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THE ROLE OF MICROCALORIMETRIC RESEARCH IN
MEDICINE AND PHARMACY

The article is devoted to an overview of some practical applications of microcalorimetric research
methods for the needs of medical and pharmaceutical science and practice. The laws of
thermodynamics are the main regulator of chemical processes, i.e. the processes of metabolism in
biological systems. Biological thermodynamics deals with the quantitative study of the energy
transformations occurring in living organisms, structures and cells, or the nature and function of
the chemical processes underlying these transformations. Microcalorimetry is an indispensable
tool for determining the thermodynamic parameters of a system, which is necessary both in the
study of the structure of the biological system and the processes occurring in the system. The
effects of drugs on the biological system and the processes of creating new drugs are also
characterized by changes in thermodynamic parameters. Bibl. 43.
Key words: microcalorimetry, thermodynamics, phase transitions, medicine, pharmacy

Introduction
Microcalorimeters are devices for measuring the small amount of heat that occurs in closed
volumes, called reaction chambers. Microcalorimetric studies are important in medicine and
pharmacy, since most physico-chemical and biological processes are accompanied by thermal effects,
yielding fundamental information on the nature of energy conversion in the system. Microcalorimeters
are used to study the phase transitions in solid and liquid states, the formation of complexes,
equilibrium constants, to study the interactions between solids and gases and liquids, to measure the
heat of hydration, dissolution, adsorption, enthalpy, heat, and thermal conductivity. Also, important is
the ability to study the thermogenesis of microorganisms, metabolic processes at different levels of
living system organization, etc. [1].
Microcalorimeters are classified by thermal measurement conditions and by the interaction of
the reaction chamber with the environment [2].
ISSN 1607-8829
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Main part
Thermodynamics of biological systems
The laws of thermodynamics have been developed for many years as fundamental rules that are
satisfied when energy is exchanged in a thermodynamic system. The implications of the laws of
thermodynamics are relevant to almost every aspect of scientific research.
Such concepts as thermal energy, temperature, heat transfer, thermodynamic process are
handled to understand the laws of thermodynamics [3]. The laws of thermodynamics do not take into
account the specific nature of heat transfer at the atomic or molecular level, but characterize the total
energy and thermal transitions in the system [4].
A living organism is an energy system where the same laws of thermodynamics apply as in
inanimate nature. There are various energy processes in the biosystems: breathing, photosynthesis,
muscle contraction, transport of substances, etc. Processes that take place in biosystems are
irreversible (non-equilibrium), that is, when the system goes from one state to another, it is impossible
to return to the initial state without additional energy flow from the outside. The study of the
biological process presents the following three tasks: the transfer of energy, which depends solely on
the initial and final state of the system; the mechanism of reactions involved; the speed of these
reactions.
According to the first law of thermodynamics, different types of energy can pass from one kind
to another, but with these transformations energy does not disappear and does not appear from
nothing. The implementation of the first law of thermodynamics for biological systems was proved in
1780 by Antoine Lavoisier and Pierre Laplace. They measured the amount of heat (at the rate of snow
melting) and carbon dioxide released by the guinea pig during its life, and compared these values with
the thermal effect of combustion reactions on CO2 products. The results showed that there was no
difference between the internal energy of the consumption products and the heat that was emitted. This
proves that living organisms are not independent suppliers of energy, but merely transform one type of
energy into another. The application of the first law of thermodynamics to living systems is that the
energy supplied to living organisms by food is distributed in the process of consumption
into two parts:
- released into the environment in the form of heat and energy contained in life products;
- deposited in cellular material.
The sum of these two parts is equal to the internal energy of the food supplied to the body [5].
The first law of thermodynamics of biological systems indicates that an arbitrary biological
system (cell, human body, etc.) is an open thermodynamic system. This law establishes quantitative
relationships between the amount of heat, the work, and the change in the internal energy of a
thermodynamic system, but does not determine the direction of thermodynamic processes.
The energy balance of the body is studied by direct and indirect calorimetry. In the former case,
a person is placed in an isolated chamber, in which the amount of heat radiated by a living organism
during various processes of normal physiological activity is determined. Indirect calorimetry is based
on calculation methods using respiratory coefficients (the ratio between the amount of carbon dioxide
that is released and the amount of oxygen that is absorbed, for carbohydrates it is 1.0, for proteins 0.8, for fats - 0.7) and the caloric equivalent of oxygen (the amount of heat released at a flow rate of
1 liter of oxygen, for carbohydrates it is 21.2 kJ, for proteins - 20.09 kJ, for fats - 19.6 kJ).
Enthalpy is often used to describe thermal effects in biological systems (showing the total heat
content of the system), since all processes in cells occur at constant pressure:
ΔH = ΔU + p.ΔV,
6
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here, p.ΔV is a “non-mechanical work.
Enthalpy reflects the ability of systems to perform non-mechanical work and release heat, as
well as the number and types of chemical bonds in reagents and reaction products. Enthalpy is a
function of state, so it is impossible to determine the absolute value of enthalpy, but the enthalpy
change associated with the thermodynamic process can be measured accurately. In the isochoric
process, all the heat received by the system goes to a change in internal energy, that is, QV=ΔU.
Therefore, the change in internal energy in a certain process can be measured when it flows in a
calorimeter at a constant volume. In an isobaric process, the system spends heat to perform work,
therefore QP = ΔH.
Sufficient accuracy in measuring the energy balance is achieved if the body does not perform
mechanical work and does not accumulate biomass. In this case, the energy changes ΔH in the
biological system can be accurately recorded by a calorimeter when measuring the heat released. If
H > 0, the heat is absorbed and the reaction is called endothermic. If ΔH <0, then the system releases
heat, and the reaction is called exothermic. Most metabolic reactions are exothermic. .
All the energy entering the body turns into heat. During the formation of ATP, only part of the
energy is stored, most of it is dissipated in the form of heat. If ATP energy is used by the functional
systems of the body, then most of this energy is also converted into heat. Part of the energy left in the
cells is spent on the functions they perform, but it still turns into heat. For example, the energy used by
muscle cells is spent on overcoming the forces of viscous resistance of muscles and other tissues.
Viscous movement causes friction, which causes the formation of heat, for example, the expenditure
of energy transmitted by the heart to the blood flow. During the movement of blood through the
vessels, all energy is converted into heat due to friction between the layers of blood and between the
blood and the walls of the vessels. So, in fact, all the energy that has been expended by the body
ultimately turns into heat, with the exception of the case when the muscles perform work with external
bodies [6].
For a long time, it was believed that only processes that are accompanied by a decrease in the
energy of the system (exothermic) proceed spontaneously. However, many unauthorized endothermic
processes (for example, dissolution of some salts, decomposition of carbonic acid, etc.) are known in
which heat is absorbed. At low temperatures, mainly exothermic reactions occur.
In chemical reactions, under the action of the same principle, atoms tend to merge into such
molecules, the formation of which leads to the release of energy (coupling reaction). But more likely
are those reactions that result in an increase in the number of particles (decomposition reactions).
Thus, unauthorized processes that occur without a change in energy state occur only in the direction in
which disorder in the system increases and it passes to a more probable state.
Among the thermodynamic functions characterizing the energy state of a biological object,
entropy plays an important role. Entropy characterizes energy costs usually in the form of heat during
irreversible processes. Thus, entropy reflects that part of the energy of the system that has been
dissipated, degraded in thermal form, and cannot be used to carry out work at a constant temperature.
In reverse processes the entropy change is zero (ΔS = 0), and in the case of irreversible it is positive
(ΔS> 0). Therefore, the smaller the energy gradients in a system and the more heat dissipated in the
form of degraded energy, the greater its entropy.
Energy is spent on ordering the system, so an ordered system has a certain amount of energy
and can do the work. This energy supply will inevitably be wasted due to insufficient isolation of the
system from the environment.
According to the Boltzmann-Planck formula, the entropy of a system is related to the probability:
ISSN 1607-8829
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S=k . lnW,
where S is entropy, k is the Boltzmann constant, W is thermodynamic probability.
If we artificially create a closed isolated system with a very unlikely structure and leave it on its
own, then it will evolve into a more probable structure. Therefore, we conclude that probability has a
natural tendency to increase, as well as entropy. Entropy can be interpreted as a measure of disorder in
a physical system or as a measure of a lack of information about the structure of a system. Since
information can only be obtained as a result of energy expenditure, any experience that provides
information about the physical system or arbitrary physical measurements of system parameters can be
made as a result of increasing the entropy of the system or its environment. Moreover, the average
entropy increase according to the second law of thermodynamics is always greater than the
information obtained [7].
Entropy has positive values associated with increasing disorder and vice versa. In particular, the
release of structured water molecules surrounding the binding surfaces is generally considered to be a
source of positive entropy due to increased system disorder. Conversely, an increase in system
ordering due to, for example, the introduction of conformational constraints in the binding complex is
reflected by the negative entropy values [8].
The practical absence of reversible processes in biological systems causes the fact that all the
processes that occur in them are accompanied by an increase in entropy. So, in biosystems, not all the
free energy consumed by a particular process passes into useful work. Part of it dissipates in the form
of heat. The ratio of the amount of work done to the amount of free energy expended on it is called the
efficiency of the biological process.
Thus, muscle contraction is carried out with an efficiency of ~ 30%, glycolysis ~ 36%.
However, there are also processes that are close to the reverse, that is, the efficiency of which is high.
For example, the luminescence of some tropical insects has an efficiency of 98-99%, the discharge of
electric fish - 98%. The reason for this highly efficient use of free energy is not yet fully understood.
Thus, the more significant is the increase in entropy in a given process, the more probable is the
irreversibility of this process.
Living organisms retain low levels of entropy over time because they receive energy from the
environment in the form of food. This energy is released during the oxidation of the substance, which
is accompanied by the consumption of oxygen and the release of carbon dioxide.
The second law of thermodynamics implies the principle that total entropy must increase
steadily. Although thermodynamics does not independently describe processes as a function of time,
the second law of thermodynamics determines the direction in which the value of total
entropy increases.
The question is can the arbitrary process be reversed? The second law of thermodynamics
answers that this is possible by creating an equivalent or even greater disorder elsewhere. A clear
example is photosynthesis. Carbon dioxide, water, and other nutrients are absorbed by plants, and
complex molecules of carbohydrates are synthesized at their expense. This process is accompanied by
a decrease in entropy. Photosynthesis is impossible without sunlight. Therefore, the decrease in
entropy in the synthesis of carbohydrates in plants is offset by the increase in entropy in the Sun.
Many other important biochemical processes are also carried out with the reduction of entropy - the
formation of biopolymers (proteins, nucleic acids, etc.), the active transport of ions through cell
membranes, etc. But a living organism is an open system, and in it entropy can grow, remain
unchanged or decrease depending on the amount of entropy generated inside the system, its inflow
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from the outside or outflow into the environment. Our Universe is also not an isolated system, and
therefore it does not face “thermal death” - a state of maximum entropy.
Entropy is a driving force for the unfolding of proteins. The natural state of a protein is
characterized by a low value of entropy, since its conformation is very limited. On the other hand, the
expanded form can exist in many different conformations, even if each amino acid takes only three
positions, the polypeptide chain of 100 amino acids can take 3100 or 1047 different conformations.
Since the result of the unfolding reaction of a protein can be in a large number of equivalent states in
comparison with the natural state, entropy increases during the unfolding reaction. During protein
folding, entropy loss must be balanced by the contribution of enthalpy to the free energy that promotes
folding. Significant non-covalent forces of hydrogen bonds and other physical interactions compensate
for small entropy. Changes in the entropy of the solvent - water - play an important role in
compensating for the loss of conformational entropy. In the natural state, many non-polar amino acid
residues, which are packed in protein, are sequestered (separated) away from water. In the unfolded
form, these residues are treated with water molecules that are formed around nonpolar residues into
cellular structures. The hydrogen bond network is reorganized so that the number of hydrogen bonds
remains. This ordering of water molecules reduces its entropy. When the protein folds, these water
molecules are released and the non-polar residues are separated from the water. The resulting recovery
of entropy through water is a dominant force in protein folding, and this effect is generally known as
the hydrophobic effect. Therefore, the solvent has a significant effect on biological reactions.
Entropy plays an important role in enzymatic catalysis. Usually, the reactions in solution are
slow due to the entropic cost of bringing the reagents and catalyst together. Two or more molecules
combined together into one entails significant entropy loss. On the other hand, when enzymes bind to
the substrate, the released bond energy is used to compensate for the entropy losses caused by the
formation of low-probability enzyme-substrate complexes as the enzyme-catalytic groups are very
precisely oriented. This is due to an increase in the dissociation constant of enzyme-substrate
complexes. Small losses of entropy occur during the stages of the chemical reaction, since the catalytic
groups are already properly oriented in the enzyme – substrate complexes, and therefore their effective
concentration is very high compared to the corresponding biochemical reactions that occur freely in
solution [9].
According to the second law of thermodynamics, spontaneous chemical reactions, which in
biological processes typically occur at constant temperature and pressure, are always accompanied by
a decrease in free energy. Free energy is the energy spent to perform useful work. All reactions occur
in the direction of the equilibrium state (where the free energy decreases no longer).
The stability of any isolated system is determined by the ratio of enthalpy and entropy factors.
The former characterizes the system’s desire for ordering, since this process is accompanied by a
decrease in internal energy, the second - shows a tendency to disorder, since this situation is most
likely. So, if in the process ΔS = 0 - the degree of disorder does not change, then the process goes in
the direction of decreasing enthalpy, that is, ΔH < 0. If in the process no energy changes occur
(ΔH = 0), then the process goes towards increasing entropy, that is, ΔS > 0.
As a criterion of arbitrariness in non-isolated systems, a new state function was introduced that
takes into account both of these factors. This state function for isobaric processes is called Gibbs
energy or isobaric isothermal potential G:
ΔG =ΔН – ТΔS.
For isochoric processes, a similar Helmholtz energy or isochoric isothermal potential F is introduced:
ISSN 1607-8829
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ΔF = ΔU – ТΔS.
At a constant temperature and pressure, only those processes can occur arbitrarily for which the
change in the Gibbs (or Helmholtz) energy is negative [8].
Lost free energy appears as heat (enthalpy) or an increase in entropy. Thus, spontaneous
chemical reactions on which life depends can occur with heat consumption, but only at the cost of an
increase in free energy. For example, protein unfolding consumes a large amount of heat and is an
example of a reaction caused by an increase in entropy. From the definition of entropy, when
considering a biological process at constant temperature, the entropy change is equal to the heat given
by the heat divided by the temperature. Since the heat of the protein unfolding is positive because it is
consumed, the entropy changes are always positive.
Pharmaceutical materials, crystalline and amorphous, absorb water from the atmosphere, which
affects critical drug development factors, such as the isolation of the crystalline form of the drug,
compatibility with excipients, dosage form selection, packaging and shelf life. In order to improve
knowledge of pharmaceutical materials and to bypass potential problems by studying the
thermodynamics of the interaction of solids with sorbed water, a study was conducted [10].
In the study of increasing the bioavailability of an effective therapeutic and prophylactic agent
of lovastatin, which blocks the initial stages of cholesterol synthesis, the thermodynamic parameters
(ΔG, ΔH, ΔS) characterizing the process of solubility of lovastatin in aqueous solution were
systematically determined along with other characteristics. The data obtained will ultimately enable
the development of the desired highly soluble, effective and safer lovastatin preparations [11].
The review [12] discusses the role of thermodynamics in allosteric mechanisms, that is, when
behavior in one part of a molecule changes due to a change that has occurred in another part of it.
Conformational changes are accompanied by a significant increase in entropy. The effect of point
mutations on the thermodynamic parameters of binding and function may reveal the energy pairing of
neighboring (and distant) amino acid residues upon activation.
The determination of whether the interaction of a particular ligand-receptor in equilibrium is
enthalpy or entropically stabilized can be achieved by thermodynamic analysis. Studies show that
enthalpy stabilization is usually associated with the formation of new bonds (e.g, hydrogen bonds and
van der Waals interactions) in the ligand-receptor-membrane matrix, whereas entropy stabilization is
typically characterized by displacement of ordered water molecules associated with the formation of
new hydrophobic interactions [13].
The energy exchange in living systems is organized in such a way that reactions that are
possible from a thermodynamic point of view (for example, the breakdown of carbohydrates to water
and carbon dioxide) and impossible (biosynthesis of complex molecules, active transport through cell
membranes, etc.) are simultaneously running in it. This is achieved through energy coupling, the
transition of the process into a multi-stage mode and the functioning of multi-enzyme systems. An
energy coupling mechanism occurs when, in terms of the entropy criterion, the reaction is combined
with the reaction, thermodynamically impossible, and gives it energy. The free energy of the former
must exceed the energy consumed by the latter. Conjugating reactions should have a common
component, a coupling factor, which is usually a phosphate ion. The conversion of the biochemical
process into a multistage mode allows the living organism to easily regulate the synthesis of certain
substances in the required quantities. This is because the difference in the free energies of the initial
and final states for each of the individual stages is usually small, and therefore the probability of
equilibrium is greater for it than for the process as a whole. Multistage passage of chemical
transformations in living systems is ensured by the functioning of multi-enzyme systems operating on
10
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the principle of molecular conveyor - the product of one enzymatic reaction serves as a substrate for
subsequent transformation.
In living organisms, the most common conjugated process is active transport, that is, the transfer
of a substance from a region of less concentration to a region of greater concentration. Such a process
cannot arbitrarily occur because it is accompanied by an increase in the orderliness of the system, i.e. a
decrease in entropy. Therefore, active transport occurs only in the case of coupling with another
process - the source of energy. In the process of conjugation, some of the energy is converted into
heat. The energy conversion efficiency in conjugated processes for biological systems is 0.8-0.9.
In [14], a methodology of linear irreversible thermodynamics is applied to study general
systems in nonequilibrium states, which take into account both internal and external entropy
contributions to analyze the efficiency of two conjugated processes. The results show that there are
optimization criteria that can be used specifically for biological systems, where the optimal design of
biological parameters created by nature at maximum effective power results in more efficient tools
than those created at maximum power or in the best environmental conditions.
The study of the state of a living organism, as an open thermodynamic system, underlies the
method of calorimetry (Latin calor - heat + Greek metreo - measure) - the measurement of the amount
of heat released during various physical, chemical or biological processes. Calorimetry of biological
and biochemical processes (biocalorimetry) allows quantifying the energy and thermal effects of
individual biochemical reactions, the activity of cellular organelles and cells, tissues and organs, the
body as a whole. Calorimetric studies measure the values of heat fluxes from a living object into the
environment and calculate the amount of heat produced and the heat capacity of the organism; the
measurement of heat capacity is based on the mass, heat capacity and temperature change of the
object.
The direct detection of small thermal changes accompanying biological reactions provides for a
universal method for the detection of molecular interactions and offers a significant advantage over
biochemical analyses requiring specific development and optimization for each investigated target.
Another advantage of calorimetry is that it is carried out in the liquid state of a substance and does not
necessitate chemical modification, marking or immobilization.
Microcalorimetric methods in medicine, biology and pharmacy
The principle of calorimetry is based on the statement that in all chemical reactions there are
changes in energy, which are usually accompanied by the release of heat (exothermic) or its absorption
(endothermic). Microcalorimetry is a highly sensitive method that detects even the smallest temperature
changes in small volume samples, which makes it possible to use it when developing biomaterials.
Microcalorimetry is used to study reactions involving biomolecules, including molecule
interactions and conformational changes, such as protein folding. Areas of application range from
confirmation of target binding in the development of low molecular weight drugs to the development of
stable biotherapeutic drugs.
Consider microcalorimetry methods that have been widely used in biomedical and pharmaceutical
research.
Isothermal microcalorimetry
Isothermal microcalorimetry (IMC) is a laboratory method of real-time monitoring and dynamic
analysis of chemical, physical and biological processes. Within hours or days, the IMC determines the
ISSN 1607-8829
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onset, rate, degree, and energy of these processes for samples in small ampoules (e.g, 3-20 ml) at a
constant set temperature (in the range of 15 ° C to 150 ° C).
IMC carries out this dynamic analysis by measuring and recording, compared with the previous
time, the heat flow rate (μJ/s = μW) to the ampoule with or from the sample, as well as the total
amount of heat consumed or produced.
IMC is a powerful and versatile analytical tool for the following closely related reasons:
- all chemical and physical processes are either exothermic or endothermic - produce or consume
heat;
- heat flow rate is proportional to the speed of the process;
- IMC is sensitive for detecting and monitoring very slow processes in a few grams of material or
processes that generate a small amount of heat (for example, the metabolism of several thousand living
cells);
- IMC instruments typically have a wide dynamic range - heat fluxes of approximately 1 µW up to
50,000 µW can be measured with the same instrument.
The IMC method for studying the speed of processes is widely used in practice, provides
constant data in real time, and is sensitive. Measurements are quite simple, do not require supervision
and fluorescent or radioactive markers.
However, there are cautions that should be kept in mind when using IMC:
- if the ampoules prepared from the outside are used, approximately 40 minutes are required to
slowly insert the ampoule into the instrument without significantly disturbing the set temperature in
the measuring module. However, arbitrary processes occurring during this time are not controlled;
- IMC records the total net heat flow produced or consumed by all processes occurring in the
ampoule. Therefore, to be sure which process or processes produce the measured heat flux, one must
be very careful, both in the experimental design and in the initial use of appropriate chemical, physical
and biological analyzes.
It is believed that the possible use of IMC is limited only by the imagination of the person who
chooses to use it as an analytical tool and the physical limitations of the method. In addition to the
basic warnings described above, the limitations also include sample size and ampoules, as well as the
temperatures at which measurements can be taken. IMC is generally best suited for evaluating
processes that occur over the course of hours or days. Next, we will focus on the use of IMC in
medicine, biology, and pharmacy, highlighted in recent publications.
The term metabolism is used to describe studies of the quantitative measurement of the rate at
which heat is produced or consumed by whole small organisms, tissue specimens, or cells (including
microbial) in culture. Metabolism can be useful as a diagnostic tool, especially for identifying the
nature of a sample by its heat flux under specified conditions, or for determining metabolic processes.
To determine the metabolism using IMC, there should be enough cells, tissues or organisms that
were initially present (or added later if replication occurs during the measurement of IMC) to generate
a heat flux signal above a given detection limit of the device.
[15] describes the relationship of metabolic rate to the mass of an object and how it scales
throughout the range from molecules and mitochondria to cells. The authors note that although the rate
of metabolism of this type of mammalian cells in vivo is significantly reduced with increasing size
(mass) of animals, the size of the donor animal does not affect the rate of cell metabolism when
cultured in vitro. Extending theoretical and empirical analyzes of scaling to sub-organism levels can
potentially be important for the cellular structure and its functions, as well as for the metabolic basis of
aging.
12
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Mammalian cells in culture have a metabolic rate of approximately 30 × 10−12 W/cell. IMC
instruments have a sensitivity of at least 1 × 10 -6 W (ie 1 μW). Therefore, the metabolic heat of
approximately 33.000 cells is practically detected. Based on this sensitivity, the IMC was used to
conduct a large number of pioneering studies of the metabolism of cultured mammalian cells in the
1970s and 1980s in Sweden. There are known IMC studies of heat flux from cultured human red blood
cells, platelets, lymphocytes, lymphoma cells, granulocytes, adipocytes, etc., skeletal muscles and
myocardial tissues. Studies were conducted to determine the possibility of using IMC as a method of
clinical diagnosis and establishing metabolic differences between the cells of healthy people and
people with various diseases or health problems [16].
IMC was used to evaluate antigen-induced proliferation of lymphocytes [17] and found aspects
of proliferation that were not observed with the conventional method of analysis of a continuous
radioactive marker. IMCs have also been used in the field of tissue engineering. Studies [18] showed
that IMC can be used to measure the growth rate (i.e. proliferation) in a culture of human
chondrocytes harvested for tissue engineering.
IMC is used in toxicology to monitor the metabolism of cultured cells in real time and to
quantify the rate of metabolic decline as a function of the concentration of a possibly toxic agent. In
the study of implant materials [19], both fast-growing fungal cultures and human chondrocyte cultures
were exposed to calcium hydroxyapatite particles (<50 μm in diameter) and bioactive silicate glass
particles. Glass particles slowed or reduced the growth of fungi as a function of increasing the
concentration of particles. Hydroxyapatite particles had a much smaller effect and never completely
reduced fungal growth at the same concentrations. The effect of both types of particles on chondrocyte
growth was minimal when using the same concentration. The authors concluded that the cytotoxicity
of solid particles such as bioactive glass and hydroxyapatite particles can be estimated using the
microcalorimetry method. This is a modern method of studying in vitro biocompatibility and
cytotoxicity of biomaterials, which can be used along with conventional analyses.
In the 1980s, publications appeared indicating the use of IMC in microbiology. Although some
microbiological studies of IMC were aimed at viruses [20] and fungi [21], the entire research
concerned bacteria. In [22], methods of using IMC in medical and environmental microbiology are
considered. The article reports how accurate are the data on heat flow and fluctuations in the metabolic
activity of microorganisms and the rate of replication in this environment.
In [23], the use of the microcalorimetric method for the evaluation of E. coli and S. aureus
metabolism is highlighted. Measurements were taken in sealed 24-ml glass ampoules in the
temperature range from 5 ° C to 90 ° C. The temperature measurement error was ± 0.02 °C. The
detection limit was estimated to be 2 μW and the baseline stability was 2 × 106 μW for 24 hours. By
registering heat transfer in real time, the metabolic activity of bacteria was evaluated and the effect of
the extracts was investigated. Using kinetic and thermodynamic information from the
microcalorimetric method, a number of important kinetic parameters were obtained: the growth rate
constant, when reaching a maximum, the inhibition coefficient and the drag coefficient. Escherichia
coli growth rate constant showed slight changes with increasing concentration of Aconitum alkaloids.
However, the growth rate constant of S. aureus increased and then decreased as the concentration of
Aconitum alkaloids increased. This indicated that treatment with Aconitum alkaloid slowed the
growth and metabolism of S. aureus. Based on the study of the effect of various concentrations of
Aconitum alkaloids on the growth of E. coli and S. aureus, it was concluded that Aconitum alkaloids
do not affect the growth of E. coli, but potentially inhibit the action of S. aureus.
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Modern isothermal microcalorimeters (IMC) are able to detect the metabolic heat of bacteria
with the accuracy sufficient to recognize even the smallest bacterial infection of water, food and
medical samples. IMC methods are superior to conventional detection methods in terms of detection
time, reliability and technical efforts. In [24], a linear relationship was observed between the
calorimetric detection time and the initial concentration of bacteria. This can be used to quantify
bacterial infection. A study of the relationship between the level of filling (in mm) of the calorimetric
capacity and the specific maximum heat flux (in mW.g-1) illustrated two completely different results
for liquid and solid media. The time to detect the presence of bacteria by IMK depends on the initial
amount of bacteria present, the sensitivity of the instrument and the level of heat flux above the initial
level, which is chosen as an indicator of bacterial growth. In general, bacteria are about 1/10 the size
of mammalian cells and possibly produce only 1/10 of the metabolic heat of the cell. However, some
bacteria grow faster than mammalian cells, often their number increases within minutes. Therefore, a
small initial bacterial count in a culture that does not initially detect IBC quickly yields a detectable
amount. For example, 100 bacteria that double every 20 minutes in less than 4 hours will give more
heat than 330,000 bacteria, and heat flow will be determined by IMC. Therefore, IMC can be used for
easy, rapid detection of bacteria, in particular for the detection of tuberculosis mycobacteria [25]. The
metabolic evolution of mycobacterial heat during cell proliferation is measured by the IMC and is
considered as a possible alternative to conventional diagnostic agents.
Staphylococcus aureus biofilm plays a major role in implant-associated infections. The
sensitivity of S. aureus biofilm to daptomycin, phosphomycin, vancomycin, trimethoprim/
sulfamethoxazole, linezolid and rifampicin has been investigated by isothermal microcalorimetry [26].
In addition, the permanent status of cells isolated from S. aureus biofilm after vancomycin treatment
was also analyzed. S. aureus biofilm was resistant to all tested antibiotics except daptomycin. Step-bystep treatment with vancomycin to destroy all metabolically active cells and with daptomycin to
destroy persistent cells has destroyed the entire bacterial population. These results support the use in
clinical practice of a therapeutic regimen based on the use of two antibiotics to kill persistent cells and
eradicate S. aureus biofilm. IMC is an appropriate technique for characterizing real-time reversion
from resistant to metabolically active cells.
Candida auris has emerged worldwide as a multi-resistant fungal pathogen. Using IMC, the heat
production profiles of C. auris and other Candida spp. strains were compared and evaluated their
antifungal susceptibility [27]. C. auris showed a peculiar heat production profile that distinguished it
from other species. The thermogenic parameters of C. auris offer slower growth rates compared to C.
lusitaniae and another clear thermal profile compared to complex strains of C. haemulonii species.
Amphotericin B-based treatment has been identified as a potential therapeutic option for C.
auris infection.
The IMC for thermally viable microorganisms in pure cultures and stable formulations was
investigated in [28]. Quantifying viable microorganisms is an important step in microbiological
research as well as in the formation of microbial products for the development of biological control
products or probiotics. Thermal viability methods are new and effective methods for rapidly
quantifying different species of bacteria and fungi and for increasing the speed, sensitivity and
accuracy of routine viability estimates for pure cultures and controlled microbiomes such as plant seed
coatings.
Despite significant advances in diagnostic and therapeutic approaches, fungal infections caused
by C. albicans continue to be a serious problem in intensive care units worldwide. The economic cost
of fungal blood infections and associated mortality, especially in debilitated patients, remains high. C.
albicans is a highly adapted microorganism capable of developing resistance after prolonged exposure
14
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to antifungal agents. The formation of a biofilm that reduces the availability of an antifungal drug, the
release of spontaneous mutations that increase expression or reduce the susceptibility of targets,
altered chromosomal abnormalities, overexpression of waste from several drugs, and the ability to
avoid the body's immune defenses are some of the factors that can contribute to antifungal tolerance
and resistance. Knowledge of the mechanisms of antifungal resistance may allow the development of
alternative therapeutic options to modulate or restore resistance. The review [29] focuses on the
factors involved in antifungal resistance and tolerance in patients with C. albicans blood infections.
In a study [30], the effects of fluconazole, caspofungin, anidulafungin, and amphotericin B are
investigated against Candida species in planktonic form and biofilms using an IMC that measures the
growth of heat production. An isothermal microcalorimeter equipped with 48 calorimeters and a
sensitivity threshold of 0.2 µW was used. The heat flow was recorded for 48 hours. The study
demonstrated the potential of microcalorimetry to test real-time antifungal sensitivity and evaluate
antifungal activity against planktonic film and Candida biofilm.
Antibiotic abuse has led to increased bacterial resistance, which significantly limits the use of
antibiotics for the treatment of bacterial infections. Therefore, it became necessary to develop new
antibacterial drugs. Work [31] gives an idea of the effect of traditional Chinese medicine on drugresistant bacteria. Dracotomelon tao is a traditional medicinal material derived from Anacardiaceae
with a long history of treating various infectious diseases such as decubitus and skin ulcers. Recent
studies have shown that various extracts from D. tao leaves containing flavonoids and phenolic acids
exhibit potent antibacterial activity. In this study, the combination of bacteria-resistant action of these
active ingredients was studied. Microcalorimetric measurements and principal component analysis
were performed on samples from D. tao leaves in vitro. The results showed that all six samples had
significant antibacterial activity, so the drug from the leaves of D. tao can be used as a potential
antimicrobial resource in the treatment of infectious diseases.
With the addition of an IMC, which made it particularly valuable for biomedical and
pharmaceutical applications, P. mirabilis was found to increase in the Luria broth environment
between 2 and 9 h. research. The culture emitted 2.1 J with a maximum thermal output of 76 µW. The
growth rate, calculated using calorimetric and spectrophotometric data, was 0.60 and 0.57 h – 1,
respectively. Additional information gathered on the protease activity of P. mirabilis, which
corresponds to the last peak in heat production. Tumor microtissues growth was also monitored, which
exhibit a maximum thermal power of 2.1 μW, which corresponds to an increase in microtissue
diameter from about 100 to 428 μm. This opened up new areas of research in oncology, diagnosis and
the development of new antitumor drugs. For parasitic worms, the technique allows one to evaluate
the survival of parasites using motor and metabolic activity of even one individual [32].
Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) is one of the most powerful methods for obtaining
accurate information about the energy of biomolecules, which are associated with other biological
macromolecules. ITC is a thermodynamic technique that directly measures the release or absorption of
heat in intermolecular interactions such as ligand-protein, protein-protein [8]. An ITC experiment
consists of calorimetric titration of a specific volume of one of the reagents, usually a macromolecule,
with a controlled amount of another reagent, usually a ligand, at a constant temperature and pressure.
Thus, the measured heat during titration corresponds to the enthalpy of such interactions [10]. This
relatively simple experiment allows for a complete and accurate thermodynamic characterization of
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the binding event (binding constant, enthalpy change, reaction stoichiometry, process heat change)
that are important for understanding and optimizing molecular interactions [33].
Most biological phenomena affect intermolecular recognition and interaction. It is the main
tool for the development and study of drugs and the regulation of protein interactions.
Over the last thirty years, ITC has become a powerful tool for studying a wide variety of
molecular interactions. This technique is able to provide a complete thermodynamic profile of the
interaction process in one experiment, with several advantages over other comparable methods, such
as a smaller sample size or no chemical modification or labeling. Therefore, it is not surprising that
ITC is used to study various types of interactions of natural products to gain new insights into the key
molecular factors involved in the complexation of this type of compounds. A review article [34]
describes the methodology of ITC and discusses some applications of ITC for studying protein-ligand
interactions, protein-protein interactions, self-association, and drug development processes. The use of
ITC to determine the kinetic parameters of enzyme catalyzed reactions as well as thermodynamic
parameters is discussed. The review [35] confirms the use of ITC as a powerful tool for investigating
the interaction of natural products with proteins, nucleic acids, oligosaccharides, and other types of
receptors.
The enthalpy and entropy of binding in the creation of complexes that provide the release of
therapeutic substances was investigated in [36] by the method of ITC. The information obtained is
very important for drug developers, as it warns against taking into account the particularities of drug
behavior in different environments.
Calorimetry of isothermal titration is a tool capable of determining thermodynamic as well as
kinetic parameters associated with protein-ligand recognition and plays an important role in drug
design. Further efforts to investigate the protein-ligand binding characteristics of ITC with a large
amount of thermodynamic and kinetic data will lead to new discoveries that will extend our ability to
understand the full range of protein-ligand recognition and treatment and to use these results
appropriately for medical applications [37].

Differential scanning calorimetry
Differential scanning calorimetry (DSC) is a thermoanalytical technique in which the
difference in the amount of heat required to increase the temperature of a sample and a reference is
measured as a function of temperature. Both the samples and the reference are maintained at almost
the same temperature throughout the experiment. As a rule, the temperature program for DSC analysis
is designed in such a way that the temperature of the sample holder increases linearly as a function of
time. The control sample should have a well-defined heat capacity in the temperature range
to be scanned.
The DSC is based on the principle that during the physical transformation of the sample such as
phase transitions, it will receive more or less heat than the reference, to maintain both samples at the
same temperature. More or less heat will be supplied to the sample depends on whether the process is
exothermic or endothermic. For example, if a solid sample is melted to a liquid state, it needs more
heat entering the sample in order to increase its temperature at the same speed as the reference. This is
due to the absorption of heat by the sample, since it experiences an endothermic phase transition from
solid to liquid. If the sample is subjected to exothermic processes (such as crystallization), less heat is
required to increase the sample temperature. By controlling the heat flux difference between the
sample and the standard, the DSC is able to measure the amount of heat absorbed or released during
such transitions. DSC can also be used to observe subtle physical changes such as glass transition.
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The result of the DSC experiment is a heat flux curve depending on temperature or time. This
curve can be used to calculate the enthalpy of transitions:
Δ H = K S,
where Δ H is the enthalpy of the transition, K is the calorimetric constant, and S is the area under the
curve. The calorimetric constant varies depending on the device, so it is determined using samples
with known transition enthalpies.
DSC can be used for thermodynamic analysis of proteins, namely to reveal important
information about the global structure of proteins and the interaction between proteins and ligands. In
particular, mutations reduce protein stability, whereas ligand binding usually increases protein stability
[38]. With DSC, stability can be measured by obtaining the Gibbs free energy value at any given
temperature. This allows researchers to compare the free unfolding energy between a protein without
a ligand and a protein-ligand complex, or between wild-type proteins and mutants. DSC can also be
used to study the interaction between proteins and lipids, nucleotides, between drugs and lipids [39].
DSC provides a complete thermodynamic profile for unfolding of system energy. The
determination of binding energy is then determined by considering the unfolding of energy of the
biomolecules in the presence and absence of the binding component. The DSC method is widely used
in the pharmaceutical industry to determine drug treatment parameters. Therefore, if the drug is to be
delivered in an amorphous form, it is recommended to treat the drug at a temperature below
crystallization temperature.
The solubility of gemfibrozil, a drug that lowers cholesterol and is poorly soluble in water, was
studied by DSC. The solvents used in the pharmacy were tested: water, methanol, ethanol,
isopropanol, 1-butanol, 2-butanol, ethylene glycol, propylene glycol, polyethylene glycol-400, ethyl
acetate, dimethyl sulfoxide and transcutol in the temperature range from 298.2 K to 318.2 K at
atmospheric pressure P = 0.1 MPa. It was found that the maximum solubility characteristic of
transcutol is minimal for water. Thermodynamic analysis on experimental solutions showed
endothermic and entropy dissolution of gemfibrozil in each pharmaceutically used solvent [40].
Micro DSC is capable of both isothermal and non-isothermal calorimetric studies. Due to the
increase in cell size and sensitivity requirements, the scanning speed is usually low (up to about
1 °C/min). Temperature ranges from approximately - 40 °C to 100-200 °C. The device allows you to
control a very slow scan speed, such as 0.001 °C/min.
Micro DSC in combination with x-ray diffraction is also used to study phase transitions in
biological samples, degradation of medical preparations, study of antiviral drugs, to determine their
thermodynamically stable forms [41 – 43].
Conclusions
An analysis of the practical application of isothermal calorimetry, isothermal titration calorimetry and
differential scanning calorimetry in biology, medicine and pharmacy shows that these methods have
been widely used to determine the thermodynamic parameters of the system, in particular, Gibbs free
energy, enthalpy, entropy, which are important for understanding and optimizing molecular
interactions, phase transitions in solid and liquid states, studying solubility and crystallization
processes, which is important for better use of pharmaceuticals. Microcalorimetry methods are used to
study the processes of metabolism, in tissue engineering and toxicology and for the practical needs of
microbiology: the study of viruses, bacteria, fungi. The main purpose is to eliminate their resistance to
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the action of drugs. The results of microcalorimetric studies are used to create new drugs, including
anticancer therapies.
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РОЛЬ МІКРОКАЛОРИМЕТРИЧНИХ ДОСЛІДЖЕНЬ
У МЕДИЦИНІ І ФАРМАЦІЇ

Стаття присвячена огляду деяких практичних застосувань мікрокалориметричних
методів дослідження для потреб медичної і фармацевтичної науки та практики. Основним
регулятором хімічних процесів – процесів обміну речовин у біологічних системах - є закони
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термодинаміки. Кількісним вивченням енергетичних перетворень, що відбуваються в
живих організмах, структурах і клітинах, чи природи та функції хімічних процесів, що
лежать в основі цих перетворень, займається біологічна термодинаміка.
Мікрокалориметрія є незамінним інструментом для визначення термодинамічних
параметрів системи, що необхідно як при дослідженні структури біологічної системи, так
і процесів, які відбуваються в системі. Дія ліків на біологічну систему та процеси
створення нових лікарських засобів також характеризуються зміною термодинамічних
показників. Бiбл. 43.
Ключові слова: мікрокалориметрія, термодинаміка, фазові переходи, медицина, фармація
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РОЛЬ МИКРОКАЛОРИМЕТРИЧЕСКИХ ИССЛЕДОВАНИЙ
В МЕДИЦИНЕ И ФАРМАЦИИ
Статья посвящена обзору некоторых практических применений микрокалориметрических
методов исследования для целей медицинской и фармацевтической науки и практики.
Основным регулятором химических процессов – процессов обмена веществ в биологических
системах - являются законы термодинамики. Количественным изучением энергетических
преобразований, происходящих в живых организмах, структурах и клетках, или природы и
функции химических процессов, лежащих в основе этих преобразований, занимается
биологическая
термодинамика.
Микрокалориметрия
является
незаменимым
инструментом для определения термодинамических параметров системы, что
необходимо как при исследовании структуры биологической системы, так и процессов,
происходящих в ней. Действие лекарств на биологическую систему и процессы создания
новых лекарственных средств также характеризуются изменением термодинамических
показателей. Библ. 43.
Ключевые слова: микрокалориметрия, термодинамика, фазовые переходы, медицина,
фармация
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ON THE FUNDAMENTAL DIFFERENCE
BETWEEN THERMOELECTRIC COMPOSITES AND
DOPED THERMOELECTRIC MATERIALS AND THE
CONSEQUENCES IT IMPLIES
It is shown that if the effect of doping impurities on a thermoelectric material is reduced only
to a change in the concentration of free charge carriers in it, then, for example, for a material
based on bismuth telluride even at a temperature of 400 K, it is impossible to obtain a value of
the dimensionless thermoelectric figure of merit, which would be far in excess of 1. On the
other hand, the dimensionless thermoelectric figure of merit of thermoelectric composites
based on semiconductor materials with metal nanoclusters or nanoparticles can significantly
exceed 1, if they are indeed composites, that is, materials, each component of which, having
entered the composition of the composite, retains its inherent macroscopic values of kinetic
coefficients and their temperature dependences. In this case, the increase in the figure of merit
of such a thermoelectric composite is reduced to optimizing its composition and solving the
problem of the technological possibilities of manufacturing this particular composite.
However, it should be borne in mind that the answer to the question about the practical
application of such composites, even if they are created and their parameters are stably
reproducible, depends on the possibility of creating devices in which they are used, that should
have not only high consumer characteristics, but also the corresponding stability, reliability,
durability and service life. Bibl. 6, Fig. 6.
Key words: thermoelectric material, doping, dimensionless thermoelectric figure of merit,
percolation threshold, composite, nanoparticles, optimal composition of the composite.

Introduction
Today, significant efforts of specialists in the field of thermoelectric materials science are
aimed at solving both theoretical and practical problems related to finding ways to increase the
dimensionless thermoelectric figure of merit of both doped thermoelectric materials and
composites. However, despite these efforts, significant progress in this direction has either not been
achieved, or some high results are not consistently reproducible. From this point of view, efforts
aimed, for example, at creating superlattices or quantum well materials, deserve a separate
analysis. But the purpose of this paper is an unbiased analysis of the situation in the field of
creation and application of TEM based on "traditional" alloys of Bi (Sb) - Te (Se) system.
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About the limited potential of doped TEM
To prove this limitation by calculation, we investigate the effect of the concentration of
doping impurities on the dimensionless thermoelectric figure of merit of TEM under the following
model assumptions:
1) the band spectrum of charge carriers in TEM is parabolic and isotropic with the
temperature-independent effective mass;
2) quasi-elastic scattering of charge carriers in the relevant temperature area occurs on a
deformation potential of acoustic phonons with the energy-independent cross-section and mean
free path inversely proportional to temperature;
3) the lattice thermal conductivity of semiconductor is determined by phonon-phonon
scattering with Umklapp and is inversely proportional to temperature, obeying the LeibfriedSchlemann law [1, 2];
4) doping impurities do not affect anything except the concentration of free charge carriers in
material.
Given the validity of these assumptions, the scattering index of charge carriers r = - 0.5.
For further calculations, we assume that at a certain temperature T0 we know the

thermoelectric parameters of the undoped TEM, namely its thermoEMF αs0, electrical
conductivity σs0 and thermal conductivity κs0. Assume also that the relative increase in the
concentration of free charge carriers in the TEM after the introduction of a doping impurity
is equal to x.
The construction of the necessary temperature dependences and concentration dependences
of the characteristics of the doped TEM on the basis of known general relations [1] is carried out in
the following order.
From the relation for thermoEMF

⎤
k ⎡ 2 F (η )
α s0 = ⎢ 1 0 −η0 ⎥
e ⎣ F0 (η 0 )
⎦

(1)

we find a reduced chemical potential η 0 of charge carrier gas in the undoped material at a
temperature of T0 .
Then from equation

T 1.5 F0.5 (η )

(1 + x )T01.5 F0.5 (η 0 )

=1

(2)

we determine the temperature dependence of reduced chemical potential η of charge carrier gas on
temperature T in given temperature range at an arbitrary concentration of doping impurities.
From the relation

αs =

⎤
k ⎡ 2 F1 (η )
−η⎥
⎢
e ⎣ F0 (η )
⎦

(3)

we determine the temperature dependence of the thermoEMF of doped TEM.
26
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From the relation
2
2
⎛ k ⎞ ⎡ 3F2 (η ) 4 F1 (η ) ⎤
− 2
Ls (η ) = ⎜ ⎟ ⎢
⎥
F0 (η ) ⎦
⎝ e ⎠ ⎣ F0 (η )

(4)

we determine the temperature dependence of the Lorentz number of doped TEM.
The temperature dependence of the electrical conductivity of doped TEM under the above
model assumptions is determined as follows:
1.5

⎛T ⎞
σ s = σ s 0 ⋅ (1 + x )⎜ 0 ⎟
⎝T ⎠

F0 (η )F0.5 (η 0 )
.
F0.5 (η )F0 (η 0 )

(5)

The temperature dependence of the electrical conductivity of doped TEM with regard to
everything said above is determined as:

κ s = σ s Ls (η )T + [κ s 0 − σ s 0 Ls (η 0 )T0 ]

T0
.
T

(6)

In formulae (1) – (5), Fm (η ) denote the Fermi integrals which are determined by the
following relation:
∞

Fm (η ) = ∫ x m [exp( x − η ) + 1]−1 dx .

(7)

0

Relations (1) – (7) fully determine the temperature dependences of the thermoEMF,
electrical conductivity and thermal conductivity of doped TEM.
The calculated concentration dependences of the dimensional thermoelectric figure of merit
of doped TEM at temperatures 200 and 400 K are shown in Fig. 1.

Fig. 1.Concentration dependences of the dimensional thermoelectric
figure of merit of doped TEM at temperatures:1 – 400 K (left axis), 2 – 200 K (right axis)
ISSN 1726–7714
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When constructing plots, the following parameters of TEM were taken: αs0 = 200 µ V/K,

σs0 = 800 S/cm, κs0 = 1.4 W/(m·K) [1].
The plots show that at a temperature of 400 K even the highest value of the dimensionless
thermoelectric figure of merit of the doped material, which corresponds to its "optimal"
composition near x = 0.2, is only about 0.01, i.e. less than 1 % higher than the value of the
thermoelectric figure of merit of the source material. The existence of the optimum in this case is
explained by two competing factors: an increase in electrical conductivity and a decrease in
thermoEMF with increasing concentration of charge carriers. At lower temperature, when the gas
of free charge carriers is quite degenerate, the concentration dependence of the dimensionless
thermoelectric figure of merit is also weak (the highest value differs from the lowest in the
considered range of concentrations of charge carrier by about 5.5%), but this dependence is
entirely determined by the decrease in thermoEMF.
Thus, we clearly see the limited potential of doped TEM. The best results are achieved when
doping simultaneously reduces the lattice thermal conductivity. Moreover, doping of TEM by
isovalent impurities is effective, because in this case the electrical conductivity, the electron (hole)
part of thermal conductivity and thermoEMF of the material change relatively little, and the lattice
thermal conductivity changes to a greater extent, quite often in the direction of decrease.
On the fundamental difference between thermoelectric composites and doped TEM
and their potential
Thus, we have seen that the fundamental role of doping impurities in the traditional sense of
the term is that they, changing their state, either "supply" free charge carriers of this or other sign,
or do not supply carriers, but affect the scattering or spectrum of phonons in TEM, changing in this
or other direction the lattice thermal conductivity and even the nature of its temperature
dependence, on which we will also dwell later. It is clear that in this case the characteristics of the
doped material cannot be described in any way due to the macroscopic characteristics of its
components. The principal feature of the composite, in contrast to the doped material, is the ability
to determine at least its kinetic coefficients, namely electrical conductivity, thermal conductivity
and thermoEMF due to the relevant characteristics of individual components (phases) and the
composition of the composite without going deep into the microscopic mechanisms of these
characteristics. That is why the theory of composites is quite often identified with the theory of the
"effective medium", which is understood as a purely macroscopic object. It is clear that in this case
only that material can be called a composite whose components (phases), when incorporated into
the composite, regardless of its composition, retain their inherent macroscopic properties and their
temperature dependences. The "rules of mixing" macroscopic characteristics, according to which
the characteristics of the composite as a whole are determined, depend on the concept of "effective
environment" followed by the researcher. For example, if we follow the concept, according to
which the percolation effect is insignificant, then for a two-phase system the TEM - metal kinetic
coefficients are defined as follows [2]:

28

σ c = σ mν m + σ s (1 − ν m ) ,

(8)

κ c = κ mν m + κ s (1 −ν m ) .

(9)
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The indices “s” and “m” refer to TEM and metal, respectively, ν m − the volume fraction of metal.
The thermoEMF of composite is determined as [3]:

αc =

(α m κ m )ν m + (α s κ s )(1 −ν m ) .
κ m−1ν m + κ s−1 (1 −ν m )

(10)

However, if percolation effect is essential, formulae (8) and (9), respectively, acquire the
form [3, 4]:

{

}

σ c = 0.25 σ s (2 − 3ν m ) + σ m (3ν m − 1) + [σ s (2 − 3ν m ) + σ m (3ν m − 1)]2 + 8σ mσ s ,

{

}

κ c = 0.25 κ s (2 − 3ν m ) + κ m (3ν m − 1) + [κ s (2 − 3ν m ) + κ m (3ν m − 1)]2 + 8κ mκ s ,

(11)

(12)

and formula (10) remains unchanged.
Consider the difference between these two concepts using an example of composite, even
though hypothetical, which consists of bismuth telluride and nickel. The plot of the electrical
conductivity of the composite depending on the volume fraction of the metal vm ≡ ν in accordance
with formulae (8) and (11) is shown in Fig. 2. In this case, the electrical conductivity of nickel is
taken equal to 1.3 · 105 S/cm.

Fig. 2.Dependence of the electrical conductivity
of “bismuth telluride-nickel”
composite on the volume fraction of nickel:
1 – in the presence of percolation;
2 – in the absence of percolation
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The figure shows that in the presence of percolation, as the content of nickel particles in the
composite increases, the electrical conductivity of the composite increases first more slowly and
then faster than in its absence.
Let us consider the question of what size of the nickel fraction can be considered
macroscopic. If we consider, for example, a cluster with a radius of 35 nm, then taking into account
that the nickel lattice constant is equal to 0.5 nm [5] and this lattice is body-centered, we obtain
that such a cluster can accommodate approximately 2.9 × 10 6 atoms, which means that the relative
deviation of the macroscopic parameters of the cluster from their average values is less than 0.1%,
that is, this or larger clusters can be considered macroscopic and one can ascribe to them the
conductivity of nickel. Based on the conductivity of nickel and the concentration of electrons in it
[5], we can find that the free path of electrons in nickel at 300 K is 4.18 nm. Then at an arbitrary
temperature the electrical conductivity of the metal cluster is approximately equal to:

σ cl = σ 0 (T0 T )

rc
.
rc + l0 (T0 T )

(13)

In this formula, σ0 – electrical conductivity of the bulk nickel sample at a temperature of T0,
rc – cluster radius, l0 – mean free path of electron in the bulk nickel sample at 300 K.
Fig.3 shows the dependences of the thermoelectric figure of merit of TEM-nickel clusters
composite on its composition with regard to the percolation effect at temperatures 200 and 400 K.

Fig. 3. Thermoelectric figure of merit of composite with
regard to the percolation effect
at temperatures:1 – 400 K, 2 – 200 K.

It was assumed that the thermal conductivity of nickel is 90 W/(m·K) and by virtue of the
Wiedemann-Franz law does not depend on temperature. The thermoEMF of nickel was considered
to be equal to 23 μV/K and temperature independent.
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From the figure it is seen that up to nickel content almost 30% by volume, i.e. within the percolation
threshold, the thermoelectric figure of merit of the composite at 400 K retains a value equal to 1, but after
this threshold increases rapidly, reaching a value of almost 3 at about 60 volume % of nickel, goes to the
"plateau", and then rapidly decreases to the value inherent in pure nickel.
Fig.4 shows the same dependences as in Fig.3, but without regard to percolation effect.

Fig. 4. Thermoelectric figure of merit of the composite without
regard to the percolation effect at temperatures:1 – 400 K, 2 – 200 K.

The figure shows that neglect of the percolation has little effect on the maximum
thermoelectric figure of merit of the composite, although it significantly affects the rate of reaching
this maximum, the length of the "plateau" and the rate of further decline to a small value inherent in
pure nickel. Note that Figs. 3 and 4 correctly reflect the physical situation if the temperature
dependence of the lattice thermal conductivity of TEM is subject to the Leibfried-Schlemman formula.
Instead, the following plots in Figs. 5 and 6 are constructed for the case when this formula is violated in
such a way that the lattice thermal conductivity increases approximately linearly with temperature [6].

Fig. 5. Thermoelectric figure of merit of the composite with regard to the percolation
effect and a deviation of TEM lattice thermal conductivity from the Leibfried-Schlemann
formula at temperatures: 1 – 400 K, 2 – 400 K.
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Fig. 6. Thermoelectric figure of merit of the composite without regard to the percolation
effect, but with regard to a deviation of TEM lattice thermal conductivity from the
Leibfried-Schlemann formula at temperatures: 1 – 400 K, 2 – 200 K.

The figures show that even the linear increase in the lattice thermal conductivity of TEM
with temperature does not affect the maximum value of the thermoelectric figure of merit of the
composite. From this we conclude that such a significant advantage of composites over doped
materials, at least in principle, is achievable precisely because the components that make up the
composites retain their macroscopic characteristics. If this does not happen, then such an advantage
will not be obtained. Therefore, those materials that have a relatively low thermoelectric efficiency
should be considered as specially doped materials rather than the composites, despite the fact that
the authors consider them to be the composites. Consider from this point of view, for example, the
results of [6]. Its authors report that they obtained for the graphite/ Bi0.5Sb1.5Te3 composite an
increase in thermoelectric figure of merit to 1.05 or 35 % compared to the "pure" TEM with a
graphite content of 0.05 mol.%. And such an increase in the composite is impossible if the
percolation effect occurs (Fig. 5), but it is possible if the percolation effect is absent (Fig. 6).
However, since this effect occurs, and according to [6] the electrical conductivity of the material
with the addition of graphite generally decreases, although insignificantly, thermoEMF increases
slightly, and the lattice thermal conductivity decreases by more than 1.5 times, it should be
assumed that we are dealing not with a composite, and with a specially doped material, the main
role of graphite in which is the rearrangement of the phonon spectrum of TEM and phonon
scattering mechanisms in it, which leads to a significant decrease in lattice thermal conductivity
and changes in the nature of its temperature dependence.
However, it should be noted that we do not consider in this paper either the technological
aspects of the manufacture of the composite thermoelectric materials, taking into account the above
requirements for them, or their strength characteristics and service life. And these aspects are no
less, if not more important than the actual thermoelectric figure of merit. Therefore, the trend in
the development of thermoelectric materials and devices, albeit very slowly, is shifting towards the
development of a kind of "compromise" materials and structures, in which, with given consumer
characteristics, minimum mechanical stresses, and, consequently, maximum reliability, durability
and service life of both materials and devices would be achieved.
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Conclusions
1. It is shown that the dimensionless thermoelectric figure of merit of materials based on bismuth
telluride cannot increase by more than 1%, if the role of the doping impurity is only to
increase the concentration of charge carriers.
2. Unlike doped thermoelectric materials, the composites that contain highly conductive, such as
metal, clusters with a diameter of 70 nm or more, have significantly greater thermoelectric
capabilities making it possible to obtain at 400 K the dimensionless thermoelectric figure of
merit about 3. This value is not affected by the percolation or possible increase of lattice
thermal conductivity of TEM with temperature. This is possible primarily because in the
composites, in contrast to doped materials, their components retain the thermoelectric
characteristics, including their temperature dependences, which were inherent in these
components before entering the composite. This feature for the composite is fundamental. If
the preservation of the characteristics of the components does not take place, then we are not
dealing with a composite, but with a special doped material, which cannot offer such
significant advantages.
3. From this point of view, it is important to dope TEM primarily with such impurities and in
such quantities that little change the electrical conductivity and thermoEMF of TEM, but
significantly reduce its lattice thermal conductivity, even if changing the nature of its
temperature dependence.
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ПРО ПРИНЦИПОВУ ВІДМІННІСТЬ ТЕРМОЕЛЕКТРИЧНИХ
КОМПОЗИТІВ ВІД ЛЕГОВАНИХ ТЕРМОЕЛЕКТРИЧНИХ
МАТЕРІАЛІВ ТА НАСЛІДКИ З НЕЇ
Показано, що якщо вплив легуючих домішок на термоелектричний матеріал зводиться
лише до зміни концентрації вільних носіїв заряду у ньому, то, наприклад, для матеріалу
на основі телуриду вісмуту навіть за температури 400 К неможливо отримати
значення безрозмірної термоелектричної ефективності, яке б істотно перевищувало 1.
З іншого боку безрозмірна термоелектрична ефективність термоелектричних
композитів на основі напівпровідникових матеріалів з металевими нанокластерами або
наночастинками може істотно перевищувати 1, якщо вони справді є композитами,
тобто матеріалами, кожна складова яких, увійшовши до складу композиту, зберігає
притаманні їй макроскопічні значення кінетичних коефіцієнтів та їх температурні
залежності . В цьому разі підвищення добротності такого термоелектричного
композиту зводиться до оптимізації його складу і вирішення питання про технологічні
можливості виготовлення саме цього композиту. Однак слід мати на увазі, що відповідь
на питання про практичне застосування таких композитів, якщо вони навіть будуть
створені і їх параметри будуть стабільно відтворюваними, залежить від можливості
створення з їх застосуванням пристроїв, які б мали не лише високі споживчі
характеристики, а й відповідну стабільність,надійність, довговічність та ресурсну
стійкість. Бібл. 6, рис. 6.
Ключові слова: термоелектричний матеріал, легування, безрозмірна термоелектрична
ефективність, поріг перколяції, композит, наночастинки, оптимальний склад композиту.
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О ПРИНЦИПИАЛЬНОМ ОТЛИЧИИ ТЕРМОЭЛЕКТРИЧЕСКИХ
КОМПОЗИТОВ ОТ ЛЕГИРОВАННЫХ ТЕРМОЭЛЕКТРИЧЕСКИХ
МАТЕРИАЛОВ И СЛЕДСТВИЯХ ИЗ НЕГО
Показано, что если влияние легирующих примесей на термоэлектрический материал
(ТЭМ) сводится только к изменению концентрации свободных носителей заряда в нем,
то, например, для материала на основе теллурида висмута даже при температуре 400
К невозможно получить значение безразмерной термоэлектрической эффективности,
которое бы существенно превышало 1. С другой стороны, безразмерная
термоэлектрическая эффективность термоэлектрических композитов на основе
полупроводниковых материалов с металлическими нанокластерами либо наночастицами
может существенно превышать 1, если они действительно являются композитами,
т.е. материалами, каждая составляющая которых, войдя в состав композита,
сохраняет присущие ей макроскопические значения кинетических коэффициентов и их
температурные зависимости. В этом случае повышение добротности такого
термоэлектрического композита сводится к оптимизации его состава и решении
вопроса о технологических возможностях изготовления именно этого композита.
Однако следует иметь в виду, что ответ на вопрос о практическом применении таких
композитов, если они даже будут созданы и их параметры будут стабильно
воспроизводимыми, зависит от возможности создания с их применением устройств,
которые должны иметь не только высокие потребительские характеристики, но и
соответствующую стабильность, надежность, долговечность и ресурсную
устойчивость. Библ. 6, рис. 6.
Ключевые слова: термоэлектрический материал, легирование, безразмерная
термоэлектрическая эффективность, порог перколяции, композит, наночастицы,
оптимальный состав композита.
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POLARIZATION MODEL OF THERMAL
CONTRAST OBSERVATION OBJECTS
This paper proposes a polarization model of a thermal imager for the purpose of its application in
the study of thermoelectric phenomena and devices, which allows increasing the efficiency of such
devices. To study and design such thermal imagers, a physico-mathematical model of polarization
of radiation from observation objects is considered, which takes into account the polarization
properties of the intrinsic thermal radiation and the reflected external radiation. The developed
model was used to determine the polarization properties of the radiation from a flat iron plate. The
analysis of the obtained results shows that for thermal radiation at observation angles ψ <40 ° the
components of the radiation coefficient are almost identical ε ∥≈ε ⊥≈0.16, but ε∥ <ε ⊥. As the
observation angle ψ <40 ° increases, the perpendicular polarization component ε ⊥ decreases
monotonically to zero, and the parallel component ε ∥ increases and reaches its maximum value at
an angle ψ = 84 °, and then decreases to zero. The degree of polarization of radiation increases
with increasing angle ψ and at an angle ψ = 84 ° is equal to 0.96. The obtained research results
are worthwhile to be used in the development of a model of thermoelectrics which can be employed
in the design of a polarization thermal imager. Bibl. 8, Tabl. 1, Fig. 7.
Key words: polarization thermal imager, temperature distribution, partially polarized radiation,
degree of polarization.

Introduction
Thermal imagers are widely used in various fields of science, technology and military art, as
well as in the study of thermoelectric phenomena and devices [1–3]. Thermal imagers observe the
contrast of brightness (intensity) of the object of observation, located in the background, and make it
possible to measure the temperature distribution on the surface of the thermoelectric sensor in static or
dynamic modes. To increase the temperature and spatial separation, promising thermal imagers use the
polarization characteristics of the radiation from the observation object and the background.
Infrared (IR) radiation generated by the observation objects contains information about the
objects and their location. The perception of this information by means of a thermal imager and its
corresponding processing enable one to define and control many parameters which are difficult or
impossible to measure directly.
The object of research in this paper is the polarization characteristics of thermal radiation from
the objects and the possibility of their use to build a polarization thermal imager.
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Modeling of thermal radiation polarization
At present, modeling methods are widespread in almost all fields of science and technology.
This is due to the fact that modeling simplifies and speeds up the search for the right solutions, is
cost-effective and easy to use. In the field of determining the affiliation of an object to a narrow class
(for example, a car or a tank), we can distinguish two directions in modeling methods:
1. Mathematical – used to process finished images using a complex mathematical apparatus
(e.g, spatial spectral analysis) in order to improve image quality and further processing to solve a
specific problem.
2. Physical and mathematical – used to process images directly in the process of obtaining
them, the result of which is an algorithm for solving the problem (detection, recognition,
classification, identification).
In the general case, polarization of the intrinsic radiation of materials arises due to the
phenomena of reflection and refraction at the “medium - air” interface, which are described by the
theory of reflection for metals and dielectrics [4]. In this case, the degree of polarization of the
intrinsic surface radiation increases with increasing the angle between the direction of radiation and
the normal to the radiation surface.
Objects with temperatures above the absolute zero Kelvin emit light energy by changing the
energy state of electronic, oscillating and rotational transitions of atoms and molecules. The thermal
radiation of objects is based on Planck's formula, which determines the spectral luminosity of the
surface of nonblack body [5, 6]

M bb (λ, T ) 

c1

c
λ 5  exp  2
 λT


 
  1
 

,

Вт
2

см  мкм

(1)

where c 1 = 37415 Wcm–2 µm4, c2 = 14388 µmK are constant coefficients;  is wavelength, µm.
The spectral luminosity of the surface of nonblack body is determined as

M (λ, T )  ε(λ, T ) M bb (λ, T ) ,

(2)

where ε(λ, T ) is the spectral coefficient of radiation the value of which is less than unity.
If the surface of the object radiates according to Lambert's law, the spectral energy brightness
is determined by the formula

L(λ, T ) 

1
ε(λ, T ) M bb (λ, T ) cos ψ ,
π

(3)

where ψ = θv  θt is the observation angle of the object surface element (Fig. 1).
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•

•

•

Fig. 1. Schematic for explaining the polarization of the intrinsic thermal radiation
of the object: n1 and n2 are refractive indices of air and metal, respectively;


N is normal to the element surface; θi , θ r, and θt
are the angles of incidence, reflection and
refraction (observation angle θv), respectively.

According to formula (3), the brightness of the intrinsic radiation of the observation object is
formed by two processes:
1. Direct radiation by the bulk of the object, which is described by the Planck function, and
depends on the object temperature.
2. The contribution of the object surface, which is determined by the radiation coefficient of
the surface and the state of its roughness. The radiation coefficient ε(λ, T) depends on the complex
refractive index nc = n+jκ of the medium.
Under the condition of thermodynamic stability for opaque media the absorption coefficient
α(λ, T) is equal to the radiation coefficient ε(λ, T) [7,8], and the spectral energy coefficients of
reflection R(λ, T) and radiation ε(λ, T) are interrelated by the ratio

ε(λ, T )  1  R(λ, T ) .

(4)

The degree of polarization of the intrinsic radiation is determined by the difference between
the radiation coefficients of the object surface ε ∥ and ε⊥ for the components of this radiation, polarized
in the plane of refraction and perpendicular plane, respectively. The magnitude of the degree of
polarization of the object intrinsic radiation is determined by the formula
P(ψ)=

L|| (λ,T ; x, y )  L (λ,T ; x, y )
L|| (λ,T ; x, y )  L (λ,T ; x, y )



ε||  ε 
ε|| +ε 

.

(5)

The values of ε∥ and ε⊥ for opaque media are determined by the Fresnel formulae [6,9], which
characterize the dependence of the polarization components of the radiation coefficient on the real and
imaginary part of the complex refractive index nc = n+jκ:
ε|| 

38

4n cos ψ
( n cos ψ  1) 2  κ 2 cos2 ψ
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ε 

4n cos ψ
(n cos ψ) 2  κ 2

.

(7)

The total radiation coefficient is the average value of the parallel and perpendicular
components:
ε(ψ) 

ε|| +ε 
2

(8)

.

The degree of polarization of the intrinsic radiation from the object surface is obtained by
substituting (6) and (7) to the formula (5):
P(ψ)  DOP(ψ) 

( n 2  κ 2  1)sin ψ
( n 2  κ 2  1)(1  cos2 ψ)  4n cos ψ

(9)

.

The degree of polarization of the intrinsic radiation of materials is determined by the state of the
surface, as well as the real and imaginary components of the complex refractive index. For example,
for glass (1 < n <2, κ << 1) the radiation is less polarized than for metals  n 2  κ 2  3.3 


Along with the intrinsic radiation, external IR radiation falls on the object surface, which is
reflected and refracted. Let us consider the features of the reflected radiation, which is perceived by
the thermal imager. Since partial polarization of light occurs during reflection and refraction, it is
rather difficult to solve the problem posed directly for natural light. To simplify the solution of this

problem, consider a model of natural light, in which its vector En is represented as the sum of two
waves which are linearly polarized in two mutually perpendicular planes, have the same intensity and
propagate in the direction of natural light (Fig. 2). Mathematically, this can be represented in the form
of relations

 
En  E||  E ; I n  I ||  I  ; I||  I   0.5I n ,

(10)



wherе E||  E p is vector of a linearly polarized wave, the plane of polarization of which is parallel to


the plane of incidence of the beam; E  Es is vector of a linearly polarized wave, the plane of

polarization of which is perpendicular to the plane of incidence of the beam; In, I||, I  – are intensities
  
of light waves En, E||, E , respectively.

+

=

+

+

+

Fig. 2. Model of natural light
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Let the natural radiation fall on the "air - metal" interface at an angle θi , which is reflected and
refracted into the metal (Fig. 3). Let us determine the parameters of the reflected radiation using the
model of natural light in the form of two linearly polarized in mutually perpendicular planes
components E||  E .

•

•

•

Fig. 3. Schematic for explaining the polarization
of reflected radiation

The energy reflection coefficients for the parallel R|| and perpendicular R components are
determined by the Fresnel formulae [4]
R|| 

ER 0||
En 0||

2

2

n cosθi  n1 cosθt
 2
,
n2 cosθi  n1 cosθt
2

(11)

2

E
n cosθi  n2 cosθt
R  R 0  1
.
En 0 
n1 cosθi  n2 cosθt

(12)

The angle of incidence θi and the angle of refraction θi are interrelated by the Snell’s law.

n1 sin θi  n2 sin θ t .

(13)

With a normal incidence of radiation on the surface of metal when θі=0°, formulae (11) and
(12) are given by
R||  R 

(n2  1) 2  κ 2
.
(n2  1) 2  κ 2

(14)

Partial energy reflection coefficients can be calculated on the basis of relation (4) as
R||  1  ε|| and R  1  ε  .

(15)

The degree of polarization of the reflected radiation is determined as
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P(θ r ) 

R (θ r )  R (θ r )
R (θ r )  R (θ r )

(16)

.

The magnitude of the radiation reflected from the object depends on the intensity of the
external radiation, and, as a rule, in most cases it will be less than the intrinsic radiation. In this case,
its effect on the polarization model can be neglected. In some cases, if there are high-temperature
obstacles near the object, it is necessary to take into account the reflected radiation.
Polarization ellipse
Consider the propagation of a plane electromagnetic wave along the Z axis (Fig. 4). In the
general case, the monochromatic wave is described by the equation

 
 
E (r , t )  E0 (r ) cos(kr  δ),

(17)

 
where E0 (r ) is constant amplitude at point P(x, y, z);  and  are the frequency and the initial phase

of the wave, respectively; k is a wave vector that is directed along the propagation of the wave; is
radius vector that determines the coordinates of point P(x, y, z). In so doing, the scalar product of two

vectors k and is determined by the equation

 2π
kr 
 x cos α + y cosβ + zcosγ  ,
λ

(18)

where  is the wavelength; cos α, cosβ, cosγ are guiding cosines that determine the direction of wave

propagation. In a light wave, the electrical field intensity vector E is always perpendicular to the
 
direction of wave propagation, i.e. E  k .

Consider the components of the vector E in the plane xy (Fig. 4):

Ex ( x, y , t )  E0 x ( x, y )cos(ωt  kr  δ x ),

(19)


E y ( x, y, t )  E0 y ( x, y ) cos(ωt  kr  δ y ), ,

(20)

Ez ( x, y , t )  0.

(21)

Let us establish the relationship between the components Ex and Ey by excluding the time
variable t from equations (19) and (20):
2

 Ex   E y 
E Ey
cos δ = sin 2 δ ,
  2 x

  
E0 x E0 y
 E0 x   E0 y 
2

(22)

where  = x - y.
Equation (22) is called the equation of the polarization ellipse with the angle of polarization
(orientation) θ, which is determined by equation (Fig. 5)
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tg2θ =

2E0 x E0 y
E02x  E02y

cosδ .

(23)

The shape of the ellipse is determined by the ellipticity angle χ as the ratio of the smaller axis
of the ellipse a to the larger axis b:
b
tgχ =  .
a

(24)

Through the electric field components E0x and E0x the ellipticity angle can be expressed as

sin2χ =

Fig. 4. Vector model of natural light

2 E0 x E0 y sin δ
E02x  E02y

(25)

.

Fig. 5. Polarization ellipse

In the general case, the ellipse (22) is located inside a rectangle of size 2E0x × 2E0y 2 and
touches its contour at four points (Fig. 5). If the third term in equation (22) is zero, then the axes of the
ellipse are parallel to the x and y axes.
The shape of the ellipse can be represented as linear and circular polarization. Linear
polarization occurs when the phase difference δ is 0º or 180º.
If  = π, then Eq.(22) is transformed into equation of the line
Ey  

E0 y
E0 x

Ex .

(26)

Eq.(26) characterizes a linearly polarized light for which the angle of polarization
is
E0 y
determined by the formula tgθ =
. The ellipticity angle for the linearly polarized light is equal
E0 x
to zero.

  
The resulting vector E  E x  E y

rotates clockwise, when sinδ > 0 (R-polarization). If


sinδ < 0, then the vector E rotates counterclockwise (L-polarization). The state of polarization is
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determined by the ratio of the axes of the ellipse, the angle of orientation

and R- L-polarizations.

If E0 x  E0 y  E0c , and δ  2π , then Eq.(22) is given by
Ex2  E y2  E02c .

(27)

Equation (27) characterizes circularly polarized light.
Stokes vector
The polarization state of the reflected or emitted IR light (energy brightness, luminosity, illuminance),
which determines the background-target environment (BTE), is calculated using the Stokes
parameters. The BTE polarization model is characterized by the image intensity, the degree of
polarization and the polarization angle which are determined by the Stokes parameters. Parameters S0,
S1, S2, S3 can be written as one column vector or matrix.
The Stokes vector is a column vector composed of four Stokes parameters that describe the
state of polarization of light. The Stokes parameters were introduced in 1852 by Gabriel Stokes as a
mathematically convenient alternative for describing the state of partially polarized light in terms of
the total intensityS0 , the degree of polarization P, and the parameters azimuth θ and ellipticity χ.
Table 1 shows the Stokes parameters calculated for several states of polarization. In this case,
the light intensity was normalized to S0 =1. The results clearly show the meaning of the Stokes
parameters: for S1 the extreme values 1 are achieved with horizontal and vertical linear polarization;
for S2 – with linear polarization and the orientation of polarization plane at an angle of 45º; for S3 –
with circular polarization. The parameter S0 =1 determines the intensity of light, and other parameters
– the state of polarization of the electromagnetic wave. For the case of unpolarized light, a = b, S0 = 1,
and S1 = 0. Since  has arbitrary values, on the average sinδ = cosδ = 0. Also in this case S2 = S1 = 0.
The Stokes parameters can be determined through the electric field components E0x and E0x




and the phase difference  between two orthogonal electric field strengths E x  E y :
S0  I 0 x  I 0 y ;

(28)

S1  I 0 x  I 0 y ;

(29)

S 2  2 I 0 x I 0 y cos δ;

(30)

S3  2 I 0 x I 0 y sinδ.

(31)

The first three Stokes parameters can be determined from the intensity of radiation polarized in
a plane oriented at angles of 0º, 90º and 45º relative to the horizon

S0  I 0  I 90 ;

(28')

S1  I 0  I 90 ;

(29')

S 2  2 I 45  I 0  I 90 .
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Table
Stokes vectors for some polarization states
Linear polarization

Circular polarization

horizontal

vertical

+45º

–45º

right

left



0

+90º

+45º

–45º

–

–

cos2

1

-1

0

0

–

–

sin2

0

0

1

-1

–

–



0

0

0

0

+45º

–45º

cos2

1

1

1

1

0

0

sin2

0

0

0

0

1

–1

S0
S1
S0
S3

1 
1 
 
0 
 
0 

1 
 1
 
0 
 
0 

1 
0 
 
1 
 
0 

1 
0 
 
 1
 
0 

1 
0 
 
0 
 
1 

1 
0 
 
0 
 
 1

For a polarimetric thermal imager, the Stokes parameters are calculated for each pixel. The
image intensity I, the degree of polarization P and the polarization angle θ are determined from the
Stokes parameters by the formulae:

I  S0 ; P  DOP 

S12  S 22
S0

;θ=

S
1
arctg  2
2
 S1


.


(30)

Examples of calculation of polarization characteristics of radiation from thermal
objects
Fig. 6 shows the dependences of the partial radiation coefficients ε∥ and ε⊥ and the degree of
polarization of the natural radiation on the observation angle ψ for an iron plate having a complex
refractive index nc  5.81  j 30.4 or a wavelength of 10 μm [6]. For thermal radiation at observation
angles ψ <40 °, the components of the radiation coefficient are almost the same
<

. At an angle ψ = 33º

=

≈

≈ 0.16, but

= 0.175. As the angle ψ < 40° increases, the perpendicular

polarization component ε⊥ decreases monotonically to zero, and the parallel component ε∥ increases
and reaches a maximum value at an angle of 84º, and then decreases to zero. The degree of
polarization of radiation increases with increasing angle ψ, but at an angle ψ = 33 ° it is zero, and at an
angle ψ = 84 ° - 0.96.
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а)

P

b)
Fig. 6. The dependence of the components of the radiation coefficients ε ∥ and ε ⊥ (a)
and the degree of polarization P (b) of the intrinsic radiation from the iron surface
with a complex refractive index nc  5.81  j 30.4 the angle of observation ψ

Fig. 7 shows the dependences of partial energy reflection coefficients R|| and R and the
degree of polarization P of reflected radiation at the “air – iron” interface on the incidence angle θi.
The reflection coefficient with a normal incidence according to formula (14) is about 0.848.
For any angle, the perpendicularly polarized component is larger than the parallel component.
The parallel component has a minimum of 0.32, at an angle of incidence of about 84º. For this angle,
the degree of polarization of the reflected radiation is equal to 0.49.
For the “air-dielectric” interface the coefficient of reflection for the parallel component is
equal to zero with a Brewster angle, and the perpendicular component is equal to unity.
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a)

b)
Fig. 7. Dependence of the components of reflection coefficient R|| and R at the
“air-iron” interface and the degree of polarization Р of the reflected
radiation on the incidence angle θi

Conclusions
The use of thermal imagers for the study of thermoelectric phenomena and devices can increase the
efficiency of such devices. Using the polarization properties of the infrared radiation to visualize thermal
contrast objects enables one to create a new class of high-precision optoelectronic devices, i.e. polarization
thermal imagers. To study and design such thermal imagers, a physico-mathematical model of polarization
of radiation from observation objects is considered, which takes into account the polarization properties of
the intrinsic thermal radiation and the reflected external radiation. As a result of research of this model it is
established that
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1. The intrinsic radiation is partially polarized due to the difference in the radiation coefficients of
the object surface for two linearly polarized waves in mutually perpendicular planes. The study of the
components of the radiation coefficients showed that the component for the wave that is polarized in the
plane of incidence is greater than the component that is polarized in the perpendicular plane.
2. The reflected external radiation is also partially polarized due to the difference in the reflection
coefficients of the object surface for two linearly polarized waves in mutually perpendicular planes.
Moreover, the component that is polarized in the plane of incidence is always less than the component that
is polarized in the perpendicular plane.
3. To simulate the polarization state of the radiation from the observation object, it is advisable to
choose the image intensity, the degree of polarization and the polarization angle determined by the Stokes
parameters.
4. The developed model was used to study the polarization properties of the radiation from a flat
iron plate, which had a complex refractive index. Analysis of the results shows that
4.1. For thermal radiation at observation angles ψ <40°, the components of the radiation coefficient
are almost the same  || ≈   ≈ 0.16, but  || <   . As the observation angle ψ <40 ° increases, the
perpendicular polarization component   decreases monotonically to zero, and the parallel component  ||
increases and reaches its maximum value at an angle of 84º, and then decreases to zero. The degree of
polarization of radiation increases with increasing angle ψ and at an angle ψ = 84 ° is equal to 0.96.
4.2. The reflection coefficient at normal incidence is equal to 0.85. For any angle, the
perpendicularly polarized component is larger than the parallel component. The parallel component has a
minimum of 0.32 at an angle of incidence of 84º. For this angle, the degree of polarization of the reflected
radiation is equal to 0.49.
5. It is advisable to use the obtained research results when developing a model of thermoelectrics
which is necessary when designing a polarization thermal imager.
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ПОЛЯРИЗАЦІЙНА МОДЕЛЬ ТЕПЛОКОНТРАСТНИХ
ОБ’ЄКТІВ СПОСТЕРЕЖЕННЯ
У статті запропоновано поляризаційну модель тепловізора з метою його застосування при
дослідженні термоелектричних явищ і пристроїв, що дозволяє підвищити ефективність
роботи таких пристроїв. Для дослідження і проектування таких тепловізорів розглянута
фізико-математична модель поляризації випромінювання від об’єктів спостереження, яка
враховує поляризаційні властивості власного теплового випромінювання і відбитого
зовнішнього випромінювання. Розроблена модель була застосована для визначення
поляризаційних властивостей випромінювання плоскої залізної пластини. Аналіз отриманих
результатів свідчить про те, що для теплового випромінювання при кутах спостереження
ψ < 40° складові коефіцієнта випромінювання є майже однаковими ε_∥ ≈ ε_⊥ ≈ 0.16, але
ε_∥ < ε_⊥. Із збільшенням кута спостереження ψ<40° перпендикулярна поляризаційна
компонента ε_⊥ монотонно зменшується до нуля, а паралельна компонента ε_∥
збільшується і досягає максимального значення при куті ψ=84°, а потім зменшується до
нуля. Ступінь поляризації випромінювання зростає із збільшенням кута ψ і при куті ψ = 84°
дорівнює 0.96.
Отримані результати досліджень доцільно використовувати при розробці моделі
термоелектриків, яка може використовуватись при проектуванні поляризаційного
тепловізора. Бібл. 8, рис. 7, табл. 1.
Ключові слова: поляризаційний тепловізор, температурне розділення, частково
поляризоване випромінювання, ступінь поляризації.
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ПОЛЯРИЗАЦІЙНА МОДЕЛЬ ТЕПЛОКОНТРАСТНИХ
ОБ’ЄКТІВ СПОСТЕРЕЖЕННЯ
У статті запропоновано поляризаційну модель тепловізора з метою його застосування при
дослідженні термоелектричних явищ і пристроїв, що дозволяє підвищити ефективність
роботи таких пристроїв. Для дослідження і проектування таких тепловізорів розглянута
фізико-математична модель поляризації випромінювання від об’єктів спостереження, яка
враховує поляризаційні властивості власного теплового випромінювання і відбитого
зовнішнього випромінювання. Розроблена модель була застосована для визначення
поляризаційних властивостей випромінювання плоскої залізної пластини. Аналіз отриманих
результатів свідчить про те, що для теплового випромінювання при кутах спостереження
ψ < 40° складові коефіцієнта випромінювання є майже однаковими ε_∥ ≈ ε_⊥ ≈ 0.16, але
ε_∥ < ε_⊥. Із збільшенням кута спостереження ψ<40° перпендикулярна поляризаційна
компонента ε_⊥ монотонно зменшується до нуля, а паралельна компонента ε_∥ збільшується і
досягає максимального значення при куті ψ=84°, а потім зменшується до нуля. Ступінь
поляризації випромінювання зростає із збільшенням кута ψ і при куті ψ = 84° дорівнює 0.96.
Отримані результати досліджень доцільно використовувати при розробці моделі
термоелектриків, яка може використовуватись при проектуванні поляризаційного тепловізора.
Бібл. 8, рис. 7, табл. 1.
Ключові слова: поляризаційний тепловізор, температурне розділення, частково поляризоване
випромінювання, ступінь поляризації.
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GENERALIZED THEORY OF
THERMOELECTRIC ENERGY CONVERSION FOR
PERMEABLE THERMOELEMENTS
A generalized theory of calculation of permeable thermoelements is presented, taking into account the
dependences of the parameters of legs material on the temperature and current carrier concentration
and changes in the conditions of heat transfer along the height of the leg. Methods for simulating the
distributions of temperatures and heat flows in 1-D and 3-D dimensional models of a permeable
thermoelement are described. The theory of calculating permeable thermoelements has been improved
for the case of solving a multifactor optimization problem in order to achieve the maximum energy
efficiency of thermoelectric energy conversion. Bibl. 12, Fig. 2.
Key words: generalized theory of permeable thermoelements, methods of designing a permeable
thermoelement.

Introduction
Permeable thermoelements are thermocouples in which heat exchange with a heat source (sink) occurs
not only on the surfaces of the junctions but also inside the thermoelement legs (Fig. 1).

Fig. 1. A model of a permeable thermoelement in which heat carrier is passed from
the hot to cold junctions (T1> T2). 1,5,6 – connecting plates, 3 – adiabatic insulation,
2,4 – legs that have channels (pores), – heat flows;
– heat carrier flows.
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In this case, the legs material is made permeable (has channels or pores) for pumping a heat carrier
(liquid or gas) therethrough.
Since, thanks to the use of materials of high permeability, the inner surface of heat exchange can be
sufficiently developed, the intensity of heat exchange increases, and the temperature difference between the
media that exchange heat decreases. This leads to an increase in the useful temperature difference across
the thermoelement, which makes it possible to increase the efficiency of energy conversion [1 – 3].
By changing the heat transfer conditions along the leg height, it is possible to influence the volumetric
distribution of heat sources (sinks) in the legs of a permeable thermoelement. Thus, it becomes possible to
influence the energy characteristics of the thermoelement – the efficiency or power of the generator or the
coefficient of performance of coolers or air conditioners.
The parameters of porous structures were also studied in [4-6]. The estimation of the output power of
a porous annular thermoelectric generator for waste heat harvesting was carried out in [4]. This article
points out the fact that the porous TEGs have better performance than the bulk TEGs. However, in these
works, the multiparameter optimization of permeable thermoelements was not carried out taking into
account the change in heat transfer conditions along the height of the leg, the effect of contact resistances
and connecting heat spreaders.
To do this, it is necessary to generalize the theory of calculation of permeable thermoelements taking
into account the change of heat exchange conditions for 1D and 3D model of a permeable thermoelement,
which is the purpose of this work.
Physical model and its mathematical description
The presence of heat exchange between the thermoelectric material and the heat carrier (Fig. 2) makes
it necessary to solve the problem of finding the distributions of temperatures, electric potential and heat
flows in the material conjugate with the equations of motion and heat transfer for the heat carrier.

Fig.2. Pattern of heat carrier flow in a permeable material.

The system of the Navier-Stokes equation and the continuity equation is used to describe the motion
of the heat carrier in the channel, and the heat conduction equation is used to describe the temperature
distribution in the heat carrier.
The Navier-Stokes equation and the continuity equation can be written as [7]
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G
G ⎫
G G
G G 1 G
dϑ
ρ
= ρF − ∇P + μ∇ 2 ϑ + μ∇ (divϑ), ⎪
dt
3
⎬
G
⎪
div ρϑ = 0.
⎭

(1)

The left-hand side of the first equation (1) is the inertial force. The first term on the right-hand side
of this equation is the mass force, the second is the action of surface pressure forces (normal stresses), and
the last two terms are the action of the tangential components of surface forces (internal friction forces).
Heat exchange in liquid is described by thermal conductivity equation
GG ⎞
GG ⎞
GG
T ∂ρ ⎛ ∂ρ
⎛ ∂T
+ (ϑ∇)T ⎟ = −(∇q ) + ∑τ ij Sij + (ϑ∇) P ⎟ + Q
⎜
ρ ∂T P ⎝ ∂t
⎝ ∂t
⎠
⎠
i, j

ρС p ⎜

(2)

G
where ρ is density, Сp is heat capacity, Т is temperature, ϑ is liquid velocity vector, q is heat flow

G

density, P is pressure, τij is viscous stress tensor, Sij is strain rate tensor, Q are internal heat sources.
The generalized mathematical model for a thermoelectric medium is based on the equations of heat
balance in solid phases, mass transfer of gas components, continuity equations, filtration hydrodynamics
and equations of state. In addition, it is necessary to formulate the appropriate boundary conditions. It is
advisable to solve this problem by computer tools using specially developed applications, such as
COMSOL Multiphysics.
The results of such studies, carried out for a permeable thermoelement in a 3D model, were first
obtained in [8] for cooling liquid and air flows. The influence of the rate of heat carrier pumping and the
supply voltage of the thermoelement on the temperature difference and the characteristics of energy
conversion is investigated. The optimal values of the water (air) supply rate at the inlet to the channels and
the potential difference across the thermoelement, whereby the maximum cooling capacity is realized
during cooling, are determined in this paper. Optimization for other parameters in a 3D model was a
significant challenge.
Therefore, to carry out multiparameter optimization of a permeable thermoelement, a 1D-dimensional
model and the mathematical theory of optimal control are used [9, 10]. In this case, the steady-state onedimensional heat conductivity equation for the thermoelectric leg material is given by
d ⎛
dT
⎜ κ (T , ξ ( x) )
dx ⎝
dx

dα (T , ξ ( x) ) α T РK1 N K
⎞ 2
i
ρ
T
,
ξ
(
x
)
Ti
+
−
−
(
)
(T − t ) = 0 ,
⎟
dx
( S − SK )
⎠

(3)

where PК1 is channel perimeter; NK is the number of channels; SK is cross-sectional area of all channels; S
is cross-section of a leg together with channels; t is heat carrier temperature at point x; T is leg
temperature at point x; αT is heat exchange coefficient; i is current density (i=

I
); α(T, ξ(x)), κ(T,
S − SК

ξ(x)), ρ(T,ξ(x)) - the Seebeck coefficient, thermal conductivity and resistivity of leg material are functions
of temperature T and parameter of material inhomogeneity ξ(x). In the capacity of ξ(x), we can use the
concentration of current carriers in semiconductor, doping impurities, or other value that characterizes
thermoelectric structure inhomogeneity along the height of thermoelement legs. It should be noted that the
thermoelectric medium parameters α,κ,ρ are interdependent. The system of these relations assigns a certain
set Gξ for possible values of the inhomogeneity parameter ξ. Specifying the physical model, one should
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assign such relations, for instance, in the form of theoretical or experimental dependences α, κ, ρ on ξ and
T, and thus determine the set Gξ.
In the one-dimensional steady-state case on the leg section dx the change in heat carrier temperature dt
is determined by the law of conservation of energy given by the expression
GcP dt = α T PK1 N K ( t − T ) dx ,

(4)

where G is mass flow rate of heat carrier through the leg of thermoelement; ср is heat capacity of heat
carrier.
Taking into account the relation (4), the equation for temperature distribution of heat carrier t can be
represented as
dt α T PК1 N K
=
(t − T ) .
dx
GcP

(5)

The solution of the system of differential equations (3) and (5) is temperature distribution in the
materials of legs and the heat carrier.
We convert this system of equations to the form convenient for solving the problem. To do this, we
introduce new symbols
1⎛
dT ⎞
j = il , q = ⎜ α jT − κ
⎟,
j⎝
dx ⎠

x=

x
, α e = α T PК1 N К l ,
l

(6)

where αe is effective heat transfer coefficient, l is the height of thermoelement legs,
q is specific heat flow.
Let us direct the x-axis from the cold to hot junctions. The change in the type of conductivity is carried
out simultaneously with the change in the direction of the current, so that the condition αj<0 is met in the
n- and p- type thermoelement legs. Then it is possible to make the change
αj = -|αj| and then use the absolute values of the parameters α and j for the legs of both types of
conductivity.
With regard to (6), the system of differential equations will take on the form:
dT
α j
j
=−
T − q,
dx
κ
κ
: dq α 2 j
α el
α j
=
T+
q + jρ +
(t − T ) ,
dx
κ
κ
( S − SK ) j

α
dt
= e (t − T ).
dx GcP

⎫
⎪
⎪
⎪⎪
⎬
⎪
⎪
⎪
⎪⎭n , p

(7)

The system of differential equations (7) written for n- and p- type legs (denoted by indices n and p,
respectively) makes it possible to find the distributions of temperatures in the material of legs and the heat
carrier, to determine heat flows. Based on this system of differential equations, one can find the optimal
parameters and operating modes of permeable thermoelements, study their energy characteristics.
The values of specific heat flows on the cold and hot thermoelement junctions q(1) and q(0) will be
determined with regard to the Joule heat release on the contact rc and connecting resistances in the following
way [10]:
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q (1) =

∑

⎡ n,p
2 rc o m I ⎛
j n,p n,p ⎤
1
q
rc ⎥ +
+
(
)
⎢
⎜K
l
hcom ⎝
⎣
⎦

∑

⎡ n,p
2 rc o m I ⎛
j n,p n,p ⎤
q
−
rc ⎥ −
0
(
)
⎢
⎜K
l
hcom ⎝
⎣
⎦

n,p

q (0 ) =

n,p

com

com

2 ⎞ ⎫
⎟ ⎪
3 ⎠ ⎪
⎬ .
2 ⎞⎪
− ⎟⎪
3 ⎠⎭

−

(8)

Consider the problem of maximum energy efficiency of thermoelectric cooling at fixed temperatures
of heat sources Th and Tc .
The problem reduces to finding maximum coefficient of performance ε and efficiency η
ε=

Qc
Qh − Qc

(9)

The efficiency is determined by the relation of the thermoelement power to the change in the
enthalpy of the heat carrier as follows:
η=

W
∑ Gc p (Tm − TC )

.

(9*)

n, p

in the case of differential constraints (7) and the boundary conditions

Tn , p ( 0 ) = Th ,

Tn , p ( l ) = Tc ,

tn , p ( 0 ) = Ts ,

(10)

where Th is the temperature of the hot surface of junctions, Tc is the temperature of the cold surface of
junctions, Ts is the initial temperature of heat carrier, Qh , Qc are heat flows that
the thermoelement exchanges with external heat sources
Qh = Qn ( 0 ) + Q p ( 0 ) ,

Qc = Qn (1) + Q p (1) + QL ;
here QL

is heat which is supplied due to internal heat transfer from the cooled heat carrier

QL = ∑VcP S R ( t (0) − t (1) ) .
n, p

Hereinafter, instead of maximum ε it is convenient to consider functional minimum ℑ :
ℑ = ln q(0) – ln q(1),

(11)

where

q(0) =
q(1) =

Qh
= qn (0) + q p (0) ,
I

Qc
QL
= qn (1) + q p (1) +
l,
I
j ( S − SK )

here qn(1), qp(1), qn(0), qp(0) are the values of specific heat flows on the cold and hot thermoelement junctions
for n- and p-type legs that are determined from solving the system of differential equations (7) with regard
to (8).
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The optimization problem is to select from the set of admissible controls ξ ∈ Gξ such concentration
functions ξn,p(х) and simultaneously assign such a specific mass velocity of the heat carrier in the channels
V=V0, whereby in the case of constraints (7) - (11) and under the condition
qn (1) + q p (1) = 0

(12)

the functional ℑ will take on the lowest value, in which case the coefficient of performance ε will be
maximum [10, 11].
Finding the efficiency maximum reduces to a search for the functional minimum

⎧⎪
⎛r
j ( S − SК )
r ⎞ ⎫⎪
ℑ = ln[∑ {GcP (Tm − TС )}] − ln[∑ ⎨GcP (Tm − t (0) ) + q(0)
− I ⎜ 0 + 0 ⎟ ⎬].
⎜S
⎟
l
n, p
n, p ⎪
⎝ n S p ⎠ ⎭⎪
⎩

(13)

For further solutions, the mathematical theory of optimal control developed under the guidance of
L.S. Pontryagin is generally used [12].
Method for solving the problem

Next, the problem is reduced to finding control ξ(х), parameter vectors ω and their respective
solution Х(х) of system (7), (10) such that the functional ℑ acquires a minimum value. The problem set in
this way is called optimization. Its solution in the most general form was first formulated by Pontryagin in
the form of the maximum principle, which yields the necessary optimality condition in the problems of
optimal control.
The maximum principle is formulated by the following theorem.
Let ξ*(х) be optimal control, ω* - optimal parameter vector, Х*(х) - optimal trajectory. Then there is
such a vector of pulses ψ*(х), that for each х the following conditions are met:
1. The Hamiltonian function which is written as equation
H ( X * ( x), ξ* ( x), ψ* ( x), ω* , x) = (ψ, f )

(14)

(in our case f1 , f 2 , f3 are the right-hand sides of equation system (7)), with respect to variable ξ reaches its
maximum:
H ( X * ( x), ξ* ( x), ψ* ( x), ω* , x) = max H ( X * ( x), ξ, ψ* ( x), ω* , x).
ξ∈Gξ

(14*)

2. Parameter vector ω must satisfy a system of integral differential equations
n
∂f jk ( x, ξ, ω)
∂ℑ( x( x), ω)
−
+ ∫ ∑ψ j ⋅
dt = 0,
∂ωi
∂ωi
j =1

i = 1,.., r.

(15)

Pulse vector ψ(х) satisfies a system of differential equations of the form
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dψ
∂H
,
=−
dx
∂X

(16)

which is canonically conjugate with system (7), where Х( X 1 , X 2 , X 3 ) is vector function of phase variables
(in our case with components X 1 =Т, X 2 = q, X 3 = t), with the boundary conditions
ψ ( x) = −

∂J
.
∂X

(17)

The solution of optimal problems which is based on the use of the maximum principle can be
realized by numerical methods with the development of corresponding computer programs.
With its help it is possible to investigate various problems of optimal control, differing in the way
of assigning the functional (Lagrange, Mayer, Boltz problems), constraints, etc.
We specify the previously stated formalism of the mathematical theory of optimal control in
relation to our problem.
Introduce the Hamiltonian function

H = ψ1 f1 + ψ 2 f 2 + ψ 3 f 3 ,

(18)

here f1 , f 2 , f3 are the right-hand sides of the system of equations (7):

f1 = −

α P1 N l 2
α j T q
α2 j
α j
− , f2 =
T+
q + i 2ρ − T K К (T − t ) ,
κ
κ
dx
κ
( S − SК ) j
f3 =

αT PK1 N K l
(T − t ) .
VcP S R

Functions ψ(х) (pulses) must satisfy a system of equations (with regard to (7) and (17)):

⎧ d ψ1 α j
⎛α j
αT PK1 N К l 2 ⎞
αT PK1 N K l
R
R
=
ψ
−
−
ψ
−
ψ ,
⎪
⎜⎜
⎟
1 1
2
κ
( S − S К ) j ⎠⎟ 2 VcP S R 3
⎪ dx
⎝ κ
⎪
α j
⎪ d ψ2 j
=
ψ1 −
ψ2 ,
⎨
κ
κ
⎪ dx
⎪ dt
αT PK1 N К l 2
αT PK1 N K l
=
−
ψ
+
ψ ,
⎪
( S − S К ) j 2 VcP S R 3
⎪⎩ dx
n, p

(19)

where
⎧
d ln α
d ln κ ⎛
q⎞
⎪ R1 = 1 + dT T − dT ⎜ T + α ⎟
⎝
⎠
⎪
⎨
⎪ R = R + 1 d ln σ + d ln κ ⎛ T + q ⎞
1
⎜
⎟
⎪ 2
Z K dT
dT ⎝
α⎠
n, p ⎩
are canonically conjugate with system (7).
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With the following boundary conditions (transversality conditions)
ψ ( 0) =

where J = J + ∑ ( ν, g

)

∂J
∂y

,

ψ (1) = −

x =0

∂J
∂y

,

(20)

x =1

is extended functional; ν , g are vectors of undetermined constant Lagrange

multipliers and the boundary conditions (10).
Then the boundary conditions for the conjugate system will acquire the form
ψ n2 , p ( 0 ) =

1
,
qn ( 0 ) + q p ( 0 )

ψ n2 , p (1) = −
ψ 3n , p (1) = −

( S − SK ) j

lVcP S R ( 2t (0) − tn (1) − t p (1) )

,

1
.
2t (0) − tn (1) − t p (1)

Using the systems of differential equations (7), (19) with regard to (10), (20) and numerical solution
methods, it is possible to create a program of computer design of optimal inhomogeneity functions of
thermoelectric material ξ(х) (or optimally homogeneous material for thermoelement legs from (15)), the
optimal velocity of heat carrier V0, the parameter of electric current density j and others, in order to
achieve maximum energy efficiency of permeable cooling thermoelements and electricity generation.
Conclusions

1. Theory of thermoelectric energy conversion is generalized for the case of heat sources and sinks in a
permeable thermoelectric medium. Methods for simulation of such thermoelements in 3-D and 1-D space
are described. The influence of connecting plates and contact resistances at points of connection of legs is
taken into account.
2. Theory of calculation of permeable thermoelements for the case of solving a multifactor
optimization problem (optimal inhomogeneity functions of thermoelectric material ξ(х), optimal heat
carrier flow rate G, optimal heat carrier velocity V0, parameter of electric current density j and others) is
improved for the purpose of achieving maximum energy efficiency of thermoelectric energy conversion.
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распределений температур и тепловых потоков в 1-D и 3-D мерной модели проницаемого
термоэлемента. Усовершенствована теория расчета проницаемых термоэлементов в случае
решения многофакторной оптимизационной задачи с целью достижения максимальной
энергетической эффективности термоэлектрического преобразования энергии. Бібл. 12, рис. 2.
Ключевые слова: обобщенная теория проницаемых термоэлементов, методы проектирования
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OPTIMAL CONTROL OF TRANSIENT
THERMOELECTRIC COOLING PROCESS IN THE
MODE OF MINIMUM POWER CONSUMPTION
The problem of optimal control of transient thermoelectric cooling process in the mode of minimum
power consumption is formulated and a method for its solution is proposed. An algorithm and a
computer tool have been developed, which are used to calculate the optimal time dependences of the
thermoelement supply current, whereby a given cooling temperature is reached within a given time with
minimum power consumption. Examples of computer simulation of such optimal control functions for
transient cooling process are given. It has been established that energy saving when supplying
thermoelements with an optimally time-dependent current reaches 25 - 50% in comparison with the
option of direct current power supply.Bibl. 29, Fig.5, Tabl. 1.
Key words: transient thermoelectric cooling, optimal control, optimal time dependences of
thermoelement supply current.

Introduction
Thermoelectric cooling is used in various spheres of human life. But the process of thermoelectric
cooling has been studied in detail and optimized mainly for steady-state operating modes of a
thermoelectric converter. At the same time, back in the 50s of the 20th century, in the theoretical work of
L.S. Stilbans and N.A. Fedorovich [1] it was shown that in transient modes it is possible to achieve deeper
cooling than in steady-state ones. This fact was later confirmed by many theoretical and experimental
studies [2 – 9] and continues to be intensively studied by modern researchers [10 – 18].
The sphere of practical application of transient modes of thermoelectric coolers concerns cases when
object cooling time is of vital importance. These, for example, can be coolers for laser devices, to improve
the image quality in night vision devices, thermal imagers and other military devices, as well as to quickly
remove heat pulses that are released during the operation of electronic components [19, 20].
It is possible to achieve the advantages of transient cooling modes over steady-state ones if these
modes are optimized. The most rational problems of optimization of the process of transient thermoelectric
cooling are associated with the search for optimal control functions of this process, in particular, the
optimal time dependences of the supply current of thermoelements. For the first time, such theoretical
problems were considered in [6, 7, 21, 22] for the simplest models of thermoelectric converter, which did
not take into account such important factors as the influence of the Thomson effect, contact resistance at
thermoelement junctions, heat release and heat capacity of the cooled object, and the like. Approximate
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analytical methods for solving such problems were proposed and, accordingly, approximate results were
obtained.
Modern computer methods of searching for optimal time functions of current for thermoelectric
coolers in transient modes mainly consist in choosing the best function from a limited set of given time
dependences, rather than in solving optimization problems [23, 24].
The problems of transient cooling process optimization are related to the problems of optimal control
of objects with distributed parameters [25]. These are complex problems for which there are no generalized
solving methods. Therefore, the development of methods for solving the problems of optimal control of the
dynamic modes of thermoelectric coolers is an urgent task.
In [26 – 28], approaches were proposed to solve the problem of finding the optimal time dependence
of the current to achieve the lowest cooling temperature for a given time. The purpose of this work is to
develop, on the basis of optimal control theory, methods and an algorithm for optimizing the process of
transient thermoelectric cooling in the mode of minimum power consumption, to calculate the optimal time
dependences of thermoelement supply current, whereby the specified cooling temperature is reached with
minimum power consumption, and to analyze the efficiency of using such current functions.
Formulation of the problem of optimal control of transient cooling process in the mode of
minimum power consumption
The thermoelement model used to optimize transient cooling is shown in Fig. 1. The following
important physical factors and rational approximations are taken into account in the mathematical
description of the model.

Fig. 1. Model of thermoelement for optimization of transient cooling process.
1 – connecting plate, 2 – insulating plate, 3 – cooled object.

1. The temperature distribution in n- and р-type legs is considered to be one-dimensional, the
temperature depends on coordinate x along the height of the legs and changes with time.
2. The material of the legs is homogeneous, the thermoelectric properties – specific heat с, resistivity
ρ, the Seebeck coefficient α, thermal conductivity κ can approximately be considered to be temperatureindependent and identical for legs of both conduction types.
3. The Thomson heat absorption is taken into account in the bulk of the legs. The Thomson
coefficient β can approximately be considered to be a constant value.
4. The Joule heat release on the contact resistance that takes place in the zone of contact with
connecting plates on the cold junction of thermoelement legs is taken into account.
5. The process of transient cooling is essentially affected by the heat capacity and heat release of the
cooled object, the heat capacity of the insulating and connecting plates, as well as the heat exchange
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between the cold surface of module with the environment The cooled object together with the insulating
and connecting plate is considered to be a cumulative object with a concentrated heat capacity, the
temperature of which is equal to the temperature of the cold junction of the thermoelement and depends on
time. Heat exchange of the cold surface of the module with the environment of constant temperature occurs
according to Newton's law.
6. The temperature of the hot surface of the module is considered to be fixed.
Under these assumptions, the thermal processes in both thermoelement legs are similar and
described by transient thermal conductivity equation in the form

c

I 2 (t )
I ( t ) ∂T
∂T
∂ 2T
=κ 2 + ρ 2 −β
,
∂t
∂x
s
s ∂x

(1)

where T(t,x) is temperature, I(t) is current is the leg which in the general case is a function of time. Time t
changes on the interval t ∈ [0, t1 ] , and coordinate x is directed along the leg from the cold to the hot

junction (Fig.1) and changes on the section x ∈ [0, L] , L is the height, s is the cross-section of the leg.
In this equation, the first term on the right side takes into account the thermal conductivity in the
thermoelement leg, the second term – the Joule heat release, the third – the Thomson heat.
The initial condition of the problem of transient thermoelectric cooling is generally given by

T ( x,0 ) = Ta ,

(2)

where Ta is ambient temperature.
The boundary conditions take into account the heat balance on the heat-absorbing surface and
temperature stabilization of the heat-releasing thermoelement and are written as follows:
g

∂T (0, t ) ⎡
r
∂T ⎤
= ⎢ q0 + Ks (Ta − T ) − α I (t )T + I 2 (t ) 0 + κ S
∂t
∂x ⎥⎦ x =0
s
⎣

T ( L, t ) = Th ,

(3)

(4)

In condition (3), g is a total volumetric heat capacity of the cooled object, the insulating and
connecting plates, calculated for one thermoelement leg. The first term on the right side of (3) takes into
account heat release q0 of the cooled object, the second – heat exchange between the surface and the
environment, K is heat exchange coefficient, the third – the Peltier heat, the fourth- the Joule heat release
due to contact resistance the value of which is r0.
The process of transient thermoelectric cooling can be controlled by changing the current I over time
within I∈GI, GI={Imin, Imax}. One of the rational optimization problems is to determine the optimal current
function I(t) such that for a certain period of time t1 will assure a given object cooling temperature Tc under
the condition of maximum coefficient of performance (СОР) of transient process.
By definition, the СОР is determined by the relation: COP =

QL
, where QL is thermal load
J

QL = g (Ta − Tc ) ≡ const , which for the formulated problem is a given value, J is energy consumption.
Therefore, the maximum COP corresponds to the minimum energy consumption.
Thus, it is necessary to find the optimal control function I(t) such that satisfies the condition of
reaching at a final time moment t1 of a given temperature Tc,:
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T ( 0, t1 ) = Tc ,

(5)

and assures minimum power consumption which is determined by the functional
t1

r L
⎡
⎤
J = ∫ ⎢α I (t )(Th − T (0, t )) + ( ρ + 0 ) I 2 (t ) ⎥dt .
L s
⎦
0⎣

(6)

This problem refers to the problems of optimization of an object with distributed parameters [25],
the behavior of which is described by a boundary value problem in parabolic equations (1) - (3).
An efficient way to solve problems of optimization of an object with distributed parameters is its
discretization along the coordinate and thus obtaining an object with lumped parameters, which is
described by a system of ordinary differential equations [26]. This makes it possible to use the Pontryagin
maximum principle [29] for optimization.
Method of solving the problem. Optimality conditions

T0(t):
t

r L
⎡
⎤
T0 (t ) = ∫ ⎢α I (t )(Th − T (0, t )) + ( ρ + 0 ) I 2 (t ) ⎥dt .
L s
⎦
0⎣

(7)

We pass in equations (1) - (4) to the dimensionless coordinate x = x / L, and discretize them by the
coordinate. This procedure allows us to write equations (1), (3) as a system of ordinary differential
equations, and the boundary value problem (1) - (4) is written as follows:
∂Ti
= fi (T (t ), I (t )), i = 0,1,...N ,
∂t

TN +1 ( t ) = Th ,

(8)
(9)

where N=1/h is the number of nodes in the coordinate, h is a step in the coordinate, and functions fi are
given by:
f 0 (t ) = α I (t )(Th − T1 (t )) + ( ρ +

f1 (t ) =

f i (t ) =

r0 L 2
) I (t ) ,
L s

r
s T2 (t ) − T1 (t ) ⎤
1⎡
q0 + Ks (Ta − T1 (t ) ) − α I (t )T1 (t ) + I 2 (t ) 0 + κ
⎢
⎥,
g⎣
s
L
h
⎦

κ
cL2 h 2

(Ti +1 (t ) − 2Ti (t ) + Ti −1 (t )) + ρ

I 2 (t )
cs 2

(10)

, i = 2,...N .

The initial conditions for the discretized system (8) are as follows:

T0 ( 0 ) = 0, Ti ( 0 ) = Ta ,

i = 1,...N ,

(11)

Condition (5) and functional J (6) take on the form
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T1 ( t1 ) = Tc ,

(12)

J = T0 (t1 ).

(13)

The problem is to find such a function I(t) and the corresponding solution Ti(t) i=0,1, N of the system
of equations (8) with the initial conditions (11), whereby condition (12) is satisfied for a certain moment of
time t1 and for functional (13) takes its minimum value.
This problem refers to the problems of optimal control of objects, which are described by the
equations of motion for phase variables T under the given values of some functions from phase variables at
the finite moment of time t1.
Such a given function is condition (12) which is written as

F (T1 ( t1 )) ≡ Tc − T1 ( t1 ) = 0 ,

(14)

and instead of functional J (13) we consider an expanded functional

Φ = J +ν F ,

(15)

where ν is an unknown parameter that must be chosen so as to satisfy condition (12).
Then the formulated optimization problem becomes a problem for phase variables with a free right
end and a fixed time, the solution of which is given by the Pontryagin maximum principle [29].
To solve the problem, the Hamiltonian function is written according to the rule
N

H = ∑ ψi fi (T , I , t ) ,

(16)

i =0

where the unknown functions (pulses) ψi are solutions of the auxiliary system of equations

d ψi
∂H
=−
, i = 0,..., N
∂Ti
dt

(17)

with conditions at point t = t1 (transversality conditions) in the form

ψ i (t1 ) = −

∂Φ(T (t1 ))
, i = 0,..., N .
∂Ti

(18)

Optimal control function I opt (t ) is found from the Pontryagin maximum condition

H (T (t ), I opt (t ), ψ(t ), t ) = max H (T (t ), I , ψ(t ), t ) ,

(19)
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that is, function H (T (t ), I (t ), ψ(t ), t ) of variable I at each t∈[0,t1] reaches a maximum at point I = I opt (t )
for all I∈GI.
For our formulated problem the Hamiltonian function (16) acquires the form
N

H = − f 0 (T1 , I , t ) + ∑ ψi fi (T , I , t ) ,

(20)

i =1

and the system of equations (17) with transversality conditions (18) for pulses ψ is written as
∂f
d ψ1
∂f
∂f
= −ψ 0 0 − ψ1 1 − ψ 2 2 ,
dt
∂T1
∂T1
∂T1

∂f
d ψ2
∂f
∂f
= −ψ1 1 − ψ 2 2 − ψ 3 3 ,
∂T2
∂T2
∂T2
dt

(21)

d ψi
∂f
∂f
∂f
= −ψ i −1 i −1 − ψ i i − ψ i +1 i +1 , i = 3,..., N − 1,
dt
∂Ti
∂Ti
∂Ti

dψN
∂f
∂f
= −ψ N −1 N −1 − ψ N N .
dt
∂TN
∂TN

ψ1 (t1 ) = ν,

ψ i (t ) = 0,

i = 2,..., N .

(22)

Thus, the condition for the maximum (19) of the Hamiltonian function H (20) in conjunction with
the basic system of ordinary differential equations (8) with the initial conditions (11) and the associated
auxiliary system (21) with conditions at the final moment of time (22), which depend on the parameter ν,
and which should provide the specified cooling temperature Tc at the final time moment t1, set the solution
to the problem of optimizing the process of transient thermoelectric cooling in the mode of minimum
power consumption. Optimality conditions (19) - (22) make it possible to determine the optimal current
function Iopt(t) for such a mode.
Obviously, the complexity of such an optimization problem allows it to be solved only by computer
methods. To solve it, based on the method of successive approximations, an algorithm was developed and a
software tool was created in the MathLab environment.
Results of optimization of transient cooling process

Calculations of optimal current functions Iopt(t) and characteristics of transient cooling process were
carried out by the example of a thermoelement whose legs are made of Bi2Te3 based materials. Used for
this purpose, the values of material parameters and other values that characterize transient cooling process
are listed in Table.
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Table
Parameter values used for calculations
Parameter

Value

Specific heat c, J/cm3⋅K

1.4

Seebeck coefficient α, µV/K

200

Resistivity ρ, Ohm⋅сm

10-3

Thermal conductivity κ, W/cm⋅K

0.015

Thomson coefficient β, µV/K

75

Contact resistance r0, Ohm⋅сm2

5⋅10-6

Total volumetric heat capacity g, J/ K

1.25⋅10-3

Heat release q0, W

0.001

Heat exchange coefficient K, W/ сm2⋅K

0.001

Ambient temperature Тa, K

300

Leg height L, cm

0.14
2

Leg cross-section s, cm

0.01

Optimal functions Iopt(t) were calculated for different time intervals of reaching given cooling
temperature under condition of minimum power consumption. Examples of such functions calculated for
temperature reduction from 300 K to 260 K for 1 s and for 2.5 s are given in Fig. 2. It is obvious that for
different time intervals these functions are different. Fig. 2 also shows the reduction of temperature with
time to reach its given value under conditions of using these optimal dependences of current.
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Fig. 2. Optimal functions of current and their respective functions of
temperature reduction from 300 K to 260 K for 1 s (а) and 2.5 s (b).

Fig. 3 illustrates the temperature distribution which is set in thermoelement legs for 1 s and 2.5 s.
T, K

310
300

2

290
280

1

270
260
250

0

0.2

0.4

0.6

0.8

x/L

1

Fig. 3. Temperature distribution in thermoelement legs for 1 s (2) and 2.5 s (1).

Fig. 4 shows the results of calculating the dependence of the power consumed by the thermoelement
on the time of reaching the cooling temperature of 260 K under the conditions of application of the optimal
current functions. Power consumption significantly depends on the time interval during which the set
temperature must be reached. Increasing the time interval leads to a decrease in power consumption. There
is an optimal time interval during which cooling to a given temperature is achieved with the lowest power
consumption. The results in Fig. 4 show that the specified cooling temperature under the conditions of
supplying the thermoelement with a current that varies in time according to the optimal dependence can be
68

Journal of Thermoelectricity №1, 2020

ISSN 1607-8829

Anatychuk L.I., Vikhor L.M., Kotsur M.P, Romaniuk I.F., Soroka A.V.
Optimal control of transient thermoelectric cooling process in the mode of minimum power consumption

achieved both in a short period of time with a certain power consumption, and for a longer time, but with a
significantly lower, namely 2 - 2.5 times, power consumption.

J, Joules
0,16
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0,12
0,10
0,08

2
1

0,06
0,04
0

1

2

3

4

5

t, s

Fig. 4. Time dependences of thermoelement power consumption under
the conditions of using optimal functions of current (1) and direct current (2).

Also, the calculations of power consumption were carried out when the thermoelement was supplied
with direct current. For different time intervals, the current at which the cooling temperature of 260 K is
reached, and, accordingly, the power consumption, were calculated. The results are shown in Fig. 4. For a
constant current supplying a thermoelement, there is also a time interval and a corresponding current value
at which the specified temperature is reached with the lowest power consumption. Comparison of the
results shown in Fig. 4 shows that when using the optimal time functions of current, cooling to a given
temperature for a given time occurs with significant power savings. Depending on the time interval, power
consumption savings are from 50 to 25% compared to the option of supplying the thermoelement with
direct current.
One of the methods for calculating the time dependence of the current, which provides cooling to a
given temperature at the maximum coefficient of performance (COP), is to use the quasi-stationary
approximation [22]. This approximation is used if the volumetric heat capacity of the thermoelement
material is low, which can be neglected in comparison with the heat capacity of the cooled object. If these
heat capacities are comparable values, then in the calculations, the heat capacity of the material is added to
the heat capacity of the object. In the quasi-stationary approximation, it is assumed that the temperature of
the heat-absorbing surface of the thermoelement decreases uniformly step by step to the specified
temperature. For each value of the cooling temperature, the current is determined, which provides the
maximum COP value for this temperature in the steady-state mode, and the corresponding time during
which the heat balance of the heat-absorbing surface of the thermoelement with the cooled object is
ensured in the transient mode. The result is a time dependence of the current, for which the value of the
consumed power is calculated.
An example of such a calculation of the current function and the corresponding time dependence of
cooling temperature is shown in Fig. 5. The time required for cooling from 300 K to 260 K in the quasistationary approximation is 11 s, and the power consumption is 0.093 J. These values are significantly
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higher than the time of 3 s and the power consumption of 0.046 J (Fig. 4), obtained in the transient mode
under the condition of optimal control of the thermoelement supply current.
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10

t, s

0
12

Fig. 5. The current function and the respective function of
temperature reduction from 300 K to 260 K, calculated
in the quasi-stationary approximation.

Thus, the comparison of the results shows that the quasi-stationary approximation is not correct
enough to find the optimal time dependence of the current, which provides thermoelectric cooling with
minimum power consumption.
Note that simulation of the optimal control functions of transient cooling is of great practical
importance. These functions are used for the design and auto-calibration of regulators, which are necessary
to ensure the operation of automatic control systems for the transient cooling process in thermoelectric
devices.
Conclusions

As a result of research:
1. One of the main problems of the optimal control of transient cooling is formulated, which consists
in determining the optimal time dependence of the supply current, which assures the achievement of a
given cooling temperature for a given time under the condition of minimum power consumption.
2. To solve the formulated problem, a method based on the discretization of the mathematical model
of transient cooling by the coordinate is proposed, which makes it possible to use the Pontryagin maximum
principle for the calculation of the optimal control functions.
3. A computer simulation technique has been developed which is used to calculate the optimal
functions of the supply current of thermoelements for coolers with minimum power consumption.
4. It is shown that energy saving when supplying thermoelements with an optimally time-dependent
current reaches 25 – 50 % as compared to the option of direct current supply.
5. It is found that the use of the quasi-stationary approximation for calculating the optimal time
dependences of the supply current of a thermoelectric cooler is incorrect.
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ОПТИМАЛЬНЕ КЕРУВАННЯ НЕСТАЦІОНАРНИМ ПРОЦЕСОМ
ТЕРМОЕЛЕКТРИЧНОГО ОХОЛОДЖЕННЯ В РЕЖИМІ
МІНІМАЛЬНОГО ЕНЕРГОСПОЖИВАННЯ
Сформульовано задачу оптимального керування нестаціонарним процесом термоелектричного
охолодження в режимі мінімального енергоспоживання та запропоновано метод її вирішення.
Розроблено алгоритм і комп’ютерний засіб, які застосовані для розрахунку оптимальних
часових залежностей струму живлення термоелемента, за яких задана температура
охолодження досягається за заданий час з мінімальними витратами електричної енергії.
Наведено приклади комп’ютерного моделювання таких оптимальних функцій керування
процесом нестаціонарного охолодження. Встановлено, що економія електроенергії за умови
живлення термоелементів оптимально залежним від часу струмом досягає 25 – 50 % порівняно
із варіантом живлення постійним струмом. Бібл.29 , рис. 5, табл. 1 .
Ключові слова: нестаціонарне термоелектричне охолодження, оптимальне керування,
оптимальні часові залежності струму живлення термоелемента.
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ОПТИМАЛЬНОЕ УПРАВЛЕНИЕ НЕСТАЦИОНАРНЫМ ПРОЦЕССОМ
ТЕРМОЭЛЕКТРИЧЕСКОГО ОХЛАЖДЕНИЯ В РЕЖИМЕ
МИНИМАЛЬНОГО ЭНЕРГОПОТРЕБЛЕНИЯ
Сформулирована
задача
оптимального
управления
нестационарным
процессом
термоэлектрического охлаждения в режиме минимального энергопотребления и предложен
метод ее решения. Разработан алгоритм и компьютерные средства, примененные для расчета
оптимальных временных зависимостей тока питания термоэлемента, при которых заданная
температура охлаждения достигается за заданное время с минимальными затратами
электроэнергии. Приведены примеры компьютерного моделирования таких оптимальных
функций управления процессом нестационарного охлаждения. Установлено, что при питании
термоэлементов оптимально зависимым от времени током экономия электроэнергии
достигает 25 – 50 % по сравнению с вариантом питания постоянным током. Библ.29 , рис. 5,
табл. 1 .
Ключевые слова: нестационарное термоэлектрическое охлаждение, оптимальное управление,
оптимальные временные зависимости тока питания термоэлемента.
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INFLUENCE OF MINIATURIZATION ON THE EFFICIENCY
OF A SPACE-PURPOSE THERMOELECTRIC HEAT PUMP
The paper presents the results of calculating the influence of miniaturization on the boundary possibilities of a
thermoelectric liquid-liquid heat pump, in particular for its use as a high-efficiency heater for a space-purpose
water purification device. Bibl. 10, Fig. 5.
Key words: thermoelectric heat pump, efficiency, distiller.

Introduction
General characterization of the problem. The use of thermoelectric heat pumps (THPs) in air and
liquid conditioning systems, special- purpose evaporators is associated with their unique advantages [1 - 7],
in particular environmental friendliness (there are no toxic refrigerants in such equipment); reliability
(resistance to mechanical impacts, long service life); independence from the orientation in space (the
ability to work in the absence of gravity).
An example of the effective use of thermoelectric heat pumps are devices for water regeneration
from liquid waste on board manned spacecraft (urine, condensate, sanitary water) [5 - 7]. Tests of their
efficiency at the NASA stand showed that in the most important indicators - specific energy consumption,
dimensions, weight and quality of the distillate- water purifiers with thermoelectric heat pump outperform
known space-purpose analogues [6].
However, such devices are subject to new, higher requirements related to the possibilities of their
new applications (manned missions to explore Mars and other planets). This mainly concerns the reduction
of their weight and size while maintaining (or even improving) the achieved level of energy efficiency. In
[8, 9] the results of calculations of the influence of miniaturization of thermoelectric modules in the heating
mode are given. The influence of the height of thermoelectric material legs on the heating coefficient of
thermoelectric modules was determined by computer simulation, and the optimal height of the leg of
material was found, which provides minimal losses of energy conversion efficiency. However, the complex
task of optimizing the thermoelectric heat pump, providing a reduction of its weight and dimensions, has
not yet been solved.
The purpose of our work is to study the energy efficiency of a space-purpose thermoelectric heat pump
under conditions of reduction of its overall dimensions.
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Physical model of THP
Physical model of a thermoelectric heat pump is shown in Figs. 1 - 3. It consists of heat exchangers 1,
providing the passage of heat flux Qh through the hot side of thermoelectric modules, thermoelectric modules
proper 3, heat exchangers 2, providing the passage of heat flux Qc through the cold side of thermoelectric
modules and a system of hydraulically coupled channels 4, providing circulation of liquid in the thermoelectric
heat pump.

Fig. 1. The simplest physical model of a thermoelectric heat pump.

In the simplest case this model presents series-connected hot heat-exchangers 1 and cold heat-exchangers
2, with thermoelectric modules 3 located between them (Fig. 1). However, practical implementation of such a
structure is not always rational. This is due to significant dimensions of such a device.

Fig. 2. Physical model of a thermoelectric heat pump with thermal insulation.

In practice, it is more convenient to connect heat exchangers 1, 2 with thermoelectric modules 3 in rows
with a different number of sections, between which there is thermal insulation 5.

Fig. 3. Physical model of a thermoelectric heat pump.

ISSN 1607-8829

Journal of Thermoelectricity №1, 2020

77

A.V. Prybyla, L.I.Anatychuk
Influence of miniaturization on the efficiency of a space-purpose thermoelectric heat pump

However, to reduce the weight and dimensions of such equipment, you can simplify the design proposed
in Fig. 2. In this case, a number of heat exchangers will provide the operating conditions of two rows of
thermoelectric modules (Fig. 3). This makes it possible to significantly reduce the number of heat exchangers,
and, consequently, the weight and dimensions of such a device.
Mathematical and computer description of the model
To describe the heat and electricity fluxes, we will use the laws of conservation of energy

G
divE = 0

(1)

G
divj = 0,

(2)

G G
G
E = q + Uj ,

(3)

G
G
q = κ∇T + αTj ,

(4)

G
j = −σ∇U − σα∇T .

(5)

and electrical charge

where

G
G
G
Here, E is energy flux density, q is heat flux density, j is electrical current density, U is electrical
potential, T is temperature, α, σ, κ are the Seebeck coefficient, electrical conductivity and thermal
conductivity.
With regard to (3) – (5), one can obtain
G
E = −( κ + α 2 σT + αU σ)∇T − (ασT + U σ)∇U .

(6)

Then the laws of conservation (1), (2) will take on the form:
−∇ ⎡⎣ ( κ + α 2 σT + αU σ)∇T ⎤⎦ − ∇ [ (ασT + U σ)∇U ] = 0,

(7)

−∇(σα∇T ) − ∇ (σ∇U ) = 0.

(8)

The nonlinear differential equations of second order in partial derivatives (7) and (8) determine the
distribution of temperature Т and potential U in thermoelements.
An equation describing the process of heat transport in the walls of heat exchangers in the steadystate case is written as follows:
∇(-k1 ⋅ ∇T1 ) = Q1 ,

(9)

where k1 is thermal conductivity of heat exchanger walls, ∇T1 is temperature gradient, Q1 is heat flux.
The processes of heat-and-mass transfer of heat carriers in heat exchanger channels in the steadystate case are described by equations [10]
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−Δp − f D

ρ G JG
v v + F = 0,
2d h

(10)

G
∇( Aρv ) = 0,

(11)

G
ρA G 3
ρAC p v ⋅ ∇T2 = ∇ ⋅ Ak2∇T2 + f D
v + Q2 + Qwall ,
dh

(12)

G
where p is pressure, ρ is heat carrier density, А is cross-section of the tube, F is the sum of all forces,
G
C p is heat carrier heat capacity, T2 is temperature, v is velocity vector, k2 is heat carrier thermal

4A
is effective diameter, Z is perimeter of tube wall, Q2 is
Z
heat which is released due to viscous friction [W/m] (per unit length of heat exchanger), Qwall is heat flux

conductivity, f D is the Darcy coefficient, d =

coming from the heat carrier to the tube walls [W/m]
Qwall = h ⋅ Z ⋅ (T1 − T2 ) ,

(13)

where h is heat exchange coefficient which is found from equation
h=

Nu ⋅ k2
.
d

(14)

Here, Nu is the Nusselt number which is found from equation

⎛ fd ⎞
⎜ 8 ⎟ ( Re − 1000 ) Pr
Nu = ⎝ ⎠
,
1
2
2
⎞
⎛ f ⎞ ⎛
1 + 12.7 ⎜ d ⎟ ⎜ Pr 3 − 1⎟
⎝ 8 ⎠ ⎝
⎠
where Pr =

Cp μ
k2

is the Prandtl number, μ is dynamic viscosity, Re =

(15)

ρvd
is the Reynolds number,
μ

3000 < Re < 6·106, 0.5 < Pr < 2000.
The Darcy coefficient f D is found with the use of the Churchill equation for the entire spectrum of
the Reynolds number and all the values of e / d (e is roughness of wall surface)
1/12

⎡ 8 12
−1.5 ⎤
+ ( A + B) ⎥
fD = 8 ⎢
⎣ Re
⎦

.

(16)

16

16
⎡
⎛ ⎛ 7 ⎞0.9
⎞⎤
⎛ 37530 ⎞
Here, A = ⎢ −2.457 ⋅ ln ⎜ ⎜ ⎟ + 0.27 ( e / d ) ⎟ ⎥ , B = ⎜
⎟ .
⎜ ⎝ Re ⎠
⎟⎥
Re
⎝
⎠
⎢⎣
⎝
⎠⎦

From the solution of equations (7) – (12) we obtain the distribution of temperatures, electrical
potential (for thermoelements), velocities and pressure (for heat carrier).
To solve the above differential equations with the respective boundary conditions, the Comsol
Multiphysics applied software package was used.
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Computer simulation results

Below are the results of calculating the parameters of a thermoelectric pump in accordance with the
physical model shown in Fig. 3. The influence of energy consumption Wpump on the heat carrier pumping
through the heat exchange system on the heating coefficient µ of a thermoelectric heat pump was studied
for different heights of thermoelectric power converters (h from 0.1 to 1 mm) and different temperature
differences of the heat carriers at the inlet to the heat exchange circuit of a thermoelectric heat pump
(Wpump) (Fig. 4).
Thus, from the analysis of Fig.4 it is seen that the heating coefficient of a thermoelectric heat pump
weakly depends on the height of the thermoelectric converter up to the height of the thermoelectric
converter leg of 0.5 mm and begins to sharply decrease with its further miniaturization. So, when the height
of the thermoelectric converter leg decreases by 2 times (from 1 to 0.5 mm), the heating coefficient
decreases by only 5 %, but its subsequent decrease (to a height of 0.25 mm) leads to a decrease in μ already
by ̴ 22 %, and with a leg height of 0.1 mm μ decreases by ̴ 45 %. On the other hand, a twofold decrease in
the leg height leads to a decrease in the weight of the heat pump by 25 %, the volume by 28 %, and also its
cost by 35 %.

Fig. 4. Dependence of the heating coefficient of a thermoelectric heat pump µ
on the supply power of heat exchange system W for different heights of thermoelectric power converters h and
different temperature differences of heat carriers at the inlet to heat exchange circuits
of a thermoelectric heat pump ΔТ.

In addition, we analyzed the losses in the efficiency of the heat pump caused by the need for additional
power supply to the heat exchange system (Fig. 5). Analysis of Fig. 5 shows that with an increase in the supply
power of the liquid pump, which ensures the circulation of the heat carrier in the heat exchange system, the
heating coefficient of the thermoelectric heat pump first increases, which is due to a decrease in the loss of the
temperature difference in the heat exchange system due to an increase in the circulation rate of the heat carrier.
Taking into account in the expression for the heating coefficient of a thermoelectric heat pump (17) the energy
consumption for heat carrier pumping (18) leads to the fact that µ, reaching a maximum, starts gradually
decreasing, because energy consumption for heat carrier pumping begin to reach the level of energy consumption
for the functioning of thermoelectric modules.
80

Journal of Thermoelectricity №1, 2020

ISSN 1607-8829

A.V. Prybyla, L.I.Anatychuk
Influence of miniaturization on the efficiency of a space-purpose thermoelectric heat pump

μ=

Qг
,
Wтн

μ втр =

Qг
,
Wтм + Wнас

(17)

(18)

where Qh is the heat output of the heat pump, WTM is the supply power of thermoelectric modules, Wpump is the
supply power of the liquid pumps of the heat exchange system.

Fig. 5. Dependence of the heating coefficient of a thermoelectric heat pump µ
(with regard to energy consumption for heat carrier pumping) on the supply power of heat exchange
system W for different heights of thermoelectric power converters h
and different temperature differences of heat carriers at the inlet to heat exchange circuits of
a thermoelectric heat pump ΔТ.

Conclusions

1.

2.

3.

The influence of energy consumption for heat carrier pumping through heat exchange system on the
heating coefficient µ of a thermoelectric heat pump has been established for different heights of
thermoelectric power converters (h from 0.1 to 1 mm) and different temperature differences at the
inlet to heat exchange circuits of a thermoelectric heat pump (ΔТ from 0 to 10 K) (Fig.4).
It has been determined that the heating coefficient of a thermoelectric heat pump weakly depends on
the height of the thermoelectric converter up to the height of the thermoelectric converter leg of 0.5
mm and begins to sharply decrease with its further miniaturization. So, when the height of the
thermal converter leg decreases by 2 times (from 1 to 0.5 mm), the heating coefficient decreases by
only 5%, but its subsequent decrease (to a height of 0.25 mm) leads to a decrease in μ already by ̴
22%, and with a leg height of 0.1 mm μ decreases by ̴ 45%. On the other hand, a twofold decrease in
the leg height leads to a decrease in the weight of the heat pump by 25%, the volume by 28%, and
also its cost by 35%.
It has been established that taking into account in the expression for the heating coefficient of a
thermoelectric heat pump of energy consumption for heat carrier pumping leads to the fact that µ, on
reaching a maximum, starts gradually decreasing, because energy consumption for heat carrier pumping
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begins to reach the level of energy consumption for the functioning of thermoelectric modules.
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ВПЛИВ МІНІАТЮРИЗАЦІЇ НА ЕФЕКТИВНІСТЬ ТЕРМОЕЛЕКТРИЧНОГО
ТЕПЛОВОГО НАСОСА КОСМІЧНОГО ПРИЗНАЧЕННЯ
У роботі наводяться результати розрахунків впливу мініатюризації на граничні можливості
термоелектричного теплового насоса рідина-рідина, зокрема для його використання у якості
високоефективного нагрівника для приладу очистки води космічного призначення.
Бібл. 10, рис. 5.
Ключові слова: термоелектричний тепловий насос, ефективність, дистилятор.
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ВЛИЯНИЕ МИНИАТЮРИЗАЦИИ НА ЭФФЕКТИВНОСТЬ
ТЕРМОЭЛЕКТРИЧЕСКИХ ТЕПЛОВЫХ НАСОСОВ
КОСМИЧЕСКОГО НАЗНАЧЕНИЯ
В работе приводятся результаты расчетов влияния миниатюризации на предельные
возможности термоэлектрического теплового насоса жидкость-жидкость, в частности для
его использования в качестве высокоэффективного отопителя для прибора очистки воды
космического назначения. Библ. 10, рис. 5.
Ключевые слова: термоэлектрический тепловой насос, эффективность, дистиллятор.
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МАТЕРИАЛОВЕДЕНИЕ

ANATOLIY IRRADIONOVICH CASIAN

.

The International Thermoelectric Academy regrets to inform that
Anatoliy Irradionovich Casian, a famous scientist, Doctor of Physical and
Mathematical Sciences, Professor, academician of the International
Thermoelectric Academy died suddenly on May 29, 2020 in the 85th year.
Anatoliy Irradionovich was born on November 17, 1935 in the
village of Kolikautsy, Brichany district in Moldova.
In 1957 he graduated with honors from Kishinev State University
(now the State University of Moldova) in the specialty “theoretical
physics”. Then he entered graduate school in the same educational institution; in 1961 he defended his
Ph.D., and in 1988 - his dissertation for the degree of doctor habilitatus. In 1990 A.I. Casian was
awarded the title of professor.
During 1960-1969 he held various positions at the Academy of Sciences of Moldova. Until
1976, A.I.Casian headed the Department of Theoretical Mechanics of Kishinev Polytechnic Institute.
1976 - 1982 - years of work in the Moldovan branch of the Institute of Power Sources of Moscow
Scientific and Industrial Association "Kvant" as a managerial officer, and eventually director of the
branch. From 1982 to September 1, 2016, he headed the Department of Theoretical Mechanics of the
Technical University of Moldova. From May 1982 to the day of his death he was Professor of the
Department of Theoretical Mechanics of the same university.
Anatoliy Irradionovich Casian was the vice head of the Council for Theoretical Physics of the
Academy of Sciences of Moldova, the vice head of the Specialized Council for the defense of
candidate and doctoral dissertations in the field of theoretical physics at the Academy of Sciences of
Moldova, a member of the international editorial board of the international “Journal of
Thermoelectricity" and other periodical scientific publications, the head of the research group of
numerous research projects, including six international.
In 1994 A.I. Casian was elected academician of the International Thermoelectric Academy, and
in 1999 - corresponding member of the American-Romanian Academy of Arts and Sciences.
The famous physicist was repeatedly invited to read theoretical courses at universities and
institutes in France, Israel, and the USA. In 1996 and 2002 prof. Casian was invited for 2 weeks to
Ben-Gurion University, Beer-Sheva, Israel. In 1997, 1998 and 2000 he received a one-month
invitation to the Henri Poincare University, Nancy, France. In 1999 he visited the Office of Naval
Research, Washington, SUA to submit a technical report; paid a visit for a week to the University of
California - Riverside in 2002, USA; was at the Observatoire des Nano et Micro Technologies in
2005, Paris, France, where he presented his latest work at the seminar. In 2013 he received an
invitation to the University Wűrzburg, Germany; in 2014 - to the Institute of Solid State Physics,
Latvia, Riga; in 2015 - to the Institute of Organic Chemistry, Sofia, Bulgaria.
The research interests of the scientist were quite broad. They dealt with fundamental problems
of the theory of semiconductors, transfer phenomena and thermoelectric phenomena in lowdimensional structures, quantum wells, thermoelectric properties of quasi-one-dimensional organic
crystals.
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Professor A.I.Casian is the author of over two hundred scientific works, including two
monographs and six textbooks. Under his supervision, 6 doctoral dissertations were defended at the
Technical University of Moldova and two in Algeria.
The scientific, pedagogical, organizational work of the scientist A.I.Casian was well
appreciated. He was awarded the medal “For Labor Valour”, in 2004 he received the title of Laureate
of the National Prize of Moldova in the field of science and technology, in 2017 he was awarded the
Honorary Gold Prize of the International Thermoelectric Academy in the nomination “For
fundamental contribution to thermoelectricity”.
The International Thermoelectric Academy, the Institute of Thermoelectricity of the National
Academy of Sciences and the Ministry of Education and Science of Ukraine express their sincere
condolences to the family and friends of Anatoliy Irradionovich, as well as the administration of the
Technical University of Moldova and the Department of Theoretical Mechanics of this university and
share with them the grief of the great loss.
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