φ௜ 
Parameters 

φ1 φ2 φ3 φ4 φ5 φ6 

𝑑௜ሺÅሻ 2.8 2.9 3.0 3.1 3.2 3.3 
𝑅௎஼ௗሺÅሻ 1.43 1.48 1.53 1.58 1.63 1.68 
𝑅௎ௌ௕ሺÅሻ 1.37 1.42 1.47 1.52 1.57 1.62 
∆𝑞ሺ𝜑௜ሻ 0.287 0.106 – 0.069 – 0.239 – 0.403 – 0.562 
𝐷௜ሺ𝑒𝑉ሻ 2.059 1.989 1.922 1.860 1.802 1.748 

In the tables, the values of coefficients 𝐶ଵ and 𝐶ଶ in the calculations in the first approximation are 
chosen to be equal to unity. 

Discussion of the results and conclusions 

As follows from the results obtained in the work, given in Tables 1 – 7 and in Figs. 1 – 4, the 
application of a complex approach to technological problems made it possible to build theoretical 
models for the description of ordering processes in alloys of ternary systems based on Cd-Sb-Te. 

This approach allowed us to describe the processes of formation of interatomic interaction at 
different technological levels from the standpoint of chemical bond. This is, first of all, the formation of 
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a crystal structure based on the initial elements (Cd, Sb, Te), where information on the physicochemical 
properties and chemical bond of the initial elements (Tables 1 – 4) was taken into account, binary 
compounds based on the initial elements (Cd-Te, Sb-Te, Cd-Sb) (Tables 5 – 7). What was new was that 
the paper calculated the dependence of chemical bond parameters on the interatomic distances (effective 
radii, redistribution of electron density on the corresponding chemical bonds, and dissociation energy 
of bonds forming the crystal structure). 

What was new in the study of ternary Cd-Sb-Te systems was that, when constructing the 
distribution diagram of phase equilibrium regions, the method of inverse triangulation was used using 
information on the binary compounds of the initial components and their state diagrams. This made it 
possible to determine quantitative phase ratios and establish the limits of phase equilibrium in the liquid-
crystal regions; to separate the boundaries of diagrams of eutectic and peritectic type for solving 
technological problems of stable and metastable phases, predict cases of congruent and incongruent 
melting. The obtained results can be used in the development of technological modes of obtaining new 
materials based on Cd-Sb-Te. 
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ТЕОРЕТИЧНІ МОДЕЛІ ВПОРЯДКОВУВАНИХ СПЛАВІВ ПОТРІЙНИХ 

СИСТЕМ ТЕРМОЕЛЕКТРИЧНИХ МАТЕРІАЛІВ. 
5. ХІМІЧНИЙ ЗВ’ЯЗОК ТА ДІАГРАМИ СТАНУ Cd-Sb-Te 

Розроблено теоретичні моделі впорядковуваних сплавів перспективних термоелектричних 
матеріалів потрійних систем на основі Cd-Sb-Te. Методами оберненої триангуляції 
побудовано ізотермічні перерізи та схеми розподілу фазових областей в потрійних системах 
з використанням бінарних діаграм стану вихідних компонентів (Cd-Sb; Cd-Te; Sb-Te). 
Представлено розрахунки ефективних радіусів міжатомної взаємодії, перерозподілу 
електронної густини та енергії дисоціації відповідних хімічних зв’язків, що формують 
кристалічну структуру Cd-Sb-Te в залежності від міжатомних віддалей. 
Ключові слова: теоретичні моделі, хімічний зв’язок, ефективні радіуси, енергія дисоціації, 
діаграми стану, нееквівалентні гібридні орбіталі (НГО). 
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COMPUTER SIMULATION OF THE PROCESS OF MANUFACTURING 
FLAT INGOTS OF THERMOELECTRIC MATERIALS BASED  

ON Ві2Те3 BY VERTICAL ZONE MELTING METHOD 

The results of the development of a computer model for optimizing the process of manufacturing flat 
ingots of thermoelectric materials based on Ві2Те3 using the vertical zone melting method are 
presented. The created model allows one to study the dependence of the crystallization front shape 
on various technological parameters – the geometric dimensions of the heater and coolers, their 
temperatures, speed of movement, etc. This makes it possible to carry out multifactorial optimization 
of technological modes and equipment design, significantly reducing the material costs and time 
required for conducting similar experimental studies. Bibl. 19, Figs. 3. 
Key words: simulation, vertical zone melting, thermoelectric material, bismuth telluride. 

Introduction 

The practical use of thermoelectricity today is implemented in three main directions - cooling 
devices, thermoelectric generators and measuring equipment. For all these areas, the main 
thermoelectric materials used are alloys based on Ві2Те3, since it is solid solutions based on bismuth 
telluride that have the best thermoelectric properties in the temperature range of 200 – 600°K [1 – 6]. A 
lot of attention is paid to the improvement of methods of obtaining such materials [7 – 14]. 

One of the most common industrial methods of growing polycrystalline thermoelectric materials 
based on Ві-Те is the method of vertical zone melting. The quality of the obtained material is affected 
by various factors, for example: impurity distribution coefficient; length of the molten zone; zone 
movement speed; degree of mixing of the molten zone; heater temperature, etc. A structurally 
homogeneous crystal can be obtained only by selecting the optimal growing conditions. The curvature 
of the crystallization front, which is the main technological characteristic of growth, has a great influence 
on the quality of the obtained thermoelectric material. The shape of the crystallization front can be 
convex in the liquid phase, flat or concave in the solid phase. The most favourable for growing single 
crystals with a low density of defects is a flat crystallization front. The shape of the crystallization front 
is determined by the radial and axial temperature gradients in the ingot during growth. 

Computer simulation of the process of growing thermoelectric materials allows one to study the 
dependence of the crystallization front shape on various technological parameters, significantly reducing 
material costs and research time required to ensure the growth of crystals of the required quality. 

The papers [15, 16] present the results of computer simulation of the process of vertical zone 
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melting of thermoelectric material in the form of rods with a round cross-section; in particular, the 
influence of the temperature and dimensions of the heater, the growth rate and other process parameters 
on the shape of the crystallization front is investigated. The paper [17] examines the possibility of 
growing single crystals of thermoelectric materials by the method of vertical zone melting in the 
presence of electric current passing through the ingot. 

An interesting opportunity to improve the structure of the material and reduce technological 
defects when cutting ingots into thermoelements is the production of ingots in the form of flat rods. The 
creation of technology for the production of such ingots requires multi-parameter optimization of 
controlled parameters of the growing process. 

Therefore, the purpose of this work is to create a computer model of the process of manufacturing 
flat ingots of thermoelectric materials based on Ві2Те3 by the method of vertical zone melting. 

1. Physical model of vertical zone melting process 

The physical model of growing flat ingots of thermoelectric materials based on Ві2Те3 by the 
method of vertical zone melting is shown in Fig. 1. 

 
Fig. 1. Physical model of growing thermoelectric materials by vertical zone melting: 1 – thermoelectric 

material; 2 – container; 3 – quartz inserts; 4, 6 – coolers; 5 – heater; 7 – material in the solid phase 
(structurally oriented crystal); 8 – crystallization front; 9 – melt zone; 10 – melt front;  

11 – material in the solid phase (polycrystal). 

The figure shows a fragment of an ingot, which includes polycrystalline material 11, a molten 
zone 9 and a single crystal 7. The ingot is placed in a container 2. With the help of a heater 5 and a 
system of coolers 4 and 6, a molten zone 9 is formed, which, moving together with the heater along the 
ingot, ensures the melting of the polycrystal and the crystallization of the melt below the boundary 8, 
which is called the crystallization front. 

In Fig. 1: Th is heater temperature; Tc is the temperature of coolers; Q1 is heat flow transferred 
from the heater to the container; Q2 is heat flow transferred from the container to the coolers; Q3 is heat 
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flow transferred from the container to the environment; RT is contact thermal resistance between the 
walls of the container and the thermoelectric material; v is the speed of movement of the thermal unit; d 
is ingot diameter; a is the thickness of the container wall. To improve the structure of the material, it is 
proposed to add special quartz inserts to the container, which will form a flat rod of thermoelectric 
material with a thickness of h. 

2. Mathematical and computer models of vertical zone melting process  

The COMSOL Multiphysics package of application programs [18] was used for computer 
simulation of the process of growing the thermoelectric material Bi2Te3 [18], which allows simulating 
almost all physical processes described by algebraic and partial differential equations. For this, it is 
sufficient to use ready-made modules of the corresponding physical phenomenon. If necessary, the 
researcher can change the equation built into the COMSOL module, or set his own. The numerical 
calculation is carried out using the finite element method [19]. 

The simulation of the movement of the heater and coolers in the COMSOL Multiphysics system 
was carried out by using the Moving Mesh module, which allows changing the mesh during calculations 
of non-stationary processes. 

The temperature distribution in the studied sample was found from the solution of the differential 
equation of thermal conductivity, supplemented by the dependences of the physical properties of the 
studied material, as a function of the phase state at a given point at a given temperature: 

 ρ 𝐶௣
డ்

డ௧
൅  ρ 𝐶௣𝑢 ∇𝑇 ൅ ∇𝑞 ൌ 𝑄, (1) 

 𝑞 ൌ െκ∇𝑇, (2) 

 ρ ൌ θρ௣௛௔௦௘ଵ ൅ ሺ1 െ θሻρ௣௛௔௦௘ଶ, (3) 
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 α௠ ൌ
ଵ

ଶ
∙
ሺଵି஘ሻ஡೛೓ೌೞ೐మ ି஘஡೛೓ೌೞ೐భ 

஘஡೛೓ೌೞ೐భ ାሺଵି஘ሻ஡೛೓ೌೞ೐మ 
, (5) 

 κ ൌ θκ௣௛௔௦௘ଵ ൅ ሺ1 െ θሻκ௣௛௔௦௘ଶ, (6) 

where ρ is the density, 𝐶௣ is the heat capacity of the material, κ is the thermal conductivity, 𝑢 is the 
velocity of the medium which is zero in the problem under study, T is the temperature, θ is the phase 
ratio at a given temperature, α௠ is the mass ratio between the phases, 𝐿 is the latent heat of the phase 
transition, 𝑄 is the external heat flow. The 𝑝ℎ𝑎𝑠𝑒1 and 𝑝ℎ𝑎𝑠𝑒2 indices indicate which phase the 
properties belong to, the solid phase or the liquid phase, respectively.  

To account for radiation heat transfer, a Surface-to-Surface Radiation boundary condition is added 
to the Heat Transfer in Solids physics interface in COMSOL Multiphysics by selecting the outer 
boundaries of the container and thermal unit: 

 െ𝑛ሺെκ∇𝑇ሻ ൌ εσ௕ሺ𝑇௘௫௧
ସ െ 𝑇ସሻ, (7) 

where 𝑇௘௫௧ is the wall temperature of the thermal unit; 𝑇 is the temperature of the container wall, 𝑛 is 
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the vector directed along the normal to the surface of the cylinder (container); ε ൌ ቀ ଵ
கభ
൅

ଵ

கమ
െ 1ቁ

ିଵ
 is 

the reduced radiation coefficient of the system, εଵ is the radiation coefficient of the thermal unit, εଶis 
the radiation coefficient of the container; σ௕ is the Stefan-Boltzmann constant. 

Convection and mass transfer of molten Bi2Te3 are not taken into account. 
To carry out calculations, the geometric dimensions of the system elements, the initial 

temperatures of the heater and coolers, the liquidus and solidus temperatures of the thermoelectric 
material based on Bi2Te3, as well as the temperature dependence of the properties of the grown material 
are specified in the created computer model. 

3. Results of computer simulation 

 
Fig. 2. Typical temperature distribution in a setup for growing thermoelectric materials  

using the vertical zone melting method. (h = 16 mm; d = 24 mm; a = 3 mm; hh = 2d; hc = 1d;  
Th = 840℃; Tc = 30℃; v = 0.5 cm/h). 

An example of temperature distribution in the sections YZ (x = 0) and XZ (y = 0) for given 
growing conditions and geometric dimensions (h = 16 mm; d= 24 mm; a = 3 mm; hh = 2d; hc = 1d; 
Th = 840℃; Tc = 30℃; v = 0.5 cm/h) is given in Fig. 2, an example of crystallization front shape in these 
sections at different heater temperatures (h = 16 mm; d = 24 mm; a = 3 mm; hh = 2d; hc = 1d; Tc = 30℃;  
v = 0.5 cm/h) – in Fig. 3. 
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Fig. 3. The shape of the crystallization front in sections XZ (y = 0) and YZ (x = 0) for different temperatures  

of the heater Тh (h = 16 mm; d = 24 mm; a = 3 mm; hh = 2d; hс = 1d; Tc = 30℃; v = 0.5 cm/h). 

The created computer model allows one to determine the optimal geometry of the container, the 
dimensions of the heater and coolers, their temperatures, the speed of movement of the heating unit and 
other technological parameters and to develop the technology of growing flat ingots of thermoelectric 
materials based on Ві2Те3 without significant costs for the production of a large number of parts of 
different geometries. and experimental studies. 

Conclusions 

1. A computer model has been developed to optimize the process of manufacturing flat ingots of 
thermoelectric materials based on Bi2Te3 using the vertical zone melting method. 

2. The created computer model allows one to study the dependence of the crystallization front shape 
on various process parameters (geometric dimensions of the heater and refrigerators, their 
temperatures, speed of movement, etc.) and thus carry out multifactorial optimization of 
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technological modes and equipment design, significantly reducing material costs and time, which 
are necessary for conducting similar experimental studies. 
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КОМП’ЮТЕРНЕ МОДЕЛЮВАННЯ ПРОЦЕСУ ВИГОТОВЛЕННЯ  

ПЛОСКИХ ЗЛИТКІВ ТЕРМОЕЛЕКТРИЧНИХ МАТЕРІАЛІВ НА ОСНОВІ Ві2Те3 
МЕТОДОМ ВЕРТИКАЛЬНОЇ ЗОННОЇ ПЛАВКИ 

Представлено результати розробки комп’ютерної моделі для оптимізації процесу 
виготовлення плоских злитків термоелектричних матеріалів на основі Ві2Те3 методом 
вертикальної зонної плавки. Створена модель дозволяє досліджувати залежності форми 
фронту кристалізації від різних технологічних параметрів – геометричних розмірів 
нагрівника та холодильників, їх температур, швидкості руху тощо. Це дає можливість 
проводити багатофакторну оптимізацію технологічних режимів та конструкції 
обладнання, суттєво знизивши матеріальні витрати і час, що необхідні для проведення 
аналогічних експериментальних досліджень. Бібл. 19, рис. 3. 
Ключові слова: моделювання, вертикальна зонна плавка, термоелектричний матеріал, 
телурид вісмуту. 
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COMPUTER DESIGN OF PERMEABLE FUNCTIONALLY GRADED 
MATERIALS FOR THERMOELEMENTS IN ELECTRIC  

ENERGY GENERATION MODE 

Based on the Pontryagin maximum principle of optimal control theory, a methodology for designing 
optimal functionally graded materials (FGM) for permeable thermoelectric elements is presented. 
An algorithm and a computer program have been created, which have been tested for finding the 
optimal FGM for n- and p-type legs based on Bi-Te-Se-Sb. It has been shown that under optimal 
conditions, 1.3 – 1.7 fold efficiency increase is achieved when using permeable generator 
thermoelements with FGM compared to traditional thermoelements with homogeneous legs. 
Key words: computer design, permeable structures. 

Introduction 

The possibilities of wide practical application of thermoelectricity for creation of electric energy 
sources depend primarily on their efficiency. The main ways of increasing the efficiency are considered 
to be, first of all, improvement of the figure of merit of thermoelectric materials Z = 2 ( – 
thermoEMF,  – electrical conductivity,  – thermal conductivity) and reduction of losses in heat supply 
and removal systems. 

Analysis of the literature. The main methods for increasing the figure of merit of thermoelectric 
materials were formulated by A.F. Ioffe in the middle of the last century [1]. They come down to 
optimizing the thermoelectric material by appropriate doping with active impurities to achieve 
maximum values of 2 and doping the material with isovalent substitution impurities to reduce thermal 
conductivity. Such methods were applied to a number of materials, which led to an increase in the figure 
of merit and, accordingly, contributed to the widespread use of thermoelectricity. 

However, in the last decade, despite numerous studies, further growth of the figure of merit of 
thermoelectric materials has been insignificant. It becomes obvious that the above methods have 
exhausted themselves. There is a need to find new ways to increase efficiency. Therefore, more and 
more attention is paid to the study of one-dimensional and filament structures, film materials and 
quantum well composites. Unfortunately, to date, these methods have not yet yielded significant 
practical results in thermoelectricity. Thermoelectric materials with programmable functional 
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inhomogeneity (FGM) are also being studied, which increase the efficiency due to the use of volumetric 
thermoelectric effects and the correct consideration of the temperature dependence of material properties 
[2, 3]. Today, this method is considered the most realistic for increasing the efficiency of thermoelectric 
energy conversion. 

The improvement of the heat exchange system consists in the intensification of heat exchange, 
which can be implemented in the case when heat is supplied or removed not only through the surfaces 
of the hot and cold junctions, but also by using the volume of thermoelement legs. Such thermoelements 
are made permeable to heat carriers, due to which they are usually called permeable [6 – 8]. 

I.V. Zorin in his author's certificates was one of the first to point out the possibility of increasing 
the efficiency of thermoelectric energy conversion by using permeable thermoelements. A consistent 
research of the capabilities of thermoelements with permeable legs was pursued in Ukraine. The paper 
[9] presents a classification of variants of physical models of such thermoelements. Studies of extreme 
energy characteristics of a generator thermoelement made of permeable legs when passing a heat carrier 
from the hot to cold junctions confirmed the possibility of a significant efficiency increase [10], where 
such problems were solved for a homogeneous material of the thermoelement legs without taking into 
consideration the temperature dependences of its parameters. 

 Since efficiency increase is achieved both by using thermoelement legs that are permeable to 
heat carrier and by using inhomogeneous materials, research into the possibilities of the combined 
influence of these two factors on the efficiency of energy conversion is promising. A new optimization 
problem arises, which consists in the fact that it is necessary to find such optimal parameters (heat carrier 
flow rate, electric current density, etc.) that are consistent with the optimal distribution function of the 
inhomogeneity of the thermoelectric materials of legs (FGM), at which the highest value of the 
efficiency of the generator thermoelement is achieved. 

Model of a permeable FGM thermoelement, mathematical description and method of 
solving the problem 

The physical model of a permeable FGM thermoelement, operating in the electric energy 
generation mode, is shown in Fig. 1. It contains n- and p-type legs, the properties of which change with 
the x coordinate due to their dependence on the temperature T(x) and the concentration of current carriers 
(х). The temperature of the heat carrier supplied to the thermoelement is Tm, the temperature of the cold 
junctions of the thermoelement is Tc. The presence of contact resistances r0 at the junctions of connecting 
plates with the thermoelement legs is taken into consideration. The side surfaces of the legs are insulated. 
The heat carrier is pumped through the thermoelement. Heat from the heat carrier is transferred to the 
material through heat exchange with the inner surface of the channels of the legs and creates a 
temperature distribution in the material of the legs. The action of thermoelectric effects leads to the 
occurrence of thermoEMF. 

The stationary distribution of temperatures T(х) and heat flows q(х), heat carriers t(х) in the legs 
will be found by solving the system of differential equations 
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where n,p = n,p(T(х),n,p(х)), n,p = n,p(T(х), n,p(х)), n,p = n,p(T(х), n,p(х)) are the Seebeck 
coefficient, thermal conductivity and electrical resistivity of the material of n- and p-type legs that 

depend on the concentration of current carriers n,p(х) and temperature T(х); x x

l
  is dimensionless 

coordinate; 1
e T K KП N l    is effective coefficient of heat transfer, T is coefficient of heat transfer of 

heat carrier in the channels, 1
KП  is the perimeter of one channel, КN  is the number of channels in the 

leg, l is the height of thermoelement legs; t  is the temperature of heat carrier at point x; T is the 

temperature of leg at point x; j il ; i is current density (i = 
( )K

I

S S
); S – is the cross-sectional area 

of leg together with the channels; SK is the cross-sectional area of all channels of the leg; G is mass flow 
rate of heat carrier; ср is heat capacity of heat carrier. 

 

Fig. 1. Model of a permeable generator thermoelement (a): 1 – connecting plates; 2 – legs of n  
and p conductivity types; (b) – volumetric effects in the legs of an inhomogeneous thermoelement:  

1 – electrical contact, 2 – thermoelectric material. 

The main task is to find mutually consistent optimal distributions of the current carrier 
concentrations in the material of the legs n,p(х), the coolant flow rate G and the electric current density 
j, at which the maximum efficiency is achieved for the given temperatures of the cold junctions Tc, the 
heat carrier Tm and under the condition of thermal insulation of the hot junctions. Therefore, the 
boundary conditions for the system of differential equations (1) are as follows: 

        , 1 ,   1 1 0,   1n p m n p n pt T q q T T     (1)  

  , 0 ,   n p cT T  (2) 

The task of achieving maximum efficiency: 

 
p

W

Q
   (3)  
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where    0

,
(0) (0) К
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W Gc T t q j

l l
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  

  is electric power generated by 

thermoelement;  
,

p p m c
n p

Q Gc T T   is thermal energy of the heat carrier; 0r  is contact resistance, can 

be conveniently reduced to the task of achieving the minimum of functional: 
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In the language of optimal control theory, the optimization problem is to determine the heat carrier 
flow rate G, the generating current density j, and the carrier concentration functions in the leg material 
n,p(х) (or the concentration value n,p, for the case of searching for an optimally homogeneous leg 
material), which, under the constraints imposed by the system (1), (2), impart to the functional J the 
smallest value. 

To solve such an optimization problem, the Pontryagin maximum principle [10] of mathematical 
optimal control theory is used. For the minimum of J the following conditions must be met: 

1. Current density must satisfy the equation: 
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2. Heat carrier flow rate in the channels must satisfy the equation: 
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3. Inhomogeneity functions of legs materials n,p(х) are found from condition: 
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In the case of searching for optimally homogeneous materials, instead of (7) to find the optimal 
values of the concentration of current carriers in the legs n,p, it is necessary to use the relation 
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Here H is the Hamilton-Pontryagin function 

  , 1 1 2 2 3 3 ,n p n p
H f f f    , (9)  
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where 1 2 3 ,( , , )n pf f f  are the right-hand parts of the system of differential equations (1), 

1 2 3 , ( , , )n p      is the momentum vector determined from the solution of the auxiliary system of 

differential equations canonically conjugate to system (1) 
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where 
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with the boundary conditions 
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 (11)  

Based on the system of equations (1), (2), (5) – (11), a computer program has been developed that 
allows one to determine the optimal distribution of the current carrier concentration n,p(х), the heat 
carrier flow rate G and the electric current density j, whereby the efficiency (3) of the permeable 
thermoelement will be maximum. 

Calculation results of a permeable thermoelement made of materials based on Ві-Те-
Se-Sb 

Let us consider the application of the described method for calculating a permeable 
thermoelement with a leg height of 1 cm, a cross-sectional area S – SK = 1 cm2, the temperature of the 
cold junctions Тc = 300 K; the leg materials are solid solutions Bi2(TeSe)3 of n-type conductivity and 
(BiSb)2Te3 for a leg of p-type conductivity. Fig. 3 shows the temperature and concentration dependences 
of such materials obtained by approximating experimental data from the literary sources [10]. 



R.G. Cherkez, О.М. Porubanyi, A.S. Zhukova, M.O. Dubinin, N.V. Panasiuk 
Computer design of permeable functionally graded materials for thermoelements in electric energy… 

 Journal of Thermoelectricity №3, 2023 ISSN 1607-8829 32

 
Fig. 2. Temperature dependences of material parameters for different concentrations  

of current carriers:1 – 6ꞏ1018 сm-3, 2 – 8ꞏ1018 сm-3, 3 – 1ꞏ1019 сm-3, 4 – 2ꞏ1019 сm-3, 
5 – 3ꞏ1019 сm-3, 6 – 4ꞏ1019 сm-3, 7 – 5ꞏ1019 сm-3. 

These materials are most widely used to create thermoelectric elements and modules based on 
them, operating in the temperature range of 300 – 500 K. The given dependences were used as 
limitations imposed on the properties of the leg materials during computer calculations. 

An example of the optimal FGM distribution for the material of n- and p-type legs is shown in 
Fig. 4. With this distribution, volumetric thermoelectric effects are realized in the best way, which gives 
the maximum value of the efficiency of thermal into electrical energy conversion. 

Calculations of the efficiency of permeable thermoelements using functionally graded materials 
were carried out and the results were compared with the efficiency of a permeable thermoelement made 
of a homogeneous material. The developed computer design methods make it possible to obtain, as a 
zero approximation, the efficiency value for a permeable thermoelement made of a homogeneous 
material, taking into account the temperature dependence of the material properties and the choice of 
such a value of the current carrier concentration for electrons and holes, at which the best efficiency 
value is achieved in a given temperature range. 
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Fig. 3. Optimal distribution of parameters  of a permeable thermoelement along the length of leg l:  

а) for solid solutions Bi2(TeSe)3 of n-type conductivity; b) for solid solutions (BiSb)2Te3 of p-type conductivity;  

 – optimal concentration of current carriers;  – optimal Seebeck coefficient, electrical conductivity 

and thermal conductivity; heat carrier temperature at the input to thermoelement – 600 K; temperature of 
thermoelement cold junctions – 300 K; effective heat transfer coefficient – 0.1 W/K. 

 
Fig. 4. Dependences of maximum efficiency of a permeable generator thermoelement  

on the effective coefficient of heat transfer αe. 
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Computer studies of the maximum values of energy characteristics (efficiency and power) that 
are realized at optimal FGM, electric current density and heat carrier pumping speed have been carried 
out. The results of the obtained efficiency values and their comparison are shown in Fig. 4. 

It is evident that the efficiency increases by 1.4 times when using permeable homogeneous 
thermoelements compared to impermeable ones, and by 1.7 times when using permeable 
thermoelements made of functionally graded materials. 

Conclusions 

1. Based on the Pontryagin maximum principle of optimal control theory, a method for computer design 
of optimal functions of thermoelectric material inhomogeneity for permeable thermoelements of 
maximum efficiency of thermal into electrical energy conversion has been developed. 

2. The method was tested on a model of a thermocouple generator thermoelement with permeable legs 
for materials based on Bi-Te-Se-Sb. Computer methods were used to find the optimal distribution 
functions of the inhomogeneity of electrical conductivity, thermoEMF and thermal conductivity for 
n- and p-type materials. 

3. It has been shown that permeable thermoelements made of FGM based on Bi-Te-Se-Sb at a heat 
carrier temperature of 600 K provide an increase in efficiency by 1.4 times, and when using 
permeable thermoelements made of functionally graded materials – by 1.7 times compared to 
traditional thermoelements. 

4. The results obtained indicate the potential of using optimal control theory methods for designing 
permeable thermoelements made of FGM. 
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КОМП’ЮТЕРНЕ ПРОЕКТУВАННЯ ПРОНИКНИХ  

ФУНКЦІОНАЛЬНО-ГРАДІЄНТНИХ МАТЕРІАЛІВ ДЛЯ ТЕРМОЕЛЕМЕНТІВ  
В РЕЖИМІ ГЕНЕРАЦІЇ ЕЛЕКТРИЧНОЇ ЕНЕРГІЇ 

На основі принципу максимуму Л.С. Понтрягіна теорії оптимального керування 
представлено методику проектування оптимальних функціонально-градієнтних матеріалів 
(ФГМ) для проникних термоелектричних елементів. Створено алгоритм та комп’ютерну 
програму, яку апробовано для знаходження оптимального ФГМ для віток n- та p- типів 
провідності на основі Bi-Te-Se-Sb. Показано, що в оптимальних умовах, досягається 
підвищення ККД при використанні проникних генераторних термоелементів із ФГМ у 
1.3 – 1.7 раз порівняно з традиційними термоелементами із однорідних віток. 
Ключові слова: комп’ютерне проектування, проникні структури. 
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METHOD OF CALIBRATION OF THERMOELECTRIC SENSORS 
FOR MEDICAL PURPOSES 

This paper presents the results of creating an experimental bench for calibrating thermoelectric 
heat flux sensors and analyzing their metrological properties. Calibration procedures have been 
developed for both one and two sensors simultaneously. A new type of thermoelectric sensors 
capable of simultaneously measuring temperature and heat flux on the surface of the human body 
has also been created and tested. 
Key words: calibration bench, thermoelectric sensor, heat flux, volt-watt sensitivity. 

Introduction 

The use of thermoelectric sensors is very promising for assessing local thermal radiation on the 
surface of the human body [1 – 4]. Modern thermoelectric heat flux sensors, created on the basis of high-
performance semiconductor materials, are characterized by high sensitivity, fast response, 
manufacturability, optimal weight-dimensional characteristics, high reliability and low cost [5 – 16]. 
These sensors are easy to maintain and are capable of continuously monitoring the thermal radiation of 
the human body [17 – 31], as well as detecting heat losses in remote heating mains. 

The issue of calibration of thermoelectric heat flux sensors, which are used in devices for 
measuring integral heat fluxes of biological objects, losses through building elements, heat-shielding 
materials and in sections of heating mains, remains relevant. Usually, the calibration of these sensors is 
performed by the absolute method, which includes the use of a blocking heater and differential 
thermocouples as indicators of zero temperature difference [32, 33]. However, such calibration requires 
an increase in the accuracy of measurements, since these sensors are measuring instruments. Increasing 
the accuracy is possible by using an additional highly sensitive thermoelectric heat flux sensor [34 – 40]. 

Therefore, the main purpose of the work is to create an experimental bench for calibrating 
thermoelectric heat flux sensors using an improved method, as well as to analyze their metrological 
properties. 

DOI: 10.63527/1607-8829-2023-3-37-49 
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1. Design of the experimental bench for calibrating thermoelectric heat flux sensors 
(HFS) 

To analyze metrological parameters and calibrate thermoelectric heat flux sensors (HFS) in the 
temperature range from – 30 °C to + 130 °C, a bench design was created, shown in Fig. 1. 

 
Fig. 1. Visual inspection of the bench for analysis of metrological properties and calibration  

of thermoelectric heat flux sensors (HFS). 

The bench includes a measuring unit 1, a control unit 2 and a measuring instrument 3 (high-
precision digital multimeter). The measuring unit 1 is equipped with an aluminum platform on which 
liquid heat exchangers, a clamping device and a switchboard are installed. One or two HFS under study 
can be placed between the hot and cold heat exchangers. 

Measuring unit 1 is schematically shown in Fig. 2. 

 

Fig. 2. Schematic representation of the measuring unit of the bench for calibrating  
thermoelectric heat flux sensors (HFS). 
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As can be seen in Figs. 1 and 2, two identical heat exchange modules designed for heat removal 
– cold heat exchangers – are installed on the lower base of the aluminum platform and on the suspension 
of the upper base of the measuring unit 1. These heat exchangers are reversible, as they are based on 
thermoelectric coolers (TECs) with liquid heat removal, and can operate in both cooling and heating 
modes depending on the direction of electric current flow. On the working side of the TEC, copper plates 
are fixed for heat equalization with built-in temperature sensors – platinum resistance thermometers. 
These plates have a highly polished flat surface – the working platform, on which the studied HFS is 
placed.  The opposite side of the HFS is in contact with a hot heat exchanger – a flat heater, which has 
two polished working surfaces (upper and lower). The flat heater is made thin enough to minimize the 
area of its side surface and ensure uniform heating throughout the volume. The body of this heater also 
has a temperature sensor – a platinum resistance thermometer. The use of platinum temperature sensors 
allows one to accurately measure and control the temperature of the working areas of heat exchangers 
using thermostats with an accuracy of ± 0.1°C in the temperature range from – 30 to + 130 °C. 

Since the side surface of the hot heat exchanger is not included in the heat exchange processes 
with the HFS and can be a source of heat loss, an annular protective heater was installed to minimize 
these losses. The main task of this heater is to maintain a temperature that corresponds to the temperature 
of the hot heat exchanger. The temperature is controlled by a differential thermocouple connected to the 
free channel of the thermostat. The thermostat is configured so that the appropriate adjustment of the 
supply voltage to the heater of the annular protective furnace provides a zero thermocouple signal, which 
contributes to the adiabatic insulation of the side surface of the hot heat exchanger. 

The annular protective heater also plays an important role in transferring its temperature to the 
protective screen located opposite the side surface of the investigated HFS. On the lower and upper 
surfaces of the annular protective heater, there are pre-milled grooves into which the "hot" ends of the 
protective screens are inserted. The "cold" ends of these screens are in thermal contact with the working 
surfaces of the cold heat exchangers. This creates a temperature gradient on the surfaces of the protective 
screens in the vertical direction, which corresponds to the temperature on the side surface of the vehicle, 
thus ensuring that heat is not dissipated into the environment during the vehicle calibration. 

The bench uses two cold heat exchangers, which allows for the simultaneous comparative 
calibration of two HFSs. When only one HFS is calibrated, the second cold heat exchanger functions as 
an additional protective heater. It is set to a temperature similar to that of the hot heat exchanger using 
a thermostat, which provides adiabatic protection against heat loss from the unused surface of the hot 
heat exchanger. The thermostating process of all heat exchangers is controlled by control unit 2, which 
includes adjustable power supplies for TEC and heaters, two dual-channel microprocessor temperature 
controllers RE-202, switching elements and control terminals for measurements. 

All electrical connections from the measuring unit 1 are assembled on a terminal block and 
connected to the control unit 2 via a cable. A measuring device is also connected to this unit – a high-
precision digital multimeter M3500, which has the ability to transfer measurement results to a personal 
computer in real time. This configuration of the bench allows for effective calibration of thermoelectric 
HFSs and investigation of their metrological characteristics in dynamics. 

2. Procedure for calibrating one thermoelectric heat flux sensor (HFS) 

● Using the specialized bench shown in Fig. 1, calibration of one thermoelectric heat flux sensor 
(HFS) is performed according to the following procedure: 

● Connect measuring unit 1 to control unit 2;  
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● Connect input cable of measuring device 3 to the corresponding terminals on the control unit 2; 
● Connect the hoses of the liquid cooling system of the TEC to the water main, open the water 

supply and activate the cooling system; 
● Raise and fix the upper cold heat exchanger in the upper position; 
● Place the investigated HFS on the working surface of the lower cold heat exchanger; 
● Connect the leads of the investigated HFS to the corresponding terminals on the switchboard; 
● Install the lower protective screen; 
● Place the hot heat exchanger with the annular protective heater on the HFS and on the upper 

edge of the protective screen; 
● Install the upper protective screen; 
● Lower the upper cold heat exchanger, so that its heat equalizing plate touches the upper 

protective screen, while the pressing force is adjusted using weights; 
● On the thermostats of control unit 2, set the temperature of the lower cold heat exchanger. 
● On the control unit 2, set the measurement switch to the "Heater voltage" position. Turn on the 

measuring instrument 3 and switch it to the "DC voltage" mode with automatic range selection. Using 
the formula 

 2W U R    

 (where R is the resistance of the heater), determine the voltage that must be applied to the hot heat 
exchanger heater to achieve the required electrical power in the range from 10 mW to 1 W. 

● While watching the "hot heat exchanger temperature" indicator on the corresponding channel 
of the thermostat operating in the temperature sensor mode, and waiting for this temperature to 
stabilize, set an identical temperature value on the upper cold heat exchanger. The temperature of the 
annular heater is automatically regulated; 

● Set the switch on control unit 2 to the "HFS thermoEMF" position; 
● After the temperatures on the stationary heat exchangers reach the specified values, measure the 

thermoEMF value of thermoelectric HFS; 
● Switch the measurement switch to the "Hot Heat Exchanger Heater Voltage" and "Hot Heat 

Exchanger Heater Current" positions in sequence to accurately determine the corresponding electrical 
parameters. 

● Calculate the heater power using the following formula: 

 .W U I   (2)  

● Calculate the volt-watt sensitivity of a thermoelectric HFS using this mathematical formula: 

 .E

W
   (3)  

3. Procedure for calibrating two thermoelectric heat flux sensors (HFS) 

Paired calibration of two thermoelectric heat flux sensors (HFSs) is performed simultaneously 
only for identical samples. This process differs from the calibration of a single HFS in that the second 
HFS is placed on top of the hot heat exchanger. The leads of this second HFS are connected to the 
corresponding terminals on the measuring unit 1, and the measurement of the thermal EMF signal of the 
HFS is carried out using the corresponding position of the measurement switch on the control unit 2. 
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The same temperature is set on the upper cold heat exchanger as on the lower one using a 
thermostat. The electric power released on the hot heat exchanger is distributed equally between the two 
HFSs and dissipated through the two cold heat exchangers. Since the hot side temperatures of both HFSs 
are common, and the cold side temperatures are the same and controlled by a thermostat, the volt-watt 
sensitivities of each HFS can be calculated using the following formulae: 

 1
1

2 ,E

W


   (4)  

 2
2

2 .E

W


   (5)  

where E1 and Е2 are thermoEMF values for the first and second investigated HFS, accordingly. The 
number "2" in the numerator of the formula arises because the total power dissipated in the hot heat 
exchanger is divided equally between the two HFSs, so half the power value is used for each of them. 
Thus, the volt-watt sensitivities of each of the HFSs can be calculated using the following expression: 

 1 2 .
2

W
W W   (6)  

4. Results of measuring HFS parameters 

As a result of modification of the geometric parameters of the half-elements in the thermoelectric 
microthermopiles, prototypes of primary converters of the HFS with dimensions of 22 × 22 × 4 mm 
were created. These prototypes are characterized by an improved design, providing increased sensitivity 
and accelerated response to changes (see Fig. 3). The metrological parameters of these converters, such 
as volt-watt sensitivity and time constant, were analyzed using a specially designed test bench for HFS 
calibration, according to the described methodology. 

Visualization of the above HFS prototypes is presented in Fig. 3. 

 
Fig. 3. Visualization of experimental models of HFS with dimensions of 22×22×4 mm. 

Table 1 represents data obtained as a result of measuring characteristics of two prototypes of HFS 
with dimensions of 22 × 22 × 4 mm. 
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Table 1 

Measured data of the characteristics of thermoelectric heat flux sensors  
with dimensions of 22 × 22 × 4 mm 

№ Parameter name 
HFS 

№1 №2 

1. Heat flux range, W/m2 10-2 ÷ 103 10-2 ÷ 103 

2. Sensitivity, V/W 1.48 1.51 

3. Time constant, s 12 12 

4. Working temperature range, ºС – 30 ÷ + 130 – 30 ÷ + 130 

5. 
Overall dimensions of thermopile, 
mm 

22 × 22 × 4 22 × 22 × 4 

A new design of thermoelectric converters was created, allowing simultaneous recording of 
temperature and heat flux of the human body surface. Visualization of experimental prototypes of these 
HFSs with dimensions of 16×16×3 mm is presented in Fig. 4. 

 
Fig. 4. Visualization of experimental models of HFS with dimensions of 16×16×3 mm:  

1 – thermoelectric heat flux sensor, 2 – temperature sensor. 

Table 2 presents the results of measuring the main characteristics of the four prototypes of HFS 
with dimensions of 16×16×3 mm. 
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Table 2 
Measured data of the characteristics of thermoelectric heat flux sensors with dimensions  

of 16 × 16 × 3 mm 

№ Parameter name 
HFS 

№ 1 № 2 № 3 № 4 

1. Heat flux range, W/m2 10-2 ÷ 103 10-2 ÷ 103 10-2 ÷ 103 10-2 ÷ 103 

2. Sensitivity, V/W 3.2 3.32 3.1 3.25 

3. Time constant, s 10 11 11 10 

4. 
Overall dimensions of thermopile, 
mm 

16 × 16 × 3 16 × 16 × 3 16 × 16 × 3 16 × 16 × 3 

Time parameters of the above thermoelectric HFS are presented in Fig. 5. 

Fig. 5. Time characteristic graph of thermoelectric HFS with dimensions of 16×16×3 mm,  
equipped with ceramic receiving surface. 

Therefore, a specialized bench for calibrating thermoelectric HFS provides the ability to analyze 
the characteristics of these converters and effectively transmit measurement data to a personal computer 
in real time. At the same time, the developed thermoelectric sensors, which simultaneously measure 
temperature and heat flux, allow for continuous monitoring of a person's temperature and thermal state, 
which is important for various applications in medicine and other industries. 

Conclusions 

1. A bench for calibrating thermoelectric heat flux sensors has been created and put into operation, 
which provides the ability to analyze their metrological parameters and transmit measurement data 
to a personal computer in real time. A methodology has been developed for calibrating both one and 
two converters simultaneously. 
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2. An innovative type of thermoelectric converters has been created that allows for simultaneous 
measurement of temperature and heat flux, which opens up opportunities for continuous monitoring 
of a person's temperature and thermal state in real time. 

3. An improved method for calibrating thermoelectric sensors has been introduced using an additional 
highly sensitive heat flux converter, which helps to increase the accuracy of determining the volt-
watt sensitivity of these devices. 
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МЕТОДИКА КАЛІБРУВАННЯ ТЕРМОЕЛЕКТРИЧНИХ 
СЕНСОРІВ МЕДИЧНОГО ПРИЗНАЧЕННЯ 
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У даній роботі представлено результати створення експериментального стенду для 
калібрування термоелектричних датчиків теплового потоку та аналізу їхніх метрологічних 
властивостей. Розроблені процедури калібрування як для одного, так і для двох датчиків 
одночасно. Також було створено та випробувано новий тип термоелектричних датчиків, 
які здатні одночасно вимірювати температуру та тепловий потік на поверхні тіла людини. 
Ключові слова: калібрувальний стенд, термоелектричний датчик, тепловий потік, вольт-
ватна чутливість. 
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THERMOELECTRIC DEVICE FOR COLLECTING EXHALED AIR CONDENSATE 

The article presents the results of the design development and a description of the manufactured 
experimental sample of a new highly efficient thermoelectric condenser of pulmonary air for the 
diagnosis of coronavirus and other diseases with an extended range of condensation temperatures 
below – 20 °C and close to – 70 °C. The method of using the developed device in medical diagnostics 
and the results of its experimental studies are described. Bibl. 5, Figs. 5. 
Key words: diagnostics, coronavirus, condensate, exhaled air, thermoelectric cooling. 

Introduction 

Exhaled air condensate is a promising source of lung disease biomarkers. It can be considered 
either as a body fluid or as a condensate of exhaled gas. There are three main contributions to exhaled 
air condensate. First, these are particles or droplets of various sizes that are aerosolized from the liquid 
lining the respiratory tract – such particles probably reflect the liquid itself. Secondly, it is distilled water 
that condenses from the gas phase with almost water-saturated exhalation, significantly diluting the 
aerosolized liquid of the respiratory tract. Thirdly, these are water-soluble volatile substances that are 
exhaled and absorbed into the condensing breath. Of interest are both non-volatile components, mainly 
derived from particles of liquid lining the respiratory tract, and water-soluble volatile components, 
which are present in much higher concentrations and, therefore, easier to analyze than non-volatile 
compounds. 

Diagnostic testing plays a crucial role in overcoming the pandemic of the coronavirus disease 
COVID-19, caused by the severe acute respiratory syndrome coronavirus SARS-CoV-2. Given that 
COVID-19 is transmitted through aerosols and droplets exhaled by humans, the detection of SARS-
CoV-2 in lung condensate may serve as a promising non-invasive diagnostic method. This method is 
proposed in the works of scientists from Japan, the USA, Ireland and other countries as a more sensitive 
and reliable method of detecting COVID-19 [1 – 3]. Usually, special devices are used to collect 
condensate - condensers, in which vapors from the air exhaled by a person condense at a temperature 

DOI: 10.63527/1607-8829-2023-3-50-58 



L.I. Anatychuk, O.L. Panasiuk, P.A. Diachenko, A.V. Zaremba, M.V. Havryliuk, R.R. Kobylianskyi, V.V. Lysko 
Thermoelectric device for collecting exhaled air condensate 

ISSN 1607-8829 Journal of Thermoelectricity №3, 2023     51

from 0 to – 70 °C and are collected in a container for further research by the RT-PCR method [4]. 
Lowering the condensation temperature makes it possible to speed up obtaining the amount of biological 
material required for research. At the same time, the operating temperatures of condensers that use ice 
at 0 °C or compressor cooling down to – 20 °C are insufficiently efficient and do not provide a high 
condensation rate. In addition, compressor condensers are complex, expensive, with insufficient 
regulation and maintenance of operating temperature, as well as the presence of dangerous refrigerants. 
The temperature of – 70 °C, which is achieved using dry ice (solid CO2), is excessive and extremely 
inconvenient for operation, which radically reduces the possibilities of using this method. The paper [5] 
gives the results of the computer design of a thermoelectric device for collecting exhaled air condensate 
with precisely regulated condensation temperatures lower than – 20 °C and close to – 70 °C without the 
use of dry ice. 

The purpose of this work is to develop the design of the thermoelectric condenser of pulmonary 
air, its manufacture and experimental studies. 

1. Description of the design of a thermoelectric condenser of pulmonary air 

The general design of the developed device for collecting exhaled human condensate from the air 
is shown in Fig. 1. The device consists of two units – a cooling unit, in which a test tube for collecting 
condensate is placed, and a control unit for the device. 

 
Fig. 1. General view of the design of a thermoelectric device for collecting condensate from the air exhaled  

by a person: 1 – cooling unit; 2 – tube for collecting condensate; 3 – device control unit. 

Fig. 2 shows the expanded design of the cooling unit of the thermoelectric condenser of 
pulmonary air. 

The cooling unit consists of a housing 1, a working cooling chamber 2, a thermoelectric module 
3 of the Altec-2 type, and a system for removing heat from the thermoelectric module into the 
environment, containing an air heat exchanger 4 and a fan 5. 

The device for collecting exhaled air condensate works as follows: when the control unit supplies 
electric current to the thermoelectric module, the latter ensures the set temperature in the working 
cooling chamber, where the tube for collecting condensate is placed. The air exhaled by the patient 
enters the test tube, where it cools. At the same time, exhaled air vapours are condensed and collected 
in a test tube for further research by the RT-PCR method or others. 
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The cooler control unit is designed to provide electrical power to the elements of the heat 
exchange unit and measure the temperature of the refrigerating chamber. 

 
Fig. 2. Cooling unit of thermoelectric condenser of pulmonary air: 1 – housing;  

2 – working cooling chamber; 3 – thermoelectric module of the type Altec-2;  
4 – air heat exchanger; 5 – fan. 

The control unit diagram is shown in Fig. 3. The unit consists of a standard pulse power supply 
unit – A1, with an output voltage of 12V DC, up to 20 A. Such power is due to the use of a high-power 
thermoelectric module in the cooling unit. 

To fine-tune the speed of cooling by the thermoelectric module of the working chamber, it is 
necessary to select the voltage (current) of its power supply. For this purpose, the output voltage of the 
pulsed power supply unit is supplied through the step-down DC/DC voltage converter A3 with the 
possibility of its adjustment within wide limits. The control unit uses a panel DC voltmeter A2 to control 
the supply voltage of the module. The output voltage from the pulse power supply is also supplied to 
the cooling fan, in the circuit of which the rheostat R3 is connected - to regulate the rotation speed within 
small limits. The supply voltage for the thermoelectric module and the fan is supplied to the cooling unit 
via the power cable through the connector X2. 

To limit the maximum cooling of the working chamber, the digital thermostat A4 is used in the 
control unit. To turn off the current through the thermoelectric module when setting the operating mode 
of the thermostat, an additional switch SW2 is used in the control unit circuit. The power key on the 
field-effect transistor Q1, connected to the output of the thermostat, switches the current through the 
thermoelectric module and also serves to increase the reliability of the control unit. Temperature control 
in the working chamber is carried out by the NTC sensor, which is located in the housing of the working 
chamber and is connected to the control unit by a separate cable X3. 
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Fig. 3. Schematic diagram of the control unit of the thermoelectric condenser of pulmonary air. 

The displays of the voltmeter A2 and the thermoregulator A4, the switches SW1 and SW2, the 
handle of the supply voltage regulator R2 and the control terminals are located on the front panel of the 
control unit housing. The handle of the fan regulator R3 and the power cables with connectors X1, X2, 
X3 and the fuse are on the rear panel of the control unit housing. 
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The appearance of the developed and manufactured pulmonary air condenser for the diagnosis of 
coronavirus and other diseases "ITE-ДПЛ " is shown in Fig. 4. 

 
Fig. 4. Pulmonary air condenser for diagnostics of coronavirus  

and other diseases: a) – front view; b) – back view. 

In Fig. 4: 1 – cooling unit; 2 – plastic tube; 3 – test tube; 4 – rubber stopper; 5 – connector for 
inter-unit cable; 6 – device control unit; 7 – thermal regulator panel; 8 – digital voltmeter of the cooler 
output supply voltage; 9 – temperature sensor cable 10 – button for turning on the device in the 220 V 
network; 11 – thermal regulator control buttons; 12 – "Thermal regulator output" button; 13 – additional 
direct source terminals of the power source; 14 – knob for regulating the output supply voltage of the 
heat exchanger module; 15 – cooling fan speed controller; 16 – connector for inter-unit cable;  
17 – connector for connecting the temperature sensor; 18 – inter-unit cable; 19 – 220 V network fuse; 
20 – 220 V network cable; 21 220 V network cable connector; 22 – cooling unit fan; 23 – fluoroplastic 
cylinder. 

The ITE-DPL device kit includes: cooling unit 1 with cable 9; device control unit – 6; inter-unit 
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cable 18; network cable 20; test tube 3 (included – 10 pieces); plastic tube 2 (included – 20 pieces); 
rubber plug 4 (included – 2 pieces). 

The device in the assembled state is shown in Fig. 3.1. The procedure for connecting the parts of 
the device is as follows: 

‐ cooling unit 1 and device control unit 6 are installed on the work table. The distance between 
the units is approximately 20 – 40 cm; 

‐ the following are connected to the units: inter-unit cable 18 with one end to connector 5 and the 
other end to connector 16 and temperature sensor cable 9 to connector 17; 

‐ cable 20 is connected to connector 21, the other end of which is connected to the 220V network; 
‐ 0.2 – 0.5 ml of a 50% x 50% alcohol aqueous solution is introduced into the hole of the 

fluoroplastic cylinder 23 using a plastic tube 2 to prevent the tube 3 from freezing into the 
cooling unit 1. After that, the plastic tube is removed outside the unit; 

‐ a test tube 3 is inserted into the hole of the fluoroplastic cylinder 23. In this case, the alcohol 
solution is displaced by 3 – 10 cm in height into the space between the test tube and the hole to 
improve cooling of the test tube; 

‐ a plastic tube 2 is inserted into the test tube. After that, the device is ready for work. 

2. The method of using a thermoelectric condenser of pulmonary air and its experimental 
studies 

To obtain a liquid condensate of a gas mixture exhaled from the lungs, the following must be 
done: 

‐ with key 10, the device is connected to the 220V network. As a result, the thermal regulator 
panel 6 and the operating voltage indication panel start to light up, the fan 22 starts spinning in 
the control unit; 

‐ regulator 15 regulates the intensity of the fan operation. At an ambient temperature of 
20 – 30 °C, the fan operation mode is minimal, which is achieved by turning the regulator to the 
extreme counterclockwise position. At ambient temperatures above 30 °C, the fan is switched 
to the intensive operation mode by turning the regulator to the extreme clockwise position; 

‐ the knob 14 regulates the supply voltage of the device cooler. When the knob is set to the 
extreme counter clockwise position, the voltage is minimal. When the knob is turned to the 
extreme clockwise position, the supply voltage is maximal. By regulating the voltage, it is 
possible to supply the cooler depending on the test tube cooling temperature. The voltage value 
is displayed by indicator 8; 

‐ the required temperature in the test tube is set by buttons 11, which are located on the panel of 
the thermal regulator 7. At the same time, its indicators provide information about the set 
temperature – the lower indicator, and the actual temperature – the upper indicator. To 
set/change the set cooling temperature, briefly (up to 2 s) press the upper button "SET", and 
when the lower blue indicator of the thermostat panel starts flashing, release the upper button. 
Then decrease the value of the set temperature with the lower button "°С/F" or increase the 
value of the set temperature to the desired value with the same upper button "SET". Release the 
buttons and after a 2-3 second pause, the set value of the set temperature will be fixed; 

‐ press the "Thermal regulator output" button 12 on the front panel of the control unit. The test 
tube cooling process will begin; 

‐ after setting the required temperatures (approximately 10 – 15 minutes), an air mixture from the 
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lungs is introduced into the test tube through a plastic tube 2 by exhaling it through the mouth. 
The condensed liquid collects at the bottom of the test tube in approximately 3 minutes in a 
volume of about 0.5 ml and increases proportionally with an increase in the exhalation time; 

‐ after receiving the required volume of liquid, the test tube is taken outside the device to conduct 
the appropriate analysis of the condensate; 

‐ the opening of the fluoroplastic cylinder 23 is closed with a rubber plug 4. 
The latter is important, since the entry of various foreign particles into the hole for the test tube 

can lead to jamming of the test tube and its destruction. 
If it is necessary to take a number of samples of condensed liquid, the established temperature 

modes can be used. Thus, one sample for analysis can be taken in 5 – 10 minutes, i.e. approximately 
8 – 10 samples can be obtained in one hour. 

If necessary, condensate can be obtained in the form of ice. For this purpose, it is recommended 
to collect samples at maximum supply voltages of unit 1 and lower cooling temperatures (– 20 °C and 
below). To prevent freezing of plastic tube 2, it should be gradually raised so that its lower end is above 
the condensed ice. Such control is easily achieved by touching the plastic tube to the formed ice surface. 

To turn off the device, press the "Thermal Regulator Output" button 12 on the front panel of the 
control unit, and then use key 10 to disconnect the device from the 220 V network. 

The set values of the supply voltage and the set cooling temperature are saved after the device is 
switched off and do not need to be re-entered when switched on again, unless there is a need to 
specifically change the modes to others. 

Such a device allows collecting the condensate of air exhaled by the patient with precisely 
regulated temperatures lower than – 20 °C and close to – 70 °C without the use of dry ice. 

  
Fig. 5. Experimental studies of the developed thermoelectric condenser of pulmonary air. 
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The developed device can also be used for patients on artificial ventilation of the lungs. For this 
purpose, the respiratory circuit is connected via a special adapter for the exhalation circuit hoses of the 
artificial ventilation of the lungs. This allows for diagnostics of patients for whom traditional 
nasopharyngeal swab sampling is impossible, to study the body's response to a specific type of treatment 
and, thus, to monitor the effectiveness of therapy. The device is applicable for both adults and children 
of any age. 

Experimental studies of the developed thermoelectric condenser of pulmonary air for the 
diagnosis of coronavirus and other diseases were conducted at the Center for Infectious Lesions of the 
Nervous System of the State Institution “L.V. Gromashevsky Institute of Epidemiology and Infectious 
Diseases of the National Academy of Medical Sciences of Ukraine” (Fig. 5). 

Based on the research results, recommendations have been formulated for further improvement 
of the thermoelectric condenser of pulmonary air, aimed primarily at increasing the convenience of its 
use. The following studies of its effectiveness are also planned, including for the detection of other 
respiratory pathogens (viruses, rickettsia, mycoplasma, chlamydia, etc.), including by means of a chain 
polymerase reaction. 

Conclusions 

1. The design of a new highly efficient thermoelectric condenser of pulmonary air for the diagnosis of 
coronaviruses and other diseases with an extended range of condensation temperatures, lower than 
– 20 °C and close to – 70 °C, without the use of dry ice, has been developed. 

2. An experimental sample of a thermoelectric condenser of pulmonary air for the diagnosis of 
coronavirus and other diseases was manufactured and tested. A method of using a thermoelectric 
condenser of pulmonary air in medical diagnostics has been developed. 

3. The developed device was tested at the State Institution " L.V. Gromashevsky Institute of 
Epidemiology and Infectious Diseases of the National Academy of Medical Sciences of Ukraine". 
Based on the research results, recommendations were formed for further improvement of the 
thermoelectric pulmonary air condenser, aimed primarily at increasing the convenience of its use. 
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ТЕРМОЕЛЕКТРИЧНИЙ ПРИЛАД 
ДЛЯ ЗБИРАННЯ КОНДЕНСАТУ ВИДИХУВАНОГО ПОВІТРЯ 

Наведено результати розробки конструкції та опис виготовленого експериментального 
зразка нового високоефективного термоелектричного конденсатора легеневого повітря для 
діагностики коронавірусних та інших захворювань з розширеним діапазоном температур 
конденсації, нижчими від – 20 °С та близькими до – 70 °С. Описано методику використання 
розробленого приладу у медичній діагностиці та результати його експериментальних 
досліджень. Бібл. 5, рис. 5. 
Ключові слова: діагностика, коронавірус, конденсат, видихуване повітря, термоелектричне 
охолодження. 
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ON MEDICAL RESTRICTIONS TO COOLING MODES 
OF THERMOELECTRIC AIR CONDITIONERS 

The paper provides a detailed description of the temperature restrictions imposed on the conditioned 
environment. The considered medical aspects of the impact of sharp temperature changes on the 
human body make it possible to create and operate air conditioners that will meet the necessary 
conditions for their safe use. The main advantages and disadvantages of using thermoelectric air 
conditioners in comparison with compression air conditioners from the standpoint of medical 
restrictions are identified. 
Key words: thermoelectric air conditioner, medical restrictions, temperature difference, compression air 
conditioner. 

Introduction 

General characterization of the problem. Using an air conditioner is today the most common 
method of reducing the temperature in an office, apartment or vehicle. This is mainly due to the fact that 
air conditioners allow people to survive the summer heat more easily. This is especially important for 
those who suffer from cardiovascular diseases and are at risk of suffering from a hypertensive crisis or 
heart attack due to the heat and the excessive load it causes on the heart and blood vessels. 

Despite their obvious benefits in providing comfortable conditions, air conditioners have a 
number of significant drawbacks. For example, the accumulation of carbon dioxide, viral and infectious 
microorganisms in the absence of any ventilation, which quickly evaporate with normal ventilation. 
Also, cooled, overdried air, which is harmful to the skin and mucous membranes of the respiratory tract. 
But the main and most common disadvantage is associated with a sharp change in temperature between 
the ambient and conditioned environment, which causes a number of negative consequences for human 
health. This problem is increasingly becoming the subject of various studies, but, unfortunately, only as 
a component of a broader problem, which consists in the general study of human thermal comfort. 

To create an effective air conditioner, it is necessary to take into account and, if possible, minimize 
all its negative effects on the human body. To do this, it is necessary to study the available information 
in this area and draw the necessary conclusions on the medical restrictions of air conditioners in cooling 
mode. At the same time, special interest will be focused on thermoelectric air conditioners, and their 
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comparison with compression air conditioners from the standpoint of medical restrictions will allow us 
to determine rational ways of their safe and effective use. 

The purpose of this work is to determine the necessary medical restrictions on the cooling modes 
of thermoelectric air conditioners and compare them with compression air conditioners. 

Temperature requirements for air conditioning of premises and vehicles 

Requirements for air conditioning of premises. 
According to GOST 30494-2011 “Residential and public buildings. Microclimate parameters in 

premises”, the following optimal and permissible temperature norms for residential, public, and 
administrative premises are determined [1]. 

Table 1 
Optimal and permissible microclimate parameters 

Time of 
year 

Air temperature, °С 
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temperature, °С 
Relative humidity, 
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Air speed, m/s 
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Warm 22-25 20-28 22-24 18-27 30-60 65 0.2 0.3 

In general, the optimal air conditioning temperature for cooling air is 22 – 25 °C (Table 1). The 
acceptable comfort standard is considered to be the range from 20 °C to 28 °C. But this is provided that 
the temperature difference between the air-conditioned room and the outdoor environment is no more 
than ~ 7 °C [1]. Otherwise, when the environment changes, the additional load on the human body will 
increase dramatically. For some, such a difference is equal to a slight feeling of discomfort, and for 
others – the threat of getting sick. The negative consequences of a sharp temperature drop were studied 
in the most detail in [2]. The aforementioned work states that when the air temperature changes by more 
than 5 °C, negative consequences for the respiratory system are already possible and for the human body 
there is a serious risk of exacerbation of symptoms of respiratory disease (asthma and chronic 
obstructive pulmonary disease). This is because the respiratory tract is lined with a thin layer of fluid. 
Cool air causes this fluid to evaporate more quickly, which in turn causes it to dry out [3, 4]. But even 
in people without serious respiratory diseases, cool air causes changes in the respiratory tract. The action 
of cooled air increases the number of granulocytes and macrophages (their role is to phagocytosis 
(envelopment and digestion) of cell debris and pathogens, both stationary and mobile cells, as well as 
to stimulate lymphocytes and other immune cells to respond to pathogen penetration) in the lower 
respiratory tract [5]. Nasal breathing of cooled air causes submucosal venous sinus dilation [6], leading 
to coughing, congestion, and sneezing in both healthy subjects and patients with rhinitis [7]. However, 
these effects are greater in subjects with rhinitis than in healthy volunteers [8] and greater in subjects 
with asthma and rhinitis than in subjects with rhinitis alone [9]. In the short term, cold air causes 
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bronchial constriction in asthmatics [10], especially in children and young adults. Long-term responses 
to temperature changes include airway changes, and some are anatomical, including increased 
bronchoalveolar lavage fluid granulocytes in healthy subjects [5], loss of ciliated epithelium, increased 
inflammatory cell counts, hypersensitivity, and airway obstruction [11]. But it should be noted that all 
of the above mainly applies to a sharp temperature drop of more than 5 °C. With a gradual decrease in 
temperature with a certain step, the recommended range may be higher than 5 °C. 

Thus, according to [12], in order to prevent possible diseases, the temperature difference can be 
higher than 5 °C, depending on the ambient temperature and reach 13 °C (Table 2). 

Table 2 
The value of the temperature difference depending on the ambient temperature 

Ambient air temperature (°C) Temperature difference (°C) 

< 32 5 
34 7 
36 9 
38 11 
40 13 

A room cooling system installed to ensure comfort can cause various ailments. Respiratory illness 
from air conditioning that cools the air is a common phenomenon of our time. A sharp temperature drop, 
for example from 32 °C to 18 °C, becomes a stress for the body A condition occurs that resembles a 
cold in the autumn-winter period. In the first days, the malaise is accompanied by muscle aches, 
headache, general weakness, a slight increase in body temperature, sneezing. If treatment is not started, 
the situation is complicated by sore throat and cough. In a neglected state, the disease leads to chronic 
diseases of the respiratory system [13]. 

Requirements for vehicle air conditioning. 
Air conditioning equipment does not have a strictly set temperature for cooled air. Conclusions 

about cooling efficiency should be drawn not from the air temperature, but from the difference between 
the ambient and cooled air. It is accepted that the air conditioner works effectively if it manages to 
provide a difference with the outside temperature of 15 – 20 °C. That is, the temperature of the air stream 
coming out of the interior deflector should be approximately 20 °C lower than the outside air 
temperature. 

Car engineers are researching air conditioning modes to create systems that provide maximum 
comfort for the driver and passengers. It has been found that the optimum temperature for a car interior 
is 22 °C. Depending on their own preferences, drivers can adjust it within 2 °C. Studies have shown that 
it is this microclimate that allows maximum concentration on the road [14]. When the temperature drops 
to 18 °C, there is a risk of colds. If the temperature is higher than 24 °C, this significantly affects the 
driver's fatigue, making him fall asleep, which is especially dangerous when driving at night. 

If the air conditioner is turned on in a garage where the thermometer shows + 25 °C, the air 
temperature coming out of the deflector should be no lower than + 5 °C. At an outside temperature of 
(+ 30 ÷ + 32) °C, cooling the air to (+ 12 ÷ + 14) °C is considered a completely normal indicator. At the 
same time, it is not recommended to make the temperature in the cabin too low, the optimal value is 
5 °C lower than outside. That is, at an outside air temperature of + 30 °C, the cabin should be about 
+ 25 °C in order not to provoke a cold, sore throat or pneumonia [2]. But according to [15], a difference 
of 5 °C mainly applies to short-term trips. That is, when the driver or passengers often leave the car. 
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During long trips (or simply a long stay in a car), it is recommended to gradually lower the temperature. 
According to [16], the temperature difference can reach 10 – 12 °C. However, the step of transition to a 
larger difference should not exceed 5 °C. That is, if you need to cool the car interior by 10 °C, for 
example from 35 °C to 25 °C, then this must be done in at least two steps: first to 30 °C, and after a 
while to 25 °C. Also, when using the air conditioner in a vehicle, it is necessary to direct the flow of 
cold air up, to the side or down. Thanks to this, you can also significantly reduce the likelihood of various 
diseases. 

A significant disadvantage of compression air conditioners is the need to use freon. Freon is a 
refrigerant used in most modern air conditioners. Freon is heavier than air, so if it leaks, it can displace 
air from the room. Some types of freon release dangerous toxins when decomposed and can cause 
poisoning. 

Medical aspects of the impact of high temperature drops on the human body 

When air temperature drops rapidly without any gradual adaptation, even with small changes of 
up to 2 – 3 °C, but especially with changes of more than 5 °C, negative consequences for the human 
body are possible. For example, such changes can cause the risk of serious exacerbation of symptoms 
of obstructive respiratory diseases (asthma and chronic obstructive pulmonary disease) [2]. 

The main negative impact of this temperature difference concerns the respiratory system. 
According to [17], the respiratory tract is lined with ciliated epithelium and secretory cells. The cilia 
interact with a thin layer of fluid that covers the outer surface of the epithelium in contact with the air, 
the airway surface layer (ASL). The ASL includes a low-viscosity periciliary layer (PCL), which 
lubricates airway surfaces and facilitates ciliary function, and an additional layer of mucus above it. The 
volume, pH, ion and nutrient content of the ASL are important for regulating antimicrobial activity and 
mucociliary transport. Antimicrobial factors found in the ASL participate in innate and adaptive defense 
mechanisms that protect the airways from internal pathogens [18]. 

In other words, airway surface layer (ASL) is a thin layer of fluid that covers the luminal surface 
for normal airway physiology. Inhaling chilled air can cause ASL to evaporate faster than it is 
replenished, leading to ASL drying out and a number of serious negative health consequences. 

Medical research confirms that the human body needs time to acclimatize from heat to cold or 
from cold to high temperature [19]. Blood vessels accumulate heat in winter, and vice versa in summer. 
A sharp change in temperature affects their functioning and, as a result, the work of the heart. Whenever 
there is a change in air temperature, immunity weakens and the body becomes more susceptible to viral 
infections. A sudden change in temperature can cause severe discomfort in people with respiratory 
diseases. Patients with asthma, respiratory ailments, and heart problems can experience acute stress. 

Optimal temperature conditions of a thermoelectric air conditioner in cooling mode 

The use of thermoelectric air conditioners allows for precise and smooth temperature control in 
residential premises and vehicles. Unlike compression air conditioners, thermoelectric air conditioners do 
not require the presence of liquid coolants (for example, freon), which eliminates the possibility of air 
poisoning when hydraulic units are depressurized. In addition, thermoelectric air conditioners have a 
number of advantages: lower weight and dimensions, high reliability, ease of maintenance, independence 
from spatial orientation, the possibility of spatial dispersion according to operating conditions, and simple 
switching from cooling mode to heating mode [20 – 23]. It should also be noted that, unlike compression 
air conditioners, the efficiency of thermoelectric air conditioners increases with decreasing power, 
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increasing air temperature, and decreasing the temperature difference between outside and inside the 
conditioned environment, which also creates additional advantages for them (Fig. 1). 

 
Fig. 1. Typical dependence of the coefficient of performance of a thermoelectric air conditioner  

on the supply current for different values of the temperature difference between its hot and cold sides. 

As can be seen from Fig. 1, the efficiency of a thermoelectric air conditioner is maximum at 
temperature differences of about 5 °C, which is recommended by medical opinions and competes with 
compression air conditioners in many climatic zones (Fig. 2). 

 
Fig. 2. Dependence of the efficiency of a thermoelectric air conditioner on the temperature difference. 

As can be seen from Fig. 2, the efficiency of a thermoelectric air conditioner decreases with 
increasing temperature difference, while the electrical power consumption increases. 
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Fig. 3 Climatic zones for rational use of thermoelectric air conditioning. 
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The average statistical values of winter and summer air temperatures in areas of appropriate use 
of thermoelectric air conditioners are given in Table 3. 

Table 3 
Seasonal air temperature in the zones of thermoelectric air conditioning advantages 

Name of the climate zone Summer temperature, °C Winter temperature, °C 

Moderate maritime climate 14 ± 6 8 ± 3 

Moderate continental climate 20 ± 5 – 5 ± 3 

Moderate monsoon climate 23 ± 4 – 20 ± 6 

Subarctic climate 8 ± 2 – 23 ± 4 

Arctic climate 10 ± 6 – 40 ± 3 

As can be seen from Table 3, the temperature range for the operation of a thermoelectric air 
conditioner covers extreme values from 10 °C to 27 °C in summer and from – 43 °C to 11 °C in winter. 

Conclusions 

1. The medical aspects of the impact of low temperatures on the human body when using air 
conditioners have been studied. It has been established that sharp temperature drops can cause 
diseases of the respiratory system and exacerbation of chronic lung diseases. 

2. The optimal temperature difference between the ambient and conditioned environments was 
determined, which is ΔT ≤ 5 °C. 

3. The advantages of the thermoelectric method of conditioning over the compression method are 
analyzed. 

4. Temperature ranges for operation of thermoelectric air conditioning systems have been established 
for climatic zones in which the use of such systems is energy efficient. 
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ПРО МЕДИЧНІ ОБМЕЖЕННЯ ДО РЕЖИМІВ ОХОЛОДЖЕННЯ 
ТЕРМОЕЛЕКТРИЧНИХ КОНДИЦІОНЕРІВ 

У роботі проведено детальний опис температурних обмежень, що накладаються на 
кондиційоване середовище. Розглянуті медичні аспекти впливу різких перепадів 
температури на організм людини дають можливість створювати та експлуатувати  
кондиціонери, що будуть відповідати необхідним умовам їх безпечного використання. 
Визначено основні переваги та недоліки використання термоелектричних кондиціонерів у 
порівнянні із компресійними кондиціонерами з позиції  медичних обмежень. 
Ключові слова: термоелектричний кондиціонер, медичні обмеження, перепад температури, 
компресійний кондиціонер. 
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