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GENERAL PROBLEMS

Zhengbing Hu?,
Vitaly Deibuk?, Doctor Phys.-math. Science

School of Educational Information Technology Central
China Normal University, Wuhan, China
2Institute of Thermoelectricity of the NAS and MES
Ukraine, Nauky str., Chernivtsi, 58029, Ukraine;
e-mail: v.deibuk@chnu.edu.ua

Zhengbing Hu

DESIGN OF TERNARY REVERSIBLE/QUANTUM
SEQUENTIAL ELEMENTS

The extensive use of the principles of reversible computing makes it possible to minimize energy losses
during the operation of computer devices. The design of reversible memory elements of the ternary
logic is an actual task because they are necessary devices of modern electronics. In the paper, the main
reversible sequential elements of the ternary logic were synthesized on the base of the permutative one-
input and two-input gates proposed by Muthukrishnan and Stroud (MS-gates). Using the improved
adaptive genetic algorithm, we proposed ternary reversible D-, T-, and JK-latches and flip-flops. To
the best of our knowledge, ternary reversible T- and JK-flip-flops are synthesized for the first time on
this basis. The proposed algorithm is also used for the synthesis of a reversible ternary Fredkin gate,
resulting in the improvement of a quantum cost compared to the existing counterparts. The sequential
elements synthesized in this work can be built by the liquid ion trap quantum technology thanks to the
used MS-gates. Improvements with respect to the quantum cost, number of constant inputs, delay time,
and number of garbage outputs are reported. This work is intended to attract the attention of
specialists in thermoelectricity to the possibility of using reversible electronics to the design of
thermoelectric devices. Bibl. 29, Fig. 8, Tabl. 2

Key words: flip-flops, latches, reversible computing, multiple-valued logic, genetic algorithms.

Introduction

Recently, the use of reversible logic for the transmission and processing of information is one of the
promising areas of modern information technology [1-4]. This is due to the need to reduce energy losses in
guantum computing, low-power CMOS technologies, bioinformatics, etc [5,6]. Rolf Landauer theoretically
proved [5] that the erase of each bit of information is accompanied by the loss of kTIn2 Joules (T is
absolute temperature and k — Boltzmann’s constant), which has been experimentally confirmed recently
[29]. Thus, the design of reversible electrical circuits consisting of reversible gates can lead to a reduction
in energy losses. Heat dissipation is a significant problem in modern micro and nano-electronic
microprocessor devices since thermal losses inevitably lead to the errors in the transmission and processing
of information. Along with the traditional methods to prevent overheating, more and more scientist lately
are addressed to advanced methods, such as thermoelectric coolers, reverse logic circuitry, etc. The
combination of these two approaches, in our opinion, could make a significant breakthrough in the solving
this problem.

The reversible gates are considered as the gates in which output states can uniquely restore input
information. That is, in reversible gates, there is a bijective mapping of the set of input states onto a set of
output states. The last condition means that in reversible logical gates the number of inputs is equal to the
number of outputs [6,7]. Another consequence of the bijective conditions in reversible logical gates is the
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forbiddance of a fan-out. In reversible circuits, in addition to informational inputs/outputs, there are also
constant (ancillary) inputs and garbage outputs whose information should be recycled. An important
characteristic of a reversible gate is its quantum cost, which is understood as the number of primitives from
which the gate is built. The design of reversible circuits also requires the use of a universal (functionally
complete) basis of reversible gates, by means of which it is possible to implement an arbitrary reversible
logic circuit. The synthesis of optimal reversible logic device involves obtaining a device which is
characterized by a minimum number of constant inputs and garbage outputs, a minimum quantum cost, and
a minimum delay time.

The optimization problem has an analytical solution only in the case of designing reversible circuits
of binary logic with a limited number of input signals [4]. At the same time, today analytical methods for
the design of reversible devices of multi-valued logic are far from being completed [4,8]. The well-known
advantages of multiple-valued logic devices make it possible to realize reversible computations in quantum
computing algorithms in practice [9,10]. One of the promising ways to solve the above problem for the
case of ternary logic is the use of artificial intelligence methods. In particular, evolutionary strategies,
genetic programming and genetic algorithms have made it possible to find optimal solutions for many
reversible combinational devices [11-14]. In [12-14] we used an adaptive genetic algorithm for the
synthesis of some combination reversible devices of ternary logic. As basic gates, we used one- and two-
qutrit Muthukrishnan-Stroud gates (MS-gates) [15], which can be considered as primitives with a quantum
cost of one. The advantage of this basis is that it is universal, and its primitives can be physically realized
by the liquid ion-trap quantum technology [9,10].

To create reversible computer devices of ternary logic, it is important to synthesize sequential
reversible gates. In particular, the memory cell is a sequential circuit whose output state is determined by a
combination of the input signals and the previous state of the device [7]. A distinctive feature of sequential
circuits is the presence of the feedbacks. Different methods for synthesis of binary reversible latches and
flip-flops are presented in [17-21]. At the same time, there are only a few studies of the design of reversible
sequential ternary logic devices [22-26]. However, in many cases, the synthesis was carried out on the
excess basis of the gates, which leads to an increase in the quantum cost of the obtained devices. In [26],
we proposed optimal schemes of ternary reversible latches, where minimization was performed by the
number of logical errors, the number of one- and two-qutrit MS-gates. In this paper, we present an
extended optimization scheme that takes into account additional factors such as the number of ancillary
(garbage) inputs (outputs), as well as the delay time of the sequential circuit. To test the proposed improved
genetic algorithm for the synthesis of sequential circuits we have presented the design of a ternary
reversible D-, T-, and JK - latches without ancillary inputs that are in good agreement with the previously
known results [26]. On the basis of the improved genetic algorithm, T- and JK-flip-flops were synthesized
for the first time. Obtained schemes of D-flip-flops based on master-slave architecture have a lower
guantum cost compared to other works.

The rest of the paper is organized as follows. Section 2 defines the basic set of permutative
reversible ternary gates and describes synthesis methodology. Section 3 presents the proposed
design of ternary reversible latches. Section 4 shows the simulation results for the clocked
reversible ternary flip-flops, and finally, the conclusion section closes the paper.

Synthesis metodology

Arbitrary manipulations with ternary quantum states can be described using their matrix
representation [4,8]. Such 3x3 unitary matrices correspond to one-qutrit quantum gates, which are used in
this work as primitives. Table 1 shows logical one-qutrit ternary permutative transforms corresponding to
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the gates. The quantum cost of one-input gates can be taken equal to unity as follows from [11,12]. We
used the ternary MS-gates for designing ternary quantum circuits. These two-qutrits gates have one control
X1 and one controlled X, input. The first output Y, repeats the control input Y1 = X;. If control signal X; = 2,
the other output Y, is the transform of the controlled input X, (Table 1), otherwise Y, = Xo. Such a set of
logic elements is functionally complete [16], which allows using it for the synthesis of various
combinational and sequential reversible devices [12-14, 22-25]. Calculation of the complexity (quantum
cost) of a ternary reversible circuit refers to the number of one- and two-inputs MS-gates used for the
circuit synthesis.

Table 1

One-Qutrit Ternary Permutative Transforms

Output
Input X
Y(0)=X | Y(+1) = X+1 | Y(+2) =X+2 | Y(01) =2X+1 | Y(02) =2X+2 | Y(12) =2X
0 0 1 2 1 2 0
1 1 2 0 0 1 2
2 2 0 1 2 0 1

Earlier [26], we proposed an improved method of genetic synthesis of ternary reversible latches in
the basis of one- and two-input MS-gates. However, this rather simple scheme of the genetic algorithm did
not allow us to obtain more complex sequential devices with improved characteristics in comparison with
those already known [22-25]. Therefore, in this paper, we propose somewhat complicated scheme of the
algorithm. First of all, this concerns the change in the fitness function, which is known to be a key factor in
the procedure of genetic optimization. The investigated scheme can be represented by a sequence of one-
and two-input primitives, described above, arranged in parallel or in series. We place the control and
controlled inputs in the upper part of the network. The auxiliary inputs are located at the bottom. The
chromosome is a device diagram and is coded as ordered gene tuples. In this case, the corresponding
column of the scheme (chromosome) we understand as a gene. [12]. For example, the coding of a
chromosome corresponding to the scheme in Fig. 1, is represented as ((2,1,2), (0,2,5), (2,1,1), (1,2,2),
(0,1,1), (1,2,1)). Here, each ordered triple corresponds to a gene (gate) and contains the following
information: the number of the control line, the line number of a gate location, the type of gate. As the
basis, six types of permutation gates were taken into account, as can be seen from Table 1. We take into
account in the fitness functions F five terms that will control the process of selecting the optimal

chromosomes:
F =kF +k,F, +k,F, +k,F, +kF, (1)

where the first function F1 corresponds to the condition of the minimum number of errors (Error) in the
truth table of the synthesized logical reversible device:

F, = (Error +1)". (2)

The condition for obtaining a circuit with the minimum number of non-zero gates dG in the
chromosome of length dL is taken into account in the function F;
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F,=(dL—dG)/dL. (3)

We will keep in mind that the length of the chromosome dL is the number of genes from which it is
composed. The third term in (1) corresponds to the condition of the minimum number of controlled gates
(dGM) in the chromosome:

F, =dGM /dG. (4)

The last two functions in (1) are responsible for obtaining a chromosome with a minimum number g; of
ancillary inputs (garbage outputs) F.and also with a minimum delay time s of the signal transmission - Fs:

F,=01+g)7, (5)
F, =exp(- (1-1/5)?). (6)

Delay time of circuit (s) was estimated in relative units of a delay time of one logic element (to). ki —
weight coefficient of i-th fitness component (i = 1,...,5). The coefficients ki were chosen dynamically
according to

K, (itr +1) = k;(itr){1— F, (itr)) . )

where ki(itr) are the weight coefficients, F (itr) — fitness average in the itr generation (i = 2,...,5). Since the

resultant circuit must not contain logical errors (Error = 0), the coefficient k; was assumed to be 1. To check the
correctness of the obtained chromosomes (circuits), we compared their fitness- functions for ternary latch with
our earlier work [26]. The above fitness function F contains two additional terms - F4 and Fs in comparison with
[26]. This allowed to minimize the number of constant inputs (outputs) in the circuit and also to reduce to the
minimum delay time. As was mentioned above, we estimate the quantum cost in this paper as the number of
gates in the circuit. Thus, the obtained scheme will be considered as effective if the overall fitness function is the
maximum. Detailed description of the other steps of the genetic algorithm is given in [14].

Quantum/reversible ternary latches

One of the important devices of an arbitrary computing system is a memory element. The simplest
schemes that realize the possibility of information memorization are D-, T-, and JK-latches. The state of the
output of such devices depends not only on the state of the input signals but also on the output states at the
previous time. The need for further improvement of the ternary reversible latches is motivated by the
requirement to reduce the energy consumption in modern computing devices. In the previous paper [26],
we synthesized quantum/reversible ternary latches where MS-gates were used as the basis. This section
presents the results of computer simulation of these latches using an improved fitness function (1). In our
opinion, this procedure is necessary because it allows us to test the application of the modified model in
comparison with the previous one. In this section, we also synthesized gates to duplicate the output signals
(fan-out) that were necessary for the design of quantum/reversible latches.

Design of Ternary Reversible D-Latch

The characteristic equation describing the operation of the reversible ternary D-latches can be written
as [27, 28]:
Qt+1 =D. (8)

Here @1 is the output state signal at time #1. The characteristic equation of the clocked D-latch is:
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Q, Clk=0
Qt+1 =% Clk=1 (9)
D, Clkk=2

The don’t care state of the output is denoted by the symbol *. The proposed scheme of the clocked
D-latch is shown in Fig. 1. The feedback is indicated by a dashed line. The obtained scheme coincided with
that obtained earlier [26]; however, the expanded fitness function (1) allowed synthesizing this scheme 2
times faster.

Clk

D |_&

I Qt+

Fig. 1. Quantum/reversible ternary clocked D-latch and its block diagram

Figure 2 is a fan-out circuit. This circuit was also obtained using the improved genetic algorithm and
is consistent with the results of Ref. 26.

A—+1—?—+2—?—A A—FO—A

0 — — A

0 01 02 [ A

Fig. 2. Quantum/reversible ternary fan-out circuit and its block diagram

Design of Ternary Reversible T-Latch
The method described above has been used for the implementation of T-latches. The characteristic
equation for asynchronous T-latch can be written as [28]
Qu=T&Q,. (10)

In the case of a clocked T-latch, the simulation can be performed on the basis of the following
characteristic equation:

Q, Ck=0
Qt+1 = * ’ Clk :1 (11)
T®Q, Clk=2

The simulated quantum/reversible ternary clocked T-latch circuit is shown in Fig. 3. T-latch remains
in its previous state Qw1 = Q if Clk = 0. The device is in don’t care condition if clocked signal is one. The
input signal T is active if clocked signal is 2. Then the upper gate is active, and if T= 1, Qu1=Q:+ 1 and if
T =2, Qu1= Q¢+ 2. The quantum cost (QC) of the circuit is 3, the circuit has one garbage output (G), and
the delay time — 3to.

Clk Clk

1 clk __| | Clk
T 12 G
L T T s
Qt ey +2 1 p— Qg1
1 I Qr — — Qa1
b e e e — — = d

Fig. 3. Quantum/reversible ternary clocked T-latch and its block diagram
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Design of Ternary Reversible JK-Latch

Fig. 4 shows the proposed quantum/ternary reversible JK-latch. The latch is synthesized according to
the algorithm detailed in [23, 26] and has the following characteristics. The quantum cost — 8, the garbage
outputs — 2(G1, G2), and the delay time — 6to. The output signal G2 = Q: + 2, where the sum is modulo
three.

A ternary reversible JK-latch was synthesized in Ref. 23 on another basis. There were used two-
input ternary gates with different levels of a controlled signal. Such a design, in our opinion, is associated
with a more complicated physical implementation of the latches.

] +1 +1 G1 ;] | 1
K +1 +1 +2 9 Qi+l JK
| K — — Q1
Qt +2 o 1 G2 |
I | Q¢ G2
I o o o — — — — — — — — — — — — — |

Fig. 4. Quantum/reversible ternary JK-latch and its block diagram

More flexible control of the operation of the reversible ternary JK-latch requires an appropriate
clocked device. For its design, we take into account the fact that adding a one-input primitive (+1) to the
third output of the non-clocked latch (Fig. 4) allows receiving an input signal Q.

Clk — | clk
) — [G1 ek | [ Clk ; o
K —] JK Q1 ‘ TFG | G2 ¢ | CJK o
Q— . Qt — Qt+ Qr — — Qi1

Fig. 5. Structure of ternary reversible clocked JK-latch and its block diagram

Using a control exchange gate (ternary Fredkin gate (TFG)) we can get a clocked JK-latch (CJK)
whose structure and block diagram are shown in Fig. 5. In the same way, as in previous cases, the input
state Q is repeated at its lower output in the case when the clock signal Clk = 0,1 and this output produces
a Qw1 signal when CIk = 2. Then a garbage output G2 will generate a signal, which can also be used, since

G2 — {le’
Qi

The signal on the garbage output G1 must be recycled. The synthesized ternary reversible Fredkin
gate in the one- and two-input permutative basis is presented in Fig. 6. So-defined reversible ternary
Fredkin gate is an analog of the binary Fredkin gate and agrees with the definition given in [23, 25].

In addition, it is well known that this gate is conservative, that is, the number of digits 0, 1, 2, applied
to the input is the same as on the outputs of the gate. The proposed implementation of the ternary Fredkin
gate has a QC = 10, which is better than the results of the genetic synthesis of TFG presented in [23],
where QC = 13.

Clk =01

Clk =2 12

Clk

Clk — — CIk
A o . _|TFG |,
B —&—| B — — R

Fig. 6. Proposed design of ternary reversible Fredkin gate and its block diagram

ISSN 1607-8829

10 Journal of Thermoelectricity Mel, 2018



Zhengbing Hu, Vitaly Deibuk
Design of ternary reversible/quantum sequential elements

Fig. 7 shows the implementation of a reversible ternary clocked JK-latch in the proposed basis. It is
important to note that this realization does not have ancillary inputs, the number of garbage outputs is equal
to 2, OC =19 (QC = 22 [23]).

The obtained reversible ternary D-, T- and JK-latches coincide with those obtained in [26], but estimated
time is lesser in 1.5 times on average.

Clk O O O O Clk
: | | |

Fig. 7. Proposed design of ternary reversible clocked JK-latch

Design of clocked reversible ternary flip-flops

Unlike clocked latches which are controlled by the level of a clock pulse, flip-flops are sequential edge-
triggered sensitive elements. Such elements have a high level of security and are widely used in computing
devices. Traditionally, the master-slave architecture is used in digital electronics for the design of flip-flops,
which means the use of two serially connected latches and one inverter. Since we have built the reversible
clocked D-, T, and JK-latches, then the corresponding reversible flip-flops can be designed by replacing the
corresponding elements with their reversible analogs. Fig. 8 shows the implementation of reversible D-, T-, and
JK-flip-flops, where the D-latch selected as a slave gate, and the one-input element 02 is the inverter.

Before realization of the feedback in the D- and T-latches, the fan-out gate was used to copy the Q:+1
signal. Proposed reversible ternary D-, T-flip-flops have 2 auxiliary inputs and 2 garbage outputs, the
guantum cost QC is 21 and 18, respectively. The edge-triggered D-flip-flop circuit, obtained in [24], has a
QC = 25, that means a higher efficiency of the genetic synthesis method used by us. The parameters of the
obtained JK-flip-flop are the following: one auxiliary input, three outputs, quantum cost QC = 30. Proposed
ternary edge-triggered D-, T-, and JK-flip-flops were obtained for the first time in the above-described
basis. Table 2 shows the parameters of the obtained circuits (in bold), in comparison with the results of
other authors. It should be noted that all our synthesized circuits are obtained in one functionally complete
basis of one- and two inputs MS-gates, whereas the results of work [23] are obtained in various redundant
bases. In addition, the results were obtained using different thresholds of the input control signal, as well as
three-input logic gates. In particular, the basis in the work [23] contains a ternary Fredkin gate, which is
itself functionally complete. Synthesis of various reversible devices of ternary logic is not a self-aim, of
course, but should be directed towards future physical implementation, the simplicity of which is one of the
important goals. From these points, the minimality of the basis used in the sequential circuit design, in our
opinion, will significantly simplify the physical implementation of the quantum/reversible sequential
devices

Clk __| [0z 1 Clk
el
o | D e J D G2
@ FO . Fo| o+
| 0 — | 0— L
| [
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clk __| [0z Cik
Il
| T |- G1 J D G2
— -] — Qt+1
@] FO . FO
| 0 — — | 0 — — Qr+1
| I I
e o e e o e e |
b)
clk —| Clk
R | G1 D G3
) CJK .2
— — mm — Qt+1
I FO
Q_-t —] | 0—] — Ot+1
I
o J
c)

Fig. 8. Design of ternary reversible edge-triggered
Master-Slave flip-flops: D-FF(a), T-FF(b), JK-FF(c)

Comparison of our new design (in bold) and previous works

No. No. Ancilla No. Garbage
T C
ypes Gates Inputs Outputs Q

Edge-Trig. 21 2 2 21

D-FF 13[24] 2 [24] 3 [24] 25[24]
Edge-Trig.

T-FF 18 2 2 18
Edge-Trig.

JK-FF 30 1 3 30
Ternar 10 0 0 10
Fredkin );te 13 [23] 0[23] 0[23] 13[23]

g 15 [25] 0[25] 0[25] 15 [25]

Conclusion

Table 2

We present the new results of the design of basic reversible ternary sequential elements such as D-,
T-, JK-flip-flops. The proposed circuits were synthesized and optimized on the basis of permutative one-
and two-inputs MS-gates using the improved adaptive genetic algorithm. In comparison with other works,
the proposed design is more effective in terms of quantum cost, the number of ancillary inputs and garbage
outputs. We also developed the clocked JK-latch. Reversible ternary edge-triggered D-, T-, and JK-flip-
flops are synthesized for the first time. The proposed algorithm was also used for the synthesis of
combinational circuits; in particular, the synthesized ternary Fredkin gate has a quantum cost of ten, which
improves the results obtained in [23]. The quantum/reversible sequential elements can be tested by the
liquid ion trap quantum technology.
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P.V. Gorskiy THE ROLE OF ELEMENTARY GROWTH PROCESSES IN THE
FORMATION OF SINGLE CRYSTALS OF THERMOELECTRIC
MATERIALS BASED ON BISMUTH TELLURIDE

In the article, by solving the diffusion equation in the space of dimensions for a supercooled melt, it is
shown that the high growth rate of single crystals of thermoelectric materials based on bismuth
telluride over hexagonal cleavage planes in comparison with the rate of their growth along the C axis is
due to a sharp distinction in the diffusion coefficients and self-diffusion in these materials in hexagonal
plane and perpendicular to it. It is also established that these materials are characterized by anisotropy
of the surface tension coefficient at the solid-melt boundary, which is expressed in the fact that this
coefficient in the hexagonal plane is substantially greater than in the direction perpendicular to it. This
ratio of surface tension coefficients causes the so-called "noncompetitive™ form of the solid phase
nucleus, whereby only this nucleus is capable of absorbing material from the melt and further growth.
Because of this, seeding during growth of such crystals in the slot containers is not needed, because
such is the solidified volume formed at the initial stage of crystallization in the coldest part of the slot
container. Regardless of whether growth is carried out by horizontal or vertical recrystallization, the
hexagonal cleavage planes of the single crystal will be parallel to the wide faces of the slot container,
and the axis perpendicular to them will be the C-axis of the single crystal. Bibl. 11, Fig. 1.

Key words: diffusion in the space of dimensions, diffusion coefficient, surface tension coefficient,
critical size, noncompetitive nucleus, quasi-to-dimensional growth, slot container, cleavage planes,
C-axis of single crystal.

Introduction

Thermoelectric material is the most expensive part of a thermoelectric energy converter (generator or
cooler). As a rule, with traditional growth technologies, single-crystal ingots of the material are obtained,
for example, in the form of long circular or, more precisely, elliptical cylinders [1]. However,
thermoelectric legs forming part of generators or coolers usually have the shape of rectangular
parallelepipeds of low height and relatively large cross-sectional area. Therefore, when cutting the ingot
into legs, up to 30 % of the material goes to waste which significantly increases the cost of finished
products. Thus, the problem of developing and realizing such growth technology is urgent, which would
allow us to obtain oriented single-crystal plates instead of cylinders, whose thickness would be equal to the
thickness of the leg, and the cross-sectional area would allow us to obtain a sufficiently large number of
legs after cutting. But for this it is necessary to know how the objective elementary processes of crystal
growth dictated by the physical nature of a particular material, can contribute to, or, on the contrary, hinder,
the solution of this problem. The elucidation of these issues with reference to thermoelectric materials
based on bismuth telluride is the purpose of this article.
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Anisotropy of the growth rate of crystals of thermoelectric materials based on bismuth
telluride and its role in the growth of single crystals

Let us examine in more detail the physical reasons causing the anisotropy of the growth rate of
thermoelectric materials based on bismuth telluride and the consequences resulting from this anisotropy. It
is known that, other things being equal, the crystal growth rate coinciding with the velocity of the "melt-
crystal” boundary is mainly determined by the diffusion coefficients (self-diffusion) and thermal
conductivity of the material in the solid and liquid phases under given growth conditions [2 — 4]. Moreover,
it is determined by the coefficients of surface tension at the boundaries between the solid and liquid phases
and the boundaries of the melt and the solid phase with the walls of the container.

To clarify the reasons for the anisotropy of the growth rate of crystals based on bismuth telluride, we
take into account that this crystal has a symmetry group R3m and has two unit cells: rhombohedral and
hexagonal [1]. In the solid phase, the diffusion and self-diffusion coefficients along the hexagonal planes
are several orders of magnitude higher than the similar coefficients in the direction perpendicular to these
layers, i.e., along the so-called C axis. Exactly for this reason the suppressive growth of the crystal will
occur along the cleavage planes. To prove this statement, we give the equation that we obtained describing
the growth of a crystal from a nucleus or an oriented seed of a so-called supercritical size. In its derivation,
an approach was used which is described in [5] and based on the so-called diffusion equation in the space
of dimensions. Although this approach was developed for the case of crystal growth from supersaturated
solutions, it allows a simple generalization in the case of crystal growth from supercooled melts. The
solution of the diffusion equation in the space of dimensions found by us for this case is as follows:

ey | eel) e

t
Dcookﬁ1 2Xf|:1+K+eXp(Xf):|2 2Xi[l+1<+exp(xi)]2 2X%|:1+K+6Xp(Xf):|

: 1)

2
_2Xi2 [1+K]—-i—exp(xi )} +IO\=01(1_IFK)| [Ei(lxi)_ Ei(le )]}

where t — growth time, ys — coefficient of surface tension at “liquid-solid phase” boundary, Vi — molecule
volume, D — diffusion coefficient, ¢, — the ratio of the number of molecules in the active seeding volume to
the volume of molten zone, An— melting heat per molecule, k=AT/Tn, AT - supercooling,
Xi = 2ysVim /(Mmli), Xt = 2ysVm /(Amls), ri, rs — the initial and finite radii of solid phase volume, conventionally
assumed to be spherical. Function Ei(z) is determined as follows:

Ei(z)=P j %(X)dx. @)

In this case, the critical radius of the solid phase nucleus is:
o = 2YVim/[ A In(1+ AT/ Ty ) ]. (3)

The time dependence of the radius of the solidified volume, described by Eq.(1), is shown in Fig.1.
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Fig.1. The time dependence of the radius of the solidified volume with different degrees
of melt supercooling AT / Tz 1) 0.1; 2) 0.2; 3) 0.3; 4) 0.5.
The notation introduced in the figure is as follows: to = 4ys2Vi/DCokm?

It can be seen from the figure that the higher the degree of supercooling, the greater crystal growth
rate. The estimation carried out according to Fig. 1 shows that this rate, if it is regulated by “diffusion in
the space of dimensions” depends on the supercooling according to the law vgo(AT)*®2, This estimate is
close to those obtained in [6], although in it the deviation of the exponent from unity is associated with the
presence of dislocation growth steps.

Eq. (1) admits a simple generalization for the case of anisotropic growth of a single crystal from a
supercooled melt. For the case of crystals with hexagonal symmetry to which Bi,Tes and alloys on its basis
refer, two growth directions can be introduced: in the cleavage plane, in which the growth is isotropic and
perpendicular to it. Then, instead of a single equation of the form (1), we must write two, which we
represent in the form of one:

N 473V exp (gL ) exp( iy, 1)
L= 2 2 2 +
D||,J_Coo (xm) 2Xf||yJ_ |:1+K+eXp(Xf”’J_):| 2Xi||,J_ |:1+K+6Xp(xi”’J_):|
+ - : . (@)

ZX%”’L |:1+K+6Xp(Xf”,L):|

1 pe P |[Ei('xin,L)‘Ei('xf”vL)]}

_2Xi2||,J_ [1+K+exp(xi“¢)] I‘:1(1+ K)

Relation (3) with regard to growth anisotropy will be written as:
Mg =271 Vi /[Am N@+AT/T,, )] (5)

It follows from Eq.(4) that if the coefficient of surface tension at the phase boundary is assumed to
be isotropic, then along the cleavage planes the crystal must grow at least as many times faster than
perpendicular to them, how many times the corresponding diffusion coefficients differ, i.e. based on the
data of [1], it is approximately 3 —5 orders of magnitude faster. If the real growth rates in the cleavage
plane and perpendicular to it do not differ so much, this is most likely because the surface tension
coefficient at the "liquid-solid phase" boundary is not completely isotropic, i.e. it is possible that not only
D,>D,, butalso yg, >y, and, consequently, as follows from the relation (5), ry >r;, Thus, for growth

of single-crystal plates, the seed with the largest dimensions permissible by technological process in the
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main growth directions and substantially smaller but exceeding the critical dimension in the direction
perpendicular to them is preferred. However, if the relationship ry >>r, holds, then seeding when

growing a single crystal plate in the slot container is not needed, since the solidified volume formed at the
initial stage in the coldest part of the melt-filled slot container is just such a seed, being the only and,
therefore, noncompetitive supercritical nucleus. To it during further crystallization “adhere” oriented
hexagonal columns, forming a plate.

Thus, single-crystal plates are obtained in the course of a noncompetitive quasi-two-dimensional
growth. An additional factor providing such quasi-two-dimensionality is the anisotropy of the thermal
conductivity of materials based on bismuth telluride, whose thermal conductivity in the hexagonal plane is
greater than perpendicular to it [1].

The thermoelectric material thus obtained, other things being equal, would have a much higher
degree of structural perfection and a higher degree of homogeneity of thermoelectric parameters along the
length of the plate compared with materials obtained by other methods.

It is believed [1] that the high rate of diffusion of impurities in the direction of the cleavage planes is
due to the weak coupling and large spacing between the layers Te (1) — Te (1). Diffusion of impurities
perpendicular to the cleavage planes is difficult due to the presence of a tight packing of matrix atoms in
this direction and a more complex coupling between them. However, the authors of [7] believe that a large
difference between the diffusion coefficients in the hexagonal plane and perpendicular to it is due to a
sharp difference in dislocation densities in these directions. On the other hand, from the evaluation formula
given in [6] for the diffusion coefficient it follows that it is proportional to the vibration frequency of the
molecules. And it should be greater in the hexagonal plane than in the direction perpendicular to it.

In view of the foregoing, it is clear that if a single crystal plate is produced by the horizontal
recrystallization method, then the hexagonal planes of the single crystal will be parallel to those sides of the
container in which the vectors of the temperature gradient and the acceleration of free fall lie
simultaneously. And with vertical recrystallization, the predominant growth will occur along the wide sides
of the container parallel to the temperature gradient, and the hexagonal planes will be parallel to them.
And with vertical recrystallization, the predominant growth will occur along the wide sides of the container
parallel to the temperature gradient, and the hexagonal planes will be parallel to them. The growth of the
crystal along the narrow sides of the container parallel to the temperature gradient will be limited by the
reaction forces exerted by the sides of the container, both on the melt and on the solid phase. Therefore, the
axis perpendicular to the wide sides of the container parallel to the temperature gradient is, with an
overwhelming probability, the C-axis of the single crystal.

The role of surface phenomena in the growth of single crystals of thermoelectric materials
based on bismuth telluride

In [8 — 10], the influence of surface phenomena at the phase boundary on nucleation was considered
with the growth of crystals from the melts. Let us apply the results of these studies to the analysis of the
growth kinetics of crystals of thermoelectric materials from supercooled melts. In accordance with them,
just as in accordance with relation (4), the rate of formation of nuclei of the solid phase decreases sharply
with an increase in the surface tension coefficient at the wall-melt boundary, and, conversely, increases
with decreasing this coefficient. Therefore, it makes sense to reduce the coefficient of surface tension at the
"wide wall-melt" boundary and increase it at the "narrow wall-melt" boundary. This also follows from the
equation of mechanical equilibrium of the solid phase nucleus on the container wall given in [10]. This can
be achieved by placing, for example, along the narrow walls of the container the liners of other material

ISSN 1607-8829 Journal of Thermoelectricity N1, 2018 21



P.V. Gorskiy
The role of elementary growth processes in the formation of single crystals of thermoelectric materials...

that has a greater surface tension coefficient at the boundary with the melt than that of the main container
material. However, this need not be done if the ratio of the surface tension coefficients at the "container
wall-melt" boundary and the reaction forces of the container walls are sufficient to suppress excessive
growth in the direction of the C-axis.

Stabilization of the crystallization front

Taking into account the above, one can come to the conclusion that the most favorable for the
growth of single-crystal plates is the crystallization front whose shape is closest to the flat. However, due to
the concentration supercooling, a longitudinal inhomogeneity arises, which causes the stepped shape of the
crystallization front [1]. The formation of concentration supercooling in the case when the equilibrium
distribution coefficient of the impurity (for example, one of the components of the solid solution) is less
than 1 can be explained as follows. The impurity accumulates at the crystallization front, and the liquidus
temperature increases with increasing distance from the front. Therefore, with a small temperature gradient
in the melt and a high growth rate, concentration supercooling occurs. According to the estimate carried out
in [11], the critical value of the ratio of the temperature gradient G in the melt to the growth rate v is:

_ mC,o(1-Kyp)

(G/V)y KDy (6)

where m— the slope of the liquidus line, C, —the impurity concentration in the bulk of the melt,
K, — coefficient of impurity distribution in the melt, D, — coefficient of impurity diffusion in the melt. If

the ratio G/v is less than critical one determined by formula (6), then no concentration supercooling occurs.
Thus, by relating the temperature gradient to the growth rate, it is possible to stabilize the crystallization
front at the level of the minimum step height, and, therefore, the closest proximity of its shape to the flat
one.

Conclusion

1. By solving the diffusion equation in the space of dimensions it is shown that the sharp anisotropy of
the growth of bismuth telluride crystals from melts expressed in the predominant growth of these
crystals along hexagonal cleavage planes is due to a sharp distinction in the diffusion coefficients in
the hexagonal plane and perpendicular to it. It was found that the growth rate depends on the

supercooling according to the law v oc (AT ).

2. Along with this, it was shown that bismuth telluride has a sharp anisotropy of the surface tension
coefficient at the "melt-solid phase” boundary, expressed in the fact that in the hexagonal plane this
coefficient is substantially greater than in the direction perpendicular to it.

3. The sharp anisotropy of surface tension coefficient causes specific, most preferable form of seed
which must have the greatest dimensions in the hexagonal plane and a substantially smaller
dimension, though exceeding the critical value, in the perpendicular direction. But then, when
growing single-crystal plates of bismuth telluride in the slot container, seeding is not needed, since
such is the solidified volume formed at the initial stage of crystallization in the coldest part of
container. This volume, in fact, is the only noncompetitive nucleus to which during further
crystallization “adhere” oriented hexagonal columns.

4.  Thus, the hexagonal planes of a single crystal are parallel to the wide faces of the slot container, and
the axis perpendicular to these faces is the C axis of the single crystal.
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The above-mentioned features of the growth of bismuth telluride single crystals make it possible to
effectively use the Bridgman method instead of the zone melting methods or the Czochralski method
to obtain single-crystal plates, which greatly simplifies both the design and maintenance of
equipment and the technological process.

The author considers it his pleasant duty to express his gratitude to academician L.I. Anatychuk for the
proposed topic, the statement of the problem and the useful constructive discussion of the results obtained.
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OCHO8I menypudy iCMYmy y 2eKCA2OHANbHUX NIOWUHAX CNAUHOCMI Y NOPIGHAHHI 31 WEUOKICMIO iX
pocmy 630062 C-gici 3yM08eHa pi3koio 6IOMIHHICMIO Koepiyicumie ougysii ma camoouysii' y yux
Mamepianax y 2eKcacoHanbHill NIOWUHI ma nepnenouKyisapHo 0o Hei. Bcmanosneno makooic, wo yum
Mamepianiam RPUMamManHia aHi3omponis Koeq@iyieHma noeepxHes020 Hamsi2y Ha mexct «meepoa asa —
PO3NAA8Y, AKA NOAAZAE 8 MOMY, WO Yell KoeQiyichm y 2eKCa20HANbHIU NIOWUHI ICTOMHO Oinbuie, Hidc
Y nepneHouxkyisapHomy 00 Hei nanpamxy. Taxe cniggionouienns xoegiyicnmie nogepxnesozo Hamsey
3YMOBIIOE MAK 36AHY «DEe3KOHKYPeHmHY» (opmy 3apooxka meepooi ¢asu, 3a AKoi auwe 8iH 30amen 00
no2NUHAHHA Mamepiany 3 pO3nIagy U nooarbuiozo pocmy. Buacnioox yvoco 3ampaexa npu
BUPOWYBAHHI MAKUX KPUCMANIE ) WITUHHUX KOHmeliHepax He MNOMPIOHA, OCKiIbKU MAKow €
3ameeponuil 00°em, YMBOPeHUll Ha NOYAMKOGill cmaodii Kpucmanizayii y HatuOiibwl X0N00HIN YACMUHI
winunnozo  konwmeiinepa. Hezanexcno 6i0  mozo,  30iliCHIOEMbCA  GUPOWYBAHHA — MEMOOOM
2OPU3OHMANLHOI YU BEPMUKANILHOI  NEePeKpUCMAnizayii, 2eKcazoHanbHi  NIOWUHU — CRAUHOCI
MOHOKpucmany 0y0yme napanenvhi 00 WUPOKUX 2paHel WiTUHHO20 KOHmelHepd, a 6icb,
nepnenouxyiapHa 0o Hux, 6yoe C-giccio monokpucmany. bion. 11, Puc. 1.
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3apooviuia meepootl (hasvl, NPu KOMOPOU MOIbKO OH CHOCOOEH K NOSIOWEHUI0 MAMEPUANA U3 PACALA8A
u OanvHeuwiemy pocmy. Bcneocmeue smoco zampaska npu blpauyuéanuu MaKux Kpucmaiios 6
Wenegblx KOHMEUHEPax He HYJICHA, U60 MAaKogoll A6jisiemcs omseepoesuiuil 06vem, 06paz06asuILIics Ha
HAYanbHOU cmMadul KpUCMaiiu3ayuu 6 Hauboee XoI00HOU Yacmu wenegoeo Konmelinepa. Hezagucumo
OMm Mo20, OCYWeCmEIAemcs U 6blpAUUSAHUE MEMOOOM  2OPU3OHMANbHOU UTU BEPMUKATbHOL
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DETERMINATION OF THE THERMOELECTRIC FIGURE OF MERIT
THROUGH THE MAXIMUM TEMPERATURE DEPRESSION
USING THE PELTIER COOLING EFFECT

1t is well known that the maximum temperature depression that can be obtained by means of the Peltier effect
is simply related to the figure of merit, Z, of a thermocouple. However, for good thermoelectric materials, with
ZT of the order of unity or greater, this temperature depression, T, can be very large and it is difficult to assign
the measurement to a particular temperature. This is less of a problem if the thermocouple consists of a
semiconductor and a metal since ZT and T,,, are then much smaller. We show that the measurement of T,
Jor a semiconductor-metal couple can yield a value for the dimensionless figure of merit, T, of the
semiconductor. We also show that there are attractive features in the measurement of T, for a couple, in
which the ratio of the form factors for the two branches is very far from optimised. Bibl. 5, Fig. 2.

Key words: thermoelectricity; Peltier cooling; figure of merit; measurement.

Introduction

It has long been realised that the figure of merit, Z, of a thermocouple is simply related to the
maximum temperature depression, AT.., which can be achieved using the Peltier effect [1]. The
relationship is

AT, . = 1ZTf, 1)

max ~— A~
2

where T, is the cold junction temperature. However, when Z7 is of the order of unity or greater, A 7;,,,x may
be more than 100 K and it is difficult to assign the value of Z to any particular temperature. Furthermore,
the figure of merit in this equation is that for a thermocouple, whereas we are usually more interested in the
figure of merit, z, for a single material. Here we shall consider the situation in which the thermocouple
consists of a semiconductor, with a high positive or negative Seebeck coefficient, joined to a metal that has
a Seebeck coefficient close to zero.

Principle of the Method

One of our present aims is to show that the need for a second branch is actually an advantage in the
determination of z for a single material. It will be assumed that the second branch is a metal, for which the
transport properties are well established. The figure of merit of a couple, with optimised length to width
ratios for the branches, is given by
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(o5 —0y )2

AR

Here o, o and A are the Seebeck coefficient, electrical conductivity and thermal conductivity

respectively and the subscripts S and M refer to the semiconducting and metallic branches of the couple.
For the metallic branch, the Seebeck coefficient, oy, will usually be close to zero and 4,/ gy, will have the
value, given by the Wiedemann-Franz-Lorenz law, (n*/3)(k/e )*T. For most thermoelectric materials A¢/ oy
will not be very much greater than the WFL value and Z will be of the order of zg/4 where
0sCs
zg = EV 3)
zg being the single-material figure of merit. This means that, if zg7 is close to unity, AT, for the
semiconductor — metal couple will probably be less than about 30 K. Thus, the value of Z given by the
measurement will be representative of a fairly narrow temperature range. The range can be further
narrowed if the form factor for the metal branch departs from its optimum value. Generally,
(e )2
z=, “4)
KR

where K = (Asds/Ls + AnAu/Ly) and R = (psLs/As + puladAy) . L represents length, 4 is cross-section area
and p is electrical resistivity.

It is realised that the determination of Z7T does not immediately give a value for zs. Even so, one
obvious benefit of the AT}, method is a definite confirmation of any high z7 value as indicated by other
measurements. There is no way that ATy, can be large unless the figure of merit is large. On the other
hand, alternative methods of finding the thermoelectric properties often lead to an over-optimistic value of
the figure of merit.

For example, suppose that the Harman method [2] is being used. In this technique the electrical
resistance is determined under adiabatic and isothermal conditions. The ratio of these resistances should be
equal to (zT + 1). This is certainly true if the material is homogeneous but it can be erroneous if an
inhomogeneous sample is being tested [3]. In an extreme case, suppose that the sample consists of more-
or-less equal parts of p-type and n-type material, so that the overall Seebeck coefficient is zero. The true
figure of merit must then, of course, also be zero even though the finite difference between the isothermal
and adiabatic resistances would suggest otherwise.

Using the AT, method, the figure of merit, zs, and the ratio og/Ag for the semiconductor can be
determined from ZT if the Seebeck coefficient, o5, is known. It is noted that the Seebeck coefficient is
probably the easiest of the three thermoelectric parameters to determine since it does not depend on the
dimensions of the sample [4].

The product KR is given by

KR=|ng s g, || Ls | _Lw | (5)
L Ly \osAs oAy

which may be rewritten as

kpots Ay Ay o Ay 1 ©)
Gg Oy Oy og F
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where F' = AslL,/AyLs. It can be assumed that A, and o), are both known and oy is determined separately so
equation (6) allows us to relate Agto KR.

As an example, let us consider a couple consisting of an n-type bismuth telluride alloy and pure
nickel. We use data for the bismuth telluride alloy (exf8h-SPS) based on those given in the paper by Puneet
et al. [5]. The selected parameters are:

(as — ay) = -123 pV/K, o5 = 0.16 x 10° S/m, As = 1.6 W/m K, oy = 14.6 x 10° S/m and
Ayr=94.1 W/mK.

0.16
0.14-
0.12-

N 0.1

0.08
0.06-
0.04-
0.02

% i ) 3 4 5
“ log F i

Fig. 1. Plot of ZT against log,y F where F, the form factor ratio, is equal to AsLy/AyLs.
The semiconducting branch is an n-type bismuth telluride alloy with properties
close to those reported by Puneet et al. [5]. The metallic branch is made from nickel.

Fig. 1 shows the variation of ZT with F over 5 decades of the form factor ratio. The maximum ZT of
about 0.14 occurs when F' is about 70. At this value of Z7, AT,.x at room temperature is equal to about
21 K. This still implies some uncertainty as to the temperature for which the results apply. By changing F
by an order of magnitude lower or higher than its optimum value, ZT is reduced to about 0.04 and AT .y
becomes about 6°. This is large enough to measure accurately yet small enough for the temperature of
measurement to be well defined.

As observed from Figure 1, the thermocouple will have its highest figure of merit when KR has its
minimum value and this will occur when F> = A,,6,/ Asos. At this value of F. !

e a2Y
(KR) i = @JFW ) (7

It is noted that the optimum value of F' can be calculated if AT, is determined using at least three
different form factor ratios.

Non-Optimised Form Factor Ratio

We now examine in more detail the situation when the metal branch is not optimised and, in
particular, we look at the effect of making this branch either very short or very long. This has the
advantage of reducing AT,y still further and, therefore, the data can be assigned to an even narrower

temperature range.
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Let us first suppose that the ratio of length to cross-section area for the metal branch is much less
than its optimum value. Then, K, >> Ky and Ry >> R),. Applying this condition, we find that KR = KR
and the approximate value for ZT is o’ T /K)Rs. This enables us to estimate Ry and, thus, the electrical
conductivity of the semiconductor. However, it is probably easier to determine g more directly. In this
context we must remind ourselves that the potential drop across a sample includes a Seebeck contribution
as well as one due to electrical resistance. The Seebeck contribution is sometimes eliminated by using an
alternating current but we suggest that a better method may be to increase the direct current until the Peltier
cooling and Joule heating just balance one another and AT becomes zero. Surprisingly, this approach does
not seem to have been widely used.

If the ratio of length to cross-section area for the metal branch is much greater than the optimum
value, ZT becomes approximately equal to o T/KsR),, allowing us to estimate K and, thence, the thermal
conductivity of the semiconductor.

It is of interest to consider the expression for KR, equation (6) when F is very much larger than its
optimum value. We adopt two different approximations. In approximation #1 we ignore all but the largest
term in the expression for KR so that KR =~ AgAg Ly/LscyAy, allowing Ag to be estimated. However, as
shown in Figure 2 (upper curve), the resulting value of ZT is not particularly close to the true value unless
F is at least 2 orders of magnitude greater than its optimum. When F is this large, ZT is too small to be
determined accurately.

In approximation #2 we include the first two terms on the right-hand side of equation (6) but we
replace (Ag/os + Ay/Gar) by 2 Ay/Gys so that

KR=2 My + X—SF ®)
Oy Om

Our justification for doing this is that, for a good thermoelectric material, the ratio of thermal to
electrical conductivity is unlikely to be very much greater than the Wiedemann-Franz value. Also, the first
two terms on the right-hand side of equation (6) are small compared with the third term. The lower curve in
Figure 2 shows the ratio of ZT from this approximation to its true value. This approximate value of Z7T,
denoted by Z,,,r0x T, differs by no more than about 3% from the true value when F is an order of magnitude
greater than its optimum. Thus, equation (8) enables us to make a rapid determination of the thermal

conductivity of the semiconductor.

-

wn

= — = approximation N |

e APProximation N2

0 2 3 4 5
log, "

Fig. 2. Plot of Zpprox I/ZT against loggF. In approximation #1, ZgypocT = & T/KyRs
and in approximation #2, Z,p0.T = o T/KyRs + 2 Ay/ 0.
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Finally, we must point out that no account has been taken of transfer of heat by radiation or by
conduction along the electrical leads. As in other thermal conductivity measurements, the loss terms can
be determined if measurements are made on samples with different lengths and cross-sections.

Conclusion

To summarise, it is emphasised that the measurement of the maximum temperature depression,
AT 1s an indisputable way of validating any claim of a high figure of merit for a new thermoelectric
material. The value of A7, for a couple between this material and a metal is substantially less than it
would be if both the negative and positive branches were good thermoelectric materials. The resulting
figure of merit can, therefore, be assigned to a fairly narrow range of temperature. It has been shown that
by selecting three different form factors for the metallic branch the optimum dimensions can be deduced,
allowing the ratio of electrical to thermal conductivity in the semiconductor to be found. The Seebeck
coefficient of the semiconductor is easily determined since it does not depend on the dimensions of the
sample. Thus, the single-material figure of merit is obtained.

We have shown that it is advantageous to measure the maximum temperature depression, A 7.y,
when the ratio of length to cross-section area for the metal branch is much greater than the optimum value.
AT can then be reduced to no more than a few degrees, so that zs7 can be assigned to a particular
temperature.

The calculation of zsT requires the knowledge of the electrical conductivity of the semiconductor. In
principle, this can be found from a measurement of A 7, when the ratio of length to cross-section area for
the metal branch is much less than the optimum value. However, it is probably more convenient to
determine the electrical resistance of the semiconductor directly using a current that is large enough to
make A 7'equal to zero.
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Hobpe sioomo, wo makcumanbHe 3HUNCEHHST MEMNEPAMYPU, SIKe MOJICHA OMPUMamu 3 0OROMO20i0
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Xopowio uzeecmmo, umo MaKCuMAaibHOe CHUMCEHUE MEMNepamypbl, KOmopoe Modcem Ovlmb NOLYYEeHO
¢ nomowwio sgppexma Ilenvmoe, C813aHO NPOCBIM COOMHOULCHUEM C OOOPOMHOCIbIO Z MepMONnapbi.
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OPTIMIZATION OF HEAT EXCHANGE SYSTEM OF
THERMOELECTRIC LIQUID-LIQUID HEAT PUMP

This paper presents the results of optimization of heat exchange system of thermoelectric liquid-liquid heat
pump and determines conditions fort its efficiency increase, in particular, for its use as a high-performance
heater for space —purpose water regeneration device. Bibl. 3, Fig. 5.

Key words: thermoelectric heat pump, efficiency, distillation unit, heat exchanger.

Introduction

General characterization of the problem. Efficiency improvement of thermoelectric heat pumps
(THP) that have found application in various-purpose cooling and heating systems [1 - 5] is an important
and complicated task that can be solved with the use of modern computer design methods [6, 7]. Also, an
important fact is that the achieved values of THP efficiency are close to the limit, which requires their
research taking into account the most accurate and complete physical models.

In papers [7, 8], a study was conducted to determine the influence of the quality of heat exchange
system on the efficiency of liquid-liquid thermoelectric heat pump, in particular the effect of energy
consumption on heat carrier pumping. It was established that optimization of heat exchange system of
THP is an important factor of increasing overall THP efficiency.

The purpose of the work is optimization of heat exchange system of thermoelectric liquid-liquid
thermal pump in order to improve its overall efficiency.

Physical model

The investigations were carried out using a physical model of THP liquid heat exchanger which is
represented in Fig.1. Heat carrier 3 with flow rate G circulates in heat exchanger channels 2. Heat flux Q1
through the heat exchanger base 1 is transferred to heat carrier as a result of which its temperature varies
from T; to T2. For the intensification of heat exchange, the rod of variable diameter (Fig.2), located inside
the heat exchanger channel, is used.

On the whole, a physical model of THP comprises a system of identical heat exchangers 1 in Fig.3
assuring passage of heat flux Qx through the hot side of thermoelectric modules, thermoelectric modules 3
in Fig.3, heat exchangers 2 in Fig.3 assuring passage of heat flux Qx through the cold side of thermoelectric
modules and a system of hydraulically bound channels 4 in Fig.3 providing for circulation of liquid in the
thermoelectric heat pump.

The model takes into account temperature difference loss in heat exchangers, as well as energy
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consumption on pumping of heat carrier through heat exchange system.

Fig. 1. Physical model of liquid heat exchanger of thermoelectric heat pump:
1 — heat exchanger base, 2 — heat exchanger channels, 3 —heat carrier

To assure optimal operation of thermoelectric modules, each of them has individual power supply.

Q, !

/2
/3

5 4

Fig. 2. Fragment of liquid heat exchanger of thermoelectric heat pump in section:
1 — thermoelectric module location, 2 — heat exchanger base, 3 — heat exchanger channel,
4 — heat carrier, 5 —heat exchange intensifier.

Tx

Mo

Mo

Fig. 3. Physical model of thermoelectric heat pump.
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Mathematical and computer description of the model
To describe heat and electric current fluxes, we will use the laws of conservation of energy

divE=0 (1)
and electric charge
divj =0, )
where
E=g+Uj, 3)
G=«xVT +aTj, 4)
] =—oVU —caVT. (5)

Here, E is energy flux density, § is thermal flux density, ] is electric current density, U is electric

potential, T is temperature, o, o, k are the Seebeck coefficient, electric conductivity and thermal
conductivity.

With regard to (3) — (5), one can obtain

E =—(k+0a’cT +aUc)VT —(asT +Us)VU. (6)
Then the laws of conservation (1), (2) will acquire the form:
~V[ (x+a’sT +aUs)VT |- V[(asT +Uc)VU]=0, ©)

~V(caVT)-V(cVU) =0. 6)

These nonlinear differential equations of second order in partial derivatives (7) and (8) determine the
distribution of temperature T and potential U in thermoelements.

An equation describing the process of heat transport in the walls of heat exchangers in the steady-
state case is written as follows:

V('kl 'VTl ) = Ql' (9)

where k; is thermal conductivity of heat exchanger walls, VT, is temperature gradient, Q: is heat flux.

The processes of heat-and-mass transfer of heat carriers in heat exchanger channels in the steady-
state case are described by equations [9]

p . —_—

—Ap— f,—V|+F =0, 10

p D Zdh | | ( )

V(ApV) =0, (11)

pACV - VT, =V - Ak, VT, + f, E—A|\7|3 +Q, + Qs (12)
h

where p is pressure, p is heat carrier density, 4 is cross-section of the tube, F is the sum of all forces,

Cp is heat carrier heat capacity, T, is temperature, vV is velocity vector, k, is heat carrier thermal
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conductivity, f, is the Darcy coefficient, d =4Z—A is effective diameter, Z is perimeter of tube wall, Q,is

heat which is released due to viscous friction [W/m] per unit length of heat exchanger, Q,,, is heat flux
coming from the heat carrier to the tube walls [W/m]
Qua =h-Z '(Tl_TZ)’ (13)
where h is heat exchange coefficient which is found from equation
hz_N“d' e | (14)

The Nusselt number is found with the use of the Gnielinski equation (3000<Re<6-10°, 0.5<Pr<2000)

(fdj(Re —1000) Pr
Nu = 8 , (15)

1 2
1+12.7(fd)2 (Pr3 —1}
8
pvd

is the Prandtl number, p is dynamic viscosity, Re =—— is the Reynolds number.
9

p M

where Pr =
2

The Darcy coefficient f, is found with the use of the Churchill equation for the entire spectrum of
the Reynolds number and all the values of e/d (e is roughness of wall surface)

812 1/12
f.=8— +(A+B)"°| |, 16
oo o s arey @9

09 16 %
where A={—2.457-In((lj +0.27(e/d)}] : B:(37530j .
Re Re

Solving Egs. (7) —(12), we obtain the distributions of temperatures, electric potential (for
thermoelements), velocities and pressure (for heat carrier).

The above differential equations with the respective boundary conditions were solved using Comsol
Multiphysics package of applied programs.

Computer simulation results

Below are given the results of calculations of the parameters of thermoelectric pump according to
physical models shown in Figs.1-3. The influence of dimensions (d: in Fig.2) of heat exchange intensifier
on the loss of temperature difference between the heat carrier and the external surface of heat exchanger
(accommodating the thermoelectric module) was investigated. Also, the influence of this loss on the
general efficiency of thermoelectric heat pump was analyzed with regard to energy consumption Wpump 0N
heat carrier pumping through heat exchange system. For these parameters, the optimal number of
thermoelectric modules N was determined to assure the required cooling capacity Qo, as well as the optimal
supply current lqy Of each module to assure the highest integral coefficient of performance ™.

The initial data for calculations:

cooling capacity — 600 W;

heat carrier temperature at inlet to hot heat transfer loop — 36 °C;

heat carrier temperature at inlet to cold heat transfer loop — 31 °C;

heat carrier flow rate in each loop — 22 ml/s.
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T, °C

Fig. 4. Typical temperature distribution in liquid heat exchanger

Typical temperature distribution in THP liquid heat exchanger is shown in Fig.4. The analysis of this
temperature distribution for cases of different ratios between the diameters of heat exchanger intensifier
and the diameter of heat exchanger channel enabled us to determine its influence on the overall efficiency
of thermoelectric heat pump. Fig.5 shows a dependence of the integral coefficient of performance of
thermoelectric heat pump (with regard to energy consumption on pumping &, and without regard to it €)
on the size of a gap formed by heat exchanger channel and heat exchange intensifier, whereby the gap size
I=6 mm corresponds to no heat exchange intensifier option.

Thus, the results of computer optimization of THP heat exchange system made it possible to
determine the conditions for heat exchange intensification in liquid heat exchanger leading to improvement
of THP integral efficiency. It was established that with the size of the gap 1=0.25 mm formed by heat
exchanger channel and heat exchange intensifier, the coefficient of performance of THP with regard to
energy consumption on heat carrier pumping reaches 2.1 (which corresponds to the loss in heat exchange
system AT=1 K). Thus, the efficiency of THP has been increased by 24% as compared to THP option
without heat exchange intensifiers in heat exchanger channels.

AT, K

ol
o 12 3 4 5 6

l, wm

Fig. 5 Dependence of integral coefficient of performance of thermoelectric heat pump (with regard to energy consumption on heat
carrier pumping econs and without regard to it ¢) and loss of temperature difference in heat exchanger AT on the size of the gap |
formed by heat exchanger channel and heat exchange intensifier (I=6 mm corresponds to no pin option)
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Conclusion

1.

At similar dimensions of the heater and thermocouple, heat loss due to thermal conductivity of the
thermocouple and heat exchange with the environment can lead to a decrease of maximum
temperature in the heater center by a factor of 1.5, which significantly affects the parameters of the
thermal converter and can be largely compensated by evacuation or filling the work space of the
thermal converter with the low thermal conductivity inert gas.

It is relevant to study the opportunity of using in the design of thermal converter of heaters with a
variable section or made of different materials.
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THERMOELECTRIC CERAMIC ELEMENT
WITH A NEGATIVE TEMPERATURE FACTOR OF RESISTANCE

A model of a thermoelement with the legs made of materials possessing a negative temperature factor of
resistance is proposed. A system of equations describing the process of heat and charge transfer is obtained by
the methods of the expanded irreversible thermodynamics. The results of calculations of the character of heat
and charge transfer for various ratios of relaxation time are presented. Bibl. 10, Fig. 2.

Key words: thermoelement, thermistor, nanoceramics.

Introduction

The promising direction in the field of developing effective thermoelectric materials is creation of
various nanostructures, such as quantum dots, nano whiskers, superlattices, bulk nanocomposites [1]. The
quantity of works, both theoretical, and experimental, devoted to research on thermoelectric nanomaterials,
has been steadily growing recently, and the results are rather optimistic, at least, from the standpoint of
fundamental science.

Increase of thermoelectric figure of merit in nanomaterials is connected with two physical
phenomena [2]:

» decrease of lattice thermal conductivity is caused by occurrence of numerous boundaries that
are effective scattering centers for phonons, but have little impact on electronic transport;

» increase of forbidden bandwidth with a simultaneous increase of the density of states near the
Fermi level; although in this case the electrical conductivity decreases, but the thermal e.m.f. increases, and
under certain conditions it can lead to increase of the power factor.

However, for creation of semiconductor properties in nanocrystalline ceramic materials we can use
the method of roasting in the recovery atmosphere [3 — 5]. Such method, together with usage of materials
with NTRC allows raising the efficiency of the thermoelements, especially in the high-temperature field
where ceramic materials are the steadiest. It is possible to create both n- and p-type conductivity by
selecting the composition of gas atmosphere.

An elementary thermoelement is the basis for any thermoelectric cooling device. It represents two
semiconductor legs connected in series, one leg possessing electronic conductivity (n), and the other - hole
(p) conductivity. At the set current the value of temperature decrease depends on thermal load [2]. For
increasing the figure of merit of a thermal element, the materials based on bismuth telluride are considered
to be more promising [3]. However, they have a narrow temperature gradient range and are difficult to
manufacture. Therefore, it is interesting to develop materials of conductive semiconductor ceramics based
on interjacent metal oxides or composite materials [4]. That is why ceramic materials with a negative
temperature coefficient of resistance (NTCR) (thermistors) [5 — 6] are of particular interest. Such materials
can change conductivity value in wide ranges, and it offers good prospects for their usage as materials of legs.
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Research method

Increase of thermoelectric figure of merit in nanomaterials is associated with two physical
phenomena [2]:

i decrease of the lattice thermal conductivity occurring in nanomaterials with numerous
boundaries that are effective scattering centers for phonons, but have little impact on electronic transport;

. increase of forbidden bandwidth in nanomaterials, with the simultaneous increase of the
density of states near the Fermi level; although in this case the electrical conductivity decreases, but the
thermal EMF increases, and under certain conditions it can lead to increase of the power factor. It is
possible to create both n- and p-type conductivity by selecting the composition of gas atmosphere.

With the help of the valence-controlled process, oxide ceramic materials can be transferred to the
semiconductor state. For this purpose, different methods are used. For example, the recovery method: firing
of ceramics in reducing ambient of non-isovalent substitution. In this case, it is possible to obtain
acceptable conductivity, while maintaining low thermal conductivity. In ceramic materials, one can
enhance the scattering mechanism at low thermal conductivity, which leads to increase of the figure of

merit [2].
2
_ (o —a) } 1

‘ { X1P2 +/X2P1 @

where a1 and ap are thermoelectric coefficients, y1, 2 are thermal conductivity coefficients, p1, p, are
resistivities of thermoelement legs.

In thermoelectric nanocomposites, the grain size does not exceed several tens of nanometers. To
increase the thermoelectric efficiency, it is necessary to fulfill the following condition: the grain size should be
smaller than the phonon path length, but larger than the mean free path of charge carriers (electrons or holes).

In nanocomposites it is obvious that when the grain size decreases, the fraction of the grain
boundaries will increase, and it will lead to a gradual decrease of the thermal conductivity of material.
Naturally, the scattering of electrons at the grain boundaries will take place, and their mobility will be
decreased. However, the decrease of thermal conductivity in the bulk nanocomposites may be more
significant than the decrease of electrical conductivity. Thus, the bulk nanocomposites that consist of
nanoscale grains of the thermoelectric material separated by typical grain boundaries can potentially have a
high thermoelectric figure of merit, as they will have both high electrical conductivity and low thermal
conductivity at the same time. Therefore, the usage of the materials with NTCR as the nanocomposite legs
makes it possible to create thermoelements with essentially nonlinear properties [6].

Comparative Resistance Graph

Thermistor vs. RTD
T

1000

|
\
\
[ =]

Fig. 1. Typical temperature dependence of resistance for a thermistor with NTCR
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For example, in the case of isomorphous substitution, the number of spinels goes into the state of
semiconductor conductivity with NTCR. Lithium doping of nickel oxide in the spinel leads to sharp
increase of conductivity due to the replacement by lithium ions of nickel ions in the octahedral positions.
The formation of the solid solution with the uncompensated charge allows the variation of the lithium
concentration to create a different type of conductivity [6].

gLiZO +(1-x)NiO +§o2 — (NiZ,LifNis*)o @)

Let us observe reaction of partial recovery of nickel from oxide for replacement of lithium oxide in
octahedral positions. For this purpose, we calculate change of Gibbs’ potential and, on its basis, the
required concentration of CO. Such reaction it is represented in the form:

2NiO +CO — Ni,0 +CO, 3)

In this case Ni* substitutes Li* and introduces additional distortion in a lattice because of the
difference in ionic radiuses (Li*~ 0,68 A; Ni* ~ 0,70 A) [6]. The calculation of conditions for proceeding of
reaction (2) shows that over the temperature range 700 — 900 K the reaction is allowed thermodynamically,
and from temperature 800 K also kinetically [7]. It is consistent with the experimental results known from
the literature on nickel recovery by various gases.

The predominant model of the conductivity of thermistors with NTCR is a model of hopping
conductivity in the approximation of the "nonadiabatic" polaron of a small radius leading to the
temperature dependence of conductivity [6]:

1

3 2121272
Gznze'J—EzeXp(_Ej @)
h(kT) kT

where: | is effective hopping length, J is parameter of scattering, E is energy of hop activation, T is
temperature. Such nonlinear temperature dependence of electrical conductivity leads to a substantial non-
equilibrium process of the heat and charge transfer in thermoelement legs. It should be noted that in the
case of a thermoelectric effect the process has a nonlocal character both in the coordinate and time.

An extended irreversible thermodynamics is one of the most consistent and detailed
thermodynamic theories [8] which is not based on the principle of local equilibrium and takes into account
spatial nonlocality of transport processes. In addition to the classical independent variables used by the
local equilibrium thermodynamics of irreversible processes, extended irreversible thermodynamics uses
independent variables of dissipative flows, in our case it is a heat flux g and a charge flux I, to describe the
state of the system far from the local equilibrium.

Thus, in the locally non-equilibrium system, entropy S is a function of both classical variables and
dissipative flows:

S=S{U(xt),v(xt),C(xt),q(xt),1(xt)}. (5)

It should be noted that from the physical point of view the new variables significantly differ from
the classical ones. Classical variables obey the laws of conservation and change relatively slowly during
the evolution of the system, whereas the flows do not obey the laws and are relatively "fast” variables,
whose rate of change can be high when the system is relaxed to local equilibrium. The introduction of the
flows as independent variables is completely justified from the physical point of view. Indeed, if there is
any flow in the system, this means a directed movement of the heat carriers or charges, i.e. such system is
more ordered compared to a system where there are no such flows. Consequently, the entropy which is
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known to be a measure of "disorder”, must be less than the entropy in the system without the flows. Using
the extended set of independent variables in the definition of locally non-equilibrium entropy (5) and the
classical formulation of the second law of thermodynamics with allowance for new locally non-equilibrium
terms in the expressions for the production of entropy and its flow, extended irreversible thermodynamics
leads to differential equations for dissipative flows of evolutionary (relaxation) type:

q+rT@=—XVT—|2V2q, (6)
ot
Oi . ,
w2 =—(i-0.E) ™

where E' = E — TV(T '), tr, Te is relaxation time of heat and charge, | is reference length of nonlocality, .
is conductivity, pe is chemical potential, A is thermal conductivity coefficient, E is electric field strength, T
is temperature.

Thus, the inclusion of dissipative flows in the series of independent variables leads to the fact that
these flows are no longer determined by the gradient of the corresponding transfer potential, as in the
classical local-equilibrium case, but they are solutions of the evolution equations (6 — 7). These equations
describe the process of relaxation of dissipative flows to their local equilibrium values.

While analyzing the system of equations (6 — 7), we use the following approximations. We assume
that the coefficient of thermal conductivity and the relaxation time of the heat are constant and temperature
independent. Such assumption is correct in connection with the fact that the calculation of the heat
relaxation time must be carried out with regard to the propagation of heat in the system. In other words, in
the case of the propagation of heat, the problem is self-consistent. Taking into account that the distribution
of the heat and charge front may be considered in a single grain, we can assume that the spread of non-
locality is rather weak, and the process describes the approach of the permanent tr and te.

The z is an expression for the relaxation time of conduction electrons of a nondegenerate atomic
semiconductor e ~ & Y2 T~ [9], where ¢ is the energy of the order of semiconductor forbidden bandwidth.
Such an expression for the charge relaxation time is an approximation that has temperature dependence. It
is necessary to solve the kinetic equation for the charge propagation taking into account the dispersion law
in the conduction mechanism [9]. However, in our case, such task is complicated by the fact that it is
necessary to consider the flow of the charge along the grain surface. It complicates the solution of the
Kinetic equation, which must be solved taking into consideration the percolation flow model.

It is usually assumed that the chemical potential does not depend on temperature and is
approximately equal to the Fermi energy. However, for a nondegenerate semiconductor with the essentially
nonlinear temperature dependence of conductivity (2), it is necessary to take into account the temperature
dependence of the chemical potential [10], which has a logarithmic temperature dependence:

3

4 € \2
=kT In| —=| — <0 8
He 8 3\/1‘5(ij ®)

where k is the Boltzmann constant.

Thus, the problem of calculating the heat transfer in this system is nonstationary. To solve it, we
assume the model to be one-dimensional, and omit the second-order terms in the temperature gradients.
The initial and boundary conditions are assumed to be standard [7]. Such assumptions allow us to make a
qualitative analysis of the nature of heat and charge propagation in the system. We examine the model at
the distances of the grain size order. The generalization of the sample dimensions requires the
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establishment of an averaging procedure, which differs from the standard method, i.e. the introduction of
certain average or effective parameters requires additional considerations and cannot be carried out by
simple averaging.

Results and discussion

The results of numerical simulation are shown in Fig. 3. The system analysis (6 — 7) was carried out
for various 17 /te ratios, and the dimensionless time t /tr was used.

0

A

v

T,<<T,

L>>1

2
c)

Fig.2. Propagation of heat in a thermoelement for various ratios zr, z, L,
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The result of the simulation is presented in Fig. 3a, provided that the times of relaxation of heat and
charge are close. In this case, the propagation of heat occurs almost simultaneously with the charge density.
It has a character close to a solitary wave. Such a result is quite obvious, since in this case the Joule heat is
released simultaneously with heat transfer, and the increase of the charge current occurs with the velocity
that is close to the velocity of propagation of heat Vi. The characteristic feature of such propagation is
formation of the wave along the length of the conductivity hop.

In the case when there is tr >> e (Fig. 3,b), the break of propagation front occurs and the Joule heat
wave V. outpaces the actual heat transfer wave due to the temperature gradient. Thus, in this case two
waves are formed, which are spatially separated. At the same time, the relaxation of the heat does not occur
during the hopping of the charge, and the system is in a locally non-equilibrium state. In other words,
charge transfer generates a locally non-equilibrium state in which the charge flow is a fast variable.

In the case when there is tr<< 1. (Fig. 3,c), the heat relaxation occurs faster than the charge
transfer, and heat propagation front coinciding with the charge transfer is formed. It should be noted here
that the steepness of the front is determined by the mechanism of hopping conductivity and the
approximations in the calculation. When there is more correct calculation, there will be no gaps on the
front.

The mode of heat transfer will be especially manifested in functionally graded materials [3],
especially along the grain boundaries. By creating a regular structure with the required relaxation time
ratios, it is possible to achieve the wave character of the heat transfer and charge transfer. It will allow
creating devices that simultaneously measure and regulate the temperature.

Investigating movement of a charging and temperature wave, it is possible to estimate the ratio of
relaxation times. It will allow at qualitative level to draw certain conclusions about the transfer mechanism.
Such a possibility is very relevant for ceramic materials.

Conclusion

The local non-equilibrium process of heat and charge transfer in this paper can be realized in the
legs of semiconductors the materials of which possess a negative coefficient of resistance. First of all, this
is due to the essentially nonlinear temperature dependence of conductivity. The determination of the
quality factor of such a structure is a separate task, since it is necessary to calculate the
thermoelectromotive force within the assumptions made. In contrast to conventional semiconductors, one
should take into consideration the kinetics of charge and heat transfer. In this case, it is necessary to take
into account the structure of the leg material and the mechanism of heat dissipation.
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M.V Maksimuk BENCH TESTS OF THERMOELECTRIC STARTING
PRE-HEATER FOR CARS

The results of bench tests of the energy characteristics of thermoelectric heat source for start
heating of vehicle engines at low ambient temperatures are presented.

It is shown that the use of a thermoelectric converter as a source of electric power provides
the autonomous operation of the pre-heater components and allows solving the problem of
vehicle battery discharge during the operation of the start equipment. Bibl. 17, Fig. 10.

Key words: starting pre-heater, thermoelectric generator.

Introduction

Today the problem of internal combustion engines start-up under low ambient temperatures is solved
through use of starting pre-heaters commercially produced by a number of companies — Eberspecher,
Webasto, Truma (Germany), Ateso (Czeck Republic), Teplostar (Russia), Mikuni (Japan). Such heaters run
on different fuels and are used in the cars, trucks, buses, yachts and boats.

Many years’ experience of vehicles operation shows that start heating not only assures reliable
engine start, but also allows increasing its service life by a factor of 1.5 — 2 during a year [1] and reducing
toxic discharge by a factor of 5 [2], while saving up to 300 1 of fuel during one winter season [3].
Moreover, comfortable conditions provided by start heating eliminate completely the possibility of
accident due to cold impact on the driver.

However, despite ample opportunities, starting pre-heaters have not found mass application yet. The
main reason that cancels out the advantages of start heating is the need for electric energy for power supply
to heater components, which is taken from the batteries leading to their discharge and creating essential
difficulties during engine startup. To avoid battery discharge during start heating, it is reasonable to use
thermoelectric generator as a source of electricity for such heaters [4].

A 70 —90 W thermoelectric generator that operates from the heat of starting pre-heater and assures
power supply to its components has been created at the Institute of Thermoelectricity [5 — 7]. Moreover, the
excess electric energy of thermal generator can be used for recharging the battery.

Experimental tests of the thermoelectric heater under bench conditions proved the efficiency of the
design and confirmed the results of computer calculations carried out in [§8]. However, the study of the
sample under low temperatures showed that the thermal power of the heater is not enough to heat the
engine to an optimum start temperature — 70 ° C [9].

To increase the amount of heat used to heat the internal combustion engine coolant, in the heater
design it is reasonable to apply the modified version of the thermoelectric modules "Altec-1061" developed
in [10]. The idea of such a modification is to reduce the height of thermoelement legs, thus reducing the
thermal resistance of modules and increasing the total thermal flow through the thermopile.
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Due to the use of thermoelectric converter optimized for a new level of thermal power, computer
design methods were used to find the main structural and energy characteristics of a new version of
thermoelectric starting pre-heater on diesel fuel for pre-heating of cars with engine displacement up to 4 1.
Calculations showed that in the case of using a new modification of modules the thermal power of the
heater can be expected to increase by a factor of 1.5 — 2, for the level of 2.5 — 3 kW, with electric power
85— 110 W. Such values of thermal and electric power will assure engine temperature optimal for start-up,
the autonomous operation of functional components of the heater, as well as battery recharge during start
heating [11].

The purpose of this work is to study the thermal and electrical parameters of the developed heater
under bench conditions for confirmation of conformity to design characteristics.

Structure and operating principle of thermoelectric starting pre-heater

The schematic and appearance of thermoelectric starting pre-heater are shown in Fig.1.

b)

Fig.1. Schematic (a)and appearance (b) of thermoelectric starting pre-heater:
1 — hot heat exchanger, 2 — heat source; 3 — fan; 4 — fuel pump;
5 — thermopile,; 6 — cold heat exchanger, 7 — input and output connecting pipes;
8 — circulating pump; 9 — overheat sensor, 10— clamping mechanism;
11 — thermal insulation; 12 — case; 13 — exhaust pipe,; 14 — fastening system,
15 — electronic unit; 16 — control panel.

This thermoelectric heater is composed of a hot side heat exchanger 1, which holds the source of
heat 2 in its interior space. Fuel and air delivery to the source of heat is carried out by a fan 3 and a fuel
pump 4. A thermopile 5 is located on the exterior surface of the hot heat exchanger the heat from which is
removed by heat exchangers 6.
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Cold heat exchangers are combined into a single hydraulic circuit with the engine cooling system by
connecting pipes 7. The circulation of the liquid coolant in the “heater-engine” circuit is carried out by
pump 8. To control the temperature of the coolant, one of the cold heat exchangers has an overheating
sensor 9. The thermal contact between the thermopile and heat exchangers is provided with a clamping
device 10. The free space between the hot and cold heat exchangers is filled with thermal insulation 11. An
automobile heater with a fan, electronic unit, heat exchangers, thermopile and clamping device is placed
into case 12. Fuel combustion products are removed to environment by an exhaust pipe 13. By means of
fastening system 14 the heater is placed on the frame of the car. Start-up and control of all heater devices is
done by electronic unit 15 from control panel 16.

A thermopile is composed of 12 generator modules Altec-1061 optimized for use in starting pre-
heaters and electrically connected parallel-in-series. Modules connection was adjusted so that the output
voltage of the heater matched the voltage of the car storage battery.

A diesel burner Ersatzbrenner D TT-C MB was used as a source of heat in the structure of the heater,
pulse pump BTL.DP30.02.12V DAEMPFLER E-TEIL and liquid pump 12V U4847 TT C/E of the starting
pre-heater “ThermoTopEvo 4» (Webasto) [8]” were used as fuel and circulating pumps, and air fan “Delta”
was used as a fan [13].

The heater works as follows. Thermal energy from fuel combustion heats up the hot heat exchanger,
passes through thermoelectric modules and is removed by the liquid heat carrier circulating in the heat
exchangers of the heater and engine cooling system. Therefore, thermal energy removed from the
thermopile is used for the engine warm-up, while electric power is used to power heater components and
recharge the automobile storage battery, if necessary.

Results of test bench research

Research on the energy characteristics of the developed thermoelectric diesel heater was carried out
on the experimental test bench shown in Fig. 2.

Fig.2. Schematic of experimental test bench for studying the energy characteristics of thermoelectric
starting pre-heater: 1 — thermoelectric heater without outside case; 2 — electronic unit; 3 — circulation pump;
4 — fuel pump, 5 — voltmeter; 6 — supply unit; 7 — digital ammeter; 8 — oscilloscope; 9 — rheostat;

10 — thermostat; 11 — Dewar with ice and thermocouples [9].

The research was conducted in two stages:
- at the first stage, the heater operating modes, as well as algorithms for its start-up and achieving the
maximum power mode were developed;
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- at the second stage, the energy characteristics of the heater were compared with the car battery. In
this case, the work of the components was controlled by the electronic unit.

Results of studying characteristics of thermoelectric automobile starting pre-heater are given in Fig.3
and in Tablel.
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Fig.3. Dependence of the energy characteristics of thermoelectric
automobile starting pre-heater on operation time t.
Table 1
Operating modes of thermoelectric starting pre-heater
. . Fuel Air )
Operating | Time after Thermal power of ) ) Heat carrier
. consumption, consumption, . 3
mode startup, min. heat source, W 3 consumption, m’/h
glh m’lh
I 1 950 80 4.20
I 2 1250 105 4.80
III 3 1540 130 5.50 03
v 4 2310 195 7.49 '
v 5 2965 250 7.99
VI 6 3560 300 8.19

From the given data it is seen that the maximum thermal power of the heater reaches the level of
3 kW, which ensures coolant warm-up in the 80-th minute from the moment of its startup, while the first
version of starting pre-heater provided a similar thermal mode during two hours of operation [9]. Thus, the
use in the design of the heater of modified thermoelectric modules "Altec-1061" gives an opportunity to
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increase the heat output of the heater by a factor of ~ 1.5 to 2 and to shorten the time of engine coolant
warmup.

The steady-state operating mode of the heater is set in the 30-th minute of operation at the hot
exchanger temperature 280 °C and output gas temperature ~300°C. In so doing, the electric power of the
heater is equal on the average to 90 W, the voltage is within 10 — 12 V.

The steady-state operating mode of the heater (mode VI) is provided at heat source thermal power
3.6 kW and cold heat carrier flow rate 0.3 m*/h. However, for a reliable start-up and stable operation of the
heater the scheme of smoothly achieving the mode is implemented, whereby thermal power of the heater
and fuel-air mixture consumption increase gradually (Tablel).

Fig.4 shows dependences of maximum electric power P and heater efficiency # on the temperature
of cold heat carrier T,,u.
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Fig.4. Dependence of maximum electric power P (a)
and efficiency n (b) on the temperature of cold heat carrier.

It is worth noting that the efficiency of the heater in this case is determined by both thermal and
thermoelectric efficiency, since along with the electrical energy, it is important to provide the required
level of thermal power used for engine heating.

The distribution of electric power by the heater components is shown in Fig.5.
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Fig.5. Electric power distribution by the heater components [14]
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Consequently, taking into account that the total electric power consumption of the heater
components is ~ 30 W (fuel pump 5 W, fan 14 W, liquid pump 12 W), 50 — 70 W of thermal generator
electricity can be used for recharging the battery

The results of research on the work of the thermoelectric starting pre-heater in conjunction with the
car battery are shown in Figs. 6 — 10. The structure and programmed algorithms of the electronic unit that
controls the heater operating modes are similar to those of its first version [15]. The only difference is the
presence of two additional modes of operation (V and VI, Table 1), which are realized by a gradual
decrease in the fuel supply period by a fuel pump [16].

From the above data it follows that the behavior of both temperature and electrical dependences is
practically identical. After switching on the device and until the desired heat carrier temperature is reached,
the electronic unit gradually increases the thermal power of the heat source to the maximum. At the same
time, there is an increase in the temperature characteristics of the 7%y, Tho» Tga- and the transition from the
battery power mode of components to thermal generator power mode. As the output power of the generator
increases, the electronic unit sends the excess electric energy for recharging the battery.
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Fig.6. Results of research on the work of thermoelectric automobile heater
with electronic control unit: Ty, — exhaust gas temperature;
Tyo: — temperature of the hot heat exchanger; T, — temperature of the cold heat exchanger;,

FIIT]

Upas — battery voltage, Iy, — current in “heater”- “battery” circuit.

The set heat carrier temperature is 30°C.
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Fig.7. Results of research on the work of thermoelectric automobile heater with electronic control unit.
The set heat carrier temperature is 40°C.
The designations are similar to Fig.6.

On reaching the set temperature of the heat carrier, the electronic unit in accordance with the output
signal of the digital thermal sensor increases the period of fuel supply to the burner — the heater begins to
operate in the mode of maintaining the set temperature. At the same time, the temperature of the hot heat
exchanger and the temperature of the gases fall, and the temperature on the cold heat exchangers is
stabilized. It should be noted that in this operating mode, the power generated by thermoelectric modules is
not enough to recharge the battery, so the electronic unit, by reversing the current in the "heater" —
"battery" circuit, switches power supply to components from the modules back to the battery. In this case,
the discharge current of the battery is only ~ 0.5 A, which is unquestionably very small in comparison with
its capacity (for example, the discharge current at the work of the Webasto Thermo Top Evo 4 liquid
starting pre-heater is an order of magnitude greater, namely 3 — 5 A) . Therefore, it can be argued that in
the mode of maintaining the temperature of the heat carrier the heater actually works without the use of
battery power.
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Fig.8. Results of research on the work of thermoelectric automobile heater with electronic control unit.
The set heat carrier temperature is 50°C.
The designations are similar to Fig.6
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Fig. 9. Results of research on the work of thermoelectric automobile heater with electronic control unit.
The set heat carrier temperature is 60°C.
The designations are similar to Fig.6.
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Fig. 10. The results of research on the work of thermoelectric automobile heater with electronic control unit.
The set heat carrier temperature is 70°C.
The designations are similar to Fig.6.
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Thus, during operation of the heater, the excess electric energy of the generator used to charge the
battery is 30 — 40 Watts. Thus, about 20-30 watts of electric power are left in the reserve, which can
additionally be used to power other automotive equipment during start heating. However, this value will be
variable and will be determined by the state of charge of the vehicle battery [17].

It should also be noted that in the course of research an emergency situation was artificially created
during the work of the heater, by successive disconnection from power supply of a fuel pump, a fan, a
circulating pump. The results confirm the rationality of the chosen algorithm to protect the system from
overheating and other hazardous situations: the electronic unit initializes an error in the work of the heater
(the disappearance of the flame in the combustion chamber, the overheating of the cold side of the
modules, etc.) and stops its operation - the heater switches to the “purge” mode. In this case, the control
panel displays a signal about the corresponding type of the error.

Conclusion

1.  The conformity of thermal and electric parameters of thermoelectric starting pre-heater to its design
characteristics is confirmed.

2. It is established that the use of modified thermoelectric modules "Altec-1061" allows increasing
thermal productivity of thermoelectric starting pre-heater by a factor of 1.5 — 2, to the level of 3 kW,
as compared to its first version.

3. It is shown that the electric power output of the developed thermoelectric starting pre-heater is within
80-100 W at a temperature of the hot heat exchanger 280 °C and the cold heat exchanger
temperatures 30 — 70 °C. Maximum heater efficiency is 76.6 %.

4. It is determined that the mode of maximum heater power is achieved at the heat source thermal
power 3.6 kW, fuel consumption 300 g/h and air consumption 8.19 m’/h. In so doing, the cold heat
carrier consumption is 0.3m’/h.

5. The algorithm of operation of electronic control unit of thermoelectric heater components is shown.
When the heater enters the autonomous operating mode, the electronic unit disconnects power
supply of components from the battery and, as the electric power output of the generator increases, it
directs the excess electric energy for recharging the battery.

6. It is established that the excess electric energy that can be used for recharging the battery is 50-70 W.
However, the real value of charging current will be determined by the state of battery charge.

7. It is shown that control of heater work operation is done by intelligent algorithm of flame, air and
fuel delivery and battery charge control, which assures stable operation of device and creates a
reliable protection system in case of emergency.
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IMPACT OF THERMOCOUPLE ON TEMPERATURE DISTRIBUTION IN
THE HEATER OF MEASURING THERMAL CONVERTER

The impact of thermocouple on temperature distribution in the heater of thermal converter for the
case of similar thermocouple and heater geometry is investigated. It is established that heat loss due
to thermal conductivity of the thermocouple and its heat exchange with the environment reduce the
temperature in the heater center by a factor of almost 1.5. Variants of increasing the efficiency of
using heat in thermal converter are proposed. Bibl. 9, Fig. 2.

Key words: thermal converter, thermocouple, heater, temperature distribution.

Introduction

In [1 — 3], temperature distribution in structural members of thermoelectric measuring converter is
studied, with regard to heat exchange with the environment. However, these works do not study in full
measure the character of impact of thermal processes occurring in thermocouple on temperature
distribution in the heater for the case when geometric dimensions of the heater and thermocouple are
similar. Taking into account such impact will significantly improve the parameters and characteristics of
the thermal converters in the process of their design.

The purpose of this work is to study the impact of thermocouple on temperature distribution in the
heater of thermal converter.

Model of thermal converter for calculation of temperature distribution in its structural
members

To take into account the impact of thermocouple on temperature distribution in the heater, we will
make calculations for “heater-thermocouple” system, Fig. 1.

Let us write thermal balance conditions taking into account the Joule effect, thermal conductivity,
heat exchange with the environment for the heater:

i, - Spd*T(xy, ) 17 p
’ 22 : _COh(T(xh)_TO)TthJF%:O (1)
Xh h
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and the thermocouple:
2
dxt2

where d, is diameter of the cylinder thermocouple base (for thermocouple in the form of a regular prism
which is considered the reduced diameter d, is given by the condition of equality of the areas of cylinder
S t

and prism base, that is dt =2 ; ).

_COh(T(xl‘ )—To)ﬂ?dt =0’ (2)

(\O)
P

N\

dl!

a

Fig.1. Model of thermal converter for calculation of temperature distribution
in its structural members: 1 — heater;
2 — thermocouple; d - diameter of microwire without glass insulation;

Voo . .. . .
d’ ~diameter of microwire in glass insulation

Denoting:
0,=T(xy ) =Tp, 0,=T(x; )—To; (3)
Tth
ad;, =
h K58y, @
2
p, =P L -
<5 Sh
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o, = MiCor )
t %,S, (6)
we get:
d%0,(x;, )
— R — 4,0, )+ by = 0 7
dxh
d%6,(x, )
tht —a,8,(x,)=0 ®)
The boundary conditions in this case:
0,,(0)=0,(0)
59h (xh) / aet(xz)
K, S, ———=|Xp_ = —K,S, ———=|X,_
h*h 8xh ‘ h=0 Pt 5xt ‘ t=0 )

Considering jointly the solutions of equations (7) and (8), with regard to the boundary conditions (9)
after a series of cumbersome transformations, which are omitted in this paper, we obtain an expression for
the distribution of temperature in the heater, taking into account the impact of the thermocouple on it:

1+kththh
2
1 thN,x, ch(N,x ch(Nyx;,)—1
eh(xh):CphThPChN”(xh_l) W, h( hzh)_ h( hlh) 1| (10
0rOnLn 1+ kW ch(Nylp)  ch(Nply) -
th,N,

where [, [; is half the length of the heater and thermocouple, respectively;

Cor P

Nt: OZ‘S l‘;
\A K94

N, = ,COh'Ph
KpSh

_ KSiNy
RpSENy
P, is perimeter of cross-section with the area S;.
To estimate the share of different heat exchange mechanisms in this model, we will write an
expression for maximum temperature drop with regard to individual mechanisms of heat losses.

With losses only due to thermal conductivity of thermocouple and heater materials, AT, is
described by the expression:

2
Uj, 1
AT,y = - ) 11
R xppp
Account of convective heat exchange yields the expression:
b, 1-—Schx
AT ax =—h'(Wh), (12)
4 14k—h
thx,
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where X = \/alh , Xt = \/th-

Calculations show that when taking into account heat losses due to thermal conductivity of the

thermocouple, the maximum temperature in the heater center is decreased approximately by a factor of 1.5.
At the same time, the main part of the heat loss is due to the heat exchange of the thermocouple with the
environment.

On the basis of the obtained results it can be concluded that the most promising way to increase the
efficiency of heat use in the thermal converter is to reduce the heat loss due to convective heat transfer. In
so doing, it is necessary to take into account two factors: the first one is the reduction of ambient thermal
conductivity by filling the working volume of the thermal converter with gases with low thermal
conductivity or evacuation; the second is the change in the shape of the temperature distribution curve in
the heater center, provided that all heat is released in its center. In the former case it is necessary to solve
mainly technological problems, i.e. develop a vacuum-sealed case and increase the stability of the
characteristics of thermocouple and heater materials in vacuum, whereas in the latter case it is necessary to
explore the possibility of creating a heater that will provide the maximum temperature in its center.

Conclusion

1. At similar dimensions of the heater and thermocouple, heat loss due to thermal conductivity of the
thermocouple and heat exchange with the environment can lead to a decrease of maximum
temperature in the heater center by a factor of 1.5, which significantly affects the parameters of the
thermal converter and can be largely compensated by evacuation or filling the work space of the
thermal converter with the low thermal conductivity inert gas.

2. It is relevant to study the opportunity of using in the design of thermal converter of heaters with a
variable section or made of different materials.
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BEVERAGE COOLERS

This article describes the design and operational features of modern thermoelectric beverage coolers
and heaters, in particular, their dynamic characteristics. The results of comparative tests show the
influence of the heat exchange conditions between the can (bottle) and the cooler container on the
beverage cooling rate. Filling the gap between the beverage bottle and the cooler container allows
significant improvement of the high-speed performance of the cooler. For example, the time of beverage
cooling from 25°C to 10°C in the cooler under test has decreased from 67 to 50 minutes. Bibl. 10,
Fig. 11, Table 2.

Key words: beverage cooler/heater, cooling rate, heat exchange conditions, experimental tests.

Introduction

Over the past two decades, in the publications on thermoelectric cooling, including proceedings of
the International Forums on Thermoelectricity, it has been noted that manufacturers of household
thermoelectric products have drastically reduced the requirements to a number of technical characteristics,
mainly for the sake of reducing the price and energy consumption of these products [1, 2]. In turn, low
price allows considering such products as not subject to repair, and therefore their life cycle is limited to
several years. Modern thermoelectric refrigerators (both portable and stationary) are much inferior to their
predecessors in the created temperature difference [3]. As a result, the shelf life and assortment of stored
products decreases.

Among the proposals appearing on the international market of refrigeration equipment, one can find
portable auto refrigerators without thermal insulation. Its role is played by a 20-mm layer of air between
the casing and the chamber. And this bears witness to the fact that professionals did not undertake the
production of refrigerators, once again discrediting the very idea of thermoelectric cooling.

Unlike refrigerators, thermoelectric coolers and beverage heaters are classified as episodic products.
They are characterized by the predominance of dynamic parameters over energy ones. It is the question of
the time of beverage cooling from the initial to the final temperature and the average cooling rate. For the
consumer it is very important that this time is minimal, especially on a trip or on vacation, i.e. in the
absence of other technical means of cooling. A lot of publications, patents and even a monograph [4] are
devoted to the analysis of the dynamic characteristics of thermoelectric ice makers', whereas beverage
coolers obviously remained ignored. A few publications on this subject fall at the turn of the twentieth and
twenty-first centuries [5, 6].

Let us remind our readers that in the world there are two competing approaches to cooling of

beverages: the European, when a beverage is cooled by an external source of cold without
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changing the composition of the drink, and the American, when a beverage is cooled by slices of
water ice dissolved in the drink. This division does not mean that both ways of cooling are not
common in the world, but the preferences of the inhabitants of the New and Old World are
obviously different [4]. The European approach means both cooling of beverage in its original
packaging, to which the main part of the article is devoted, and its cooling in special container or
containers, as shown in Fig. 1. On the cooler packing box there is a graph showing the dynamics
of beverage temperature decrease from the temperature of 27° C.

T |
I||_|r-|||11'|
Hannm

Fig. 1. A typical commercial (bar) beverage cooler.

Commercial coolers are usually equipped with a compressor refrigeration unit of a rather high
capacity, owing to which consumers have no claims to their speed. Below we will consider how the
problem of the speed of small thermoelectric beverage coolers is solved, or, on the contrary, not solved, by
their manufacturers.

A brief analysis of the market for modern thermoelectric beverage coolers

We shall start the analysis with automobile devices. They are the most numerous and characterized
by the simplicity of design. Power supply of the thermoelectric unit is directly from the electrical network
of the vehicle 12 — 14 V DC, for example, through the cigarette lighter socket of the car (Fig. 2). A typical
modern beverage cooler is designed for cooling and heating beverages in metal cans from 0.25 to 0.5 1 with
a unified outer diameter of a can 66 mm. A can with the beverage is put into the open top metal container
in the form of a glass made of aluminum. Coolers for two cans are less common [6]. The container has an
internal diameter 1-2 mm larger than the diameter of the can. In the gap between the can and the container
during operation there remains a thin layer of air.

The whole variety of the cooler designs can be reduced to two types: with the lateral and with the
bottom location of the unit. In addition to the thermoelectric module, the unit includes a heat sink of the
hot* side of module and a fan designed for blowing the hot heat sink. The number of controls and
automation is also minimized: the mode selection switch with the LED indicator plus (in some models) the
temperature relay for protecting the module hot side from overheating. The cold side of the module through
the metal heat spreader almost directly contacts the container.

Small household, office and bar ice makers also refer to products of episodic action.
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Fig. 2. Typical design of automobile beverage cooler-heater
in the cans with a lateral location of the unit.

The household (or table) version of the cooler (Fig. 3) differs from the automobile one by the
availability of AC/DC converter. Its presence practically does not affect the dynamic characteristics of the
cooler.

Fig. 3. Household thermoelectric beverage coolers-heaters with a bottom location of the unit.

Few manufacturers specify the rate or time of cooling in the specifications for their products, and, as
a rule, without specifying the conditions under which this rate is measured. For example, from the
information that the cooling rate of a beverage in a 0.33 liter can is 0.3° C/min it is not clear in what
temperature range this rate was measured, at what ambient temperature, at what supply voltage, etc.
Verification of the characteristics of some coolers, which was carried out at our department as far back as
2002, showed the principal correspondence of the measured and declared characteristics and allowed us to
clarify for the consumer to which exactly operating conditions these characteristics correspond to.

Since that time, there have been no revolutionary changes in the energy efficiency of thermoelectric
modules, which determined the "freeze" (stabilization) of beverage cooling rate in thermoelectric coolers.
But this does not correspond in any way to consumers’ expectations. That is why the German company Do-
Tech GmbH decided to start a serial production of beer cans with a built-in coil filled with carbon dioxide
under pressure. When the can is opened, the integrity of the inner volume of the coil is also impaired. As a
result, the gas, leaving a small opening, is throttled, cooling the contents of the can for a few seconds [7].

In a reverse operation of the device, the concepts of "cold" and "hot" side of the module are
conventional. To simplify the description, these names are accepted for beverage cooling mode.
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Fig. 4. High-speed cooler from German company Do-Tech GmbH [§].

How will the manufacturers of similar thermoelectric products respond? Strangely enough, by
slowing down the cooling rate. Some poor designers in pursuit of the cheapening of their products sacrifice
their speed and offer very strange innovative solutions. Here are just some of them.

It is difficult to understand the motives of the authors of the cooler shown in Fig.5, who reduced
more than twice an already small surface of the contact of the can with the cooler container or rather what
was left of it. In addition to increasing the cooling time, the device has a number of operational
shortcomings: difficulties with ensuring the thermal contact of the can with the cooler, with mounting the
device in the car, with orientation in space, etc.

The authors and manufacturers of cooler-heaters, powered from the computer via the USB port
(Fig. 6), went even farther. In these products, the contact surface is limited to a metal stand of diameter
66 — 70 mm. Taking into account that the bottom of the metal can is concave and the cooling capacity of
the module is significantly lower, it can be concluded without experimental verification that the cooling
rate does not exceed 0.1 ° C / min, which is 5 — 6 times slower than in coolers with a power supply of
12 ... 14 B and isolated container. Reducing the cooling capacity of module is related to the limitation of
the power of the USB port: the current strength cannot exceed 0.5 A. The modern serial thermoelectric
module is designed for a supply current of 2 to 4 A. A low-current cooling module can be designed and
made to be rather powerful (about 50 W of maximum cooling capacity), but this is due to the
miniaturization of the module, which in turn leads to a complication of the technology and more than 10-
fold increase in the price of the module. Under these conditions, coolers with such modules become
uncompetitive.

Fig. 5. Automobile thermoelectric beverage cooler produced by ACT, Krasnoiarsk, Russia.
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Fig. 6. Cooler-heater powered from computer through the USB port.

To increase the interest of potential buyers in their products, some manufacturers use techniques that
cannot be classified as "fair play". For example, the manufacturer of the Smart Holder Hot automobile
cooler (Fig. 3, at the center) declares that this product "provides cooling of the can or bottle (!) to a
temperature of -6°C within 10 minutes and heating to + 60°C within 5 minutes” [9]. Sellers of this product
from the online store www.sititek.ru have to explain to customers that "these temperatures are reached
during this time on the wall of the container, and the beverage itself is cooled somewhat slower". This
"somewhat slower" means in practice from 40 to 70 minutes. Is it malice or holy simplicity? It is
impossible to refrain from commenting on this "masterpiece of technical thought". So:

1) most beverages, including low alcohol drinks, cannot be cooled to a temperature of —6°C, they are frozen;

2) the time for cooling to the desired temperature of a can and a bottle of the same capacity with the
same beverage will be different;

3) in order to provide the consumer with complete and truthful information regarding the dynamic
characteristics of the device, the manufacturer must specify: the temperature range for cooling and heating
the beverage, for example from 25° C to 10° C, ambient temperature, cooling time or average cooling rate
in the above range, the mass and type of refrigerated drink and the type of its packaging. Similar data must
be specified for the heating mode;

4) if the temperature of the beverage referred to in paragraph 3 is not average in its volume, the exact
place of measurement of this temperature should be indicated.

Unfortunately, this is not the only example of an attempt to mislead users of cooler heaters [10].

Few manufacturers of coolers draw the attention of users to the possibility of cooling beverages in
plastic and glass bottles. One of them is the company WAECO, known on the market of transport
refrigerators (Fig. 7). The reason for this situation is not that the dimensions of the cooler container do not
correspond to the outside diameter of the bottle, but that the cooling time of the same mass of the beverage,
now in the bottle, is approximately 2 times greater. Therefore, manufacturers are not interested in
disclosing such unprofitable information for them.

Fig. 7. Thermoelectric beverage cooler-heater WAECO MyFridge, model MF-1F-12/24.
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In electric household heaters for baby food, the internal diameter of the container is on average 5 ... 8
mm larger than the diameter of the bottle. In them, the contents of the bottle is heated in a "water bath",
which not only speeds up the process compared to "dry" cooling, but also allows you to keep the beverage
longer in a warm state and ensure a more uniform heating of the bottle along its height.

This method with the placement of water in the cooler containers is not used, in spite of the fact that
this obvious and not very complicated solution allows improving the dynamic characteristics of the device.
However, the use of water in a container requires the development of appropriate innovative technical
solutions, including those ensuring the sealing of a water-filled annular gap. The lack of such solutions also
explains the lack of information about experimental studies of the effect of the presence of water (or other
liquid) in the cooler container during beverage cooling. The data presented in the following sections of the
article is intended, at least partially, to fill this gap.

Object of study

Comparative tests of coolers were carried out at the Department of Conditioning and Refrigerating
Transport of the West Pomeranian University of Technology in Szczecin in the period of April-May 2018.
As a research object, two identical coolers Car mini-cooler FM 201.001 manufactured by the Kiev NPF
"Module" are used, having a design typical for this class of products. This cooler uses one module of the
type MT1.42-1.12-12 with its lateral location relative to the beverage container (Fig. 5). The container in
the form of a cylindrical glass with an internal diameter of 67 mm is made of an aluminum alloy, and a
removable non-metal bottom. The depth of the glass is 70 mm, which makes it easy to attach and remove a
metal can with a 0.33 liter beverage, without resorting to turning the cooler.

In the first series of experiments, 0.33 1 metal cans filled with settled water were cooled, and in the
second series - plastic bottles with carrot and fruit juice with a capacity of 0.3 liters. At the same time, two
coolers with the same drinks were tested, which differed only in the way of thermal contact: in the first
case, the so-called "dry" contact (Fig.8, left), in the second — "wet". The container of the second cooler was
sealed with silicone and filled with settled water, so that its level in the gap between the can (bottle) and the
container was 1 mm below the end of the container.

Fig. 8 Fragment of comparative studies of beverage coolers Car mini-cooler FM 201.001.

The two coolers under test differed in the way the thermal contact between the cooling object and the
container was organized. In the first cooler (Fig. 8, on the left), a contact between a can of diameter 66 mm
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and a container occurred through a thin air gap, and in the second - through a layer filled with liquid. In the
case of cooling the can, 15.0 g of water was filled in the container, in the case of the bottle — 62.2 grams”.

The purpose of the experiments was to determine the influence of the heat exchange conditions
between the can (bottle) and the container on the dynamic characteristics of the cooler, namely the speed
and the cooling rate in different operating conditions. The further purpose was to verify the technical
characteristics of the device supplied by the manufacturer in the operating instructions.

Experimental conditions and description of the test bench

The temperature in the laboratory room was stabilized at 25 + 0.3° C using a split-type household air
conditioner. All initial temperatures were equal to each other and equal to the temperature in the room.

A simplified schematic of the bench is shown in Fig. 9. The coolers were connected in
parallel and powered from the laboratory source D3010 through a car extension with a separator
(Fig. 8). Temperature measurements were carried out using thermocouples type J, connected to
the 8-channel meter AR206. The mass of beverages, bottles and water was measured on a
laboratory scale Radwag WPS 510/C/1 with a division value of 1mg.

The outer diameter of the plastic bottle around the working area was about 56 mm.

_ N J T1..T8
T1..T3

AR206

J J TS
T6 T7
A %
+ |- + |-
: 5 T
| [ D3010

Fig. 9. Simplified schematic of experimental bench; T1-T9 — locations of temperature sensors.

Prior to testing, each cooler was connected to power supply separately, and current flowing
through it and power consumption were recorded. The values of the currents measured by the
instrument with a 0.01 A division value in the same time intervals from the instant the coolers
were switched on differed by no more than 0.02 A. This means that the difference in the internal
ohmic resistance of the coolers was minimal and its effect on the result of the comparative tests
can be neglected.

During testing, the following parameters were monitored every 5 minutes from the moment
the coolers were switched on until the temperature of the beverages’ was stabilized:

- beverage temperature in the geometric center of the can (bottle);

- air temperature in the room at three points with subsequent averaging of the fixed values.
All three temperature sensors were at the level of the upper edge of the cooler container at a
distance of 10 ... 30 cm from them (Fig. 9);

- water temperature in the gap between the bottle and the container with periodic monitoring
of its variation along the height of the container;

- supply current and voltage of the two coolers.

72 Journal of Thermoelectricity Nel, 2018 ISSN 1607-8829



S.O.Filin
The influence of thermal contact between cooling surface and object on the speed of thermoelectric beverage coolers

The coolers were tested at two values of their supply voltage:

12.0 V corresponds to the power supply from the car battery during its parking,

13.8 V corresponds to the power supply from the on-board network (generator), with the car engine
running.

Test results and their discussion

Test results in the form of temperature history are represented in Figs.10 and 11, and comparison of
actual and manufacturer-declared technical characteristics is given in Table 1.

According to [1], under the stabilization of the beverage temperature we understand that within 30
minutes its temperature does not change by more than 0.1 degrees.

Table 1

Comparison of technical characteristics of the cooler Car mini-cooler FM 201.001 declared by the
manufacturer in the Operating instructions and measured as a result of laboratory tests

Characteristics Declared Measured
Supply voltage, V 12 12 13.8
Current, A 2.3 2.35 (start period) 5,1 (start period)
1.8 (average value in 4.2 (average value in
the cooling period) the cooling period)
Maximum reduction of 15 17 19

beverage temperature with
respect to ambient
temperature, °C

Average cooling rate, 0.5 0.30 0.39
°C/min (the first 15 minutes of work) | (the first 15 minutes of work)
0.28 0.36
(the first 30 minutes of work) | (the first 30 minutes of work)
0.22 0.26
(the first 60 minutes of work) | (the first 60 minutes of work)
Beverage volume, ml 330 330.2 332.0

The data presented in Table 1 refers to cooling of water cans with a volume of 0.33 liters, as shown
in Fig. 8. The influence of the type of beverage on the time of its cooling manifests itself through the
difference in the mass specific heat c. It is known that water possesses the highest specific heat among all
known liquids on the Earth, and therefore the cooling time of a unit of water mass will be greatest. For pure
water, ¢, = 4.19 kJ / kgK at a temperature of 20°C. Non-alcoholic beverages, such as Cola, Fanta, etc.,
have ¢ values close to water that lie within the range 4.13 ... 4.16 kJ / kgK. This means that the estimated
reduction in the cooling time of these beverages in comparison with water does not exceed 1% and can be
ignored in the engineering calculations and experiments. For natural juices and low-alcohol beverages
(Table 2), the value of ¢ already becomes less than 4.0 kJ / kgK, and, therefore, the cooling time reduction
can be 5 —7 %. But it should be remembered that for juices, the aforementioned reduction will not be
proportional to a decrease in specific heat; it will be less, because some juices, such as tomato, peach,
plum, are lighter than water.
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With an increase in the alcohol content of the drink, ¢ decreases. If the alcohol content is more than
7 %, the influence of specific heat should be taken into account. The method for calculating the cooling
time of the beverage in a thermoelectric cooler will be presented in the second part of the article.

*Exactly this temperature was taken as the reference temperature, because it is average in a typical
process of beverage cooling from 25 ... 27°C to 10 ... 15°C.

Table 2

Mass specific heat ¢ [kJ/kgK] of some beverages at 20°C (the source: information from manufacturers,

distributors, information from handbooks and other public data from Internet-pages)

Water 4.19 Tomato juice 3.98
Beer 3.85...3.94* Apple juice 3.85
Milk 3.77...3.94%%* Orange juice 3.73...3.89%%*
Vodka (40°) 3.96 Raspberry juice 3.89
Dry wine 3.75 Strawberry juice 3.94
Fortified wine 3.69 Cherry juice 3.85
Alcopop 4.04...4.10% Grape juice 2.80...3.69%**
Cognac spirit 2.42 Pineapple juice 3.77

* - depending on alcohol content
** _ depending on the content of fat and dry substances
** * _ depending on the content of dry substances

Analysis of the data in Table 1 shows that supply current 2.3 A and the maximum beverage
temperature reduction 15°C are achieved by the manufacturer at a supply voltage of 12 V DC. The real
characteristics turned out to be better than the declared ones. The situation looks different with the cooling
rate. The declared cooling rate of 0.5°C/min was not obtained in any of the experiments. The beverage was
cooled most quickly in the time interval between the 5th and 10th minutes after switching on: 0.36° C / min
at U= 12V and 0.46°C / min at U = 13.8V. Additional tests carried out at the starting temperature of the
beverage and ambient air of 27°C° showed no significant differences in the cooling rate as compared to the
tests at a temperature of 25 °C.

During the tests, a significant difference in the temperature and dynamic characteristics of the cooler
was recorded, depending on the supply voltage. At a voltage of 13.8 V compared to a voltage of 12 V, the
depth of cooling increases by 2 degrees, and the average cooling rate by 22 ... 25%.

Much worse results were obtained in the case of cooling juice in a bottle. This applies to both
cooling depth, which is only 7 © C, and cooling rate which is on average 0.1 °© C / min. The main reason for
this deterioration in dynamic characteristics is the increased air gap between the container and the bottle.
This is further evidence in favor of using a "wet" contact.

%0n the packing box of the cooler there is a graph showing the dynamics of beverage temperature decrease
from the temperature of 27°C.
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Fig. 10. Comparison of cooling rate of 0.33 [ water cans in the presence
of water in the gap (“wet” contact) and without water (“dry” contact) in the cooler container
Car mini-cooler FM 201.001 for two its supply voltages.
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Fig. 11. Comparison of cooling rate of 0.3 [ bottles with juice in the presence of water
in the gap (“wet” contact) and without water (“dry” contact) in cooler container
Car mini-cooler FM 201.001.

Analysis of the plots presented in Figs. 10 and 11 shows a significant improvement in the dynamic
characteristics of the cooler, regardless of the type of beverage and its packaging. For example, cooling the
beverage 10°C below the initial temperature, which is generally equal to the ambient temperature, with
water in the container-can gap occurs for 25 minutes, and without water - for 34 minutes. This is 26.5 %
faster . The figures presented concern the cooling of 0.33 1 aluminum can at a voltage of 12 V. Similarly,
for a supply voltage of 13.8 V, the same figures look like this: 22.5 minutes, 27 minutes, acceleration -
16.7 %.
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In the case of cooling a bottle with juice, the advantage of a "wet" contact becomes apparent in 20
minutes after switching on (Fig. 11). This is due to the relatively large mass of water poured into the
container. During the first 15 minutes, part of module cooling capacity is spent on cooling this additional
mass of water. But within 95 minutes it is possible to lower the temperature of the drink to 12.9° C, which
is 5 degrees lower than for the version with a "dry" contact.

Conclusion

1.  Manufacturers of modern automobile and household beverage coolers-heaters do not use a
simple and effective method of increasing the speed of these devices, namely, the so-called
"wet" contact of the can or bottle with the cooler container.

2. Experimental research carried out by the author made it possible to quantify the positive
effect of the application of the mentioned solution. The cooling rate of the device chosen for
experiments in the presence of water increased by 16 ... 26%.

3. You can expect that in a specially designed cooler with a "wet" contact it will be possible to
get even better results, increasing the speed by 30 ... 35%.

4.  The works on the creation of such a cooler are carried out at the Department of Conditioning
and Refrigeration at the West Pomeranian University of Technology in Szczecin.

5. The results of laboratory tests of the cooler sample will be published later.
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Hanpumep, spemsi oxnascoenus nanumxa om 25°C 0o 10°C 6 ucnvimyemom oxaadumesie CHUSUIOCH C
67 00 50 munym. bubn. 10, Puc. 11, Tabn. 2.

KunroueBble cjI0Ba: OXJIaAUTEIB/TIOJIOTPEBATENh HATTMTKOB, TEMIT OXJIAXK/ICHHS, YCIOBHS TEIIOOOMEHa,
9KCIIEPUMEHTAJIbHBIE UCCIIEA0BAHUSL.
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COMPARATIVE ANALYSIS OF THE DYNAMICS OF OPERATION
OF A SINGLE-STAGE THERMOELECTRIC COOLING DEVICE
WITH DIFFERENT GEOMETRY OF THERMOELEMENT LEGS

A comparative analysis was carried out of the dynamicsof operation of a single-stage thermoelectric
cooling device with a variation in the geometry of thermoelement legs taking into account the influence
of structural and technological elements for different characteristic current operating modes,
temperature drops and thermal load. It is shown that as the aspect ratio of thermoelement leg
increases, the time to reach the steady-state operating mode and the magnitude of the operating current
decrease, the voltage drop with constant energy consumption for various operating modes increases. As
the temperature drop grows, the time to reach the steady-state operating mode for different operating
modes increases. Bibl. 12, Fig. 13, Table 2.

Key words: thermoelectric cooler, geometry of thermoelementlegs, reliability indicators, time to reach
the mode, temperature drop.

Introduction

Thermoelectric coolers are among the fastest devices providing thermal modes for radio electronic
equipment, which is primarily due to the principle of generation of heat and cold [1], small dimensions and
mass [2].The most important indicator of thermoelectric coolers is operational reliability, which is
determined by the failure rate and the probability of failure-free operation [3], and outperforms the
compression coolers due to the absence of mobile components [4].At the same time, progressively more
stringent requirements for the performance of heat-loaded elements lead to the need to find ways to
improve reliability indicators under the influence of negative climatic [S] and mechanical [6] factors, heat
load [7].The increase in speed requirements is associated with an increase in temperature gradients [8],
reliability indicators, and has not received adequate attention when designing thermoelectric coolers.To
analyze one aspect of this problem related to the influence of the geometry of thermoelement legs on the
dynamics and reliability indicators of single-stage thermoelectric coolers is an urgent task.The practical
significance of this approach is due to the fact that there is no need to change module manufacturing
technology, which also affects reliability indicators [9].

The purpose of the work is to analyze the dynamic characteristics and reliability indicators of a
single-stage thermoelectric cooler in the range of unified geometry of thermoelement legs in various
current operating modes from the minimum failure rate to the maximum cooling capacity.
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Model of relation between the time to reach the steady-state mode by thermoelectric
cooler and structural parameters and energy indicators

In [10, 11], the influence of current operating modes on the basic parameters, reliability indicators
and the dynamics of operation of thermoelectric cooling device is considered with regard to structural and
technological elements in the range of temperature drops from AT =5K to AT = 60K and thermal load
fromQ, = 0,5Bmto Q, = 20Bm at a given geometry of thermoelement legs //s =10. At the same time, it
is of interest to assess the influence on the dynamics and reliability indicators of the unified range of the
geometry of thermoelement legs from //s =4,5to [/s =40 (the ratio of thermoelementheight / to its
cross-sectional areas ).In so doing, it is necessary to take into account the influence of structural and
technological elements for different temperature drops and thermal load for different current operating

modes.
For this purpose, we use the previously obtained relations [12]. Expressions for determining the

time to reach the steady-state operating mode 7, depending on the current mode of operation, can be

written in the form:

MiCi
= 7B, (B,)
£ AT\ 2B, -B:-0
Kk(l_i_zBK . max] K K
0

2
wherey = 2 Ry

[maxK'RK

ZM ,C, — the sum of the products of the heat capacity by the mass of the components of

. . J
structural and technological elements for a given geometry of thermoelementlegs, E;

I ox 1 » Ry — maximumoperatingcurrent (A) andelectricalresistance (Ohm) ofthermoelementleg,

respectively, at the beginning of cooling process 7,, =0;

1 R, — maximum operating current (A) and electrical resistance (Ohm) of thermoelement

max K °
leg, respectively, at the end of cooling process 7. ;
/ . .
B,, = —— -relativeoperating current at 7,, =0;
max
B = ——— —relative operating current at 7, ;
max g
enT . .
Loax,, = — maximum operating current at 7,, =0;
Ry
1 ax L= — maximumoperatingcurrentat 7 . .
K

If the currents are equal at the beginning and at the end of cooling process
I=B,l.,. =B

max g
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ey, ex — averaged thermoelectric coefficient of thermoelement leg at the beginning and at the
end of cooling process;

T, — temperature of heat-absorbing junction at the end of cooling process (K) at7,.;

T — temperature of heat-absorbing junction at the beginning of cooling process (K) atz,, =0;

0 = ——— —relative temperature drop;

max

AT =T —T, — operating temperature drop of TEC (K);

AT =0,5 z- TO2 —maximum temperature drop (K);

max

z —averaged value of thermoelectric material efficiency in a module (%() ;
Ky = )5/—’( — heattransfer coefficient (%)
S

X ¢ —averaged value of thermal conductivity coefficient ( v j ;
sm -

I — the value of operating current (A).
The number of thermoelements 7 can be determined from the ratio:

9
R.(2B, -B2 -0)

n212 .
max

where O, — the value of thermal load (W)

The power consumption W, of TEC can be calculated by the formula:

0

We=2n-1%, Ry -B,{BK + A;max ]

o,

w, .
voltage dropU . = TK , and coefficient of performance E =
K

Failure rate %0 according to [12] can be determined by the formula:

2
% :n'Bf((Q"'CK)' : 2 K,
0 AT I
1+ —mx 9

0

9

where C = — R
. K-n

max

Calculated results ofthe basic parameters of reliability indicators and the time to reach the

—relativethermalload; K, — significantcoefficient of temperature decrease.

steady-state operating mode fordifferent % and current operating modes at temperature
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drop AT = 40K and thermal load @, =1,0Bmat T =300K; myc, — 0 (absence of cooling object);
2, =3-10" 1/hand¢ = 10*hare given in Table 1.

Analysis of calculated results given in Table 1 has shown that with an increase of ratio % for

different operating modes:

— the value Zml.cl. of structural and technological elements decreases(Fig. 1);

1

— thetimetoreachthe steady-state operating mode 7 (Fig. 2) decreases on the average by 30 — 33%:
fromt = 7,8 cex at% =4,5tot =5,2cex at% = 40 for the mode Qom ;

fromz = 9,2 cex at% =45to1 = 6,3cex at% = 40 for the mode(Q%)

b
max

Table 1.

Calculated resultsofthe basicparameters of the time to reach
the steady-state mode and reliability indicators

Mode Qom - AT =40K; 0y =1,0Ww ;0 =0,5

y na Ia Wa Ua E T ) B B zmici y /1« * 10_8, P
N pcs A \%% A% sec H K i lo 1/h
4.5 3.6 11.1 0.36 7.8 451.7 3.15 9.45 0.99906
10 7.8 50 | 40| 091 | 0.25 | 650 | 0.93 1.0 175.0 8.0 24.0 0.99760
20 15.8 2.50 1.62 6.0 85.8 12.3 36.9 0.9963
40 32.0 1.25 3.50 5.20 36.1 244 73.2 0.9927
Q/
Mode( T "
4.5 4.6 8.0 0.38 9.2 451.7 0.88 2.65 0.99974
10 94 355 | 280 | 0.83 | 0.36 | 7.85 | 0.656 | 0.707 175.0 2.46 7.4 0.99926
20 | 20.6 | 1.78 1.70 7.4 85.8 4.0 12.0 0.99880
40 | 41.6 | 0.88 3.40 6.30 36.1 7.9 23.7 0.9976
Mode (Q%j (B= 9)
I max
y na Ia Wa Ua E T ) B B zmici y /1« * 10_8, P
N pcs A \%% A% sec H K i lo 1/h
4.5 8.4 5.6 0.52 12.9 451.7 0.38 1.13 0.999887
10 15.8 | 2.51 2.70 1.04 | 0.37 | 11.0 | 0.465 | 0.50 175.0 1.0 3.0 0.99970
20 | 36.6 | 1.26 2.30 10.6 85.8 1.66 5.0 0.99950
40 | 74.8 | 0.63 4.7 8.9 36.1 2.82 8.46 0.99915
Mode A (B = 779)
45 | 13.2 | 4.80 0.74 16.0 451.7 0.30 0.90 0.999909
10 | 24.0 | 2.10 | 3.20 1.40 | 0.31 | 14.0 | 0.395 | 0.425 175.0 0.71 2.14 0.99979
20 | 58.6 | 1.07 3.24 13.3 85.8 1.35 4.0 0.99960
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Fig. 1 — Dependence of z M. C. value of a single-stage TEC on the geometry
i

of thermoelement legs % atT=300K

24

2
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16— 4| | |

12 3\
of

[N )}

5 10 15 20 25 30 35 40 IS

Fig. 2 — Dependenceofthetimetoreachthesteady-stateoperating mode T of a single-stage TEC on the ratio % for

different operating modesatT =300 K ; AT =40K ; O, =1,0Bm .1 — mode QOmax ; 2 —mode (Q%) s3-

mode (Q%) ; 4—model
from7 =12,9cex at% =45t0t =8,9cex at% = 40 for the mode(Q%Iz)

fromz =16,0cex at% =4,5tor =11,2cex at% = 40 for the mode A4_. .

2
max

Minimum time to reach the steady-state operating mode7 . is provided in the

mode 0, at% =40:

89%);

— thevalueofoperatingcurrent / (Fig. 3) for different operating modes decreases(on the average by

from/ =11L14at [/ =4,5t01 =1254at I/ = 40 for the mode 0, __;

from I = 8,04 at% =45t0] =0,884 at% = 40 for the mode(Q%j

2
max
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from/ = 5,64 at% =45t0l =0,634 at% =40 for the mode(Q%Iz)

from/ =484 at I/ = 4,501 = 0,53 4at [/ = 40 for the mode A,

b
max

Minimum value of operating current /. is provided in the mode A_; at % =40:

n

— thenumberofthermoelements(Fig. 4) for different operating modes increases(on the average by a
factor of 9):

n=3,6pcs at%:4,5ton =32 pcs at%:40forthemodeQ0max;

4, 6pcs at%:4,5t0n =41,6pcs at%:40forthemode(Q%j ;

n=2=8,4pcs at%=4,5t0n =74,8pcs at%:40forthemode(Q%12)

n=132pcs at%:4,5ton =119 pes at%:40forthemodeﬂ,mm.

S
Il

b
max

<
_

12
11
10

9

—_ N W A LN

5 10 15 20 25

Fig. 3 — Dependenceof operating current1 on the ratio % for different operating modes T = 300K ; AT =40K ;

Qo =LOW 1-modeQ, ;2-mode (Q%) ;33— mode(Q%Iz) ; 4—model

n

12
i 4
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3
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Fig. 4 — Dependence of the number of thermoelementsn at T = 300K ; AT =40K ; O, =1,0 W on the

ratio % for operating modes:

o (%) 5 (@) ot

Minimum number of thermoelements 7, is provided in the mode 9, :
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— coefficient of performance FE remains constant for different operating modes and does not

depend on the geometry of thermoelement legs:

E =0,25 at% =4,5;10; 20; 40; in the mode Qomax ;
E =036 at% = 4,5;10; 20; 40; in the mOde(Q%j :

E=037at [/ =4,5,10;20; 40; in the mode(Q/lz)

E=031at )/ =4,510;20; 40;in the mode .,

b
max

Maximum value of coefficient of performance £ = 0,37 is provided in the mode (Q%IZ)

max

— relativeoperatingcurrent B, and B,, remainsconstantand does not depend on the geometry of

thermoelement legs;

— thevalueof voltage drop U (Fig. 5) increases on the average by a factor of 9,0+9,7

U=0,36V at%:4,5and(]:3,5Vat%:40forthe modeQOmax ;

U=0,38V at%:4,5 andU:3,4Vat%:40 for the mode(Q%j ;

U=0,52V at%:4,5 andU =4,7V at%:40 for the mode(Q%IZj

U=0,74V at% =4,5andU = 6,6V at% = 40 for the mode A4_. .
U BA
6.0

5 Hya

b
max

\SACRRN

: peaitce
2.0 /é;/ |
S

1015 20 25 30 35 40l)S

(9,

Fig. 5 — Dependence of voltage drop U of a single-stage TEC on the ratio % for different operating modes

T=300K, AT =40K, Q,=1,0 W .

I —modeQ, ;2—mode (Q%) ;33— mode(Q%IZ) ; 4—model .

Maximum voltage drop U is provided in the mode A, :

— failurerate %o (Fig. 6) increases on the average from 7,4 to 9,0 times:
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%o =315 at% =45 and%o =244 at% = 40 for the mode O, ;
%o =0,88 at% =45 and%o =79 at% = 40 for the mode(Q%]max :
%o =0,38 at% =4,5and %o =2,82 at% = 40 for the mode(Q/lzj

%o =0,30 at% =45 and%o =2,70 at% = 40 for the mode A4_. .

A

Ao

1
24
22 o

20 ,/

18
16 A
14 //
12 .

1 I

b
max

8.0 —— .
6.0 / =

|t
4.0 - —— 3

510 15 20 25 30 35 40l

Fig. 6 — Dependenceoffailurerate % of a single-stage TEC on the ratio % for different operating modes

0

T=300K; AT=40K; Q,=1,0 W
Minimum failure rate %o is provided in the mode A__ :

— the probability of failure-free operation P is reduced (Fig. 7).

Maximumprobabilityoffailure-frecoperation P is provided in the mode A, :

. . . AT Tys5—7T; ]
— the relative value of the time to reach the steady-state operating mode — = 43 Tosofa single-stage

T Tys
TEC depending on the geometry of thermoelement legs % for different operating modes increases(Fig. 8).
As the relative operating current B, increases,the time to reach the steady-state operating
mode 7 for different geometry of thermoelement legs % (Fig. 9) decreasesat] =300K , AT =40K ,

0y =10W . At a given B, (current operating mode) the time to reach the steady-state operating mode 7

decreases from% =45 to% =40.
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Fig. 7 — Dependenceofa probability of failure-free operation P of a single-stage
TEC on the ratio %for different operating modes T =300K; AT =40K; O, =1,0W ; t = 10%h

1 — mode Q0m S2- mode (Q%) ;3- m0de(Q%12) ; 4—modeh .
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Fig. 8 — Dependence of a relative value of the time to reach the steady-state operating mode

AT Tus—T; . 1
— =—=— 9% of a single-stage TEC on the geometry of thermoelement legs S
T Tas

for different operating modes T =300K ; Q) =1,0Bm ; (i = 4,5; 10; 20; 40); AT = 40K

1 — mode Q0m 2= mode (Q%) ; 3—mode (Q%) ; 4—modeh .
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Fig. 9— Dependenceofthe timetoreachthesteady-stateoperatingmode T ofa single-stage TEC on the relative operating

current By for different geometry of thermoelement legs % atT=300K,; AT =40K; O, =1,0Bm

.Operatingmodes: N, ; (Q% j ’ (Q% )

max

7 Qy

max

1—%:4,50m"];2—%lecm_];S—%:200m_];4—%:400m_]

Calculated results of the dynamics of operation for different temperature drops AT and different

operating modes are given in Table 2.

Table 2a.
Calculated results of the dynamics of operation of TEC at different
temperatures forcurrent modes Q, and (Q%j
max max
T =300K,0)=10W
mode 0 mode (Q%j
max
Vs LA | B B 5 Aol s | B B ° A
’ H K sec 10 H K sec 10
AT =10K ,T =290K , AT, =100,5K ,0=0,10

4,5 11,9 0,988 1,0 1,36 1,58 3.80 0,31 0,316 2,9 0,02
10 5,32 0,985 1,0 1,0 3,6 1,68 0,31 0,316 2,3 0,046
20 2,67 0,99 1,0 0,96 6,9 0,85 0,31 0,316 2,2 0,088
40 1,33 0,985 1,0 0,85 13,6 0,42 0,31 0,316 1,86 0,17

AT = 20K , T=280K ,AT, =937K ,0=0213
4,5 11,6 0,97 1,0 3,0 1,86 5,45 0,447 0,46 4,7 0,105
10 5,24 0,970 1,0 2,3 4,4 2,42 0,445 0,46 3,8 0,26
20 2,62 0,97 1,0 2,2 7,8 1,21 0,45 0,46 3,65 0,47
40 1,31 0,97 1,0 1,91 15,6 0,60 0,45 0,46 3,10 0,94
AT = 30K , Ty=270K , AT, = 86,5K ,0 = 0,346
45 [ 11,5 | 09 | 1,0 | 49 | 233 6,90 | 0,565 | 0,588 6,7 0,4
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Continued of table 2a
10 5,19 0,96 1,0 4,0 5,7 3,05 0,565 0,588 5,5 0,87
20 2,59 0,959 1,0 3,8 9,7 1,52 0,56 0,59 5,3 1,52
40 1,30 0,96 1,0 3,3 19,3 0,76 0,56 0,588 4,5 3,0
AT = 40K , Ty= 260K , AT, . =79.8K ,0 = 0,50
4,5 11,1 0,93 1,0 7,8 3,15 8,0 0,656 0,707 9,2 2,888
10 5,02 0,93 1,0 6,4 8,0 3,55 0,656 0,707 7,7 2,46
20 2,51 0,93 1,0 6,0 12,3 1,78 0,66 0,707 7,4 4,0
40 1,25 0,93 1,0 5,2 24,4 0,88 0,66 0,707 6,3 7,9
AT = 50K , Ty=250K , AT, =734K ,0 =068
4,5 10,9 0,91 1,0 12,2 5,16 9,1 0,75 0,825 13,1 2,5
10 4,90 0,91 1,0 10 13,6 4,0 0,75 0,825 11,0 7,2
20 2,45 0,91 1,0 9,5 19,5 2,0 0,75 0,825 10,6 10,9
40 1,22 0,91 1,0 8,3 38,6 1,0 0,75 0,825 9,2 22,2
AT = 60K , T = 240K , AT, = 668K ,0 = 0,90
4,5 10,5 0,88 1,0 22,8 19,3 10,2 0,83 0,95 22,5 15,1
10 4,74 0,88 1,0 19,0 47,8 4,5 0,83 0,95 19,1 40,4
20 2,38 0,88 1,0 18,3 69,4 2,3 0,836 0,95 18,6 67,0
40 1,18 0,88 1,0 15,3 139 1,12 0,836 0,95 15,7 135
Table 2b
Calculated results of the dynamics of operation of TEC at different temperatures
for current modes (Q%z j and lmm
max
T=300K,0y = 1,0
mode ( Qy , j mode A,;,
I max
% T, A T, A
! By By CceK 1_0 ! By By CceK 1_0
AT =10K ,T,=290K , AT, =100,5K ,0=0,10
4,5 1,20 0,098 0,10 9,9 0,00051 0,85 0,070 0,071 16,9 0,0008
10 0,53 0,098 0,10 8,2 0,0012 0,38 0,070 0,071 14,5 0,0009
20 0,27 0,098 0,10 8,0 0,0023 0,19 0,071 0,072 13,7 0,0013
40 0,133 0,98 0,10 6,8 0,0045 0,096 0,071 0,072 11,5 0,0025
AT = 20K , T=280K ,AT, =937K ,0=0213
4,5 2,5 0,206 0,213 10,6 0,010 1,9 0,155 0,16 16,5 0,0016
10 1,12 0,207 0,213 8,8 0,025 0,84 0,155 0,16 13,8 0,015
20 0,56 0,207 0,213 8,6 0,047 0,42 0,155 0,16 13,5 0,029
40 0,28 0207 0,213 7,3 0,094 0,21 0,155 0,16 11,4 0,048
AT = 30K , Ty=270K , AT, = 865K ,0 = 0,346
4,5 4,0 0,33 0,35 11,5 0,078 3,2 0,266 0,28 15,5 0,054
10 1,80 0,33 0,35 9,45 0,19 1,44 0,27 0,28 13,3 0,13
20 0,90 0,33 0,35 9,40 0,35 0,72 0,266 0,277 13,1 0,24
40 0,45 0,33 0,35 7,90 0,70 0,36 0267 0,277 11,0 0,49
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Continued of table 2a
AT = 40K , T = 260K , AT, =79.8K ,0 =0,50
4.5 5,6 0,464 0,50 12,9 0,38 4.8 0,39 0,425 16,0 0,3
10 2,51 0,465 0,50 11,0 0,98 2,1 0,39 0,425 14,0 0,4
20 1,26 0,465 0,50 10,6 1,66 1,07 0,395 0,425 13,3 1,35
40 0,63 0,463 0,50 8,9 2,82 0,53 0,394 0,405 11,2 2,7
AT = 50K , T = 250K , AT, =734K ,0 =068
4.5 7,5 0,62 0,68 15,6 1,71 6,80 0,355 0,612 17,9 1,58
10 3,33 0,62 0,68 13,4 4.4 3,0 0,555 0,612 15,2 3,7
20 1,67 0,62 0,68 12,9 7,6 1,5 0,555 0,612 14,9 7,0
40 0,83 0,62 0,68 10,9 15,2 0,75 0,553 0,612 12,6 14,0
AT =60K , Ty= 240K , AT, , =66 8K ,0 =0,90
4.5 9,6 0,79 0,90 23,4 15,9 9,30 0,766 0,87 24,2 16,6
10 43 0,79 0,90 20,4 35,0 4,1 0,76 0,87 21,0 34,6
20 2,14 0,79 0,90 19,4 70,0 2,07 0,77 0,87 20,2 75,6
40 1,07 0,79 0,90 16,4 140,0 1,0 0,77 0,87 17,0 162
Note that with increase in temperature drop AT for different geometry of thermoelement legs
% and operating modes:

— thetime to reach the steady-state mode 7 for the mode ), increases (Fig. 10).

Thus, ata giventemperaturedrop AT , forinstance, AT =40K , the timetoreachthe steady-state
mode 7 decreases from7 = 7,8 sec for% =4 5tor =52 secfor% =40, i.e. by 33%:
s s

— the time to reach the steady-state operating mode 7 for the mode (Q% j increases (Fig.11).

max

Thus, ata giventemperaturedrop AT , forinstance, AT =40K , the timeto reach the steady-state
operating mode 7 decreases from 7 = 9,2 secfor% =4 5tor =6,3 secfor% =40, i.e. by 31.5%:

— thetimetoreachthe steady-state operating mode 7 for the mode (lezj
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increases (Fig.12).

Fig. 10 — Dependence of the time to reach the steady-state operating mode T of a single-stage TEC on

temperature drop AT for different geometry of thermoelement legs % in the mode Q, atT = 300K
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Fig. 11 — Dependence of the time to reach the steady-state operating mode T of a single-stage TEC on temperature

drop AT for different geometry of thermoelement legs% in the mode (Q%) atT=300K; Q,=10W
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Fig. 12 — Dependenceofthe timetoreachthesteady-stateoperatingmode T ofa single-stage TEC on temperature

drop AT for different geometry of thermoelement legs % in the mode (QO 12) atT=300K; O, =1,0Bm

max

Thus, ata giventemperaturedrop AT, forinstance, AT =40K , timetoreachthe steady-state
operating mode 7 decreases from7 = 12,9 secfor % =45t0o7t=89 secfor% =40, i.e. by 31.0%.

— functional dependence 7 = (AT )has a flat minimum at AT = 30K (Fig. 13) for the mode 4, .
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Fig. 13 — Dependenceofthe timetoreachthesteady-stateoperatingmode T ofasingle-stage TEC

on temperature drop AT for different geometry of thermoelement legs %

in the mode ., at'T =300K,; Q, =1,0 W
Thus, ata giventemperaturedrop AT , forinstance, AT =40K , the timeto reach the steady-state
operating mode 7 decreases from7 = /6 secfor% =45tor =112 secfor% =40, i.e. by 30%.

Discussion of the results of analysis of the dynamics of operation of a single-stage
thermoelectric cooling device with different geometry of thermoelement legs

The timetoreachthesteady-state operating mode 7 of a single-stage thermoelectric cooling device at
a given temperature drop A7 and thermal load (Q,depends on the geometry of thermoelement legs

(ratio % ) for different operating modes.

With increase in the ratio % from % =45t % = 40 for different operating modes:

— thetime to reach the steady-state operating mode 7 decreases on the average by 30 — 33%;
— minimumtimetoreachthesteady-state operating modez,,,, is provided in the mode O, ;

max

— the value of operating current / decreases up to 9 times;
— the number of thermoelements 7 increasesup to 9 times;

— minimum number of thermoelements n,, is provided in the mode O, ;

max

— coefficient of performance FE remains constant and does not depend on the geometry of
thermoelement legs;

— thegreatestcoefficient of performance E is provided in the mode (Q/IZ) ;
— voltage drop U increases up to 9 times;
— maximum voltage drop U, , is provided in the mode 4, ;

min °

— failure rate % increases ;
0

— minimum failure rate % is provided in the mode 4, ;
0

— theprobabilityoftfailure-free operation P decreases;
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— maximum probability of failure-free operation P, _is provided in the mode A, ;

min °

— withincreaseintemperaturedrop AT, thetime to reach the steady-state operating mode 7 increases

for different operating modes.

A comparative analysis of the basic parameters, reliability indicators and dynamic characteristics

makes it possible to choose trade-off solutions for the construction of a TEC taking into account the
validity of each of the limiting requirements.

Conclusion

1.

By changing the geometry of thermoelement legs in the unification range for a wide use in the design
of thermoelectric cooling devices, it is possible to reduce the dynamic characteristics to 30% without
changing their manufacturing technique.

The interrelation between the dynamic characteristics of thermoelectric coolers and reliability
indicatorsis shown which allows byvarying the geometry of thermoelements and current operating
modes to choose coolers that provide a reasonable compromise in the design of thermoelectric
systems for providing thermal modes for heat-loaded radioelectronic equipment.
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CPABHUTEJIbHBIN AHAJIN3 JUHAMUKHN ®YHKIIUOHUPOBAHUS
OJHOKACKAJTHOI'O TEPMODJIEKTPUYECKOI'O OXJIAKJIAIOIIET O
YCTPOUCTBA C PA3JIMYHOU T'TEOMETPUEN BETBEM TEPMODJIEMEHTOB

Ilposeoen CpasHumebHbll ananus OUHAMUKU yHKYUOHUPOBAHUSL 00HOKACKAOHO20
MEPMOINEKMPULECKO20 — OXAANCOAIOUe20  YCMpoUCmea Npu — 6apuayull  2eoMempuy  6emeell
MEPMOINEMEHMO8 C  VUEeMOM GIUSAHUS KOHCMPYKMUBHBIX U MEXHONOSUYECKUX DNEMEHMO8 OJis
PA3MUYHBIX  XAPAKMEPHbIX MOKOGbIX PENCUMO8 pabomul, Nepenaoos memnepamypvl iU meniogoll
Haepysku. [lokazano, umo ¢ pocmom OMHOWEHUsL 8bICOMBL K NAOWAOU CeUeHUs. 6eMBU MEPMOITIEMEHMA
VMEHbUAemcsi 8peMsi 8bIXx00d HA CMAYUOHAPHLIL pedicuM pabomsl, Geluyunbl paboueco moKd,
VEeAUUUBACTNCSL NAOEHUe HANPAICCHUANPU NOCMOIHHOM IHEPZONOMPEONEHUUONSL PAZTUYHBIX PEAHCUMO8
pabomsi. C pocmom nepenada memnepamypuvl YEeIUyUSAemcs 8peMs 6blxo0d HA CMAYUOHAPHbIIL
pedicum pabomwlosis pasiuiHblx pexcumos pabomot. bubdn. 10, Puc.11, Tabn.2

KnrouyeBble cJioBa: TEPMODICKTPUUCCKUIA OXJIQJUTENh, TEOMETPHUS BETBEH TEPMOIIEMEHTOB,
MOKA3aTe M HaISKHOCTH, BPEMs BBIXOJIa HA PEKUM, TIEPENaj] TEMITEPATYP.
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STEPAN VASYLYOVYCH MELNYCHUK

(Dedicated to the 70-th anniversary)

On January 14, 2018 the scientific community celebrated the 70™
anniversary of Stepan Vasylyovych Melnychuk, Doctor of Science in
Physics and Mathematics, professor, academician of International
Thermoelectric Academy, Laureate of State Prize of Ukraine in Science
and Technology, rector of Yuri Fedkovych Chernivtsi National University.

Stepan Vasylyovych Melnychuk was born in the village of Toporivtsi, Novoselytsia district,
Chernivtsi region.

He graduated with distinction from Physics Faculty and the postgraduate course of Theoretical
Physics Department of Chernivtsi National University.

Stepan Melnychuk started his career in 1973 in the capacity of an engineer, and then a junior
research fellow of Chernivtsi Division of Institute of Semiconductors NAS Ukraine. Two years later
he maintained his PhD Thesis (“Research on Impurity States in Excitonic Insulator”).

Since 1976 he worked as a senior lecturer, and then associate professor of Theoretical Physics
Department; having maintained DSc Thesis (“Localized States in Electron and Vibration Spectra of
A"B"" Semiconductors Doped with 3d-Elements”) — as a professor of this department.

In 2001 S.V. Melnychuk was appointed a pro-rector of research, and in 2004 — the first pro-
rector of Chernivtsi National University. In March 2005 poxy Stepan Vasylyovych was elected rector
of Yuri Fedkovych Chernivtsi National University.

Of high priority in the multifarious activity of the university leader is his fruitful research,
pedagogical and public work. He is head of Computer Systems and Networks Department of
Computer Sciences Faculty, delivers lecture courses to students, supervises the work of postgraduates.
Under his guidance, 11 PhD Theses and 1 Doctoral Thesis have been maintained.

Professor S.V. Melnychuk is the author and co-author of over 160 scientific works, notably a
monograph, a textbook and several manuals for students and two secondary school books.

The scope of professor’s research interests covers the problems of mathematical simulation of
physical characteristics of semiconductor materials and structures used for elements and devices of
computer electronic, including infrared technique, which is reflected in the monograph (in co-authorship)
“Cadmium Telluride: Impurity-Defect States and Detector Properties” (2000).

S.V. Melnychuk is Excellent Worker of National Education, Honoured Worker of Science and
Technology of Ukraine.

Professor S.V. Melnychuk was honored with a distinguished title of Laureate of State Prize of
Ukraine in Science and Technology (2007).

By Decree of the President of Ukraine for considerable personal contribution to development of
national education, many years of fruitful scientific and pedagogical activity Stepan Vasylyovych
Melnychuk was awarded with Third Class Order of Merit (2008).

International Thermoelectric Academy, Institute of Thermoelectricity of the National Academy
of Sciences and Ministry of Education and Science, Youth and Sports of Ukraine, “Journal of

Thermoelectricity” founders and its editorial board cordially congratulate the esteemed Stepan
Vasylyovych on his glorious 70" jubilee, wishing him sound health and creative inspiration for may
years to come!
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- Presentation of the main research material and the results obtained.

- Conclusions summing up the work and the prospects for further research in this direction.

- References.

The first page of the article contains information:

1) in the upper left corner — UDC identifier (for authors from Ukraine and the CIS countries);

2) surname(s) and initials, academic degree and scientific title of the author(s);

3) the name of the institution where the author(s) work, the postal address, telephone number, e-
mail address of the author(s);

4) article title;

5) abstract to the article — not more than 1 800 characters. The abstract should reflect the
consistent logic of describing the results and describe the main objectives of the study, summarize the
most significant results;

6) key words — not more than 8 words.

The text of the article is printed in Times New Roman, font size 11 pt, line spacing 1.2 on A4
size paper, justified alignment. There should be no hyphenation in the article.

Page setup: “mirror margins” — top margin — 2.5 cm, bottom margin — 2.0 cm, inside — 2.0 cm,
outside — 3.0 cm, from the edge to page header and page footer — 1.27 cm.

Graphic materials, pictures shall be submitted in color or, as an exception, black and white,
in .opj or .cdr formats, .jpg or .tif formats being also permissible. According to author’s choice, the
tables and partially the text can be also in color.

Figures are printed on separate pages. The text in the figures must be in the font size 10 pt. On
the charts, the units of measure are separated by commas. Figures are numbered in the order of their
arrangement in the text, parts of the figures are numbered with letters — a, b, .. On the back of the
figure, the title of the article, the author (authors) and the figure number are written in pencil. Scanned
images and graphs are not allowed to be inserted.

Tables are provided on separate pages and must be executed using the MSWord table editor.
Using pseudo-graph characters to design tables is inadmissible.

Formulae shall be typed in Equation or MatType formula editors. Articles with formulae
written by hand are not accepted for printing. It is necessary to give definitions of quantities that are
first used in the text, and then use the appropriate term.

Captions to figures and tables are printed in the manuscript after the references.

Reference list shall appear at the end of the article. References are numbered consecutively in the
order in which they are quoted in the text of the article. References to unpublished and unfinished
works are inadmissible.

Attention! In connection with the inclusion of the journal in the international bibliographic
abstract database, the reference list should consist of two blocks: CITED LITERATURE and
REFERENCES (this requirement also applies to English articles):

CITED LITERATURE - sources in the original language, executed in accordance with the
Ukrainian standard of bibliographic description DSTU 8302:2015. With the aid of VAK.in.ua
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(http://vak.in.ua) you can automatically, quickly and easily execute your “Cited literature” list in
conformity with the requirements of State Certification Commission of Ukraine and prepare references
to scientific sources in Ukraine in understandable and unified manner. This portal facilitates the
processing of scientific sources when writing your publications, dissertations and other scientific
papers.

REFERENCES - the same cited literature list transliterated in Roman alphabet
(recommendations according to international bibliographic standard APA-2010, guidelines for
drawing up a transliterated reference list “References” are on the site http//www.dse.org.ua, section for
authors).

To speed up the publication of the article, please adhere to the following rules:

e in the upper left corner of the first page of the article — the UDC identifier;

¢ family name and initials of the author(s);

e academic degree, scientific title;

begin a new line, Times New Roman font, size 12 pt, line spacing 1.2, center alignment;
e name of organization, address (street, city, zip code, country), e-mail of the author(s);

begin a new line 1 cm below the name and initials of the author(s), Times New Roman font, size
11 pt, line spacing 1.2, center alignment;
o the title of the article is arranged 1 cm below the name of organization, in capital letters, semi-

bold, font Times New Roman, size 12 pt, line spacing 1.2, center alignment. The title of the
article shall be concrete and possibly concise;

o the abstract is arranged 1 cm below the title of the article, font Times New Roman, size 10 pt,
in italics, line spacing 1.2, justified alignment in Ukrainian or Russian (for Ukrainian-speaking
and Russian-speaking authors, respectively);

o key words are arranged below the abstract, font Times New Roman, size 10 pt, line spacing 1.2,
justified alignment. The language of the key words corresponds to that of the abstract.
Heading “Key words” - font Times New Roman, size 10 pt, semi-bold,;

e the main text of the article is arranged 1 cm below the abstract, indent 1 ¢cm, font Times New
Roman, size 11 pt, line space spacing 1.2, justified alignment;

¢ formulae are typed in formula editor, fonts Symbol, Times New Roman. Font size is “normal”

— 12 pt, “large index” — 7 pt, “small index” — 5 pt, “large symbol” — 18 pt, “small symbol” —
12 pt. The formula is arranged in the text, center aligned and shall not occupy more than 5/6
of the line width, formulae are numbered in parentheses on the right;

¢ dimensions of all quantities used in the article are represented in the International System of
Units (SI) with the explication of the symbols employed;

o figures are arranged in the text. The figures and pictures shall be clear and contrast; the plot
axes — parallel to sheet edges, thus eliminating possible displacement of angles in scaling; figures are
submitted in color, black-and-white figures are not accepted by the editorial staff of the journal;

e tables are arranged in the text. The width of the table shall be 1 cm less than the line width.

Above the table its ordinary number is indicated, right alignment. Continuous table numbering
throughout the text. The title of the table is arranged below its number, center alignment;

o references should appear at the end of the article. References within the text should be
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enclosed in square brackets behind the text. References should be numbered in order of first
appearance in the text. Examples of various reference types are given below.

Examples of LITERATURE CITED

Journal articles

Anatychuk L.I., Mykhailovsky V.Ya., Maksymuk M.V., Andrusiak I.S. Experimental research
on thermoelectric automobile starting pre-heater operated with diesel fuel. J. Thermoelectricity. 2016.
Ned. P.84-94.

Books

Anatychuk L.I. Thermoelements and thermoelectric devices. Handbook. Kyiv, Naukova
dumka, 1979. 768 p.

Patents

Patent of Ukraine Ne 85293. Anatychuk L.I., Luste O.J., Nitsovych O.V. Thermoelement.

Conference proceedings

Lysko V.V. State of the art and expected progress in metrology of thermoelectric
materials. Proceedings of the XVII International Forum on Thermoelectricity (May 14-18,
2017, Belfast). Chernivtsi, 2017. 64 p.

Authors’ abstracts

Kobylianskyi R.R. Thermoelectric devices for treatment of skin diseases: extended
abstract of candidate’s thesis. Chernivtsi, 2011. 20 p.

Examples of REFERENCES

Journal articles

Gorskiy P.V. (2015). Ob usloviakh vysokoi dobrotnosti i metodikakh poiska perspektivnykh
sverhreshetochnykh termoelektricheskikh materialov [On the conditions of high figure of merit and
methods of search for promising superlattice thermoelectric materials]. Termoelektrichestvo -
J.Thermoelectricity, 3, 5 — 14 [in Russian].

Books
Anatychuk L.I. (2003). Thermoelectricity. Vol.2. Thermoelectric power converters. Kyiv, Chernivtsi:
Institute of Thermoelectricity.

Patents

Patent of Ukraine Ne 85293. Anatychuk L. L., Luste O.Ya., Nitsovych O.V. Thermoelements
[In Ukrainian].

Conference proceedings

Rifert V.G. Intensification of heat exchange at condensation and evaporation of liquid in 5 flowing-
down films. In: Proc. of the 9" International Conference Heat Transfer. May 20-25, 1990, Israel.

Authors 'abstracts
Mashukov A.O. Efficiency hospital state of rehabilitation of patients with color carcer. PhD
(Med.) Odesa, 2011 [In Ukrainian].
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