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GENERAL PROBLEMS

Rifert V.G., doct. techn. sciences '
Anatychuk L.L., acad. National Academy of sciences of Ukraine?
Barabash P.O., cand. techn. sciences ',
Usenko V.1., doct. techn. sciences '
Strikun A.P.!
Solomakha A.S., cand. of techn. sciences '
Petrenko V.G., cand. of techn. sciences '
Sereda V.V. cand. techn. sciences ',
Prybyla A.V., cand. phys. — math. sciences*

INTUU KPI, 6 Politekhnicheskaya str, Kyiv, 03056, Ukraine;
’Institute of Thermoelectricity, 1 Nauky str., Chernivtsi, 58029, Ukraine
e—mail: anatych@gmail.com

EVOLUTION OF CENTRIFUGAL DISTILLATION SYSTEM
WITH A THERMOELECTRIC HEAT PUMP
FOR SPACE MISSIONS
Part 3. Analysis of local and integral characteristics of centrifugal
distillation system with a thermoelectric heat pump

The paper describes a method for calculating the heat transfer coefficient and the efficiency of a
centrifugal distiller, as well as determining the efficiency of a thermoelectric heat pump. For this, the
results of theoretical and experimental studies of condensation and evaporation processes on a rotating
surface and the study of processes in a liquid-liquid thermoelectric heat pump (THP) were used. A
comparison was made of the calculated values of the average temperature difference ATav in THP and
the temperature difference at the inlet to THP ATin with the experimental data obtained when testing
the centrifugal distiller on water and urine. Bibl. 33, Fig. 3, Tabl. 2.

Key words: thermoelectricity, heat pump, distiller

Introduction

In the coming years, companies such as NASA, SpaceX, Boeing and others are planning long-term
human missions to the Moon and the Mars. Obviously, manned space missions at the current level of
cosmonautics development cannot be realized without the use of special systems for recovering water from
various liquid vital products of the crew members. The development of reliable and efficient water
recovery systems for manned space objects will dramatically reduce the cost of providing cosmonauts with
water.

The absence of gravity significantly complicates the implementation of many traditional
technological processes, including distillation. From this point of view, the use of centrifugal forces
(centrifugal distillers) is a promising direction for use in life support systems of manned space missions.
Systems based on this method can provide water regeneration from all known liquid vital products of
astronauts (urine, sanitary water, atmospheric moisture condensate) to ensure high quality of the obtained
distillate.

In [1-7], information is given on a 3-stage distiller with a thermoelectric heat pump. [8-11] show the
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results of the development of a five-stage centrifugal distiller (CDS with THP) and its testing at the
benches of the distiller manufacturer - Thermodistillation, Ukraine, and the Customer - Honeywell, USA.
These results, as well as some methods for improving the performance of the CDS system, are given in [12,
13]. A more detailed review of works on a system with a centrifugal distiller is given in the first part of the
paper [14], and a description of the research process - in [15]. The published results quite convincingly
confirm the uniqueness of the system designed for the life support of manned spacecraft in long space
missions and on the ISS.

Using the experimental data of a system with a centrifugal five-stage distiller and a thermoelectric
heat pump (in terms of production, heat pump power, revolutions, degree of concentration, etc.), this paper
substantiates the method of theoretical calculation of the temperature difference at the inlet to the THP AT,
= (Tin not TP — T'in cold THp) and the efficiency of THP (ntup). An algorithm for calculating the temperature
difference at the inlet to the THP is presented, the basis of which is the method for calculating the heat
transfer coefficients in each stage of the distiller. The influence on the accuracy of calculating the
temperature difference at the inlet to the THP and on the efficiency of the entire system of temperature
depression and condensate supercooling in the cold circuit is shown. The calculation algorithm A7,, = (Tin
hot T Touthot)/2 — (Tin cold T Tout cold)/2 in THP is analyzed.

Determination of the heat transfer coefficient in the distiller stage

Figure 1 shows a sketch of a rotating stage of a five-stage distiller. The stage consists of five parts:
Ist central part, 2, 3 and 4 - disks at different angles with respect to the axis of rotation; Part 5 is a
cylindrical ring. The total area of heat exchange is 0.07 m”. There are five such steps in the apparatus.

The steam formed in the first stage, passing through the separation partitions, enters the condensation
zone on the outer side of the disk, where, in contact with the heat exchange surface of the second stage, it
condenses, transferring the heat of the initial liquid in the second stage. As a consequence, part of the liquid
on the inner surface in the second stage evaporates, and the resulting steam condenses on the outside of the
third stage and further, according to the same scheme, to the fifth stage. The steam in the last, fifth stage
condenses on the film of technological distillate flowing down the surface of the rotating disk, which enters
the apparatus from the cold circuit of THP.

Fig. 1. Profile of heat exchange surface of one stage of a centrifugal distiller

The condensate formed in the condensation zones of each stage, under the action of centrifugal force,
flows through the hydraulic shutters into the final condenser, where it is mixed with cooling technological
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distillate.

After the system reaches steady-state operation, the concentration of the solution in all stages of the
distiller, except the first, remains constant. The concentration of salts in the first stage will change during
operation from the initial value to a certain limit, upon reaching which the power supply to the THP ceases.

The efficiency of the system depends on the flow of heat and mass transfer processes in the distiller,
the scheme of movement of heat carriers, the efficiency of the battery, etc.

The total heat transfer coefficient of an individual stage is calculated by the formula:

=1/ (1ot + Vae + 8y /), (1)

where o, is the coefficient of heat transfer during condensation of steam; . is the coefficient of heat
transfer during evaporation of the liquid; 6y and A, are the thickness and thermal conductivity of the heat
exchange surface, respectively.

However, it is obvious that the value of the heat transfer coefficients depends on the nature of the
liquid film flowing on a rotating surface.

Thus, to calculate the heat and mass transfer processes in the distiller requires knowledge of the
hydrodynamic characteristics of the film and the coefficients of heat transfer during condensation and
evaporation of the liquid on a rotating surface.

Heat exchange at condensation and evaporation in a rotating stage

The main hydrodynamic parameters of a liquid film flowing on a rotating surface are its average
thickness and flow rate. A study of the flow of liquid film on a rotating surface was carried out in detail in
[16]; as a result, it was possible to single out the characteristic modes of liquid film flow which affect the
heat transfer process. The study of condensation on a rotating heat transfer surface was experimentally
studied in [17 and 18]. In 19], a review is given of condensation on a rotating surface, and a method for
calculating heat transfer is justified.

On surfaces 14 (see Fig. 1), when the distiller is operating, the evaporating liquid flows in the form
of a thin film under the action of centrifugal acceleration a ~ @2Rsinf}, where ® is the angular velocity,
1/ sec; R is the radius of the rotating unit of the stage, m; f is the angle between the axis of rotation of the
rotor and the heat exchange surface. In the annular (part 5, Fig. 1), evaporation occurs under the influence
of forced centrifugal convection.

Condensation on the external surface of a rotating stage

At sites close to disk geometry (sections 1-4, except for part 5), the local coefficient of heat transfer
during condensation (a.) can be calculated by the formula

Nu= 0./ k(v ®*RcosB)"® = 0.9Re"” (2)

where o are revolutions, 1/ sec; R is the radius of the rotating unit of the stage, m; B is the angle between
the axis of rotation and the heat transfer surface. Re is the local Reynolds number, which is calculated as
Re = Gd / 2nRp, where Gd is the amount of steam condensed at the local surface section.

The average value of the heat transfer coefficient ac in each section of the stage is calculated taking
into account the change in the area of the rotating surface from the radius of the disk.

Condensation of steam on a liquid film

In the annular condenser, steam condenses on a liquid film entering the condensation zone after
cooling in the THP and an additional external heat exchanger [20].

ISSN 1607-8829 Journal of Thermoelectricity Ne3, 2019 7
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The analysis of these data makes it possible to use the method proposed in [21] for the calculation of
heat transfer for the case of condensation of steam on a liquid film under conditions of gravity. In this case,
the heat transfer process is calculated by dependence

Nu=0.018 Re" Pr"7 3)

In this equation, the average film temperature is taken as the determining factor, and Re is
determined from the initial water flow in the film.

The maximum steam temperature in the last stage is 30 ° C and the coolant temperature is 20 ° C.
The calculation, taking into account the actual size of the disk on which steam condenses in the final
capacitor, shows that Re can have a value in the range 60... 120, and Pr = 3... 6. Theoretically, the
solution of heat transfer in a given region of change in the numbers Re and Pr for the determination of Nu
was performed in [22, 23]. These calculations, as shown in [24, 25], give a good coincidence with the
experiment, which allows us to use them in the future.

Evaporation on the internal surface of a rotating stage (sections 1-4, Fig.1)

The heat transfer coefficient during the evaporation of a liquid film on a rotating disk was first
measured in [18]. In [19], an analysis of studies by other authors was made and an improved method for
calculating a.vap Was described taking into account the effect of turbulence in the film flow.

According to [19] at Re <25, the heat transfer coefficient must be calculated from the dependence:

Nu=147 Re"? 4)

If Re> 25, then it will be more accurate to use the graphs obtained in [22, 23] and which take into
account the turbulization of the liquid film and the deviation of the heat transfer process from the Nusselt
laminar theory.

Evaporation of liquid in the annular channel (section 5, Fig. 1)

In the annular channel (part 5, Fig. 1) there is a heat exchange under the influence on the process of
evaporation of free convection, which occurs during microgravity due to the presence of centrifugal
acceleration. Experimental studies of evaporation during free convection in the presence of centrifugal
acceleration were performed in the 70s of the 20th century in [26-28]. In [26], the heat transfer coefficients
were measured for water evaporation at ®2R/g from 1 to 5250 and a heat flux ¢ = (2-104 ... 2-105) W / m*.
At low heat fluxes (q < 2-104 W/m?) that occur in CDS, there is no influence of heat flux on heat transfer
even at ®2R/g > 102 and the heat transfer coefficient can be determined from the
dependence [27]:

Nu = 0.75(Gr-Pr)**. (5)

where Nu = 0d./\, Gr = ©’R5,4/V%; 8, is the thickness of liquid layer in the annular channel, m; R is radius
on which the annular channel is located, m.

Calculation of the total temperature difference of steam in the distiller and the temperature
difference at the inlet to THP

Tables 1 and 2 show the experimental data as a function of time t: local temperatures, flow rate of
the product (distillate) Gy, flow rate of the solution in the hot circuit, distillate flow in the cold circuit.
Based on these data, the Reynolds number is calculated for the case of the flow of a liquid film on the inner
and outer surfaces of the CDS working surface and, according to the corresponding formulas (1-5), heat
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transfer coefficients for each part of the stage during evaporation and condensation (see Fig. 1).
Total heat transfer coefficient is calculated by formula (1).
Also, heat transfer coefficient is determined for each stage from the dependence:

k= Qu/Fer ATer., 6)

where F.; is heat exchange surface, m?; AT, is temperature difference in the stage.

The total heat flow in the stage Qs = G-, where G is the amount of steam condensed in the stage, r is
phase transition heat of steam.

Knowing from the experiment the distillate production G4 of CDS, we determine Q = ZGqer and then
for water for the entire distiller ZAT = (T hot TP — T'in cold THP) = OQ/k* F

Following this, we compare the calculated XAT and XAT = (Tin hottip — Tincold. THP) from the
experimental data (Table 1).

For the experiments with urine one should take into account the presence of physicochemical
temperature depression ATgepr. Its value is determined from the plot ATy, = f{C), where urine
concentration depends on the degree of water recovery. The concentration, in turn, is determined by the
density of solution in the hot circuit (see Fig. 2).

1250

AT,°C 0, kr/m3

1200
1150
1100

1050

C,% C %
0 1000

0 10 20 30 40 50 0 10 20 30 40 50

Fig.2 Dependence of physico-chemical temperature depression and solution density on the
urine concentration (according to the research institute “KHIMMASH”, Moscow)

Taking into account ATqepy, the temperature difference in the first stage AT\ = Tin - ATdepri. Further,
according to the experimental data, we determine the thermal power supplied to the hot circuit
O = ¢p Gy (Tintip — Tourar). From the heat balance of THP one can determine the thermal power from the
cold side Q. = Qs — Wrnp.

Theoretical value of temperature difference in the cold stage

AT. = Qdcy Ge. (7)

Calculation of the dependence of THP conversion coefficient on the temperature
difference of heat carriers

The requirement is obvious that the design parameters and the supply current of the THP meet the
condition for the maximum heating coefficient K defined by the formula

O __09

K==b=-_=h 1
w Qh_Qc ( )

where W =Q, —Q.is electric power consumption; Q., Oy are external heat flows on the cold and hot
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surfaces of thermoelectric module, respectively. This will provide for heating of heat carrier in the working
circuit of heat pump with minimum power consumption.

To optimize thermoelectric modules, the theory of optimal control is successfully used [28 — 33].
This method is also easily generalized to calculate the maximum heating coefficient, which characterizes
the heat pump mode.

According to optimal control methods, the operating efficiency of thermoelectric module in heating
mode can be assessed by the functional

J=1n&=lnﬂ=ln q,—Ingq, , (8)
0. .
where
0, 0.
:—, .= < 9
qh n 1 qc n I ( )

- are specific (related to current strength I) heat flows on the hot and cold thermocouple junctions,
respectively, n is the number of thermocouples in a thermopile. The minimum of functional J corresponds
to maximum value of heating coefficient K.

To calculate the densities of heat flows g., g», we use the system of equations of non-equilibrium
thermodynamics, which for the n- and p-type thermoelement legs is of the form

‘;_T:_%T_z

dx az'i '; L (10)
_q:_]T+_jq+j_

dx K K G Ju,p

where j =£ is specific current density in the legs, S is cross-section of legs, / is the value of supply

current. The Seebeck coefficient, the electrical conductivity and thermal conductivity of leg materials are
functions of temperature: n,p=n,p(7T) and can be assigned on the basis of approximation of the
experimental data of measuring characteristics of thermoelectric materials.

Solution of system (10) for boundary conditions

L,O=7,0=T7, T,O=T,0O=T. (an

will make it possible to calculate heat flows g., gn using the relations

q. =—§[q(l)+j2ro ]

12
0, =->[4(0)-’r | (2
n,p
where [ is the height of thermoelement legs, 7o is the value of contact resistance on thermoelement
junctions.

From relations (12) it follows that ¢., gn depend on the parameters of the current density in
thermoelement legs j and on the magnitude of the contact resistance. In accordance with the optimal
control theory, the values of j,, p,, which ensure the minimum of the functional J (8), must satisfy the
following optimum conditions
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] .
_5_{+IaH (W,T,q,J) =0 (13)
I 9
where the Hamiltonian function H is given by
H=Y v/, +v./2), (14)
np

(f; ./5),, are right-hand sides of equations (4); v = (\yl ,\VZ) is pulse vector the method of determination

n,p
of which is described in [1, 2].
Relations (8) - (14) are the basis for computer design of optimal structures and calculation of optimal
parameters of thermoelectric modules in heating mode for heat pumps.

Fig.3 Dependence of the conversion coefficient of THP on supply current for
different values of temperature difference between heat carriers

The algorithm for calculating the maximum heating coefficient is implemented numerically using
computer modeling tools. In this case, the optimal current densities in the thermocouple legs j and their
corresponding heat flows g., gn are calculated, and the maximum value of the heating coefficient is
determined.

Based on the above theory, the dependences of the THP conversion coefficient on the supply
current were calculated for different values of the temperature difference between the heat carriers
(Fig. 3).

As follows from Fig. 3, the conversion factor of THP strongly depends on the temperature difference
between the heat carriers of the water distillation system. In addition, when designing a distiller, the THP
mode of operation is important, namely, ensuring the optimal supply mode of thermoelectric power
converters.

ISSN 1607-8829 Journal of Thermoelectricity Ne3, 2019 11
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Results
Water evaporation

Table 1 shows the experimental data of studying the distiller operation on distilled water, the
duration of operation was 50 minutes, the average power of the heat pump was 100 W, and the average

production was 2.45 kg/h.
Table 1
Experimental data (water, n = 1100 rpm)
Time Drive THP Weight TDS Flow Product-| SPC Temperature
ion Hot in Hot out Coldin |Cold
vlr| w| w | m Out hot | cold e L THE o
THP
min v A w w I mg/l I/h I’'h W-h'kg ‘c
10 206 | 3.3 | 68.0 101 224 152 5 90 | 88 2.18 77.5 255 29.6 22.6 19.5
30 206 | 3.3 | 68.0 | 99 1000 902 S 90 | 88 242 69.0 26.3 30.1 22.8 20.0
40 20.6 | 3.3 | 68.0 100 1438 1326 4 90 | 88 2.58 65.1 25.5 29.0 220 19.5
50 206 | 3.3 | 68.0 100 1838 1710 5 90 | 88 2.60 64.6 25.5 28.7 220 19.6
Averag| 20.6 | 3.3 | 68.0 100 5 245 69.1
[S
Total 1838 1710

Here, production stands for distiller capacity, TDS is total number of dissolved solids.

In the calculation process, only the correction of the steam temperature in the last stage was
performed:

Ist step: according to the known inlet and outlet temperatures of the thermoelectric heat pump in the
hot circuit and the flow rate, we determine the real thermal power, which is supplied in the hot circuit:
On = ¢yGh (Tin not THP — T out hot THP);

2nd step: from the heat pump balance we determine the thermal power on the cold side of the heat
pump: Oc = Oy — Wrnp;

3d step: we determine the calculated temperature difference in the cold circuit: A7c = (Tin cold THP —

Tout cold THP) = Qc/Cp G .

As a result of the calculation, the obtained deviation of AT, from the experimental data does not
exceed 0.1 °C.

In some individual cases, the theoretical calculation of the total temperature difference at the distiller
YAT and ATin = (Tin hot TP - Tin cold THp) Shows that there is a deviation of the value ATi, which is several
degrees higher than the calculated one. This was due to supercooling of the distillate in the cold circuit of
the heat pump, which led to a significant increase in the total temperature difference ZAT on the heat pump
and, as a result, to a decrease in its efficiency. An additional experiment, where the degree of condensate
cooling in the final condenser was specially controlled, showed that it is possible to significantly reduce the
temperature difference at the inlet of the heat pump from the cold side in the calculation and in the
experiment. At the same time, the efficiency of the heat pump n grows, which becomes the same as in the
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theoretical calculation. This, in some cases, gives a reduction in specific energy consumption of SPC by
10-15 %.

Urine evaporation

Table 2 shows the experimental data of studying the distiller operation on urine, the duration of
operation was 107 minutes, the average power of the heat pump was 203 W, and the average production
was 3.35 kg / h.

Table 2
Experimental data (urine, n = 1100 rpm)
Time Drive THP Weight TDS Flow Product- SPC Temperature
ion Hot in Hot out Coldin  |Cold out
v |wl| w in Out hot |Cold THP e e THp
min v iAa|lw]| w G mg/1 Ih ke/h W-h/kg C
5 208[3.35[69.7] 202 - - - -1 - - - _ _ B _
13 20.8335]69.7| 202 | 680 | 710 | 35 89| 90 | 3.50 77.6 33.1 382 25.5 22,5
25 20.8 1340707 202 | 1366 | 1416 | 4o 89 | 89 353 77.3 32.9 37.9 25.1 22.0
47 20.8 343|713 201 2024 | 2098 79 90 | 89 341 79.9 33.4 385 254 223
59 20.8 1343|713 199 | 2674 | 2770 84 89| 89 3.36 80.4 34.3 39.6 25.8 22.8
71 20.9|345(72.1| 211 | 3324 | 3444 | g 89| 89 | 337 84.0 34.9 40.2 26.0 23.1
83 209|347 (725 205 | 3360 | 4106 | o4 90| 89 | 331 83.8 35.6 41.1 26.4 23.6
95 209350 73.1| 205 | 4572 | 4734 | o4 89| 89 | 3.14 88.6 36.6 42.0 27.0 24.2
107 [20.9(3.50|73.1| 201 | 5170 | 5362 | g7 89| 89 | 3.14 87.2 36.5 41.7 26.0 23.4
Average | 20.8 [3.44 [ 71.7] 203 335 115.1
Total 5170 | 5362

Table 2 shows that, over time, the temperature difference on the heat pump increases and, as a
consequence, the system production decreases and the specific power consumption increases.

For the case of urine processing, when calculating the total temperature difference on a
thermoelectric heat pump XAT = (T innot THP — T in cold THP), it 1S also necessary to take into account the effect
of temperature depression, which increases with increasing urine concentration, i.e. with increasing
operating time of the distiller.

During the experiments, the temperature of the water supplied to the additional heat exchanger to
cool the cold circuit distillate of the heat pump was not monitored separately.

As a result, the main indicators of the system (production and power consumption) when
working on a distillate, all other things being equal, are significantly better than when processing
urine.

Conclusions

1. This paper shows that a multistage centrifugal distiller is a complex structure in which the individual
stages of the distiller have a heat exchange surface assembled from elements whose angle of inclination
with respect to the centrifugal acceleration vector varies from 00 to 900.

2. To perform an adequate thermal calculation of such an apparatus, dependences were selected and

ISSN 1607-8829 Journal of Thermoelectricity Ne3, 2019 13



Rifert V.G., Anatychuk L.1., Barabash P.O., Usenko V.1., Strikun A.P....

Evolution of centrifugal distillation system with a thermoelectric heat pump...(Part 3.)

substantiated for calculating heat transfer during evaporation and condensation, as well as the heat
transfer coefficient on the individual components of the heat transfer surface.

3. The effect of physicochemical temperature depression and supercooling of a technical distillate in a cold
circuit in a thermoelectric heat pump on the energy efficiency of a distillation system is shown.

4. The experimental and theoretical results obtained in this paper and in the previous parts [14-15] will be
used to create a mathematical model of the water regeneration (distillation) system. A mathematical
model is necessary to optimize the operating and geometric parameters of the system as applied to
specific operating conditions.
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ON THE TEMPERATURE DEPENDENCES OF THERMOELECTRIC
CHARACTERISTICS OF BISMUTH TELLURIDE-METAL TRANSIENT LAYER
WITH DUE REGARD FOR PERCOLATION EFFECT

The basic relationships are obtained by calculation, which determine the temperature dependences of
thermoelectric characteristics of thermoelectric material-metal transient contact layers with due regard
for percolation theory. Specific quantitative results and plots of the temperature dependences of the
electrical and thermal contact resistances, the thermoEMF, the power factor, and the dimensionless
thermoelectric figure of merit are given for bismuth telluride — nickel contact pair. It has been established
that in the temperature range of 200-400 K on retention of uneven distribution of metal particles in
transient layer and its thickness in the range of 20-150 um, the electrical contact resistance varies from
7-107 to 1.9-107° Ohm-cm?, the thermal contact resistance — from 0.052 to 0.98 K-cm?*/W, the thermoEMF~
from 155 to 235 uV/K, the power factor — from 4.2-10° to 6.8:10° W/mK?), the dimensionless
thermoelectric figure of merit — from 0.35 to 1.08. After levelling the concentration, the electrical contact
resistance decreases by a factor of 1.12 — 3.6, the thermal contact resistance decreases by a factor of 1.15
— 2.08, the thermoEMF is practically unvaried, the power factor increases by a factor of 1.19 — 2.79, the
dimensionless thermoelectric figure of merit increases maximum 1.2 times. Bibl. 14, Fig. 22.

Key words: thermoelectric material-metal contact, near-contact transient layer, electrical contact
resistance, thermal contact resistance, thermoEMF, percolation theory.

Introduction

The efficiency of thermoelectric modules of sufficiently large sizes is mainly determined by the figure
of merit of thermoelectric materials of thermoelement legs. However, as the size of thermoelectric legs
decreases in the direction of temperature gradient, this efficiency becomes increasingly dependent on the
electrical and thermal contact resistances of thermoelectric material — metal layer, in particular, due to the
Joule heat release on the contact resistances. These resistances should be essentially lower than those of
thermoelectric legs [1-3]. This fact put a limit on the miniaturization of thermoelectric power converters —
generators and coolers.

Indeed, let, for instance, 7, — specific, that is related to unit contact area, electrical contact resistance.

Then, if p, — specific electrical resistance of TEM, and [/, — the length of thermoelectric leg in the direction

of temperature gradient, then the condition of small influence of contact resistance on the efficiency of
thermoelectric power converter is given by:

I, >>7.,/p,, (1)
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whence it is seen that the lower specific contact resistance, the shorter (in the direction of temperature
gradient) thermoelectric legs can be made. Moreover, it has been found that in the manufacture of
thermoelectric legs it is desirable to maintain an optimal ratio /s/Ss, where Ss — cross-sectional area of the leg,
owing to which a decrease in specific electric contact resistance by a factor of K all other things being equal,
leads to a reduction in TEM consumption by a factor of K*>. And TEM is known to be most scarce and
expensive part of thermoelectric power converter. But an even more important factor that determines the
urgency of the miniaturization of thermoelectric energy converters is the need to use them in order to create
favorable temperature conditions for the operation of microelectronic components of various-purpose
electronic equipment.

However, for the design of thermoelectric energy converters and the correct assessment of their
effectiveness, it is of fundamental importance to know the temperature dependences of the thermoelectric
characteristics of transient contact layers, and up to now they have only partially been considered in the
theory of thermoelectric energy conversion, and in the design of thermoelectric energy converters they have
not been fully taken into account, although experimental data on the temperature dependences, for example,
of TEM-metal electric contact resistances do exist [4 — 7].

Therefore, the purpose of this work is to develop a model of TEM-metal transient contact layer
structure with regard to percolation theory and to calculate on its basis the temperature dependences of
thermoelectric characteristics of transient contact layers.

Physical model of TEM-metal transient layer with due regard for percolation effect and its
mathematical description

The electrical resistance of transient layer in the case when contact metal or solder does not form
intermetallides with TEM and is not a doping impurity for it, which, for instance, is valid for contact
structures with anti-diffusion layers [8], can be considered such that consists of three parts: 1) due to
diffusion of metal particles in TEM without change in chemical composition and macroscopic characteristics
of metal and TEM; 2) due to deviation of TEM surface from the ideal plane; 3) due to the interface between
metal and TEM, in particular the potential barrier on this interface. In this paper, we consider only the first
part. In our consideration we will take into account the percolation effect [9, 10].

First we consider a physical model which illustrates the necessity of taking into account percolation
effect on examination of electrical conductivity and thermal conductivity of transient layer which is a
thermoelectric material with metal particles diffused thereto. This model is shown in Fig.1.

Fig.1. Physical model that illustrates the need to use
percolation theory: a) TEM bar with metal particles;

b) TEM bar with vacuum cavities (pores); c) hypothetical
evacuated or perfectly dielectric volume comprising a single
conducting particle, A,B — electrical contacts,1-TEM,
2-metal particles, 3-vacuum cavities,

4-single conducting particle

ISSN 1607-8829 Journal of Thermoelectricity Ne3, 2019 21



P.V. Gorskiy, Mytskaniuk N.V.

On the temperature dependences of thermoelectric characteristics of bismuth telluride-metal transient...

Before considering, incidentally, we note that prior to creation of percolation theory the electrical
conductivity and thermal conductivity of the two-phase TEM-metal system shown in Fig. 1a were calculated

through the volumetric fraction v,, of metal in it according to the so-called “mixing formulae”, which for this

case have the form [11]:

o(v,)=0,(1-v,)+0,v,. ()

K(Vm):K'S(l—Vm)-i'Kme (3)

The limited applicability of this formula can be seen from the following physical considerations.

Imagine that at first our system consists of TEM, and part of the material in it is gradually replaced by
vacuum cavities (pores) (Fig.1b). From traditional formulae of the type (2) and (3) it follows that the
electrical conductivity and (or) thermal conductivity of this system will become zero only when all TEM or
other electrically conducting (and, therefore, heat-conducting) material is replaced by vacuum or another
ideally non-conducting for electricity and (or) heat phase. But on the other hand, it is clear that the electrical
conductivity and (or) thermal conductivity of the “hypothetical” system shown in Fig.1c, in which, a single
conducting particle in the volume of the non-conducting phase, that does not touch the electrodes, is also
equal to zero (for electrical conductivity this is true, if we do not consider the phenomenon of breakdown of a
dielectric or current in vacuum, and for thermal conductivity — if we do not consider the transfer of heat by
radiation). From this it is clear that if the leading phase does not form end-to-end connected regions, there
must exist a critical volume fraction of vacuum pores, or another non-conducting phase, provided that the
conductivity and thermal conductivity of the system exceed zero. This phenomenon is called the percolation
phenomenon. It is taken into account by the so-called percolation theory. In accordance with it, the electrical
conductivity and thermal conductivity of the two-phase three-dimensional system "TEM-metal" is determined
by the following formulae [9,10]:

o= 0.25{as (2-3v,, )+ 0,,(3v, —1)+ [0, (2= 3v,)+ &, (3v,, - )} + 86,0, } @)

K= 025{,( 2-3v,, )+ &, (3, —1)+ /[, (2= 3v,,) m(3vm—1)]2+81<mics}, 5)

where v, —the volumetric part of metal in transient layer.

Indeed, suppose that one of the phases does not conduct electricity and heat at all, that is, we assume

that o, =0 and &, = 0. Then formulae (4) and (5) will acquire the form:
c=050,(3v, 1), (6)
k=0.5x, (3v, —1). (7)

The characteristic feature of formulae (6), (7) is that in conformity with them not only o =0, and
K = k,, atv, =1, which obviously should be done, but also, unlike traditional formulae (2) and (3), o =0

and x =0 at0<v, <1/3. So, critical volumetric fraction of an absolutely non-conducting phase equal to

2/3 and upon reaching or exceeding which the electrical conductivity and thermal conductivity of a two-phase
system with this phase vanish, really exists, as mentioned above.

Therefore, it is clear that, as a result of the percolation phenomenon, the theoretically predicted values
of the electrical and thermal contact resistances should be greater than according to the traditional theory of
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composites. Note that the limiting values of the electrical conductivity and thermal conductivity of a two-
phase system according to formulae (4), (5) are the same as according to formulae (2), (3).

The volumetric metal part v, (y), which, generally speaking, depends on the normalized to layer
thickness dy of dimensionless coordinate 0<y <1 and satisfies the boundary conditions Vi (0)21,

Vo (l) =0, is determined from the diffusion equation of the type [12] with a constant intensity of the source

of metal particles as follows:

()= (A == Ay ar?]
! (A /7 - (1= 4)y Ay2J+A/7S)[(1 A)y+Ay2J

where 4,,,A4,,7,,,7, —atomic (molecular) masses of metal and TEM and their densities, respectively. The

®)

dimensionless parameter A depends on the mode of contact creation and is determined in this way:
A=0d?/2Dn, )

where Q —the intensity of metal particles entering transient layer, D — coefficient of diffusion of metal
particles in TEM, n, — atomic concentration of metal.

If the uneven distribution of metal particles in the transient layer is preserved, then the electrical

conductivity o (y) and thermal conductivity x; (y)of such a layer in accordance with relations (4), (5), (8)

depend on the normalized coordinate y, and, therefore, the magnitude of the electrical and thermal contact
resistances of such a layer can be evaluated by the formulae:

1 dy
V., =d , (10)
OJO. O (y )
1
dy
r,=d , (11)
Y J; Ki (y )
and the value of thermoEMF by the formula
1
[ /e, () + (o =, (v )iy
a=4—: . (12)
[t () T =v, 0y
0

If, however, the distribution of the metal particles in transient layer has been levelled, then the

electrical conductivity o (y) and thermal conductivity &; (y) dependent on the normalized coordinate
should in this case be replaced by their established values 0, and k;, obtained by formulae (4) and (5) after
substitution in them instead of the coordinate dependent volumetric metal fraction v,, (y)of its established

value v,,, which is defined as:

‘j , Am/ym -1 A)y - 4?]
(4, /7 -1 Ay2J+ (4,7, )1~ A)y+Ay2J
Thus, formulae (10) —(12) will be given by:

(13)
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d
Voo :0—0, (14)
la
d
r,=—2, (15)
Kla

(am/Km )Vma + (as/Ks)(l — vma)

a =
Kn_11vma + Ks_l (1 - vma)

: (16)

Procedure for calculating characteristics of transient contact layer

The calculation starts with theoretical approximation of the temperature dependences of the kinetic
coefficients of TEM and metal.

We approximate the kinetic coefficients of TEM. Let at some temperature 7o we know its

thermoelectric parameters, namely the thermoEMF «, the electrical conductivity o, and the thermal
conductivity x,,. To construct their temperature dependences, using this data we make the

following model assumptions:

1) zone spectrum of carriers in TEM is parabolic and isotropic with temperature independent effective
mass;

2) quasi-elastic scattering of carriers in the relevant temperature region occurs on the deformation
potential of acoustic phonons with energy independent cross section and mean free path inversely
proportional to temperature;

3) lattice thermal conductivity of semiconductor is determined by phonon-phonon scattering with
umklapp and is inversely proportional to temperature.

Provided that these assumptions are valid, the carrier scattering index r = —0.5. Taking into account its
value, the construction of the necessary temperature dependences on the basis of known general relations [13]
is carried out in the following order.
From the relation for the thermoEMF

k 2171(770) }
Og=—|—7~v— (17)
‘ e{Fo(Uo) o

we find a reduced chemical potential 77, of carrier gas at temperature 7o.

Using the condition of constant carrier concentration and their effective mass, from the equation

T'°Fy5(n) ~1
Tol'SFo.s(ﬂo)

we determine the temperature dependence of reduced chemical potential 77 of carrier gas on temperature 7 in

(18)

given temperature range.
From the relation

we determine the temperature dependence of the thermoEMF of TEM.
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From the relation

L(n)= (ET[%} () _4F? (n)} 20)

€ F0(77) F02(77)

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

o, = aso[&jlls FO(U)FO.S (770) @1

T F045(77)F0(770) '

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

T
Ky = GSLS (U)T + [KSO - O-SOLS (770 )TO ]70 : (22)

In formulae (17) — (21), F, (77) denote the Fermi integrals that are determined by the following

relation:
E,(7)= Jx’" [exp(x —77)+1] " dx . (23)
0

Relations (17) - (22) completely determine the temperature dependences of the thermoEMEF, the
electrical conductivity and the thermal conductivity of TEM.

Approximation of the temperature dependences of the electrical conductivity, the thermal conductivity
and the thermoEMF of metal is done as follows. We assume that in metal, just as in TEM, scattering of free
carriers takes place on the deformation potential of acoustic phonons, and in the real temperature region the
mean free path of carriers is inversely proportional to temperature. Then, taking into account strong
degeneracy of carriers in metal, the temperature dependence of its electrical conductivity will be determined
as [14]:

Om =Gm0'(T0/T)’ (24)

and, therefore, taking into account the Wiedemann-Franz relation, the thermal conductivity of the metal

K, will be considered to be temperature independent. We will also consider the thermoEMF of the metal
a,to be independent of temperature. Then, knowing the above mentioned temperature

dependences, from relations (8) — (16) we find the temperature dependences of the characteristics of
transient contact layer.

Results of calculation and their discussion

The temperature dependences of the electrical and thermal contact resistances, the thermoEMF and the
dimensionless thermoelectric figure of merit of the TEM-metal transient contact layer for bismuth telluride-
nickel pair obtained in the framework of the calculation procedure described above, provided that the uneven
distribution of the metal atoms in the layer is preserved, are shown in Figs. 2 — 8.
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6 Fig.7. Temperature dependences of transient layer
power factor with due regard for percolation effect: 1 —
5 A=0; 2—-A=1.
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Similar temperature dependences after levelling metal concentration in transient layer are shown in
Figs. 9 - 15.
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Fig.9. Temperature dependences of electrical contact
resistance with due regard for percolation effect after
levelling metal concentration at transient layer
thickness of 20 um:
1-A4=0; 2-A4=1.
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Fig.10. Temperature dependences of electrical contact

resistance with due regard for percolation effect after
levelling metal concentration at transient layer
thickness of 150 um:
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Fig.11. Temperature dependences of thermal contact
resistance with due regard for percolation effect after
levelling metal concentration at transient layer
thickness of 20 um:
1-A4=0; 2-A4=1.

Fig.12. Temperature dependences of thermal contact
resistance with due regard for percolation effect after
levelling metal concentration at transient layer
thickness of 150 um:
1-A4=0; 2—-A4=1.

Fig.13. Temperature dependences of transient layer
thermoEMF after levelling metal concentration: 1 —
A=0; 2—-A4A=1.

Fig.14. Temperature dependences of transient layer
power factor with due regard for percolation effect after
levelling metal concentration: 1 —A=0; 2—A=1.
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When plotting, the following material parameters for 300K were taken: 6,~1.25-10° S/cm, 6,~800
S/ecm, k,=92 W /(m'K), k=14 W /(m-K), o,= — 23 pV/K, o= 200 uV/K, and, besides, 4,=58.5, 4,=801,
p»=9100 kg/m®, p,=7700 kg/m’. It can be seen from the figures that in the temperature range studied, the
electrical and thermal contact resistances, the thermoEMF, and the dimensionless thermoelectric figure of
merit of transient layer increase, and the power factor has a maximum in the range of 200 - 250 K. Such
temperature dependences can be explained by an increase in the resistivities of metal and semiconductor, a
decrease in their thermal conductivity, and an increase in the thermoEMF of semiconductor with a rise in
temperature. With an increase in the thickness of transient layer, the electrical and thermal contact resistances
increase in proportion to this thickness. The presence of a maximum in the temperature dependence of power
factor is explained by two competing processes: an increase in the thermoEMF and a decrease in TEM
electrical conductivity with a rise in temperature. It should be noted that the thermoEMF of transient layer is
mainly determined by the semiconductor due to the fact that thermal conductivity of metal is significantly
greater than thermal conductivity of semiconductor.

In addition, it can be seen from the figures that with increasing parameter A, that is, the intensity of
metal atoms entering transient layer, the thermal and electrical contact resistances, as well as the thermoEMF
decrease, and the power factor and the dimensionless thermoelectric figure of merit increase. On the whole,
in the studied ranges of temperature, the intensity of metal entering transient layer, and the transient layer
thickness, the electrical contact resistance varies from 7-107 to 1.9-10° Ohm-cm? the thermal contact
resistance — from 0.052 to 0.98 K-cm?*W, the thermoEMF — from 155 to 235 uV/K, the power factor — from
4.2:10° to 6.8-:10° W/(m-K?), the dimensionless thermoelectric figure of merit — from 0.35 to 1.08. Thus, the
electrical and thermal contact resistances, predicted with due regard for percolation theory, are, as expected,
essentially higher, and the power factor and the dimensional thermoelectric figure of merit — essentially lower
than without regard to this theory. Taking into account the percolation theory does not affect the predicted
temperature dependence of the thermoEMEF of transient contact layer.

It is also seen from the figures that after levelling metal concentration in the bulk of transient layer, the
anticipated values of the electrical and thermal contact resistances at all temperatures decrease, the
thermoEMF is practically unvaried, and the power factor and the dimensionless thermoelectric figure of merit
increase as compared to the case of uneven distribution, but not so essentially as without regard to percolation
theory.

As regards the effect of parameter A, that is, the intensity of metal entering transient layer, on the
predicted thermoelectric properties of transient layer, both in the case of uneven and uniform distribution,
with due regard for percolation theory the same tendency is preserved as without regard to this theory. The
sole exception is power factor. Unlike the case of uneven distribution of concentration, when it has a
maximum both at 4=0 and at A=1, after its levelling in the temperature range under study the power factor
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has a maximum only at 4=1.

In general, in the studied ranges of temperature, the intensity of metal entering transient layer and the
thickness of transient layer after levelling metal concentration the electrical contact resistance varies from
2.5:107 to 1.75-10° Ohm-cm?, the thermal contact resistance — from 0.025 to 0.85 K-cm?/W, the thermoEMF
— from 155 to 235 V/K, the power factor — from 5-10° to 1.9:10* W/(m-K?), the dimensionless
thermoelectric figure of merit — from 0.35 to 1.3. Thus, after the concentration is levelled, the electrical
contact resistance drops by a factor of 1.12 — 3.6, the thermal contact resistance decreases by a factor of 1.15
— 2.08, the thermoEMF is practically unvaried, the power factor grows by a factor of 1.19 — 2.79, the
dimensionless thermoelectric figure of merit grows maximum 1.2 times. Note that though for thermoelectric
contact structures such characteristics thereof as power factor and dimensionless thermoelectric figure of
merit do not have self-importance in terms of designing thermoelectric power converters, they are useful for
the integral quality evaluation of these structures.

Effect of contact resistance on the efficiency of thermoelectric generator module

The above temperature dependences of the electrical and thermal contact resistances were used to
calculate the efficiency of thermoelectric generator modules with the height of thermoelectric legs 3 and 1.5
mm, respectively. The calculations were performed by methods of object-oriented simulation in Comsol
Multiphysics software environment.

For this purpose, a physical model shown in Fig.16 was considered.

8 10
[ /_ [
1 / /

\ DRI/ RGN
n r n P n
™ =

\
o o/ b

Fig. 16. Physical model of thermoelectric generator module.

1 —n-type leg; 2 — p-type leg, 3, 4 — electrical interconnects;
5, 6 — ceramic plates; 7 — gas; 8, 9 — electrical contacts between
legs and interconnect plates;

10 — thermal contact between ceramic plate and hot thermostat;
11 — thermal contact between ceramic plate and cold thermostat.

The distribution of temperature and electrical potential in the module was found from the system of
differential equations with respect to temperature 7" and electrochemical potential U . These equations were
obtained on the basis of the law of conservation of energy which is given by the following two equations:

Vw=0, (25)
w=g+Uj. (26)

In formulae (25) and (26), ] — electric current density, ¢ —heat flux density:
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G=-kVT +11j 27)
where I1 is the Peltier coefficient; « is thermal conductivity.
I1=07, (28)

where o is the Seebeck coefficient, T is temperature.
The electric current density is found from the equation

j=-oVU-0aVT = —a¥U — oaVT,
(29)

where o is electrical conductivity.
Substituting (26), (27) into (25), we obtain

—V(-VT)+(VIT+VU)j =0 =¥(kVT) + (VII+ YU} = 0.
(30)

From expression (30), using (28) and (29), we obtain the following equation to find the distributions
of temperature and potential:

~V|loa?7 + &N T|-V(6arVU)-6|(VU} +avIvU|=0. (31)
To obtain the second equation, we will use the law of conservation of electrical charge:
Vi—odivi=0.
(32)

Substituting (29) into (32), we obtain the following equation:

V(oaVT)+V(oVU)=0—%(ga¥T) — V(o) = 0.
(33)

System (31), (33) is a system of differential equations with variable second-order partial differential
coefficients, which describes the distribution of temperature and potential in an inhomogeneous
thermoelectric medium. A feature of the system of equations (31), (33) is that the parameters a, o, ¥ depend
on the spatial coordinates x, y, z both directly and implicitly through the temperature T (x, y, z). This leads to
the fact that it becomes inevitable to use numerous computer methods to solve equations of this kind.

In a computer model, the thermoelectric field is described by a two-element column matrix in the
functional space of twice differentiable functions, namely, the coordinate dependences of temperature and
potential:

v(oens)

Matrix M satisfies one matrix differential equation
V(evM)=f —VF{—e¥M) = f,
(35)
whose components are equations (31) and (33) if the matrix nonlinear coefficients of equation (35) have the
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form

o oa’T +x ool f= 0'[(VU)2+VTVU . (36)
ao o} 0

A system of equations of the form (35) with allowance for (36) is solved for each of the layers that
make up the thermoelectric module. For this, we additionally introduce the boundary conditions for the
continuity of temperature, electric potential, heat flux, and electric current density at the boundaries of the
layers. In addition, for reasons of optimality of the conditions under which the thermoelement operates, and
which are determined from the requirement to achieve the maximum value of the efficiency, the potentials on
the switching electrodes and the temperatures of the “hot” and “cold” thermostats are set. Therefore, the
potentials on the switching electrodes of one of the legs are 0 and 0.0573 V, on the second - 0.0573 and
0.1146 V, and the temperatures of the “cold” and “hot” thermostats are 273 and 573 K, respectively.

The impact of the electrical and thermal contact resistances is taken into account in the physical model
in the framework of two approaches. The first is that the contact layer is not explicitly introduced into the
physical model, but its electrical conductivity and thermal conductivity are considered to be known from
experiment or, in this case, temperature functions preliminarily calculated by calculation. Then, the
proportionality of the electrical and thermal contact resistances to the layer thickness is taken into account.
The second approach is that a contact layer with temperature-dependent thermal conductivity and electrical
conductivity, taking into account its thickness, is explicitly introduced into the physical model. The
thermoEMEF of the contact layer at this stage of research is not taken into account.

Such mathematical description allows solving the above described system of equations for temperature
and potential in Comsol Multiphysics simulation environment. The results of solving Eq.(11) are three-
dimensional temperature and electrical fields in given geometry of thermoelectric module. Their examples for
one thermoelement which is part of the module with the height of leg 3 mm are shown in Figs. 16, 17.
Knowing these fields, it is easy to calculate the basic energy characteristics of the module.

Fig.17. Temperature field in thermoelement
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Fig.18.Electric potential distribution in thermoelement
The results of these calculations are presented in Figs.19 — 22.

8 N>% . . Fig.19. Dependence of generator module efficiency with

the height of leg 3 mm on transient layer thickness for
the case when contact resistance is considered to be a

7S lumped parameter:1 — A=0, the distribution of metal

-l atoms in transient layer is uneven; 2 — A=1, the

distribution of metal atoms in transient layer is uneven,
3 — A=0, the distribution of metal atoms in transient
651 layer is uniform;4 — A=1, the distribution of metal
atoms in transient layer is uniform
% 50 100, Mkm
0,

8 n.%

Fig.20. Dependence of generator module efficiency with

the height of leg 1.5 mm on transient layer thickness for
7 3 . the case when contact resistance is considered to be a
5 lumped parameter: 1 — A=0, the distribution of atoms in

transient layer is uneven; 2 — A=1, the distribution of

6 1 metal atoms in transient layer is uneven, 3 — A=0, the
distribution of metal atoms in transient layer is

uniform;4 — A=1, the distribution of metal atoms in

50 50 100 h. MKM transient layer is uniform
8 In 50/0
Fig.21. Dependence of generator module efficiency with
the height of leg 3 mm on transient layer thickness for
7.3 2 3 the case when transient layer is explicitly introduced
into model: 1 — A=0, the distribution of metal atoms in
7+ 1 1 transient layer is uneven; 2 — A=1, the distribution of
metal atoms in transient layer is uneven, 3 — A=0, the
6.5! distribution of metal atoms in transient layer is
uniform;4 — A=1, the distribution of metal atoms in
transient layer is uniform
% 50 100 &, mkm
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Fig.22. Dependence of generator module efficiency with
the height of leg 1.5 mm on transient layer thickness for
the case when transient layer is explicitly introduced
i 2 3 s into model: 1 — A=0, the distribution of metal atoms in
transient layer is uneven; 2 — A=1, the distribution of
metal atoms in transient layer is uneven; 3 — A=0, the

6 distribution of metal atoms in transient layer is
uniform; 4 — A=1, the distribution of metal atoms in
transient layer is uniform
5 L
0 50 100 A, Mkm

Note that in this case, just as in the absence of clusters in transient layer, its thermoEMF was
considered to be zero.

It can be seen from the figures that in this case, just as in the absence of clusters, the efficiency of the
thermoelement in the mode of electric energy generation is maximum when the distribution of metal atoms in
transient layer is uniform. In addition, other things being equal, it is the greater, the greater the intensity of the
source from which the metal enters transient layer. In the case of uneven distribution of metal atoms in
transient layer, the efficiency decreases with increasing transient layer thickness the more, the smaller the
height of the thermoelectric leg. However, the efficiency value is somewhat reduced as compared to the case
when there are no clusters in transient layer. In general, in the considered range of thermoelectric leg heights
and layer thicknesses, the efficiency changes from 5% to 7.5% when the contact layer is explicitly introduced
into the model, and from 5 to 7.4% when the contact resistance is considered to be a lumped parameter. In the
case when transient layer is introduced into model, the efficiency after levelling the distribution of metal
atoms in transient layer essentially depends on the intensity of the source from which a steady-state diffusion
of metal to TEM occurs.

Conclusions

1. With due regard for percolation effect, the temperature dependences of the electrical and thermal contact
resistances, the thermoEMF, the power factor and the thermoelectric figure of merit of bismuth telluride-
nickel transient contact layers were calculated on the assumption that carrier scattering in semiconductor
and metal occurs on the deformation potential of acoustic phonons, the thermal conductivity of metal is
determined by electron gas, and the lattice thermal conductivity of semiconductor — by phonon-phonon
scattering with umklapp. In this case it was believed that nickel does not form new phases with bismuth
telluride.

2. Tt is shown that both with uneven and uniform distribution of metal atoms in transient layer, the electrical
and thermal contact resistances, the thermoEMF and the dimensionless thermoelectric figure of merit of
transient layer are growing functions of temperature and the intensity of metal atoms entering transient
layer during contact creation.

3. Power factor in the temperature range under study is a growing function of the intensity of metal atoms
entering transient layer, and at the same time has a maximum on the temperature dependence in case of
uneven distribution of metal atoms in transient layer. However, at low intensities of metal atoms entering
transient layer it becomes a monotonically decreasing function of temperature in case of levelling the
distribution of the concentration of metal atoms in transient layer.
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4.

In the case of uneven distribution of metal atoms in the temperature range of 200 — 400 K, the intensity
of metal atoms entering transient layer, which corresponds to a change in parameter 4 from 0 to 1 and the
thickness range of transient layer from 20 to 150 pm, the electrical contact resistance changes from 7-107
to 1.9-10° Ohm-cm?, the thermal contact resistance — from 0.052 mo 0.98 K-cm*W, the thermoEMF —
from 155 to 235 pV/K, the power factor — from 4.2:10° g0 6.8:10° W/(m-K?), the dimensionless
thermoelectric figure of merit — from 0.35 mo 1.08.

. After levelling the distribution of the concentration of metal atoms in transient layer, the electrical contact

resistance decreases by a factor of 1.12 — 3.6, the thermal contact resistance decreases by a factor of 1.15 —
2.08, the thermoEMF is practically unvaried, the power factor increases by a factor of 1.19 — 2.79, the
thermoelectric figure of merit grows maximum by a factor of 1.2 as compared to the case of uneven
distribution.

. Studies of the effect of transient contact layer with clusters on the efficiency of thermoelement in

generation mode have shown that, all other things being equal, if the influence of the thermoEMF of
transient layer is ignored, in the considered range of thermoelectric leg heights and layer thicknesses in the
case when a contact layer is explicitly introduced into the model, the efficiency varies from 5 to 7.5%.
However, if contact resistance is considered to be a lumped parameter, the efficiency changes from 5 to
7.4%. In the case when transient layer is introduced into the model, the efficiency after levelling the
distribution of metal atoms in transient layer essentially depends on the intensity of the source from which
steady diffusion of metal into TEM occurs, whereas in the case when contact resistance is considered to be
a lumped parameter, this dependence is weak.
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ITPO TEMIIEPATYPHI 3AJIE2KHOCTI TEPMOEJIEKTPUYHUX
XAPAKTEPUCTHUK HEPEXIZTHOI'O IHAPY TEJYPU/J BICMYTY
METAJI 3 YPAXYBAHHSM SIBUILIA TEPKOJIALIII

Pospaxynkosum winaxom ompumaHo OCHOBHI CHiBBIOHOWIEHHA, AKI BUSHAYAIOMb MeMNepamypHi
3ANEHCHOCMI MEPMOENEKMPULHUX XAPAKMEPUCTUK NEPEXIOHUX KOHMAKMHUX Wapie mepmMoeieKmpuyHuLl
Mamepian-meman 3 ypaxyeauHam seuwa nepronsyii. Koukpemui xinbkicni pesynmvmamu ma epagixu
MeMnepamypHux 3aledCHOCHel  eleKmpuYHo20 ma meniogoeo Kowmaxkmuux onopis, mepmoEPC,
¢akmopy  nomysicHocmi  ma  6e3posmipnoi  mepmoenekmpuunol  ehekmueHoCmi - nepexioHoeo
KOHMAKMHO20 Wwapy HageoeHo O0Jisk KOHMAKMHOI napu meiypuod sicmymy — Hikenv. Bemarnoeneno, wo y
memnepamypromy inmepgani 200-400 K 3a ymosu 36epesrcentss HEPIGHOMIPHO20 PO3NOOLTY H4ACTMUHOK
Memany y nepexioHomy wiapi i ioeo moswunu 8 dianazoni 20-150 mxm enexmpuunuil KOHMAKMHUL ONIp
sminioemoca 6i0 7-107 0o 1.9-107° Om-cm?, mennosuti konmaxmuuti onip — 6id 0.052 0o 0.98 K-cm?/Bm,
mepmoEPC — 6i0 155 0o 235 mxB/K, ¢paxmop nomyocnocmi — 6id 4.2-10° 0o 6.8:10° Bm/(m-K?),
be3posmipna mepmoenexmpuyna egpexmusmicmos — 6i0 0.35 0o 1.08. Ilicns supisnioganms KoHyenmpayii
eNIeKmMPUYHULL KOHMakmuutl onip cnaoac y 1.12 — 3.6 pasu, mennosuii Koumakmuuti onip cnaoae y 1.15 —
2.08 pasu, mepmoEPC npakmuuno He 3mintoemucs, gpakmop nomyoscnocmi 3pocmac y 1.19 — 2.79 pa3zu,
0e3p03MIPHA MepMOeleKMmPUYHa epekmusHicmy 3pocmae makcumanvho y 1.2 pazu. bion. 14, puc. 22.

Ki11040Bi c/10Ba; KOHTakT TEPMOENECKTPHYHMI MaTepial — MeTall, IPUKOHTAKTHUN HepeximHui map,

eJIEKTPUYHHUN KOHTAaKTHHUH OITip, TETUIOBHI KOHTAaKTHUIL orrip, TepMoEPC, Teopis mpoTikaHHS.
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O TEMIIEPATYPHOM 3ABUCUMOCTHU TEPMODJIEKTPUUECKUX
XAPAKTEPUCTHUK HEPEXOAHOI'O CJIOA TEJLUIYPUIA
BUCMYTA METAJIJI C YYETOM SABJIEHUA NTEPKOJIALINN

Pacuemnvim nymem nonyuenvl 0CHO8Hble COOMHOULEHU, ONpedeNdioujie meMnepanmypHsle 3a6UcUMOCINU
MEPMOINEKMPULECKUX — XAPAKMEPUCIUK ~ NEPEXOOHBIX  KOHMAKMHLIX — ClOe8  MEPMOINLEKMPULECKULL
Mamepuan-mwemant ¢ yyemom senenus nepronayuu. KonkpemHble KoIuuecmeeHHvle pe3yabmamsl U
epapuxu memMnepamypHuIx 3d6UCUMOCIEN JIEKMPUYECKO20 U MENI08020 KOHMAKMHBIX CONPOMUGLEHUL,
mepmod/lC, paxmopa mowHOCmMU U  0e3paA3MEpPHOU  MepMOINeKmpuyeckol  d¢hgexmusHocmu
NnepexooH020 KOHMAKMHO20 CN0s NpuseoeHvl OJisi KOHMAKMHOU Napbl Meypud 6UCMYmMd - HUKENb.
Yemanoeneno, umo 6 memnepamyprom unmepgane 200-400 K npu ycnosuu coxparenusi HEpasHOMepHO20
pacnpeoeneHus Yacmuy Memauild 6 NepPexOOHOM Cloe U e20 moawunvl 6 ouanasore 20-150 mxm
anexmpuyeckuti Kouwmaxkmuoe conpomuenenue mensemcs om 7-107 0o 1.9-10° Om - cm2, mennoeoe
xoumaxmuoe conpomuénenue - om 0.052 0o 0.98 x-cm’/Bm, mepmoC - om 155 0o 235 mxB/K, ¢haxmop
mowHocmu - om 4.2-107° 0o 6.8-107°Bm/(m-K?), bespazmepnas mepmosnekmpuyieckasn 2(pexmusHocms -
om 0.35 0o 1.08. Ilocre evipaguusanus KOHYEHMPAYULU 3IEKMPUYECKUl KOHMAKMHOe CONPOMUGIEHUe
npuxooum ¢ 1.12 - 3.6 pasa, mennosoii konmaxmHoe conpomusienue npuxooum ¢ 1.15 - 2.08 pasa,
mepmod/{C npaxmuuecku He Mmensemcs, Gaxmop mowpocmu eospacmaem ¢ 1.19 - 2.79 pasa,
be3pasmepras mepmodiekmpuieckas d¢hgexmusHocmv gospacmaem maxcumanrvio 8 1.2 paza. buba. 14,
puc. 22.

KniouyeBble €10Ba; KOHTAKT TEPMOIIEKTPUUECKUNA MaTepHal — METall, IPUKOHTAKTHBIN MepeXx0omHON

CJIOH, ANEKTPUUYECKUM KOHTAaKTHOE COMPOTHUBIICHHE, TEIJIOBOM KOHTAaKTHOE compoTusiieHue, TepMoIIC,
TEOpHs IPOTCKAHUSL.
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A. Snarskii EFFECTIVE MEDIUM THEORY FOR THE P. Yuskevich
THERMOELECTRIC PROPERTIES OF
COMPOSITE MATERIALS WITH VARIOUS
PERCOLATION THRESHOLDS

In the work, a modified effective medium theory is constructed for calculating the effective properties of
thermoelectric composites with different values of percolation thresholds. It is shown that even at
concentrations beyond the critical region, the threshold value is essential for determining the effective
properties. Two fundamentally different cases of a set of local properties of the composite are
considered. In one of these cases, the conductivity and thermal conductivity of one of the phases is
simultaneously greater than the conductivity and thermal conductivity of the other phase. The second,
anomalous case, when the electrical conductivity of the first phase (o)) is greater than that of the
second, but the thermal conductivity of the first phase is less than that of the second, shows unusual
concentration behavior of effective conductivity, i.e. with an increase in the well-conducting phase, the
effective conductivity o, shows a decrease (rather than growth as in the standard case, see Fig. la),
which at p =~ f)c goes over to growth. Bibl. 5, Fig. 5.

Key words: thermoelectricity, percolation theory, percolation thresholds, composites, effective properties

Introduction

The calculation of effective values for composite materials is a complex problem that cannot be solved
in the general case. Solutions are also possible as an exceptional case, for one-dimensional inhomogeneity,
or for strictly periodic structures, for example, for spherical inclusions of one phase in the matrix of the
other. Even in the case of simple-shaped inclusions, the solutions are rather bulky expressions of infinite
series that are difficult to analyze [1 — 7].

To describe randomly inhomogeneous environment with randomly located inclusions of one phase in
the other, there are approximate methods that allow one to approximately describe the concentration
behavior of effective coefficients with different accuracy. For example, the Maxwell approximation [§]
allows describing the concentration behavior of effective coefficients accurate to the first degree of
concentration.

For the entire range of concentrations, a good approximation is the Bruggeman — Landauer
approximation [9, 10], which is a self-consistency method (effective medium approximation).

The lack of the Bruggeman-Landauer approximation is the percolation threshold fixed in this
approximation. With a large difference in the physical properties of the phases, for example, when the
conductivity of the first phase o; is much larger than that of the second o,'( 61/62) >>1, a sharp change in
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the behavior of the effective conductivity o, with a change in the concentration of phases occurs when the
concentration of the first phase o is equal to pc~=1/3. At the same time, the value of the percolation
threshold p. of real composites can be different depending on their structure, which is related to their
fabrication technique.

In [11], a modification of the Bruggeman — Landauer approximation was presented, which allows one to

specify any percolation threshold p, for the problem of calculating the effective conductivity.

The objective of this work is to modify the self-consistent approximation for calculating the effective
thermoelectric properties of composites (Bruggeman-Landauer approximation for thermoelectric
phenomena) and to show the influence of the assigned percolation threshold on the effective properties of
two-phase thermoelectric composites.

The article is organized as follows: in the first section, we consider the Bruggeman-Landauer
approximation and its modification based on [11]. In the second section, the system of thermoelectric
equations is rewritten in a convenient form for constructing the Bruggeman-Landauer approximation and a
modification of the approximation is proposed. From the obtained results it follows that the thermoelectric
figure of merit, depending on the percolation threshold, has a maximum, which is an interesting
consequence for experimental verification. In the third section, we present the calculation of effective
properties in the “anomalous” case, where an unusual behavior of the effective conductivity is observed.

Modification of the Bruggeman-Landauer approximation in the effective
conductivity problem

The Bruggeman-Landauer approximation can be written as

o, -0, o, -0,

(1-p)=0, (1)

20,+0, 20,+0,

where o) is the first phase conductivity, o, is the second phase conductivity.

The effective conductivity obtained from solution (1) describes well the entire concentration range.
With greater inhomogeneity, at 61/ 62>>1 close to concentration p=p.=1/3 there is a sharp change in the
concentration behavior of o, which qualitatively describes the percolation behaviour (an analogue of the
second-order phase transition). Naturally, such a “simple” approximation as (1) cannot completely describe
percolation laws. For example, the critical indices o. close to p. obtained from (1) [1, 11]. Their numerical
value t=¢g=1 differs from the percolation (=2 and ¢=0.73).

According to modification [11], the Bruggeman-Landauer approximation (1) is replaced by

o-e_al O-e_az
20, + 0 20 + o
A py =% (1-p)=0, 2)
I+e(p,p)~— l+c(p,p) >
20, \ 20, +0,

where c(p, p, ), the Sarychev-Vinogradov term, is of the form

B N-F
C(p,ﬁc)=(1—3ﬁc)[~£] C(f_—}f} © 3)

c

and p,is the preassigned percolation threshold.
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According to (2), 0. (p) at h=c,/6,—0 close to p, has the same exponential behavior, as in the standard

Bruggeman-Landauer approximation (1)

o(p)~o(p-b.),0,=0, p>p,,

-9

o,(p)~o,(p.—p)", 0,=0, p<p,, 4)

where critical indices =1 and g=1.

Modification of the Bruggeman-Landauer approximation for thermoelectric phenomena

In the case of thermoelectric phenomena we write the local relation between the electric current j, heat
flux density ¢, temperature gradient VT and electric field strength £ in the form [8, 12]

j=oE+oa(-VT),

g=0'05E+K1+ZT

(=VT), )

where o,k are electric conductivity and thermal conductivity, a is differential thermoEMF, and

2
oo

ZT=""1T, (6)

K

thermoelectric figure of merit (the loffe number) Z multiplied by temperature.

Local kinetic coefficients o, k, a are coordinate-dependent and in the case of a two-phase composite
take on the values o1, k1, a; in the first phase and 62, k2, 0z - in the second.

The properties of composite as a whole are assigned by the effective kinetic coefficients relating by
definition the volume average “currents” — electric j and thermal q to “forces” — electric field E and

temperature gradient VT

@ = 0.0, (E) 4k, TZeT (-vT), 7
where
2
Z - o.a,
K

Systems (5) and (7) can be written in matrix form, convenient for further consideration

(<q>j/TJ::a KlG*}T [@@)J ®)

ISSN 1607-8829 Journal of Thermoelectricity Ne3, 2019 41



A. Snarskii, P. Yuskevich
Effective medium theory for the thermoelectric properties of composite materials with various...

Note that in this record, as it must be according to Onsager’s principle [12, 13], the matrix of kinetic
coefficients is symmetric. Similarly, for the effective values

j o, o.Q, <E>
= . 9
@ oa K€1+feT [_ J )

Introduce a generalized current i and a generalized force e

i:[<q>j/fj’ e{ﬁ%}’ o

A

which are interrelated by the matrix of local kinetic coefficients €2

o oa

i=Qe, Q= 1+ZT > (11)
oa K

and similarly for volume average currents and forces
(i)=0, (e). (12)

In matrix notation, a self-consistent approximation of thermoelectric problem (analogue of the
Bruggeman-Landauer equation) can be written as [2]

—a, 0,-0,
~—p+———=(1-p)=0, (13)
+Q, 20, + 2( )

e

Q,
2Q),

where expressions of the type 1/ (2f2€ + f)l ) are understood as multiplying on the right by the inverse

matrix.
Here, we (similarly to [11]) propose the following modification of a self-consistent approximation (13)
for thermoelectric problem

a -6 a -6,
2f2 +f2 2@ +f2
c 1+ c—2——(1-p)=0. (14)
Lt e(p.p) 2™ po(p ) et
)6 a P56 ta,

Note at once thatat p, =1/3 Eq.(14) goes over to standard approximation (13).

Fig.1 shows the concentration dependences of 6., ke, ¢, ZT for various p, .
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Fig. 1 Concentration dependences of effective conductivity, thermal conductivity, thermoEMF
and figure of merit. The values of coefficients in the phases were selected [15] :
for the first phase — 61=5-10° Ohm'm!, «1=36.1 W/(mK), 0.=0 V/K
for the second phase — 5:=10°> Ohm™'m!, ,=0.963 W/(mK), 0,=173 -10°

As can be seen from Fig. 1, the effective conductivity increases with the addition of a better conductive
phase, as it must be. Effective thermal conductivity behaves similarly. Accordingly, the effective
thermoEMF decreases when a phase with a lower thermoEMF is added. It can also be seen from Fig. 1 that,
for example, for effective conductivity, all lines behave identically, however, the region is shifted in which
there is a sharp increase in conductivity, or, in other words, the percolation threshold is shifted. The
thermoelectric figure of merit (the loffe number) decreases monotonically, as it must be, when the first
phase with a lower thermoelectric figure of merit is added.

It can be strictly shown that in the case of #.=6,/6,—0 and 4~ i/ K1—0, ceand K. either become equal
to zeroato;=0and k;=0and p — p,, ordivergeat ;= and k; =ccand p = p,.

As follows from (14), the values of effective coefficients at a given concentration p of the first phase
depend on the percolation threshold of composite p, . The closer concentration p to p. , the more significant
is this dependence, but even at lower concentrations, the difference occurs.

Fig. 2 shows the dependences of effective coefficients o, Ke, 0, Z.T on the value of p,_ for different

values of p-concentration of the first phase.
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Fig. 2 Dependences of effective kinetic coefficients on the percolation threshold ]~?C

at a given concentration p of the first phase. The values of coefficients in the
phases were selected the same as in Fig. 1.

Fig. 2 shows that the value of effective conductivity, at a given concentration, decreases with increasing

the threshold p, . The effective thermal conductivity behaves similarly. It is also noteworthy that, at a given
concentration, with increasing the threshold p, , the thermoelectric figure of merit (the Ioffe number) also

increases, but at large p_ the maximum is noticeable and the growth changes to a small drop. It would be

interesting to verify the existence of such a maximum experimentally and to determine whether this
maximum is an “artifact” of our modification.

Modification of the Bruggeman-Landauer approximation for thermoelectric phenomena in
the “anomalous” case

Correction (3) introduced in the Bruggeman-Landauer approximation (2) suggests that the conductivity

of the first phase is greater than the conductivity of the second phase 6, > .. In this case, at p, given in

(3), the percolation threshold that can be found when solving (2) will be equal to the preassigned p, = p, .
Subject to the inverse inequality 6> > o1, correction (3) should be changed.

At a1 = 02 =0, i.e. in the absence of thermoelectric phenomena, the effective medium approximations
(13) or (14) are divided into two independent — one for electric conductivity, the other — for thermal
conductivity. In the case when 61> o, and ;> «» these independent equations includes the same

correction ¢(p, p,). However, in the opposite case, when 61> o2, but k1 > k3, corrections for 6. and k.
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should be different. In the general case, when a; # oy, this difference remains and modification (13) (14)
assumes a more complex form.

QQ—QI QE—QZ
20, +0, 20, +Q,
0+ 2——(1-p)=0, (15)
1+C( )M 1+C( )%
PP)ye o PP)ye o
where
AL ¢, (p,p.) 0
c<p,pc>=[ PP ) j (16)
0 c.(p,p.)

and corrections ¢_(p, p,) and ¢, (p, p,) in (16), depending on the ratios o1/ cu k1 / K are of different

form. In the case when 6, > o, and k; < K the correction c_(p,p,) remains the same — (3), and

c.(p,p.) is given by
Ck(p,ﬁc)=[1—3(1—ﬁc)][~£j (1‘—”) . (17)
D 1-p,

Fig. 3 shows the concentration dependences of Ge, ke, 0, Z.I for different values of percolation
threshold.

c
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Fig. 3. Dependences of effective thermoEMF and figure of merit on the concentration
p of the first phase at a given percolation threshold p .. The values of

coefficients in the phases were selected the same as in Fig. 1.
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One of such materials for which the Wiedemann-Franz law — high conductivity, but low thermal
conductivity - is violated significantly, is described in [16].
Fig.4 shows the dependences of effective properties on the value of percolation threshold.

2.0x10™-
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~ Y1 p=04
Nm : : p= 6 / /

Fig. 4. Dependences of effective thermoEMF and figure of merit on the percolation
threshold ﬁc at a given concentration P of the first phase. The values of coefficients in

the phases were elected the same as in Fig. 1.

Just as in the usual case, the effective figure of merit has a maximum.

Discussion

The figure below shows the dependences of effective conductivity and thermal conductivity on the
concentration and percolation threshold in the “anomalous” case. It should be noted that effective

conductivity has an unusual behavior: when a phase with good conductivity is added, effective conductivity

first decreases, and then begins to grow. It seems interesting to experimentally verify whether this is a

defect in the theory, or whether such conductivity is actually observed in real composites.
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Fig. 5. Dependences of effective thermoEMF and figure of merit on the percolation
threshold [76 at a given concentration P of the first phase.

The values of coefficients in the phases were selected the same in Fig.1.

Conclusions

This paper considers a modification of effective medium theory (self-consistency method) for
thermoelectric phenomena in the case of a preassigned percolation threshold. Such a modification was first
proposed in [11] for the description of galvanomagnetic phenomena and was used for the description of a
series of experimental results [9-11,17]. In [18], the modification was used in the proposed approach of
“mobile percolation threshold” to describe the magnetodielectric effect and the peculiarities of magnetic
permeability of magnetoelastomers, in [19,20], to describe a gigantic magnetoelastic effect.

A similar modification is proposed here for a system of equations describing thermoelectric phenomena
in macroscopically inhomogeneous two-phase composites.

The results obtained can be used for the description of thermoelectric properties of composites with
different structures corresponding to different percolation thresholds.
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A. CHapchKuid 0ok. ¢hiz.-mam. nayx, npoghecop'?,
II. FOcbkeBuy'

"HamionaneHuii TexHiunmi yHiBepcuTeT YKpainn
"KuiBchKuit momiTeXHiYHUH iHCTUTYT iMeHi Irops Cikopcbkoro"”,
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asnarskii@gmail.com
’[actTutyT IpobaeM peectpaii indopmanii HAH Vkpainu,
ByJ. H. [llmaka 2, 03113 Kwuis, Ykpaina

TEOPIA CEPEJHbOI'O ITOJIA AJISA
TEPMOEJEKTPUUYHHUX BJJACTUBOCTENA KOMIIO3UTHUX
MATEPIAJIIB 3 PI3BHUMH ITIOPOI'AMMU ITPOTIKAHHA

B pobomi nobyoosarno mooughikosany meopiio egpekmugroz2o cepedoguiya 01 00UUCTIeHb ePeKmUBHUX
KIHeMU4HUX Koeqiyienmie  MepMOeNeKmpUYHUX KOMNO3UMI6 3 DIHUMU 3HAYEHHAMU Nopocie
npomixanusa. Iloxkasano, wo Hagimev 3a KOHYeHMpayil NO3a KPUMUYHOIO O0ONACMIO 8eIUYUHA NOPOZY
icmomua 015 GusHAYeHHs eheKMuUeHUX eracmueocmel. Pozenanymo 06a npuHyunogo pisHux unaoKu
Habopy noKanbHux enacmugocmeti komnosumy. OOun 3 HUX, KOJAU NPOBIOHICb | MenionposioHicmo
OOHI€l 3 (haz 00HOYACHO OinbWIA 3a NPOGIOHICMb MaA MEenIonposionicms Opyeoi ¢asu. /lpyeuil,
AHOMANbHULL BUNAOOK, KOJU eleKmponpogioHicms nepuioi ¢asu (G1) Oitvua 6i0 Opyeoi, ane
MenIonposionicms neputoi gasu meruia 8i0 Opyeoi, NOKA3ye He36UHAUHY KOHYESHMPAYIIHY NO8EOiHKY
epexmusHoi nposioHOCMi, MOOMO NpPU 3POCMAHHI YaACmMKU 000pe NposioHOl (aszu eghexmusHa

NpoGIOHICMb Ge OeMOHCMPYE 3MEHUEHHS, d He 3POCMAHHS K ) CIAHOApmHOMY 8unaoky,( ous. puc.la),
axke npu P = P, nepexodums 6 spocmanns. bion. 5, puc. 5.

KirouoBi cjioBa: TepMOeIeKTpUKa, TEOPis MPOTIKAHHS, MOPIr MPOTIKAHHS, KOMIIO3UTH, €(hEKTHBHI
BJIACTUBOCTI.

A. CHapckmii 0ok. uz.-mam. nayx, npogeccop'?,

I1. FOcbkeBUY'

"HanmonanbHbIi TeXHHYECKNH YHUBEPCHTET YKPaUHBI
“KueBckuit monuTexHU4eckuii ”HCTUTYT uMeHu Urops Cukopckoro”,
npocnekT [To6enst 37, 03056 Kues, YkpauHa,
asnarskii@gmail.com
*MHcTuTyT npobiaeM peructpanun nHGopMarmu HAH Yikpannsr,
yi. H. llnaka 2, 03113 Kues, Ykpauna

TEOPUA CPEJHEI'O ITOJIA AJISI TEPMOJJIEKTPUYECKHUX
CBOMCTB KOMIIO3UTHBIX MATEPHUAJIOB C PA3JIMYHBIMUA
IHOPOI'AMM ITPOTEKAHUA
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B pabome nocmpoena mooupuyuposannas meopus 3pexkmusHou cpedvbl 0N BLIYUCTEHUL
ahpexmusnbix CBOUCME MEPMOINEKMPUUECKUX KOMNOUMOB C PA3TUYHbIMU 3HAYEHUIMU NOPO2O8
npomexanusi. [lokazano, umo 0agice npu KOHYEHMPAYUsx 6He KPUMUYECKOU 0OIACmU 6eIULUHA NOPO2a
cywecmeenna 075t onpeoeneHus dhpexmusnvix ceoticms. Paccmompensl 06a npunyunuaibHo pasHuix
cayyas Habopa JNOKANbHBIX ceoticme Komnosuma. QOOun U3 HUX, K204 NPOBOOUMOCHb U
MenIonpo8oOOHOCMb O0OHOU U3 (a3 00HOBPEMEHHO O00Jble NPOBOOUMOCHU U MENIONPOBOOHOCTNU
emopotl ¢pazvl. Bmopoii, anomanvHulil cayuail, Ko2oa 31eKmponposooOHoCHb nepeoll ¢aswvl (Gi) boavuue
8MOpOU, HO MENIONPOBOOHOCHb Nepeoll  (Pasbl MeHblle 8MOPOU, HNOKA3bleaem HeobbvlyHble
KOHYEHMPAYUOHHOe NoGedeHue 3PHexmueHol nposooumMocmu, m.e. Npu GO3PACMAHUU XOPOUIO

npogoosiujeli gazvl dhpexmusnas nposoouMocms O, NOKA3bIBAem NnadeHue (a He pOCm KAK 6
cmanoapmuom ciyuaem, cm. puc.la), komopoe npu p = p_. nepexooum 6 pocm. bubn. 5, puc. 5.

KaoueBbie ciioBa: TSPMODIICKTPUUECTBO, TEOPHSI MPOTEKAHKS, TOPOT MPOTEKAHMUS, KOMITO3UTHI,
3 PeKTUBHBIC CBONCTBA.
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EXPERIMENTAL STUDY OF A THERMOELECTRIC COOLING
MODULE FOR AN X-RAY DETECTOR

The paper presents the results of experimental studies of a thermoelectric multistage thermoelectric
cooling module for X-ray detectors. A specialized bench was developed, a thermoelectric cooling module
was manufactured, and a series of its studies was conducted under conditions simulating its operation as
part of an X-ray detector. Bibl. 6, Fig. 3.

Key words: experimental study, thermoelectric cooling, X-ray detector.

Introduction

General characterization of the problem. Thermoelectric cooling is rather widely used to assure the
necessary operating temperature of various radiation detectors [1 — 3]. The detector device, arranged on the
heat-absorbing surface of thermoelectric cooling module, as a rule, is mounted into a sealed housing, the basis
of which is in good thermal contact with the heat exchanger.

Single-stage thermoelectric modules are used for shallow cooling of radiation sensors to ~ 250 K. Two-
stage thermoelectric coolers (TEC) are used to cool sensors to operating temperature 230 K, three-stage TEC
— to temperature of 210 K, four-stage TEC — to temperature of 190 K [3]. Such converters offer a number of
advantages, including small size, durability, high reliability, and up to 20 years of service life.

In [6], a computer-aided design of a four-stage thermoelectric cooling module was performed to
provide the temperature and thermal conditions for the operation of an X-ray detector.

The purpose of this work is to experimentally verify the results of simulating a thermoelectric
multistage cooler for an X-ray detector.

TEC design

As a result of computer design and optimization, the structure of thermoelectric cooler for an X-ray
detector was developed (Fig.1) which comprises 4 stages with 6, 12, 27 and 65 pairs of legs (with dimensions
0.6 x 0.6 x 1.8 mm®) of thermoelectric material based on n- and p-type bismuth telluride (Bi:Te;) with the
overall dimensions 12 x 16 x 12 mm®. The size of cooled area is 4 x 8 mm. Electric insulating plates are made
of aluminum oxide (4/:03) 0.5 mm thick, electric interconnects — of copper (Cu) with anti-diffusion nickel
layer (Vi) 0.1 mm thick.
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Fig. 1. Appearance of thermoelectric cooling
module for an X-ray radiation detector

To conduct experimental studies of thermoelectric multi-stage cooler of X-ray detectors, special
measuring bench was developed for maximum reproduction of its operating modes (Fig.2).

Fig. 2. Appearance of thermoelectric

cooling module for an X-ray radiation detector

The bench consists of a vacuum post for reproduction of medium inside an X-ray detector, a
thermoelectric multi-stage cooling module proper, a thermal load simulating furnace, a system for heat
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removal and a set of measuring thermocouples.

Results of experimental studies

Measuring process took place in vacuum, electric power to thermoelectric module was
supplied by means of special thermal leads. On the upper surface of the thermoelectric
module (the cold side of the thermoelectric module on which the X-ray detector is located), a heat flow
simulator furnace was placed. The measurements were carried out using special thermocouples
(chromel-kopel thermocouples).

Fig. 3. Appearance of thermoelectric

cooling module in measuring bench

During measurement, the main results of designing thermoelectric cooling module for an X-ray
detector have been confirmed:

- maximum temperature difference A7 =102 K at detector base temperature 7.=-70 °C;

- electric power W=3 W,

- coefficient of performance € =~ 0.018.

The results obtained prove the possibilities of using thermoelectric coolers for assuring temperature and
thermal conditions for X-ray radiation detectors and outperform the well-known world analogs.

Conclusions

1. A thermoelectric cooler of an X-ray detector was manufactured comprising 4 stages of Bi,Te;
thermoelectric material with overall dimensions 12 x 16 x 12 mm while assuring cooled area 4 x 8 mm.

2. A special bench was developed and a series of measurements of the parameters of thermoelectric cooling
module for an X-ray detector was carried out.

3. The electric power of thermoelectric converter W =3 W was measured, which at the coefficient of

performance ¢ = 0.018 assures the detector base temperature 7" =-70 °C and AT max = 102 K.

4. The measurements in general repeat the results of computer-aided design of the thermoelectric cooling
module for X-ray detectors and confirm that the developed TEC outperforms the well-known world
analogs.
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INFLUENCE OF THE NUMBER OF CHANNELS ON THE EFFICIENCY OF
PERMEABLE THERMOELEMENTS OF Bi-Te-Se-Sb BASED MATERIALS

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

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

Introduction

Permeable thermoelectric elements are characterized by the presence in their structure of channels
for pumping liquid or gaseous heat carrier through them. The presence of heat exchange in the bulk of the
leg increases the intensity of heat transfer, leads to the redistribution of temperature fields, potentials and
heat fluxes, thus affecting the energy characteristics of the thermoelement. By controlling the
thermophysical parameters (heat carrier pumping rate, heat transfer rate, electric current density), it is
possible to realize such working conditions whereby the energy efficiency of power conversion will be
improved [1].

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

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

Physical model and its mathematical description

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

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

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

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

n.p

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

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

expression:

q=—, J =
I S
where O is power of heat flux passing through thermoelement leg, / is electric current, S is cross-
sectional area of thermoelement legs.
The boundary conditions necessary for solving the equation with regard to the Joule-Lenz heat
release due to contact resistance ry at points of connection of leg segments are formulated as:
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np

nn

where indices "-" and "+" denote the values of functions immediately to the left and right of the interface of
segments xi; k=1, ..., N is the index which determines leg segment number.

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

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

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

P
]’":
2.6e, (T, - 1)

n,p

2

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

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

np n.p n P

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

Results of solving the problem

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

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

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

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

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

Conclusions

Thus, for different operating conditions of a permeable generator thermoelement of Bi-Te-Se-Sb based
materials it is necessary to determine its optimal design parameters (leg height, channel diameter and their
number), whereby the maximum energy conversion efficiency and electric power will be obtained. The
efficiency under optimal working conditions is higher than that of conventional thermoelement by a factor
of 1.32. Comparison with 1o, the efficiency of conventional thermoelement operating under similar
conditions, also indicates the possibility of about 32% increase in the efficiency of Bi-Te-Se-Sb based
permeable thermoelement when converting energy.
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BJIMAHUE YUCJIA KAHAJIOB HA 9®@PEKTUBHOCTD ITIPOHULIAEMbBIX
TEPMOY2JIEMEHTOB N3 MATEPHUAJIOB HA OCHOBE Bi-Te-Se-Sb

IIposeden ananuz OCHOBHBIX CBOUCME MEPMOINEKMPUYECKUX MAMEPUANOS. OA NPOHUYAEMO20
mepmodnemenma u3 mamepuanos na ocrose Bi-Te-Se-Sb, npusedena gusuueckas modens u oamo ee
mamemamuueckoe onucanue. CoOeran KOMNLIOMEPHBIL —paciem napamempos NpOHUYACMbIX
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THERMOELECTRIC DEVICE FOR HYPOTHERMIA OF THE HUMAN EYE

The paper presents the results of the development of a thermoelectric device in the form of a
monocular dressing for contact cooling of the human eye through the eyelids. The developed
device allows controlled local contact cooling of the eye structures through the eyelids and is
designed to treat the acute and chronic eye diseases, reduce intraocular pressure, and reduce pain
and inflammatory processes of the eye. The design features of the device and its technical
characteristics are presented. Bibl. 23, Fig. 2, table 1.

Key words: thermoelectric device, thermoelectric cooling, hypothermia of the human eye.

Introduction

Therapeutic hypothermia is a curative effect that involves reducing the patient's body
temperature by forcing heat away from the surface of the body or internal organs to reduce the risk of
ischemic tissue damage. Therapeutic hypothermia in medicine has been known for over 200 years as
an effective and proven method of neuroprotection in patients with some critical conditions, which
reduces the mortality of patients and reduces the amount of damage to brain tissue. Currently,
therapeutic hypothermia is considered to be the most promising physical method of neuroprotective
protection of the brain, since from the standpoint of evidence-based medicine there is no effective
method of pharmacological neuroprotection in neuroresuscitation practice [1]. Therapeutic
hypothermia is successfully used in various fields of medicine (cardiac surgery, neurosurgery,
resuscitation, etc.) in order to increase the resistance of brain cells to ischemia [2-6].

It is known that cerebral metabolism changes with the temperature of the brain, on average by
6-8% when the temperature of the body changes by 1 °C [1]. Lowering the temperature of the neurons
of the central nervous system causes the development of metabolic depression in them, which leads to
a decrease in oxygen consumption, increased resistance to hypoxia, ischemia and reperfusion [7, 8]. In
general, the following mechanisms of the neuroprotective action of therapeutic hypothermia are
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currently distinguished: inhibition of destructive enzymatic reactions; inhibition of free radical
reactions; plasticity protection of lipoproteins of cytoplasmic membranes; reduced oxygen
consumption in areas of the brain with low blood flow; improving oxygen delivery to the ischemic
zones of the brain and reducing intracranial pressure; inhibition of biosynthesis and production of
exitotoxic neurotransmitters [9 12].

At the same time, it is known that general therapeutic hypothermia is accompanied by the risk
of complications, so it can be applied only in specially equipped resuscitation units. In clinical
conditions in an ophthalmic hospital, it is not justified due to the complexity of its implementation [3,
4]. In ophthalmology there is a prospect of using local therapeutic hypothermia, for example, to reduce
intraocular pressure. According to some authors, this effect is achieved by reducing the production of
intraocular fluid and improving the outflow of watery moisture.

In so doing, there is a decrease in pain syndrome [13 — 15]. There is evidence in the literature
that local hypothermia of the eye can lead to a decrease in fibrin production, a decrease in bleeding
volume, and a decrease in photodamage during surgery [16]. A number of authors demonstrate a
decrease in choroidal blood flow and a decrease in damage to the hemato-retinal barrier in conditions
of local hypothermia [17, 18]. There is evidence of the use of local hypothermia to reduce
inflammatory reactions [19]. It is known that after local hypothermia significant hemodynamic
changes occur in the eye that are characterized by a significant expansion of the vessels and a decrease
in their peripheral resistance, leading to an increase in blood flow to the vascular tract, an increase in
pulse volume and blood flow velocity [20].

There are various ways to cool the eyes. In the experiment, it was confirmed that with local
contact hypothermia, a decrease in the temperature of the intraocular medium of the rabbit eye is
possible, both by cooling directly the external surface of the cornea and when exposed to cold through
closed eyelids [21]. To solve this problem, you can use, for example, a bubble with ice, laying it on the
eyelids [14]. Another way to achieve local hypothermia is achieved by irrigating the outer surface of
the eye with chilled solutions. During intraocular surgery, local hypothermia of the eye can be created
by lowering the temperature of irrigation solutions [22]. With regard to modern technologies, the
development of special thermoelectric devices for local contact eye cooling looks promising. This
will allow more efficient and controlled use of the beneficial effects of therapeutic hypothermia for the
treatment of ophthalmic diseases.

Therefore, the purpose of this work is to design and manufacture an experimental sample of
thermoelectric device in the form of a monocular dressing for contact cooling of the human eye
through the eyelids.

Device design and specifications

At the Institute of Thermoelectricity of the NAS and MES of Ukraine within cooperation
agreement with the State Institution "The Filatov Institute of Eye Diseases and Tissue Therapy of the
NAMS of Ukraine"a thermoelectric device was developed in the form of a monocular dressing for
contact cooling of the human eye through the eyelids (Fig.1). The technical characteristics of the
device are given in Table 1.

The device is designed to treat acute and chronic eye diseases, reduce intraocular pressure,
reduce pain and inflammation of the human eye. The developed thermoelectric medical device allows
controlled local cooling of eye structures through the eyelids and makes it possible to develop and
introduce the technology of controlled local therapeutic hypothermia in ophthalmology. This device is
original and has no world analogues.
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Fig.1. Experimental sample of a thermoelectric device in the form of a monocular dressing

for contact cooling of human eyes through the eyelids: 1 — cooling plate,

2 — thermoelectric electronic cooling, control and power supply unit

Table
Device specifications
Ne Device specifications Parameter values
L. Operating temperature range (+5 ++40) °C
2. Temperature accuracy +0.2°C
3. Discreteness of the measured and set temperature +0.1°C
4. Temperature measurement error, not more +0.2°C
5. Thermal load in the external circuit, not more 20W
6. Total power consumption, not more 120 W
7. Supply voltage (AC 50 Hz) 220+ 10V
8. Overall dimensions of cooling plate (75%45%12) mm
9. Dimensions of thermoelectric electron.ic cooling, control and power (180%120%100) mm
supply unit

10. Pump performance 40 1/h

1. Length of hoses with external temperature sensor 1 m

12. Device weight 1.5kg

13. Device run-up time 10 min

14. Device continuous work time 48 h

The device consists of two main functional units: cooling plate 1 and thermoelectric electronic
cooling, control and power supply unit 2 (Fig. 1). The cooling plate 1 is a liquid heat exchanger made of a
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highly conductive material - copper. The electronic unit 2 comprises a thermoelectric cooling unit, a power
supply unit and an electronic control unit based on a programmable thermoregulator of the type RE-202. In
turn, the thermoelectric cooling unit contains a Peltier thermoelectric module [23, 24], liquid heat
exchangers and a circulation pump.

The Peltier thermoelectric module is designed to cool or heat the liquid circulating in the outer circuit.
The hot side of this thermoelectric module is cooled by an internal liquid circuit connected to the water
supply network. The circulation pump provides for the circulation of the liquid coolant in the outer circuit.

The power supply unit is designed to power the thermoelectric module from an alternating current
network of 220 V. The temperature regulator RE-202 measures the temperature from internal and external
thermoresistive sensors and generates control signals for the control circuit. In turn, the control circuit
controls the thermoelectric module according to a predetermined program in order to maintain the
operating temperature set by the operator.

On the front panel of the device there are toggle switches "ON", "HEATING / COOL" and a digital
display of the temperature regulator RE-202. The rear panel of the device acommodates a “NETWORK”
toggle switch, a socket for connecting to a 220 V network, sockets for connecting external temperature
sensors “T1” and “T2”, “CIRCUIT INPUT”, “CIRCUIT OUTPUT”, “WATER INPUT”, “WATER
OUTPUT” unions and a 5 A fuse.

A block-diagram of the thermoelectric device for contact cooling of the human eye is shown in
Fig2, where 1 is a 220V network switch, 2 is a RE-202 measuring thermoregulator,
3 is a power supply unit switch, 4 is a power supply unit, 5 is a tank with the liquid of heat exchanger
circuit, 6 is a temperature sensor of the object, 7 is a temperature sensor of heat exchanger circuit, 8 is a job
type switch, 9 is a circulation pump, 10 is a working heat exchanger of liquid circuit, 11 is an active heat
exchanger of liquid circuit, 12 is a thermoelectric Peltier module, 13 is a power relay of thermoelectric
Peltier module; 14 is a passive heat exchanger of liquid circuit, 15 is water mains.

220V, 50Hz

Fig. 2. Block-diagram of a thermoelectric

device in the form of a monocular dressing

> for contact cooling of the human eye
through the eyelids: 1 — 220 V mains

Q switch, 2 - measuring thermoregulator

— RE-202 3 —power supply switch, 4 — power

| w e =

4 M = 6 supply unit, 5 — tank with a liquid of heat

exchanger circuit, 6 — object temperature

: 5
l . : E‘il i sensor, 7 — temperature sensor of heat
8 ;

N i exchanger circuit, 8§ — job type switch, 9 —
11 circulation pump, 10 — working heat
__l_'l 12 I exchanger of liquid circuit, 11 — active
13 14 15 heat exchanger of liquid circuit, 12 —
o thermoelectric Peltier module, 13 — power
— electric wires ———= liquid hoses

relay of thermoelectric Peltier module, 14
—passive heat exchanger of liquid
circuit, 15 — water mains.
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Operating principle of device

The operating principle of device is cooling or heating (thermal stabilization) of the human eye
in order to treat acute and chronic diseases of the eye, reduce intraocular pressure, reduce pain and
inflammatory processes.

The proposed device works as follows. After electrical power supply and selection of cooling or
heating mode, the thermoelectric module maintains the temperature set by the thermoregulator by
means of liquid circulating in the circuit. If the internal temperature sensor is selected as the feedback
sensor, the preset temperature in the liquid circuit stabilizes. If an external sensor is selected as the
feedback sensor and it is located in a thermostatically controlled object, then the temperature of the
object is stabilized.

The specified device is simple, compact, portable and reliable in operation, which allows a
doctor or a medical person to use it without special training, having read the instruction in advance.
Thus, the technical advantages of this device include: the presence of a highly efficient thermoelectric
Peltier module, the ability to measure and maintain a set temperature with a discreteness of £ 0.2 ° C,
the safety of use of the device and the ability to monitor the temperature of the human eye surface in
real time.

The introduction of such a device into medical practice will be of great social and economic
importance as it will reduce the risk of ophthalmic complications, preserve the viability of patients' eye
structures, and provide highly skilled care both in specialized medical establishments and in extreme
conditions. This, in turn, will provide the right conditions for the preservation of human health,
improve the efficiency and quality of health care delivery and make a significant contribution to the
development of the newest domestic medical thermoelectric equipment.

It should be noted that in order to confirm the effectiveness of the device, the development of
methods of treatment and clinical trials, the developed experimental model of the device for contact
cooling of the human eye through the eyelids was submitted to the State Institution “The Filatov
Institute of Eye Diseases and Tissue Therapy of the NAMS Ukraine” within cooperation agreement.
The results of clinical trials of the device will be the subject of subsequent publications on this subject
matter.

Conclusions

1. For the first time, a design was developed and an experimental sample was made of a
thermoelectric device in the form of a monocular dressing for contact cooling of human eyes
through the eyelids. The device is designed to treat the acute and chronic eye diseases, reduce
intraocular pressure, and reduce pain and inflammation of the human eye. The proposed device has
no world analogues.

2. The developed thermoelectric medical device makes it possible to carry out controlled contact
cooling of human eye structures in the temperature range (+5 + +40) °C and will further allow
developing and introducing the technology of controlled local therapeutic hypothermia in
ophthalmology.
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SOME OPTIONS FOR IMPROVING PARAMETERS OF
THERMOELECTRIC CONVERTERS

The sensitivity of thermal converter as a function of mutual arrangement of its structural elements
was investigated. The importance of optimally matching the resistances of thermocouple and heater
for each specific application of thermal converter and the advisability of optimizing its structural
elements were confirmed. Bibl. 6, Fig. 2, Tabl. 1.

Key words: thermoelectric converter, thermocouple, heater, sensitivity.

Introduction

The basic parameters of metrological-purpose thermal converters up to this time have been mainly
improved by increasing the thermoelectric parameters of semiconductor materials used for the
manufacture of thermocouples, one of the basic structural elements of thermal converters.

However, in [1] it was shown that the use of a thermoelectric material with maximum
thermoelectric figure of merit (Z) is not always a decisive factor in improving parameters of thermal
converter. For example, a significant increase in the sensitivity of thermal converter can be obtained by
optimizing the thermal mode of its operation in order to increase the efficiency of using the heat
generated by the heater, minimizing the influence of the thermocouple on the temperature distribution in
the heater [2], optimizing the structural elements, and choosing the most effective operating mode for a
specific thermal converter application, etc.

The purpose of this work is to study possible options for improving parameters of thermal
converters based on the optimization of thermal converter structural elements and their operating mode.

Dependence of thermal converter sensitivity on the geometric dimensions of its
housing

When designing thermal converter, it is necessary to keep in mind that thermal mode of thermal
converter is determined not only by the geometric dimensions of thermocouple and heater, but also by
the distance between them and thermal converter housing.

To optimize thermal converter by the geometric dimensions, a series of experimental studies was
carried out to determine the sensitivity of thermal converter to the distance between the housing cover
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and the plane in which thermocouple and heater are located. The studies were carried out in the media
with different heat transfer conditions - in vacuum, xenon and air.
The results of the experiments are presented in Fig.1.

E.,mV

17.4

Vacuum e s
17.3

Xenon /
7.8

Air /
3.0 |

0.2 0.4 0.6 0.8 1.0 1.2 [, mm

Fig.1. Dependence of output signal Er of thermal converter on the height [
of the housing cover above the thermocouple.

It can be seen from Fig. 1 that from a distance / = 0.5 + 0.6 mm, further increase of L practically
does not change the conditions of heat exchange between the structural elements of thermal converter
and its housing.

The data obtained in xenon and vacuum confirm the theoretical calculations that the intensity of
heat transfer in vacuum is much lower than the intensity of heat exchange in a gas environment.

The above studies were carried out for a type 4604 thermal converter with a rated current of 25mA
and a thermocouple signal £7> 10 mV. Such 4604 thermal converter is structurally manufactured in a
housing of height of 5.5 mm and diameter of 4.9 mm. It should be noted that for thermal converters of
other ratings mounted in a similar housing, the research data can be somewhat different. However, the
purpose of the experimental studies was to establish the very fact of the influence of the thermal
converter housing on the location of thermocouple and heater in it.

Matching of thermal converter thermocouple resistance with load resistance

The question of choosing the optimal operating mode for thermal converter has long been fully
considered in [3]. However, thermal converter developers do not always take into account the
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importance of matching thermocouple resistance with load resistance. Therefore, it makes sense to dwell
on this issue once again.
The expression for the electric power P,,;, which the thermocouple develops at load r, can be
written as:
Pou=(E-It'Ry) I,=E, I (1)

where R;, I; are the resistance and rated current of the thermocouple, and E, is the load voltage .
Let us transform E,. (1), expressing it through the resistance ratio of thermocouple R. and load r.

E% 1

B, ==_—""_
B B, §m+7+n—i_'[

@

. »
wiera = Ewhere m=r/Rr
t

Fig. 2 shows a plot of the maximum thermocouple power w versus m, where for convenience the
values of Et and Rrare taken to be 1.
As can be seen from Fig. 2, the maximum load power is observed at m = 1.

0.1

0.05]

g e
T e

1 m

2 3 4
Fig. 2. The plot of w versus

m

Optimization of heater and thermocouple

A significant increase in the volt-watt sensitivity of thermal converter can be achieved by
improving the efficiency of using the heat generated by the heater. In [4], the option of using a heater
with a variable resistance along the length was studied, with the aim of maximizing the concentration of
heat at the point of contact between the heater and the thermocouple junction. According to estimates
made in [4], this approach allows increasing the temperature at the point of contact between the
thermocouple junction and the heater by almost a factor of two. Based on these research results, several
thermal converter designs with heaters of variable cross section were created. Such thermal converters
were studied in the air, in xenon, and in vacuum on a VUP-4A unit at a pressure of 10* mm Hg. The
experimental results are shown in Table 1. For comparison, Table 1 presents the parameters of the
product adopted as an analogue, namely thermal converter 2101.
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Table
Parameters of thermal converter
Average parameters of thermal converter
. Rn, Ohm RT, Ohm ET in Sw in ET in Sw in ET in Sw, in
Type or design of . .
thermal converter not more not the air | the air | xenon, | xenon, | vacuum, |[vacuum,
more not V/W mV mV mV mV
less
Thermal converter
2401 (AJOX 12 7 - - 8 8 - -
3.360.009 TY)
Thermal converter 16 10 | 30 | 75 | 52 13 7.2 18
with a profile heater
Thermal converter
with a prefabricated 16 10 2.8 7 44 11 6.4 16
heater
Thermal converter 20 32 8 6.0 15 8.8 22
with increased 16 40 3.6 9 7.2 12 12 90
thermocouple
resistance

Table shows that a significant increase in the volt-watt sensitivity of thermal converter can be
achieved by evacuating its working volume. However, in this case, the problem is the availability of a
vacuum-tight case for thermal converter. Nevertheless, creating such a case will not solve the problem. A
number of studies will have to be carried out under vacuum conditions, which may require the
development of new technology for the production of such material and methods for its investigation.

From the standpoint of practical applications, an interesting variant is the design of thermal

converter with increased thermocouple resistance. As can be seen from Table 1, the sensitivity of such
thermal converter at Ry = 40 Ohm reaches 30 V/W significantly exceeding the sensitivity of thermal
converters, in which the thermocouple has Rr= 10 Ohm.
The problem with the widespread use of high-resistance thermal converters is the technological
complexity of manufacturing microminiature thermocouples with a cross-section of legs at the level of
15 x 15 microns. Currently, the technology for manufacturing such products is mainly based on the use
of manual labor.

Conclusion

1. The dependence of thermal converter sensitivity on the mutual arrangement of the heater
thermocouple and housing for the thermal converter 46014 is established.

2. When matching the load and thermocouple resistances, high metrological parameters of thermal
converter are achieved when their resistance ratio m is within 0.6 <m <2.
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ON THE POSSIBILITY OF USING
THERMOELECTRIC GENERATORS FOR
HIGH-POWER TRANSPORT STARTING PRE-HEATERS

The main reasons for the complicated start-up of vehicles at low ambient temperatures are analyzed. The
advantages and disadvantages of using pre-heating to improve engine start-up are identified. The
principle of operation and design features of general-purpose pre-heaters and pre-heaters for armored
vehicles are given. The rationality of using thermoelectric generators for the operation of such equipment
is substantiated. The results of studies on the thermodynamic features of preheating systems for an
internal combustion engine, in which the sources of electricity are thermoelectric generators, are
presented. The physical schemes of the “pre-heater-thermogenerator” systems are considered and their
energy characteristics are evaluated. The most effective applications of thermoelectric sources of
electricity for engine start training for operation are determined. Bibl. 32, Fig. 3, Tabl. 1.

Key words: starting pre-heater, thermoelectric generator, physical model, efficiency.

Introduction

To overcome the difficulties associated with operating cars at low temperatures, various means of
thermal pre-training of internal combustion engines (ICE) are increasingly used [1, 2]. The most effective of
these are starting pre-heaters, namely flame sources of heat that run on the fuel of cars and heat the engine
coolant. To overcome the difficulties associated with the operation of automobiles at low temperatures,
various means of thermal pre-training of internal combustion engines (ICE) are increasingly used [1, 2]. The
most effective among such means are starting pre-heaters, namely flame heat sources that run on automobile
fuel and carry out heating of the engine coolant. In addition to a reliable start of the internal combustion
engine, the use of starting pre-heaters creates conditions for saving on average about 90-150 liters of fuel per
season, reduces the toxicity of exhaust gases during engine warming up to 5 times and allows increasing
engine life by 200-300 km per start when heated from temperature (-20 + -30) © C [3, 4].

Pre-heating of the engine is also important for large-size equipment, including that of military purpose.
The main reasons that make it difficult to start armored vehicles at low ambient temperatures are:

1. Increasing the viscosity of engine oil on the parts of connecting rod and piston group of an internal
combustion engine (ICE).

2. Lubricant viscosity increase in transmission units.
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3. Freezing of fuel in fuel lines, fuel filter and other parts of the fuel system.

4. Deterioration of fuel ignition conditions in engine cylinders, which is associated with a decrease in
its volatility and low temperatures of air entering the internal combustion engine cylinders from the
environment.

5. Freezing of heat carrier in the engine cooling system.

6. Decrease in the power of starter generator due to the reduced capacity of the batteries.

7. The excessive consumption of fuel during the cold start of the internal combustion engine, which is
not always available in the places of military operations.

The influence of these factors at low temperatures is manifested simultaneously, which leads to a
reduction in engine life and premature failure of combat armored vehicles. This significantly increases the
likelihood of sudden violations and failures in the operation of the equipment.

The determining factor limiting the possibility of mass use of starting pre-heaters is the discharge of the
battery during operation of the pre-heat equipment [5].

One of the promising methods for solving the problem of battery discharge during thermal preparation
of vehicle engines for launch is the use of thermoelectric generators as sources of electric energy for starting
pre-heaters [6 - 12]. This idea is the basis of research pursued at the Institute of Thermoelectricity, aimed at
creating thermoelectric pre-heat sources for engines of passenger cars [13 — 16]. As a result of the research,
an experimental sample of a thermoelectric diesel engine pre-heater with a thermal power of 3 kW was
developed for pre-heating of internal combustion engines up to 4 liters. The heater contains a thermoelectric
generator with an electric power of 80 - 100 W, which operates from the heat of the starting pre-heater and
provides power to its components. In addition, the excess electric energy of the thermogenerator can be used
to recharge the car battery, which was confirmed by experimental tests of the heater in bench conditions [17].

The purpose of this work is to analyze the feasibility of using thermoelectric generators for high-power
transport starting pre-heaters, in particular for armored vehicles and to select the most efficient physical
scheme for creating such generators.

Brief description of high-power heaters

Modern starting pre-heaters with a thermal power from 15 kWfor diesel engines are presented in Table
1. The leading companies in this direction are Webasto and Eberspéicher (Germany), Teplostar and
Shardrinsk Automotive Components Plant (Russian Federation), PROHEAT (Canada) [18-31].

Company Webasto (Germany) produces starting pre-heaters with a thermal power up to 35 kW
[18, 19]. The electric energy consumption of such heaters is 90-170 W without regard to the power of
circulation pump. In so doing, the electric power of recommended circulation pumps of the type U 4814 is
104 W, of the type U 4851 — 209 W. Therefore, total electric energy consumption of starting pre-heaters from
Webasto with a thermal power 16 - 35 kW is from 194 to 379 W.

Table 1
Starting pre-heaters with a thermal power from 15 kW for diesel engines
Output thermal Electric power Fuel
Manufacturer Model power, consumption, consumption,
kW W /h
Webasto (Germany) DBW 160 16 90* 2.3
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continuation of table

DBW 230 233 110* 3.0
DBW 300 30 130%* 4.0
DBW 350 35 170%* 44

(electric power consumption of recommended circulation pumps of the type
U 4814104 Bt, U4851 —209 W)

* - without circulation pump

Hydronic L 16 16 60** 2
Hydronic L 24 24 80** 2.9
. Hydronic L 30 30 105%* 3.7
Eberspacher -
Hydronic L 35 35 120%* 4.2
(Germany)
** _ without circulation pump
(electric power consumption of recommended circulation pumps of the type
Flowtronic 5000 — 104 W, Flowtronic 6000 SC — 210 W)
14 TC-10 15 132 2
Teplostar (RF) 20 TC-1138 20 200 2.5
AIDK -30/1-24 30 336 3.7
IDK/1246 24 170 3.8
K130 30 340 5
_ ITDKI30r 30 340 5
JSC “Shadrinsk TDKJI30E 30 340 5
Automotive
TTK130J1 30 340 5
Components  Plant”
(RF) ITK130M 30 340 5
OX130.8106010 30 140 3.8
TDKJ144110 37 340 8.5
IDK/1600 58 490 11.4
M50 12V 15 114%%%* 1.8
M50 24V 15 [25%%* 1.8
M0 12V 23 102%**
MBS0 24V 23 125%**
PROHEAT (Canada)
M90 24V 26 [25%** 3.1
M105 24V 31 228%** 4
M125 24V 37 228%** 4.2

*** - without circulation pump

Company Eberspécher (Germany) produces L-series starting pre-heaters with a thermal power of 16 to
35 kW [20, 21]. The consumed electric power of such heaters is 60-120 W, without regard to the power of the

circulation pump.

Hydronic L heaters are the most powerful liquid heaters from Eberspécher. Designed for installation on

vehicles with large engine displacement and large interior, Hydronic L 30/35kW are available with both

spaced and compact version with integrated components: water pump, fuel filter, which saves time on

installation. The heater is capable of operating both on diesel fuel and on fuel oil.
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The electric power of the recommended circulation pumps: type Flowtronic 5000 - 104 W, Flowtronic
6000 SC - 210 W. Thus, the total energy consumption of the Eberspacher Hydronic L Series Pre-Heater is
from 164 to 330 watts.

The Russian company Teplostar produces three models of starting pre-heaters with thermal power
from 15 to 30 kW - 14TS-10, 20 TS-D38, AITXK - 30/1-24 [22-24]. The electric power consumption of such
heaters is 132-336 watts.

Shadrinsk Automotive Components Plant (RF) produces starting pre-heaters with thermal power up to
58 kW [25-29]. The electric power consumption of heaters with thermal power from 24 to 58 kW is 170-490 W.

Company PROHEAT (Canada) produces starting pre-heaters of M-series with thermal power from 15
to 37 kW [30]. The electric power consumption of such pre-heaters is 114 - 128 W without taking into
account the power of circulation pump.

Thus, up to 500 W of electrical energy is required to operate starting pre-heaters shown in Table 1.

Starting pre-heater in armored vehicles is used to heat the coolant in the cooling system and the oil in
the circulation tank before starting the engine [31]. It is installed in the fighting compartment of the tank and
consists of a boiler and mechanisms for supplying and burning fuel (fuel pump, fan, nozzle, glow plug), a
water pump and gearbox with manual and electric drives.

The boiler is a cylindrical heater, all-welded stainless steel construction, consisting of a body, a flame
tube and a coil box.

The boiler body and the flame tube have double cylindrical walls between which internal cavities are
formed, filled with coolant (boiler water space). The internal cavities of the body and the flame tube are
interconnected by four tubes.

The inner front part of the boiler body together with the conical cover forms the boiler furnace, and the
rear part forms the gas chamber. An exhaust pipe is welded from below to the boiler body, which discharges
combustion products through an opening in the tank bottom to the outside. A box is welded on top of the
body, which contains a coil for heating the fuel. The heated liquid enters from the boiler body into the coil
box through an opening located in the upper part of the body.

The pump assembly of the heater includes a water pump; fan, fuel pump and gearbox with manual and
electric actuators. This whole assembly is mounted in a common crankcase.

The centrifugal type water pump is used for forced circulation if the coolant in the heating system. A
centrifugal fan delivers the air necessary for the combustion of fuel in the boiler furnace. The plunger type
fuel pump delivers fuel to the nozzles of the heater. The control of the pumping unit can be carried out
mechanically using a manual drive and electrically from an electric motor.

The centrifugal heater nozzle is designed to spray fuel in the furnace of the boiler, which is ignited by
the spark plug. The spark plug is powered by a 24V battery. In the event of a spark plug failure, the fuel can
be ignited by a torch through the upper right hole of the cone, which is closed by a plug.

To disconnect the heater from the cooling system (for the summer period of operation of the tank), a
heater shut-off valve is installed.

During the operation of the heater, the coolant under the action of the water pump of the heater is fed
through the pipeline and branched into four parallel streams.

The first flow passes through the engine, heats the cylinder heads and blocks and returns to the heater
through the water pump.

The second flow passes through the pipeline into the coil of the circulating oil tank, heats the oil in the
circulation tank and returns to the heater boiler through the housing of the intake oil pipeline.

The third flow passes through the water radiator through the water pump of the engine and by the
pipeline returns to the boiler of the heater.
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The fourth flow passes from the discharge pipe of the heater through the pipe into the cavity of the oil
pump. From the pump, the liquid enters the casing of the intake pipe of the pump and then into the boiler of
the heater. In the boiler, the liquid is heated and circulated again through the above flows.

Thus, in comparison with the pre-heater for traditional vehicles, the nozzle tank pre-heater has a
number of design and functional differences, which makes it more reliable and efficient.

Such and improved nozzle starting pre-heaters with a thermal power of 30-70 kW are installed on
many tanks developed by the former USSR - T-55, T-64, T-64A, T-72, etc. [32].

In modern armored personnel carriers, starting pre-heaters are installed, which are also used for other
civilian vehicles - trucks, buses and special equipment with a liquid cooling system.

Since electric energy is needed to power the main functional components of starting liquid pre-heaters,
its source is the battery of an armored vehicle. At low temperatures (-20 + -40 ° C), the battery capacity
decreases by 2 to 3 times, which creates problems in providing electric energy to both starting pre-heaters and
other equipment that should work when the engine is not running. This situation creates risks when starting
armored vehicles, so in practice it often becomes necessary to warm up engines without using starting pre-
heaters - blowtorches, hot water, tank stoves, etc. In combat conditions, this creates significant problems in
the operation of armored vehicles. Therefore, despite the advantages in the use of liquid starting pre-heaters,
consisting, in particular, in increasing the engine life and saving fuel when starting it, the use of heaters still
remains problematic due to their non-autonomous operation.

Some time ago, there were attempts to solve the problem of non-autonomous operation of starting pre-
heaters by using a gas turbine internal combustion engine in combination with a dynamo, which is used to
power the battery during start pre-heating. However, the main disadvantage of such a system is the increased
noise level and high temperatures of the combustion products, which is an unmasking factor in the conditions
of military operations.

To overcome this problem, it is promising to use thermoelectric sources of heat and electricity, which,
in addition to pre-heating, supply the functional components of the heaters. Therefore, they do not need
battery power to power them.

To use such sources of heat and electricity in order to improve the operational capabilities of armored
military equipment, the electric power of the thermal generator 300-500 watts is necessary. Such
thermoelectric devices have a high service life, are reliable and resistant to mechanical loads and meet the
requirements for their use in military equipment.

In 1958-1969, works on the creation of a tank heater with a thermoelectric generator were carried out at
VNII-100 [32]. The work was carried out jointly with the Institute of Semiconductors of the USSR Academy
of Sciences and the Kalinin LPI. The TEG was supposed to provide an electrical power of approximately 500
watts, which would allow the tank crew to maintain the machine in standby mode, heat the living
compartment, heat the batteries and spend some of the electricity on recharging the batteries or for running
the radio station without starting the main engine. The heater had a thermal power of about 72 kW and an
electrical power of 340 watts. Work on the improvement of TEG in the USSR lasted until the mid-1980's.

Physical schemes of starting pre-heaters and their analysis

Fig. 1 shows a physical model of system for start heating of engines that comprises liquid starting pre-
heater and thermoelectric generator heat supply to which is carried out individually with the use of separate
heat sources.
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Fig. 1. Physical model of “staring pre-heater—thermoelectric generator”
system with individual heat sources : 1 —starting pre-heater burner; 2 — heat exchanger;,
3 — starting pre-heater air fan; 4 — starting pre-heater fuel pump, 5 — circulation pump;

6 — starting pre-heater electronic unit; 7 — thermogenerator burner;
8 —hot heat exchanger, 9 —thermopile; 10 — air radiator, 11 — fan for heat removal;
12 — thermogenerator air fan; 3 — thermogenerator fuel pump;
14 — thermogenerator electronic unit; 15 — electric connection means.

Liquid starting pre-heater is composed of heat source 1 which is in the internal volume of heat
exchanger 2. As a heat source, a flame burner was used, air and fuel to which are supplied by a fan 3 and a
pump 4.

In the heat exchanger of the heater, channels are made in which the heat carrier is heated, following
which, by pumping with the circulation pump 5, it enters the car engine. Starting and controlling the
operation of starting pre-heater components (air fan, fuel pump, circulation pump) is carried out by the
electronic unit 6.

The thermoelectric generator contains an individual flame burner 7, a hot heat exchanger 8§ for
supplying heat to the thermopile 9 and a heat removal system, which consists of air radiators 10 and fans
11. The fuel and air are supplied to the heat source of the heat generator by the fan 12 and the fuel pump
13. To stabilize the output voltage of the thermogenerator and control its operation, an electronic unit 14 is
provided in the TEG model.

The thermoelectric generator operates as follows. The thermal energy resulting from the
combustion of fuel heats the hot heat exchanger, passes through the thermopile and is discharged into the
environment. Due to the temperature difference between the hot and cold sides of the thermopile, an
electric current is generated to power the pre-heater.

Thus, the system under consideration provides the starting pre-heater with the necessary electric
energy, practically without using a battery. However, such a system can also perform additional functions,
in particular, a thermogenerator can be used as an auxiliary source of electrical energy. This energy can be
employed, if necessary, to charge the battery or other energy supply needs, for example, to power various
additional electrical devices.
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Fig. 2. Physical model of "starting pre-heater-thermoelectric generator” system
with individual heat sources and a joint hydraulic circuit:
1 — starting pre-heater burner, 2 — heat exchanger, 3 — starting pre-heater air fan;

4 — staring pre-heater fuel pump; 5 — circulation pump;

6 — starting pre-heater electronic unit; 7 — thermogenerator burner;

8 — hot heat exchanger; 9 — thermopile; 10 — cold liquid heat exchanger,
11 — thermogenerator air fan; 12 —thermogenerator fuel pump,
13 —thermogenerator electronic unit; 14 — electric connection means.

Fig. 2 shows a diagram of the "pre-heater-thermoelectric generator" system, which combines the pre-
heater and thermoelectric generator with a single hydraulic circuit. In this regard, in the cooling system of the
thermogenerator, the air radiators and fans for removing heat from the thermopile are replaced by liquid heat
exchangers 10 in which the heat carrier circulates.

Since the heat flux Q7, removed from the thermopile, is expended for heating the heat carrier, this
system allows the engine to be preheated both with a starting pre-heater and using a thermoelectric generator.

The physical model of the system (Fig. 3) with a joint heat source comprises a hot heat exchanger 1,
the internal volume of which accommodates a burner 2. Fuel and air delivery to the burner is realized by fan 3
and fuel pump 4. On the external surface of the hot heat exchanger there is a thermopile 5, the heat from
which is removed by heating liquid circulating in the cold heat exchangers 6 by pumping with liquid pump 7.
The start and control of the heater is carried out by the electronic unit 8.

Thus, in the above system, the thermoelectric generator and the pre-heater are combined in a single
design, which allows you to obtain electric energy and heat the engine with one heat flow Q. In this case, part
of the heat Q; is carried by the combustion products into the environment, and heat Q,, in the form of heat Q3
, and electric W power, is used to warm the engine and power the heater components, and, if necessary, to
recharge the battery during preheating.

The highest values of efficiency are characterized by "thermoelectric generator-starting pre-heater”
system with a joint source of heat and a system in which the starting pre-heater and TEG are combined by a
hydraulic circuit. Obviously, a system with a joint heat source is cheaper, which makes it more efficient to
use. At the same time, a system with a single hydraulic circuit can be more versatile. As a thermoelectric
generator for such a case, a separate thermoelectric pre-heater of low thermal power can be used, the electric
output power of which is enough to power the main pre-heater. Such a heater can be installed separately, in
an accessible place of an armored vehicle, which makes its implementation easier.
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Fig. 3. Physical model of "starting pre-heater —thermoelectric generator” system
with a joint heat source: 1 — starting pre-heater burner;
2 — hot heat exchanger, 3 — starting pre-heater air fan;
4 — starting pre-heater fuel pump; 5 —thermopile;
6 — cold liquid heat exchanger; 7 — starting pre-heater circulation pump,
8 — electronic unit; 9 — electric connection means.

Conclusions

1.

The design features of general-purpose starting pre-heaters and high-power starting pre-heaters are
considered. The possibility of using thermoelectric generators for the operation of such equipment is
justified. The necessary electric power of such generators is determined — up to 500 W.

. Physical schemes of starting pre-heaters with thermoelectric sources of electricity are considered. The
most rational for start heating of internal combustion engines is “starting pre-heater-thermoelectric
generator” system with a joint heat source and a system that combines starting pre-heater and
thermogenerator with one hydraulic circuit.
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IIpoananuzuposanvl OCHOBHLIE NPUYUHBL  OCTOHCHEHHO20 3ANYCKA MPAHCNOPMHLIX CPeOCcHs  No
NOHUMNCEHHBIX meMnepamyp OKpyscaioujeii cpedvl. OnpedereHvl npeumywecmsa U HeOOCHAMKU
npumMeHeHuu npeonycKko8o2o nooozpesa ONsl YayuueHus 3anycka osueamensi agmomoounei. IIpugsedenvi
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eenepamopel.  Paccmompenvi  ¢usuueckue  cxemul  cucmem — «NpeomycKogol  omonumens -
MepMO2eHepamopy U NPO6eOeHA OYEHKA UX SHepeemuyeckux xapakmepucmuk. Onpedenenvl Haubonee
adexmusnvle sapuanmvl NPUMEHEHUS MEPMOINEKMPULECKUX UCHOUHUKOS dIeKmpuiecmed OJisl
npeonycKosoll NOO2OMOBKY Ogueamenell MpaHCNOPMHbIX cpedcms K skcnayamayuu. bubn. 32, puc. 3,
mabn. 1.
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