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TECHNOLOGY

B.S. Dzundza cand. phys. - math. sciences

Vasyl Stefanyk PreCarpathian National University
57, Shevchenko Str., Ivano-Frankivsk, 76018, Ukraine,
e-mail: bohdan.dzundza@pu.if ua

AUTOMATED HARDWARE-SOFTW ARE SYSTEM FOR
MEASUREMENT OF THERMOELECTRIC PARAMETERS
OF SEMICONDUCTOR MATERIALS

I[3ynosza b.C.

A method of measuring Seebeck coefficient, Hall concentration of current carriers, electrical
conductivity of semiconductor films has been described. An electric circuit has been presented and a
computer program, which enables automation of measurement, registration and initial processing of
data with the possibility of charting time dependences for preliminary analysis of experimental data in
the process of measurement, has been developed. Fig. 6, Bibl. 6.

Keywords: thermoelectricity, hall measurements, automation, microcontroller, thin films.

Introduction

Problem of automation of measurements of the Seebeck coefficient, the Hall concentration of current
carriers, the electrical conductivity and their dependences on temperature and magnetic field for
semiconductor thermoelectric materials, in particular IV-VI compounds, is relevant due to the prospect of
their use for creation of thermoelectric energy converters [1]. Such measurements require precise
stabilization of temperatures, the magnitude of the magnetic field and the current through the sample, the
precision and expensive electrometric equipment, and the study of the thermoelectric parameters of such
samples is rather time-consuming.

In recent decades, the rapid development of microprocessor and computer technology opens new
opportunities for automation of complex technological processes and laboratory research. Specialized
microcircuits and microcontrollers with a large amount of memory, well-developed peripherals and low
price, combined with mastering simplicity, are optimal for their use in automated measuring systems.

In this paper, the electric circuit is presented and the computer program is developed that provides
automation of measurements of the Seebeck coefficient, electrical conductivity and Hall concentration of
current carriers depending on temperature and magnetic fields for film thermoelectric materials, as well as
registration, visualization and primary processing of the received data.

Measurement method

Measurements of the Seebeck coefficient, conductivity, and Hall concentration were carried out in
constant magnetic fields up to 2 T. When measuring the film samples were placed in the standard design
holders [2] with six measuring probes (two current and four Hall probes). Making reliable ohmic contacts,
which do not destroy the film and satisfy all the necessary requirements [2,3], was carried out by silver
deposition methods in combination with gilded contact pins or soldering at 7'<400 K. The choice of the
main contact material was determined by its work output, temperature and mechanical properties. For
soldering, indium and its alloys with tin, lead, silver and antimony were used, and silver and copper wires
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of (0.01-0.05) mm in diameter were used as connecting elements. In order to ensure ohmicity of contacts
and improve adhesion in the soldering places, the gold (for p-type films) or copper (for n-type films) was
deposited chemically. Control of the properties of the made contacts was carried out by analyzing the
current-voltage characteristics of the samples [2].

The contacts are designed as two massive copper plates; the design ensures a stable temperature
gradient of (0.3-1.2) K/mm in the sample. The temperature range in the working area was (77-500) K. The
accuracy of the temperature measurement was 0.1-0.2 K and measurement of the magnetic fields — + 3 %.
The low temperature cryostats were quartz Dewar flask or styrofoam vessels filled with liquid nitrogen and
placed in the gap of the magnet. The intermediate temperatures between liquid nitrogen and room
temperatures were reached by heating using a nichrome spiral, bifilarly wound on a tubular cylinder that
was hermetically mounted on the sample holder, which allowed measurements in a vacuum of 10~ Pa.

y

4

(%)

b)

Fig. 1. General view of the measuring cell (a) and configuration
of the sample (b) for measuring the electrical parameters of the thin films.

The results averaged measurements in two directions of current and the magnetic field on both pairs
of sample contacts (Fig. 1). The thickness of thin films was determined by the optical method using the
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micro-interferometer MII-4 with accuracy of ~ 0.02 mkm. Type of conductivity was determined by the sign
of thermoEMF [2].

Schematic of the device

The functional scheme of the device is shown in Fig. 2. The given measuring system is an improved
and essentially redesigned version of the previously developed device described by the author in [4]. The
basis of the measuring system is a digital multimeter UNI-T UTM1805A, which supports the output of data
on the computer and in the mode of voltmeter of constant voltage, provides a resolution of 1 mkV with
accuracy of 0.015 % and has a mode of automatic selection of measuring range.
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1T
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Fig. 2. Functional block diagram of the device of automated measurements
of thermoelectric parameters of semiconductors.

Microcontroller ATMegal6 was chosen as a controller, which is characterized by enough memory
and a well-developed periphery. The use of this microcontroller has made it possible to implement the task
and also to leave a resource for further modernization and expansion of functionality. The program for the
microcontroller is written in C. Communication with the computer at the hardware level is carried out via
USB-UART converter, and at the software level — with the help of the text command interpreter, which
provides two-way data exchange between the control program on the computer and the microcontroller of
the device.

Measurements of the voltage drop on the sample, reference resistor, Hall and current pairs of
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contacts are carried out sequentially with the help of six reed microrelays of the switching unit. The use of
reed microrelays provides low contact resistance in the on mode and extremely high (more than 1 GQ) in
the off mode, as well as the stability of contacts over time. A generator of stable current through the sample
is assembled on a LM234 chip and has 12 discrete values of current, which are controlled by an ammeter.
Switching on current and changing polarity are implemented on electromechanical relays controlled by a
microcontroller.

The change in the polarity of the magnetic field and the turning on the magnet are implemented on
electromagnetic contactors, which are galvanically isolated from the microcontroller using opto-triacs. In
order to minimize electromagnetic interference, spark RC chains are installed on all contactors. The control
of the magnitude of the magnetic field is carried out smoothly with the help of a motorized laboratory
autotransformer. The control of the motor is implemented through opto-triacs and relays for the purpose of
galvanic isolation from the control microcontroller. The feedback is carried out by voltage through an
isolation transformer TR3 (Fig. 4). In the previous version, an attempt was made to implement the smooth
control of the magnetic field by means of pulse-width modulation on high voltage MOS-FET transistors,
but due to the large amount of electromagnetic interference and inductive load instability we had to
abandon such an implementation.

Magn Polar
MAGN_ON R61 D17
Magnet ON D20 Magnet polarity D16 82 RS9 Motor ON
— 1
[ ) e R54 Rg‘;EZ 1 ] .R103 E ._.%?i?- a
 E— —1—
360 |10 360 S
U11 -~ u21
5 R62 u22 100
24
AL . [ re5U20) 3 [ R104 = || Ri08 =
= o 360 A 09
Drive slider
LATR
110V % 2 (o) _L
TR4 5 = &0 £
TR3 L Tau
[ p1s
C34 EIe((:Jt_qoorRagnet
100u \ j
9 ?

/.

1
BR3 T I_\ L4 RL15 D18
00
KBPC5010 - RL12 - R o

Fig. 3. Electric circuit of the control unit of magnetic induction.

For measuring the magnetic induction, we have used the Hall sensor (IXK-0.5A, [1X36021175),
which is powered by a stable current of 3 mA and placed on the remote probe in the working area of the
magnet (Fig. 3). The signal from the sensor is normalized by the operational amplifier and read by the
analog-to-digital converter (ADC) of the microcontroller. Calibration and verification was carried out using
a high-precision gaussmeter I111-8 in the range of (0.05-2.0) T with recording the calibration table to the
microcontroller memory.

The temperature is measured by platinum thermistors PT100 included in the bridge circuit (Fig. 3),
which is powered by a precision reference voltage source AD1583. As resistors in the shoulders of the
bridge 0.1 % SMD resistors with low temperature coefficient were used. Bridge imbalance voltage is
measured by the discrete 12C delta-sigma ADC MCP3424, placed along with the bridge circuits and the
reference voltage source on a separate board in the measuring cell connector. The heater control is
provided by the triac regulator with switching at the voltage transition through zero and optocoupler.
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Stabilization of the temperature is carried out using proportional-integral-derivative (PID) algorithm with a
uniform distribution of periods according to Bresenham's algorithm.

The general view of the device is shown in Fig. 5. In order to minimize electromagnetic interference,
functional units are assembled on separate printed circuit boards, which are placed in enclosed aluminum
cells of the grounded case and connected together by a shielded wire, and the power unit (magnet and
heater control unit) is put into a separate case (Fig. 5).

Software implementation of the measurement process

The computer program provides automated control of the measurement process, digital voltmeter
data recording, data preprocessing and visualization. The program is written in the Delphi environment.
The voltmeter data are received and decoded by the program and displayed on the screen, and the average
value of the last ten measurements is calculated and displayed. The UNI-T wattmeter is supported both
with the new data transfer protocol (UTM1805A) and the previous version (UT804).
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Fig. 4. Electric circuit of the unit for measuring temperature
and magnetic induction.

Between the controller and the computer there is a two-way exchange of information via UART
(9600 bps, 8 bits), device control and data request are carried out by sending commands and receiving the
response after their execution. Validation of the command and its re-sending in the case of error are
implemented. Since some commands are executed periodically, in order to avoid failures, the status of
waiting for the result of the execution of the current command is monitored.

In manual mode, the program allows you to control separate functional units independently, which
makes it possible to set-up and perform a non-standard test with automatic or manual recording of results.
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Fig. 5. General view of the device for automated measurements of thermoelectric

parameters of semiconductors.

In automatic mode, the program allows both single measurements of electrical parameters with
automatic calculation of the Seebeck coefficient, specific conductivity, concentration and mobility of
carriers, etc. and a series of measurements of dependences on time, temperature or magnetic field with the
construction of the time-temperature diagram of the planned measurements (Fig. 6). During measurements,
visualization of the selected parameters in the graphs is possible.
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Fig. 6. General view of the window of the control program
in the process of automated measurements of thermoelectric parameters of films.
For a series of samples of different thicknesses, the automatic data filtering option and construction
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of profiles of electrical parameters are implemented. The measurement results of each sample are stored in

a separate MS Excel compatible file with the possibility of further continuation of the experiment.

For estimation of the errors, measurements of samples of different types of conductivity with known

parameters have been carried out. The maximum error for o did not exceed 3 %, for RH — 5 %, and for the

value of a — 10 %. The results of study of thermoelectric semiconductor films obtained on this measuring
system are presented in [4-6]. With long-term regular operation, the device has shown high reliability and

stability of the results.

Conclusions

1. An electric circuit has been developed, and an operating device for measuring the Seebeck coefficient,

the Hall concentration of current carriers, and the specific conductivity of semiconductor film

thermoelectric materials has been designed.

2. A computer program that provides automation of measurements, registration and primary processing of

data with possibility of visualization of graphic dependencies has been created.
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KOMIIJIEKC J1J11 BUMIPIOBAHHSA TEPMOEJIEKTPUYHHUX
ITAPAMETPIB HAIIIBITPOBIIHUKOBUX MATEPIAJIIB

Onucano memoouxy eumipiosanis Koeghiyienma 3eebexa, X0Ini8cbKkol KoHyeHmpayii HOCiig, numomor
eNeKmpPONPOBIOHOCME HANIBNPOBIOHUKOBUX NIIBKOSUX mepmoeekmpuunux mamepianis. Ilpedcmaenena
eeKmpuYHa cxemMa ma po3pobieHa KOMN IOMEPHA Npozpamd, Wo 3abe3neyye agmoMamusayino
BUMIPIOBAHD, PEECMPAYICIo | NEPEUHHOIO 0OPOOKY OAHUX, 3 MONCIUBICMb NOOYO008U 2pAPIKIE HACOBUX
3anesicHocmetl 011 NONEPeOHbO20 AHANI3Y eKCNEPUMEHMANbHUX OAHUX BJice 8 NPOYECi BUMIPIOBAHHSL.
bion. 6, Puc. 6.

Karo4oBi ci1oBa: TepMoeneKTpHKa, XOJUTIBCbKI BUMIPIOBAHHS, aBTOMAaTH3allisl, MIKDOKOHTPOJIEP, TOHKI
TUTiBKH.

B.C. JI3yna3a kano. ¢puz.-mam. nayx

[IpukapnaTckuii HaMOHAIBHBIA YHUBEPCUTET
nMenu Bacunus Credanuka, yiu. llleBuenko, 57,
NBano-®pankosck, 76018, Ykpanna
e-mail: bohdan.dzundza@pu.if ua

ABTOMATH3UPOBAHHBIN ITIPOTPAMMHO-ATIIIAPATHBIN
KOMIIJIEKC JJIsA UBMEPEHUSA TEPMOJJIEKTPUYECKHUX
IHAPAMETPOB IIOJYITPOBOJHUKOBBIX MATEPUAJIOB

Onucana memoouka usmepenusi Kod@guyuenma 3eebexa, XONIOBCKOU KOHYEHMpayuu Hocumeiet,
VOeIbHOU JIeKMPONPOBOOHOCU NOJYNPOBOOHUKOBHIX NIEHOUHBIX MEPMOINEKMPULECKUX MAMEPUATOS.
Ilpedcmaenena snexmpuueckasi cxema U paspabomana KOMHLIOMEPHAs. HPOSPAMMA, KOMOpPAUsl
obecneyusaem asmMoMamu3ayulo UMePeHUll, pesUCmpayuio U NepeuyHylo oOpabomky OaHHbIX, C
B03MOIACHOCHILIO NOCMPOECHUSL 2PAPUKOE BPEMEHHBIX 3ABUCUMOCHEN O NPed8aAPUMENbHO20 AHAIU3ZA
IKCHEPUMEHMATLHBIX OAHHBIX YIHCE 8 NPOYECCEe USMEPEHUSL.

Kiarouesbie cJI0Ba: TEPMO3JIEKTPHUECTBO, XOJIJIOBCKHE HU3MEpEeHus, aBTOMaTH3aIus,
MUKPOKOHTPOJIIEP, TOHKHE TUICHKH.
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THERMOELECTRIC GENERATORS WITH FLAME
HEAT SOURCES, TWO-STAGE THERMOPILES AND
ELECTRIC ENERGY BATTERIES

This paper presents calculations of the dynamic power of a two-stage thermoelectric generator with flame
heat sources of variable power. The results of calculations of such a generator with its stages made of
materials based on BiTe and SiGe are given. Bibl. 6, Fig. 2.

Key words: thermoelectric generator, computer design, physical model.

Introduction

General characterization of the problem. One of the factors limiting the widespread practical
application of thermoelectric generators (TEG) is the low efficiency of thermal into electric energy
conversion, due to the use of single-stage modules with a low dimensionless figure of merit of
thermoelectric materials in the TEG design, Z7 = 1.0 - 1.6 [1 — 3]. One way to increase the efficiency of
thermoelectric conversion is to extend the range of operating temperatures of the module by cascading [4].
To create generator modules optimized for the working temperature level of 30-600 ° C, it is expedient to
use a two-stage circuit with thermoelements based on Bi-Te of n- and p-type conductivity in the low-
temperature stage (up to 300 ° C) and, accordingly, Si-Ge based thermoelements, which provide high
efficiency in the high-temperature stage (300 - 600 ° C).

The Institute of Thermoelectricity of the National Academy of Sciences and the Ministry of
Education and Science of Ukraine developed special thermoelectric modules from such materials for each
of the TEG stages. Nevertheless, no calculations have been made yet of the parameters of the TEG using a
circuit with thermoelements based on Bi-Te in the low-temperature stage and Si-Ge in the high-temperature
stage, in the mode close to its actual operation. Correct matching of the TEG stages also remains important.

Thus, the purpose of this work is to calculate the dynamic performance of a two-stage thermoelectric
generator with heat sources of variable power in the range of temperatures 30-600 °C.

Physical model

The calculations used a physical model of a thermoelectric generator unit (Fig. 1), which contains
the heated surface of a heat source of variable power 1, heat exchangers 2 for supply of heat flux to the
module of a high-temperature stage of TEG (made of thermoelectric material based on Si-Ge [5]) 3 and
heat exchangers 7 for removal of heat flux from the two modules of high-temperature stage of TEG
(made of standard thermoelectric material based on Bi-Te [5]) 5, heat-leveling plate 4, thermal insulation 6,

14 Journal of Thermoelectricity Ne5, 2018 ISSN 1607-8829
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electric voltage stabilizer 8 and electric energy battery 9.

1 2 3 456 7 8

|/

HH%HH | [/

RERRERALE

3

Fig. 1. Physical model of a thermoelectric generator unit:
1 — heated surface,; 2 — hot heat exchanger, 3 —module of a high-temperature stage of TEG,
4 —heat-leveling plate; 5 — modules of a high-temperature stage of TEG,
6 — thermal insulation; 7 —cold heat exchanger; 8 — voltage stabilizer,
9 — electric energy battery.

Since the generator is installed on a heated surface, the model does not consider the processes of heat
transfer from the actual source of combustion of fuel to this surface. Instead, to determine the temperature
of the heated surface /, the experimental temporal dependence of its temperature in the real cycle of using
the solid fuel heat source is used [2].

Mathematical and computer descriptions of the model

Thus, the equation of heat balance is used to calculate the thermoelectric generator in accordance
with the physical model (Fig. 1).
On the hot side there is a heat source of variable power Q,[7(?)].Its thermal power depends on the

temperature of this surface 77 which, in turn, changes with time t (Fig. 3), and is given in the form of some
function f[ T;(¢)].

Ql :f[Tl(t)]’ (D

Heat supply from the heated surface to the hot side of the thermoelectric module and heat removal to
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the cold heat exchanger is described by the equations:
O =xlh®-T,], 2

0, = 1LI[Tx-1,], (3)

where ¥, %, are thermal resistances of the hot and cold heat exchangers; 7;, T. are the hot and cold side
temperatures of thermoelectric module, respectively; 7> is the temperature of the external surface of the
cold heat exchanger.

Thermal power @, is removed from the cold heat exchanger by forced convection of air to the
environment:

Q, =T, = T;)S, 4)

where a is coefficient of convective heat exchange between the surface of the heat exchanger and the

environment; S, is the area of heat exchange surface; 7, is ambient temperature.
The electrical power generated by thermoelectric module is proportional to Q,[71(f)] and its

efficiency n:

W:Ql [Tl(f)]'n, (%)

The main losses of heat 05 occur due to thermal insulation:
Q3:Z4(TM _76): (6)

where y, is thermal resistance of insulation, 7), is temperature of the internal surface of thermal
insulation.

Thus, the equation of heat balance for the chosen model of the thermoelectric generator can be
written as:

O=W+0,+0;. (7

For the computer representation of the TEG mathematical model, the Comsol Multiphysics software
package [6] was used. For this it is necessary to present our equations in the following form.
To describe the flows of heat and electricity, we will use the laws of conservation of energy

divE =0 ®)
and electrical charge
divj =0, )
where
E=G+U], (10)
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G=xVT+alj, (11)
j=-6VU-caVT. (12)

Here E is energy flux density, § is heat flux density, j is electrical current density, U is electrical

potential, T is temperature, o, o, k are the Seebeck coefficient, electrical conductivitUy and thermal
conductivity.
With regard to (10) — (12), one can obtain

E=—(x+0*6T +aUc)VT —(acT +Uc)VU. (13)

Then the laws of conservation (8), (9) will take on the form:
~V[(x+a’6T +aUc)VT |- V|[(acT + Uc)VU] =0, (14)
-V(caVT)-V(cVU)=0. (15)

From the solution of equation (14) - (15) we obtain the distribution of physical fields, as well as the
integral values of the efficiency and power of the TEG.

Description of the dynamic powers of TEG

To determine the actual temperature conditions on the heated surfaces of furnaces with flame heat
sources on solid fuels (wood), experimental studies were carried out and the dependences of the heated
furnace surfaces on the time during which the equal amount of wood was added at identical intervals were
determined [2].

W, Wt T, °C
30 — T T T T T T 600
28_ H H i H
26

1 +500
24 ]
20 — 400
18
16

] \}- 300
14
12_..
10 ¢- 200
8_
S I —— 100
41 : ; ; : : :
0 — 7T 0

0 25 50 75 100 125 150 175

t,s
Fig. 2. Temporal dependence of a TEG located on the rear surface of the furnace:
1 —TEG power at T,=30° 2 — the surface temperature of the furnace.
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The obtained data are processed in the form of functional temporal dependences of the temperatures
of heated furnace surfaces and used in the calculations of characteristics of a thermoelectric generator with
flame heat sources of variable power on solid fuels.

Thus, using computer methods, the calculation of the dynamic powers of a TEG in terms of its
installation on the surface of the furnace was carried out (Fig. 2).

Thus, Fig. 2 shows a temporal dependence of the power of TEG located on the rear surface of the
furnace for the cold side temperature of TEG T, =30°C (1 in Fig.2). The hot side temperature of the TEG
is shown by the solid curve 2 in Fig. 2.

As can be seen from Fig. 2, the type of the temporal dependence of the dynamic power though
reproduces the dependences of furnace surface temperature, but this dependence on temperature is not so
sharp as in the single-stage version of TEG. For the cold side temperature 7c = 30 °C, the average power
of a TEG, consisting of one thermoelectric module in the high-temperature stage (Si-Ge) and two in the
low-temperature stage (Bi-Te) is 20.56 W for a selected period of time. At the same time, the energy
generated by TEG per 1 hour is ~ 70 kJ.

Thus, the investigated version of a two-stage TEG made of special materials based on BiTe — SiGe
allows increasing its specific power by ~ 12.5 % as compared to the single-stage version [2].

Conclusions

1.Based on the experimental data, the dynamic power of a two-stage TEG with flame sources of heat on
solid fuels was calculated using Bi-Te-based thermoelements in the low-temperature stage and Si-Ge in
the high-temperature stage.

2.The average power of a TEG consisting of one thermoelectric module in the high-temperature stage
(Si-Ge) and two in the low-temperature stage (Bi-Te) is 20.56 W for a selected period of time (with its
cold side temperature 7c = 30 °C). At the same time, the energy generated by TEG per 1 hour is ~70 kJ.

3.1t is established that the investigated version of a two-stage TEG made of special materials based on BiTe
— SiGe allows increasing its specific power by ~ 12.5 % as compared to the single-stage version.

References

Anatychuk L.I., Mocherniuk R.M., Havryliuk M.V., Andrusiak [.S. (2017). Thermoelectric
generator using the heat of heated surfaces. J. Thermoelectricity, 2, C 84 — 95.

Anatychuk L.I., Rozver Yu.Yu., Prybyla A.V., Maksimuk M.V. (2018). Thermoelectric generators
with flame heat sources of variable power and temperature stabilizers for thermopiles.
J.Thermoelectricity, 2.

Anatychuk L.I., Prybyla A.V. (2018). Thermoelectric generators with flame heat sources of
variable power, single-stage thermopiles and electric energy batteries. J. Thermoelectricity, 3.
Mykhailovsky V.Ya., Bilinsky-Slotylo V.R. (2012). Thermoelectric staged modules of materials
based on Bi,Te;-PbTe-TAGS. J. Thermoelectricity, 4, 67-74.

http://www.ite.inst.cv.ua

COMSOL Multiphysics User’s Guide (2010). COMSOLAB, 804 p.

Submitted 22.10.2018

18 Journal of Thermoelectricity Ne5, 2018 ISSN 1607-8829



L.I Anatychuk, A.V. Prybyla
Thermoelectric generators with flame heat sources, two-stage thermopiles and electric energy batteries

Anaruayk JLL, akad. HAH Yipaunu'*
Mpu6uia A.B., kano. us.-mam. nayk'

"Tacruryt Tepmoenexrpuxu HAH i MOH Ykpaiuu,
By Hayku, 1, Yepnii, 58029, Ykpaina;
*YepuiBelbKHil HAL[IOHATBHHUIT YHIBEPCHTET

im. FOpist denproBuya, By1. KorroOMHChKOrO 2,
UYepniii, 58012, Ykpaina

TEPMOEJIEKTPUYHI 'EHEPATOPHU 3 NIOJYM’AHUMU
JIZKEPEJIAMHU TEILJIA 3MIHHOI IIOTYKHOCTI,
JABOKACKA/ITHUMU TEPMOBATAPESAMU TA
AKYMYJATOPAMM EJIEKTPUYHOI EHEPTTi

Y pobomi euxonano pospaxymku OUHAMIYHOI NOMYICHOCMI OBOKACKAOHOZ20 —MEPMOENeKMPULHOLO
2eHepamopa 3 NOJYM SHUMU  OJcepelamu  menia 3MiHHOL nomyowcnocmi.  Hasodsmuvcs  pesyivmamu

PO3DAXYHKIE MAK020 2eHepamopa i3 KAckaoamu, eueomosiieHumu i3 mamepianie na octosi Bile ma SiGe.

bibn. 6, puc. 2.
KunrouoBi ciioBa: TepMoeneKTpiIHHI TeHepaTop, KOMIT FOTEpHE MPOEKTYBaHHSI, (pi3idHa MOZIENb.

Anarbrayk JLW., akao. HAH Yipaunu'?
Mpu6biia A.B., kano. gusz.-mam. nayx'*

"MuctutyT TepModnexTpuuectea HAH 1 MOH YkpauHsr,
yi. Haykwu, 1, UepHoBipl, 58029, Ykpaunna,
e—mail: anatych(@gmail.com;
*YepHOBHIIKHIT HAIMOHAITBHbII YHHBEPCHTET
nm. FOpus ®enproBrya, yi. Korrodunckoro, 2,
Uepnoaiipl, 58012, Yikpanna

TEPMOQ2JIEKTPUYECKUE 'EHEPATOPBI C INTAMEHHBIMH
HNCTOYHUKAMMU TEILIA IEPEMEHHOM MOIITHOCTH,
JABYXKACKAJIHBIMU TEPMOBATAPESMU U
AKKYMYJISTOPAMM SJIEKTPUYECKOM SHEPTUA

B pa60me BbINOJIHEHbL  pacdenivl OUHAMUYECKOUL MowHoCmu 06‘yXKClCK(l()H020 mepmOodTEKMPUHECKO20
ceHepamopa ¢ NIAMEHHbIMU UCMOYHUKamMu menjia CMEHHOU MOuHOCHuU. Hpu@oaﬂmaa pes3yibmamaol
pacuemos maxKkoco cenepamopa c KClCKdaG.MU, U320MOGJIEHHbIMU U3 Mamepualose Ha OCHO8e cucmem Bi-Te u

ISSN 1607-8829 Journal of Thermoelectricity Ne5, 2018

19



L.I Anatychuk,, A.V. Prybyla
Thermoelectric generators with flame heat sources, two-stage thermopiles and electric energy batteries

Si-Ge. bubn. 6, Puc. 2.
KnioueBbie ¢JI0Ba: TEPMODIEKTPUUECKHUI T'€HEpaTop, KOMIIBIOTEPHOE MPOEKTHPOBAaHME, (DH3HUUECKas
MOJIETb.

References

1.

Anatnayk JL.U., Mouepurok P.M., I'aBpumiok M.B., Aunpycsak N.C. TepmoanekTpruieckuii TeHeparop,
KOTOPBIN UCTIONIB3YET TEILI0 HArpeThIX moBepxHocTel // TepmoanekTpudectBo. - 2017. Ne2. - C 84 — 95.
Anatnuayk JI.LU., Po3sep 10.10., [Tpubuna A.B., Makcumyk M.B. TepmosiiekTpruueckue reHepaTopsl ¢
IUTAMEHHBIMA ~HMCTOYHMKAMH TeIllJla CMEHHOM MOIHOCTH W CTAaOMJIM3aTOpaMH TEMIIEpPaTyphl
tepmobatapeii // TepmoanekrpuuectBo. - 2018. No2.

Anatnuyk JL.U., [Npubuna A.B. TepmodnekTpuueckrue TeHEpaTOpbl C TUIAMEHHBIMH HCTOYHUKAMH
Teria CMEHHON MOIIHOCTH, OJTHOKACKaTHBIMH TepMOoOaTapesMu Ta aKKyMYJISITOPaMH DJIEKTPUIECKOH
sHepruu // TepmoanexTpudecTso. - 2018. Ne3.

MuxaitnoBeekuiit B.S. Tepmonnekrpudeckrne KackajHble MOAYJIM U3 MaTepuaioB Ha ocHoe Bi2Te3-
pbte-tags. / Muxaitnopcbkuii B.S., Bimincekuii-Cnoruno B.P. // TepmoanekrpuuectBo, 2012, N4,
C. 67-74.

http://www.ite.inst.cv.ua.

COMSOL Multiphysics User's Guide // COMSOLAB. - 2010. - 804 p.

Submitted 22.10.2018

20

Journal of Thermoelectricity Ne5, 2018 ISSN 1607-8829



0.V. Nitsovych cand. phys.-math. sciences'*

'Institute of Thermoelectricity of the NAS and MES of Ukraine,
1 Nauky str., Chernivtsi, 58029, Ukraine;
e-mail: anatych@gmail.com
*Yuriy Fedkovych Chernivtsi National University,
2 Kotsiubynsky str., Chernivtsi, 58012, Ukraine;

COMPUTER SIMULATION OF Bi,Tes3
CRYSTALLIZATION PROCESS IN THE
PRESENCE OF ELECTRICAL CURRENT

This paper presents anapproach to constructing a computer model of the process of growing
thermoelectric materials by the method of vertical zone melting taking into account the Peltiereffect
which occurs at the interface between the solid and liquid phases of material being grown when
passing electrical current through the ingot. The results of visualization of numerical model solution
are presented. Bibl. 10, Fig. 4.

Keywords: simulation, vertical zone melting, thermoelectric material, growing in electrical field

Introduction

Thermoelectric power converters - coolers and thermogenerators - are widely used in many branches
of modern technology. An urgent task is to increase the efficiency of these devices, including the creation
of materials for them with high thermoelectric figure of merit Z.

The most widely used semiconductor solid solutions are Bi,Tes-BirSe; and BiyTes-Sb,Tes, which have
the highest figure of merit values in the temperature range 250-500 K. To obtain a thermoelectric material
(TEM) based on Bi,Te; with high parameters, the most promising methods are directional melt
crystallization and vertical zone melting. Moreover, production of thermoelectric materials with the
required properties is possible only under the conditions of a controlled crystallization process. Therefore,
it is relevant to model TEM growing processes, which allow optimizing the choice of technological
parameters of the installation.

In [1, 5], the possibility of growing single crystals of thermoelectric materials by the method of
vertical zone melting in the presence of electrical current passing through an ingot was considered. It is
known that the interface between the solid and liquid phases of the same material is the site where the
magnitude of the thermoelectric power, electrical conductivity, thermal conductivity and other properties
change abruptly. At the interface, the picture of filling energy levels with electrons also changes. This is
manifested in the Peltier effect which occurs at the crystallization front of a material when an electrical
current is passed through a crystal being grown. The amount of heat released or absorbed at the interface
between the liquid and solid phases can affect the course of crystallization.

Thus, the purpose of this work is to create a method for constructing a computer model of the
process of growing thermoelectric materials by the method of vertical zone melting, taking into account the
Peltier effect that occurs at the interface between the solid and liquid phases of the material being grown by
passing electrical current through the ingot.
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Physical model of vertical zone melting process

The physical model of the process of growing single crystals based on Bi,Te; by the method of
vertical zone melting is shown in Fig.1.

The figure shows an ingot fragment, including polycrystalline material 2, molten zone 6 and single
crystal 3. The ingot is placed in quartz ampoule 1. With the help of heater 7 and cooler system 8, molten
zone 6 is formed, which, moving with the heater along the sample, provides melting of polycrystal and
melt crystallization below boundary 5, which is called the crystallization front.

EL» -« — 4—a
il
6 o
P Ty e /4
e /
|JI
7\_\ | R TR
-

l. //“'--__-—""

d

Fig.1. Physical model of installation for growing TEM by vertical zone melting method.
1 — quart zampoule, 2 — material in solid phase(polycrystal), 3 — material in solid phase
(single crystal),4 — melt front boundary, 5 — crystallization front boundary,
6 — material in liquid phase (melt front), 7 — heater, 8 — coolers.

Since the boundaries of the solid and liquid phases 4 and 5 of the same material are the site of an
abrupt change in the properties of this material, in particular, the values of the thermoelectric coefficient a,
electrical conductivity ¢ or thermal conductivity k, when passing through these boundaries of electrical
current, in one of them the Peltier heat will be absorbed, and on the other, accordingly, released.

Mathematical and computer description of the model

When modeling the heat conduction process in a homogeneous medium with a phase transition in
the COMSOL Multiphysics software package, the classical system of non-stationary differential heat
conduction equations is solved, supplemented by the dependences of the physical properties of the solid
under study as a function of the phase state at a given point at a specified temperature

oT
pC, — +PCuVT +Vg=0, (1)
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q=-xVT, 2)

p = epphasel + (1 - e)pphg.ycq 9 (3)

1
Cp - 5 (epphaselcppha\'el + (1 - e)pphalﬁ'&cpr»hawz ) *

4
+L da, ,
dTr
am — l . (1 - e)pphase2 - epphg.gg] , (5)
2 epPh”SC‘] - (1 - e)ppha.s‘e2
K= erhasel + (1 + G)Kphaw N (6)

where p is the density, kg/m’; C, is heat capacity of material at constant pressure, J/(kg-K); « is
thermalconductivity, W/(cm-K), u is medium velocity, m/s, in the investigated problem is zero; T is
temperature, K; ¢ is time, s; 0 is the phase ratioat a given temperature; a,, is mass ratio between phases; L is
the latent heat of phase transition, J/kg; Q is external heat flux, W. The indices phasel and phase2 indicate
to what phase the properties, solid phase or liquid, respectively, are related.

The Joule-Lenzheatar is ingin thematerial dueto the passage of electrical current, is taken into
account in the right-hand side of Eq. (1) by another term Q, = jE.

To account for thermoelectric effects, in particular, the Peltier effect, which occurs at the interfaces
between the phases, we write formula (2) as follows:

qg=-«xVT+Pj, (7)
here
j=cE+ ], ®)
Jj, =—oaVT, )
P=aT,
E=-VU

Where U is the electrical potential, V; a is the Seebeck coefficient, uV/K; o is the electrical
conductivity, (Ohm-cm)™.
To simulate the effect of the electrical field on the growing process, the following boundary
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conditions are set at the upper and lower bounds of the ingot:

U

z=0

The condition of thermal insulation was set on all external walls of the heater and coolers:
-n-(-xVT)=0. (10)

On the outer wall of the quartz ampoule (in areas not in contact with the heater and coolers), the
boundary condition of the heat flow is set, as a function of:

-n-(—xVT)=h-(T, -T), (11)
Where T, is the ambient temperature, K; 7' is the temperature of the inner wall of the ampoule,
K; n is vector directed along the normal to the surface of the cylinder (ampoule); % is the heat
transfer coefficient, W/(m”-K), which is expressed by the formula [8]:

1/4
ko684 0,67Ra, Jif Ra, <10°
] o/16 \*/9 I
0,492k
14| 227k
RC,
h=
1/6
Kl 0,825+ 0,38Rq, Jif Ra, = 10°
l 9/16 8/27 1
0,462k
4] 220K
RC,

here, Ra; is the Raleigh number which is defined by the following expression:

R = E40C P(L:—Texp)f |

where g is acceleration of free fall, m/s*; a_r is temperature coefficient of volume expansion, K™'; 1 is the
length of the air layer, m; u is the dynamic viscosity, (Pa-s).

Computer simulation results

As an example of the use of the developed program, the process of growing the synthesized Bi,Tes
material was considered, in a quartz ampoule, the wall thickness of which is 3 mm, the length of the ingot
is 250 mm, the diameter d = 24 mm. The temperature of the heater varied within 680-950 ° C, the height
from 24 to 96 mm. To simulate the effect of electrical current on the growing process, a potential
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difference from O to 4V was created at the ends of the ingot. The appearance of the simulated system is
shown in Fig. 2.

200

100

Fig.2. Computer model of installation for growing TEM by
vertical zone melting method.

The temperature dependences of thermoelectric coefficient o(7), electrical conductivity o(7) and
thermal conductivity k(7) for Bi,Te; are shown in Figs. 3-5. These dependences were constructed
according to data obtained from the literary sources [2, 9].

By changing the properties of the material under study, in particular, the magnitude and sign of the
Seebeck coefficient a, electrical conductivity ¢ or thermal conductivity k, when an electrical current is
passed through the crystal being grown, the Peltier effect actually occurs at the phase boundaries.

The simulation results showed that the Peltier heat is absorbed when current passes from a solid to
liquid phase and vice versa, it is released when a current passes from a liquid to solid phase.

In addition, it was found that changing the magnitude of the potential difference applied to the
edges of the grown ingot may affect the crystallization front shape, which is known to have a large
impact on the stability of growth of the single crystal and its homogeneity.

For a given configuration of the installation, without regard to the electrical current, the flat
crystallization front was achieved only at temperatures of 900-910K. As isseen from Fig.5, when the
electrical current passes through the molten zone, the crystallization front changes its shape, which
makes it possible to optimize the growing process.
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Fig.3. Dependence of the Seebeck coefficient a (a), electrical conductivity o (b)
and thermal conductivity k (c) of bismuth telluride on temperature.
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Fig. 4.The dependence of the crystallization front shape on the magnitude of the
applied potential difference at the heater temperature T = 880K (a) and T = 890K (b).

The authors of [10] conducted a series of experiments on the effect of electrical current on the
properties of materials based on Bix(Te, Se); doped with Hg,Cl, and Cd,Br,, grown by the method of
directional solidification. The possibility was noted of achieving an increase in the figure of merit of the
grown materials by 9% due to the growth of TEM with the optimized distribution of the carrier density
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along the ingot, which was achieved by a programmable change in the magnitude and direction of the

current flowing through the crystallization front during growth.

Conclusions

1.

A computerized method has been developed for determining the thermal conditions for growing single
crystals based on Bi,Te;by the method of directional solidification when an electrical current is passed
through a sample.

An example of using the method confirms the in fluence of the Peltier effecton the growth conditions of
single crystals and control of temperature distribution in the ingot while growing.

The author considersi ther pleasantduty to express her gratitudeto academici an L.I. Anatychuk for

the proposed topic, formulation of the problem and the useful constructive discussion of the results.
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P.V. Gorskiy V.V.Razinkov

INFLUENCE OF CONTAINER GEOMETRY ON THE
ORIENTATION AND THE DEGREE
OF PARALLELISM OF CLEAVAGE PLANES OF BISMUTH
TELLURIDE SINGLE CRYSTALS

In the paper, by solving the heat conduction equation for a cylindrical and slotted container, it is shown
that, with the same specific power of the heater and the same temperature of container exterior walls,
the transverse temperature gradient in the melt is the greater, the larger the diameter of the cylindrical
or the width of the slotted container. In addition, it is shown that in the idealized case, the
crystallization front when using a cylindrical container has the shape of a paraboloid of revolution, and
in the case of using a slotted container, the shape of a parabolic cylinder with generators parallel to the
long side of the container cross section, which is significantly closer to flat. But the diameter of the
cylindrical container cannot be drastically reduced, while the slot width of the slotted container can be
reduced to the minimum value technologically acceptable for further cutting the resulting single-crystal
plate in the shape of a rectangular parallelepiped into legs. This circumstance, together with the ability
to rotate the Bridgman furnace around the vertical axis with the optimal angular velocity in order to
smooth the transverse temperature gradient, makes it possible, under the condition of using slotted
containers, to bring the crystallization front as close as possible to the flat one, and therefore to achieve
maximum parallelism of the single crystal cleavage planes and maximum homogeneity of the
distribution of dopants in the resulting single crystal. Bibl. 8, Fig. 4.

Key words: slotted container, cylinder container, specific power of the heater, crystallization front
shape, paraboloid of revolution, parabolic cylinder, maximum temperature gradient, the degree of
parallelism of cleavage planes to the wide edges of the slotted container, the degree of homogeneity of
the distribution of impurities in a single crystal.

Introduction

It is known that the quality of the thermoelectric material is substantially affected by the
concentration heterogeneities that arise in the course of directional crystallization from the melt [1]. As
noted earlier, the relationship between the longitudinal gradient of temperature near the crystallization front
and the growth rate has a considerable impact on the appearance of these concentration heterogeneities. In
accordance with Tiller's approximate estimate [2], concentration overcooling occurs if the ratio (G/v) of the
longitudinal temperature gradient G to the growth rate of a single crystal v in the direction of this gradient
is less than a certain critical value:
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_mGC, (1 — K )
(G/v)<(G])y === 5= (1)
In this formula, m — the slope of the liquidus line, Cy — the concentration of impurities in the bulk of the
melt, K, — the distribution coefficient of the impurity, D, — the diffusion coefficient of the impurity in the
melt.

Uneven distribution of impurities and concentration of free charge carriers is the main factor
influencing the growth conditions on the properties of thermoelectric materials. In [1], it is noted that, all
other things being equal, the dimensionless thermoelectric efficiency of a material is greater, the greater the
ratio (G/v).

It is believed that there are two groups of heterogeneities that differ in the length and causes of their
occurrence: macro-heterogeneities with scales comparable to sample sizes and micro-heterogeneities with
scales significantly smaller than sample sizes. In particular, the monotonous change in the composition of
the material along the section and length of the ingots grown from the melt through directional
crystallization belongs to the macro-heterogeneities. The change in the composition of the material along
the cross-section is due to the non-planar (usually concave toward the solid phase) crystallization front
shape, distorted by emission of the heat of crystallization, and the effect of transverse heat fluxes in the
ingot. The growth rate and convection conditions in different parts of the non-planar crystallization front
are different, and this leads to a change in the effective distribution coefficient and to a change in the
composition of the ingot section. And the transverse temperature gradient and the possibility of controlling
it, and, hence, the crystallization front, is significantly affected by the geometry of the cross-section of the
container (slotted or cylindrical). Exactly the analysis of various aspects of this influence is the purpose of
this paper.

Description of the physical model of the process of growing bismuth telluride single
crystals in a slotted container

The physical model of the process of growing bismuth telluride single crystals in a slotted container
is shown in Fig. 1.

1 2 3 4

,/'

- p -
- e P
ot - ”/ P

.

ey

Fig. 1. The physical model of the process of growing bismuth telluride single crystals
in a slotted container. 1) growing layer, parallel to cleavage planes;
2) previous layer, 3) cleavage planes of solidified volume; 4) melt

In accordance with this model, the growth of a single crystal of bismuth telluride most intensively
occurs along cleavage planes. In addition, each new layer 1 consists of oriented hexagonal "columns". This
layer gradually grows on top of the previous layer 2. In this case, the only non-competitive nucleus is a
solidified volume with its cleavage planes 3, which grows, absorbing the substance from the melt 4. It is
clear from the model that if grown in a slotted container, the crystallization front would be perfectly flat, if
there were no transverse temperature gradient in the container section, but only an axial (longitudinal)
gradient, and, moreover, the distribution coefficient of dopants would be as close as possible to unity. Then
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all layers of a single crystal would grow at the same time and the same speed, and their orientation with
respect to the wide edges of the slotted container would be close to ideal. However, in fact, a transverse
temperature gradient exists.

In addition, due to more or less heterogeneity of the distribution of dopants in the crystal, the melting
temperature, the diffusion coefficients of the components of the solid phase and the melt, the thermal
conductivity and their specific heat, the heat of phase transition, the surface tension coefficient at the “solid
phase—melt” interface, prove to be dependent on the coordinates in the cross sectional plane of the
container. As a result, the crystallization front is not only non-planar and does not even represent some
kind of smooth, though non-planar, surface, but also has a peculiar “stepped” structure [1, 2].

It is clear from the above that the shape of the crystallization front and the nature of the distribution
of alloying impurities in the grown single crystal essentially depend on the container geometry, that is, on
the shape of its cross-section. Consider this point in more detail.

Influence of container geometry on temperature distribution in the process of growing
bismuth telluride single crystals and on the crystallization front shape

Fig. 2 shows cross-sections of the slotted and traditional cylindrical containers.

a) 0)
Fig.2. Cross-sections of containers:a) slotted; b) traditional cylindrical

Let us consider the problem of steady-state temperature distribution in these containers in a
maximum simplified formulation, which, however, will give an opportunity to correctly imagine the
crystallization front shape. We will assume that the heat enters the substance contained in the containers
from the exterior walls. The power of the heat flowing to the unit volume of a substance will be assumed to
be the same in both cases. In the case of a slotted container (Fig. 2a), the steady-state heat equation will
have the form:

d’T
?{(wox (1)

where ¢ — thermal power coming to the unit volume of substance in a container, k — its thermal
conductivity.
Solution of this equation under the boundary conditions 7(//2)=T(~1/2)=T,, , where [ — the width of

the slot, will be given by:
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In accordance with (2), the maximum value of the transverse temperature gradient when using a
slotted container is:

Grmax =9q1/2K . 3)

In the case of a cylindrical container, £q.(1) takes on the form:

d(.dT)_q @
rdr\  dr K

Its nonsingular solution for the boundary condition 7(R)=T;,, where R — the inner radius of the container,

is given by:
T=Ty+-L (- - R?). (5)

In this case the maximum value of the transverse temperature gradient is equal to:

Gimax =qR/2K = gD /4, (6)
where D — the inner diameter of the cylindrical container.

Crystallization fronts in the approximation of a uniform distribution of impurities for the above cases
are shown in Figs. 3 and 4.

Fig. 3. Crystallization front shape in the case
of a slotted container

34 Journal of Thermoelectricity Ne5, 2018 ISSN 1607-8829



P.V. Gorskyi, V.V.Razinkov
Influence of container geometry on the orientation and the degree of parallelism of...

Fig. 4.Crystallization front shape in the case of a traditional
cylindrical container

Figs. 3 and 4 show that in the case of a slotted container, the crystallization front has the shape of
a parabolic cylinder, and in the case of a traditional cylindrical container, the shape of a paraboloid of
revolution. It is this difference that creates fundamentally different conditions for the growth of a
bismuth telluride single crystal when grown in these containers using the Bridgman method. In the case
of a slotted container, a growing single crystal, due to the joint action of the seed and gravity, is a set of
layers parallel to the wide edges of the container. Due to the presence of a transverse temperature
gradient, these layers grow at slightly different speeds, as a result of which the surface of a parabolic
cylinder is their bypass. But it follows from formula (3) that by making the container width small and,
therefore, the ratio of the long side of the rectangular cross section of the container to the short one large
enough, you can make the maximum of the transverse temperature gradient small and, therefore, to
achieve an almost perfect parallelism of the cleavage planes to the wide edges of the container. Thus, the
short side of the cross-section of the slotted container should be made minimum acceptable
technologically, while the long side of this section, on the contrary, should be made maximum
acceptable technologically, so that from the resulting single-crystal plate one could obtain maximum
number of thermoelectric legs with given sizes. An additional means of compensating for the transverse
temperature gradient can be rotation of the Bridgman furnace around the vertical axis with optimum
angular speed. But at the same time, in accordance with ratio (1), which is correct not only for the
longitudinal (axial), but also for the transverse temperature gradient, the speed should be reduced, and,
therefore, the crystallization time should be increased. In the case of growing bismuth telluride single
crystals by the Bridgman method in a traditional cylindrical container, a fundamentally different
situation occurs. A single crystal in this case is not a set of wide planes, but a set of bars parallel to the
vector of earth gravity with a relatively small cross section, whose bypass is a surface of a paraboloid of
revolution. In this case, the uncompetitive growth of a single crystal from a single supercritical nucleus
takes place no longer, since such a single nucleus, if we ignore the seed, does not exist. Moreover, the
presence of a transverse temperature gradient and the resulting dependence of the surface tension
coefficient at the “melt-solid phase” boundary on the distance to the cylinder axis can cause the
formation of a dendritic structure, especially since using a traditional cylindrical container there are no
preferred directions of single crystal growth in the transverse section. Thus, the cleavage planes, as
indicated, for example, in the description of patent [3] and in paper [4], can have an arbitrary orientation.
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This makes it necessary to obtain thermoelectric legs from incomplete disks, or their sections.

From formula (6) at first glance it may seem that in the case of a cylindrical container it is possible
to compensate for the transverse temperature gradient by reducing the diameter of the container. But a
sharp decrease in this diameter would force to obtain cylindrical thermoelectric legs, which is not
technological. On the other hand, the large diameter of the ingot would, on the contrary, lead to a sharp
increase in the transverse temperature gradient, which, due to the temperature dependence of the diffusion
coefficient of impurities in the crystal, would lead to a sharp heterogeneity of their radial distribution, and,
therefore, not only to a significant variation of the thermoelectric parameters of the resulting legs, but also
to the appearance of mechanical stresses, which would lead to the emergence of longitudinal cracks in the
ingot, and, consequently, to the destruction of the legs, and thus to a decrease in the yield ratio. Thus, when
growing single crystals of bismuth telluride and alloys based on it in traditional cylindrical containers, it
becomes necessary to select the optimum diameter of the container.

Let us compare our theoretical results with the results of experiments of other authors who have
studied the thermoelectric and strength properties of alloys based on bismuth telluride, including those
grown in flat slots [5 — 7].

In [5], the strength of thermoelectric legs made of p and n-type bismuth telluride based alloys
manufactured by three methods was studied. In the first method, the legs were cut from solid plates grown
in flat slots of 41 x 49 x 1.4 mm in size. The size of 1.4 mm corresponded to the size of the leg section. In
the second method, the legs were assembled of plates of size 41 x 49 x 0.27 mm. The plates were
connected by soldering from the ends. According to the third method, the plates of 41 x 49 x 0.27 mm in
size were joined by pressing. Each method produced 20 samples.

It turned out that the legs made by the first method (with a standard plate thickness) had an average
modulus of elasticity for p and n-type, respectively, equal to 68.9 and 52.3 MPa with a standard deviation
of 27.7 and 14.5 MPa, respectively. The bending strength of these legs was 14.0 and 16.6 MPa,
respectively, with a standard deviation of 3.76 and 4.92 MPa, respectively. The combined p and n-type legs
made by the second method had an average modulus of elasticity of 78.4 and 70.2 MPa, respectively, with
a standard deviation of 18.0 and 9.7 MPa, respectively. The bending strength of these legs was 15.8 and
19.8 MPa, respectively, with a standard deviation of 3.2 and 1.86 MPa, respectively. The extruded legs,
manufactured by the third method, had an average modulus of elasticity of 72.9 and 82.8 MPa,
respectively, with a standard deviation of 27.0 and 12.1 MPa, respectively. The bending strength of these
legs was 12.5 and 17.8 MPa, respectively, according to the standard deviation of 2.82 and 3.97 MPa,
respectively. Thus, we see that reducing the slot width contributes both to improving the mechanical
characteristics of the legs, and to improving the reproducibility of these characteristics.

In [6], the influence of conditions for growing ingots of Bi,Te; 7Sey 5 solid solutions on the anisotropy
of their physical properties was studied. It turned out that in the case of growing in flat slots (one of the
Bridgman method variants), an ingot structure is observed in which the cleavage planes are not only
parallel to the direction of crystal growth, which is typical of traditional zone melting, but also practically
parallel to each other and the plane of the plate, that is, the wide edge of the slotted container. This avoids
thermoelastic stresses arising from the conjugation of grains with different coefficients of thermal
expansion. The ingot was obtained in the form of a plate with a thickness equal to the side of the "leg"
section. Such a plate is the most convenient object for performance monitoring and subsequent cutting into
legs. The study of the influence of the crystallization rate on the texture was started with a plate 0.5 mm thick.

Then, with the selected crystallization time, the effect of plate thickness on the texture was
investigated. It turned out that during rapid crystallization, the normals to the planes deviate by angles from
0 to 250 from the growth axis. In this case, the dendritic structure of the ingot is observed, which is
characterized by a random crystallographic orientation of the crystal with respect to the growth axis. The
texture along the length of the ingot did not change in principle. An increase in the plate crystallization
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time to 120 minutes led to the suppression of the dendritic type of crystallization. The results of the texture
study showed that by the middle of the plate, the normals to the planes are oriented along the growth axis
with a slight texture spread of 3-40 in the center and on the periphery of the plate. By the nature of the
change in the orientation of the grains over the plate section, it was concluded that the crystallization front
is almost flat. By the middle of the plate, the type of the texture and its distribution over the cross section
did not practically change. At a distance of 30 mm from the beginning of the plate in the central part, the
orientation of the grain remained, but at the edges of the plate small grains appeared with an orientation
different from the main volume. Further, the deviation of the cleavage planes from the ingot axis at the
edges of the plate grows and amounts to 8° on one edge and 10° on the other. This change in the structure
indicates a curvature of the crystallization front.

When increasing the crystallization time to 420 min, the normals to the (0001) cleavage planes are
parallel to the normal to the plane of the plate or deviate from it by 3° from the plane perpendicular to the
growth axis with a slight variation of + 2°. Such orientation has a positive effect on the strength
characteristics of the material.

A clear material texture, whereby the cleavage planes are oriented parallel to the growth axis, was
observed only for a plate thickness of 0.5 mm. At a plate thickness of 1 mm, the normals to planes

(1 150) for different grains deviated from the plate axis by 2, 4, 7, and 9°. A crystallization front bend was
observed. Along the length of the plate 1 mm thick, the texture was not fundamentally changed. At a plate
thickness of 1.4 mm, the normals to planes (1 150) deviated from the growth axis by the angles up to 10°. A
study of the texture along the length of the plate 1.4 mm thick showed that, after the middle of the plate, the
deviations of the normals to planes (1 150) from the plate axis increased and reached 15°.

Control of the position of the crystallographic planes (0001) relative to the plane of the plate showed
that with an increase in the thickness of the plate, the disorientation of the cleavage planes relative to each
other and relative to the plane of the plate increases. Thus, these data also confirm our conclusion that
reducing the width of the slot increases the degree of parallelism of the cleavage planes relative to each
other and to the wide edges of the slotted container.

In [7, 8], it was shown that on plates 1 mm thick, dendritic growth was suppressed and a clear
orientation of the cleavage planes relative to the plate plane with maximum angular declination not more
than 5 degrees was obtained only during crystallization times in the interval 210 - 420 min. This confirms
the conclusion that the crystallization time increases with a decrease in the temperature gradient.

Conclusions

1. By solving the heat conduction equation it has been established that due to the existence of a
transverse temperature gradient in the approximation of a uniform distribution of dopants in a crystal,
the crystallization front in the case of a slotted container has the shape of a parabolic cylinder with
generators parallel to the wide side of the slot, and in the case of a traditional cylindrical container, the
shape of a paraboloid of revolution.

2. Due to such features of the crystallization front, a single crystal in the case of a slotted container is a
set of layers parallel to the wide edges of the container which grow with different speeds. So, in order
to achieve close to perfect parallelism of cleavage planes of a single crystal to the wide edges of the
container, it is proposed to make the narrow side of the slot minimum acceptable, and the wide side,
on the contrary, maximum acceptable technologically.

3. When growing single crystals of bismuth telluride and alloys on its basis by the Bridgman method in a
traditional slotted container, the negative influence of transverse temperature gradient on the
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crystallization front shape through reduction of container diameter cannot be compensated, since it
would necessitate making thermoelectric legs of cylindrical shape, which is not technological. On the
other hand, an increase in container diameter would result in the increase of maximum transverse
temperature gradient. This, due to sharp inhomogeneity of impurity distribution in a crystal, as well as
the dependence of surface tension coefficient at “liquid-solid phase” boundary on the distance to
container axis would cause formation in the ingot of a dendritic structure, sharp spread in
thermoelectric parameters of the resulting legs, as well as reduction of mechanical strength of the legs
due to formation in the ingot of longitudinal cracks caused by the increase in mechanical stresses.
Therefore, there is a need to select the optimum diameter of the cylindrical container.

Thus, there are obvious undeniable advantages of growing single crystals of bismuth telluride and
alloys on its basis in a slotted container compared to the traditional cylindrical one.
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BILIMB TEOMETPII KOHTEMHEPA HA OPIEHTAIIIIO TA CTYIIIHb
HMAPAJIEJBHOCTI IJIOIAH CIAMHOCTI MOHOKPHUCTAJIIB
TEJAYPUAY BICMYTY

B cmammi wnsixom poss’szanus pieHAHHA MenionposioHocmi Ol YUNIHOPUUHO20 MA WINUHHO20
KOHMelHepie NOKA3aHo, W0 3a OOHIEL i micl Jc NUMOMOI NOMYNCHOCMI HASPIBHUKA [ OOHIEL [ miel o
memnepamypu 308HIUHIX CIMIHOK KOHMeNHepa nonepedHuil 2padicHm memnepamypu y po3niasi mum
Oinvuutl, yum OibWUM € diamemp YUIHOPUUHO020 AO0 WUPUHA WiTUHHO20 KoumeuHnepa. OKpim mozo
NOKA3aHO, WO 6 [0eai308aHOMy SUNAOKY (POHmM Kpucmanizayii 6 pasi 3acmocy8anHs YuliHOPUYHO20
KoHmetinepa mae gopmy napabonoioa obepmanis, a 6 pasi 3aCMOCY8AHHS WITUHHO20 KOHMelHepa —
Gopmy napaboniuno2o yuninopa 3 meipHUMU, NAPAIETbHUMU 00 0068201 CIMOPOHU NONEPEUHO20 nepepisy
KOHmetinepa, AKka icmomHo Oaudcia 00 NIOCKOi. Ane Oiamemp yuninOpuyHO20 KOHMEUHEpa pi3Ko
SMEHWUMU He MOJICHA, 8 MOU 4acC, SIK WUPUHY WINUHU WITUHHO20 KOHMEUHEPA MONCHA 3MEHUUMU 00
MIHIMANBHOT BEUYUHU, KA € MEXHONOZIYHO NPULHAMHOW O NOOAIbULOZ0 PO3PI3AHHS OMPUMAHOT
MOHOKPUCTANIYHOT NAACMUHU Y 8U2NA0l NPAMOKYMHO20 napaneienineda Ha 2iaku. L obcmasuna
paszom 3 moodicaugicmio obepmanns neyi bpiodcmena HA6KONO 8epMUKANLHOL 6ICi 3 ONMUMATLHOIO
KYMOBOIO  WBUOKICIIO 3 MemOol0  32140JCYBAHH NONEPEeYHo20 2padicumy memnepamypu 0ac
MOJICTUBICTNG 3d YMOBU 3ACMOCYBAHHS WIMUHHUX KOHMEUHEPI8 MAKCUMALbHO Habausumu Gopmy
@ponmy kpucmanizayii 00 NAOCKOL, i, omoice, OOMOSMUCL MAKCUMAILHOI NapaieibHOCmi NIOWUH
CRAUHOCMI  MOHOKPUCMALY 00 WUPOKUX 2paHell KOHWmeUHepa mda MAKCUMATbHOI 0OHOpiOHOCHI
PO3NOOLNY Necyiouux 0OMIUOK 6 ompumarnomy monokpucmani. bion. 8 ,Puc. 4.

Karo4osi ciioBa: minnHAME KOHTEHHEp, MITIHAPUYHUN KOHTEHHEpP, MMTOMAa TOTY)KHICTh HArpiBHUKA,
¢dbopma GpoHTY KpucTamizamii, mapa®oioin oOepTaHHSA, NapaOONIYHWKA IWIIHAP, MaKCHUMAaTbHUN
TpajlieHT TEeMIlEpaTypH, CTYIIHb MapajeibHOCTI IUIOMIMH CIIAHHOCTI O MIMPOKHX TpaHeil IiIIMHHOTO
KOHTEHHepa, CTYIMiHb OMHOPITHOCTI PO3IOALTY JOMIIIOK Y MOHOKPHCTAJI.
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BJIMSTHUE TEOMETPUU KOHTEHMHEPA HA OPUEHTAIIMIO U
CTEIEHD MMAPAJIJIEJIbBHOCTBI IJIOCKOCTEX CITAMHOCTH
MOHOKPUCTAJIVIOB TEJJNYPUJA BUCMYTA

B cmamve nymem pewenus ypagHneHuss menjionpogoOHOCMU Ol YUIUHOPUYECKO20 U Wele8020
KOHMeUHepo8 NOKA3AHO, 4mo npu 0OHOU U MOl Jice YOelbHOU MOUHOCMU HazpeeameJisi U OOHOU U Mol
Jlce memnepamypbl GHEUHUX CIEHOK KOHMeUHepa nonepedHblil 2paouenm memnepamypul 6 pacniaee
mem bonvute, wem 60abUE OUAMEMDP YUTUHOPUHECKO20 UIU WUPUHA Wene6o2o Koumetinepa. Kpome
MO20 NOKA3AHO, 4MO 8 UOedlUIUPOBAHHOM Clyude QPOHM KPUCMALIU3AYUU NpU  APUMEHEHUU
YUTUHOPUYECKO20 KoHmelinepa umeem ¢opmy napabonrouda epaujeHus, a 6 ciyydae NpUMeHeHUs.
wene6o2o Kowmelnepa - Gopmy napabonuyecko2o YUmHopa ¢ o00pasyiowumMu, NApaiLielbHbIMU
ONUHHOU CMOPOHE NONEPEYHO20 CeyelUs KOHMelHepa, Komopas cyujecmeenHo oaudice K niockou. Ho
ouamemp YUIUHOPUHLECKO20 KOHMEUHEPA Pe3Ko YMEHbUIUMb Helb3sl, 8 MO 8peMs KAK WUPUHY weau
Wene6020 KOHMeuHepa MONCHO YMEHbUUMb 00 MUHUMATIbHOU GeTUYUHBI, MEXHOI0SUYECKU NPUEMIEMOL
0715 OanbHeluwe20 paspe3anus NOIYYeHHOU MOHOKPUCTANIUYECKOU NIACTUNbL 8 GUOE NPSIMOY20NbHO2O
napanienenunedd Ha 6emeu. Omo 00CMOAMENbCMBO 6MeCme € 803MOJNCHOCMbIO BPAUEHUs Nnedu
bpuosicmena 6okpye 6epmuKkanbHoll ocu ¢ ONMUMALLHOU Y21080U CKOPOCMbIO C YENbl0 CNANCUBAHUS
NONepeuHo20 2paduenma memnepamypbl 0dem 603MOJICHOCMb NpU YCI08UU NPUMEHEHUS WeNeBbIX
KOHMENUHEPO8 MAKCUMANbHO Npubausums  opmy @Gpowma Kpucmawmuzayuu K HIOCKOU, U,
C1ed08amenbHO, 00OUMbC MAKCUMATLHOU NAPALIENIbHOCU NIOCKOCMEN CRAUHOCU MOHOKPUCMAILIA
WUPOKUM  2PAHAM KOHMeUHepd U MAKCUMATbHOU OOHOPOOHOCHU PACHpedeneHuss 1ecupyloujux
npumeceil 6 noy4eHHom MoHokpucmasie. buobn. 8, Puc. 4.

KiroueBble ciioBa: IeIcBON KOHTEHHEp, IWIMHAPUYECKUN KOHTEHHEp, yIeabHAas MOIIHOCTh
HarpeBateist, Gopma (poHTa KpHCTaLTH3AlUWH, NMapabojoux BpalleHHs, NMapaboIMYecKuil HIHHID,
MaKCUMAaJIBHBIA TPAJUCHT TEMIIEPATyPhl, CTEICHb MapaUICIbHOCTH IUIOCKOCTEH CHAHOCTH IIUPOKUM
TpaHsM IIEJIEBOro KOHTeHHepa, CTeNeHb OAHOPOIHOCTH pacIipeAeIeH s NpUMece B MOHOKPUCTAILIE.
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CALCULATION OF THERMOELECTRIC SYSTEM
FOR COOLING LEDs

In this paper, the thermal mathematical model of thermoelectric cooling system is constructed.
The system of equations which includes the stationary thermal conductivity equation, the
thermogeneration equation and cold generation equation is solved. The temperature of LED
heterojunction is calculated, depending on its power, total thermal resistance of cooling system,
ambient temperature and cold productivity of TCM. The analytical dependences of heterojunction
temperature on TCM supply current were obtained at different LED powers and at different values
of thermal resistance of cooling system. With the given thermal power of LED and thermal
resistance of cooling system, an optimal value of the TCM supply current is found, whereby the
temperature of LED heterojunction reaches the minimum. It is shown that the use of TCM allows
reducing the temperature of LED heterojunction to values lower than ambient temperature. This is
particularly relevant under conditions when ambient temperature is close to the critical
temperature of heterojunction. It was shown that the efficiency of using TCM decreases with
increasing LED power, ambient temperature and total thermal resistance of cooling system.
Bibl. 11, Fig. 4, Tabl. 1.

Key words: LED, heterojunction, thermal mode, thermal resistance, thermal stabilization,
thermoelectric cooling module, radiator.

Formulation of the problem

Modern semiconductor sources of light have the efficiency of electric into light energy
conversion close to 30 % [1, 2]. Thus, almost 70 % of the supplied energy is converted into heat. With
increasing the power of LEDs, traditional thermal stabilization systems do not always provide
adequate thermal conditions. If thermal energy is not diverted, excessive heating of LED will lead to
degradation of the light characteristics and reduce its service life. In addition, the rise in temperature
will reduce the brightness and luminous flux.

To improve the efficiency of thermal stabilization of powerful LEDs, active methods of heat
dissipation are used, namely fans, liquid cooling, thermoelectric cooling, etc. Thermoelectric cooling
systems have several advantages compared with other systems, namely high reliability and no moving
parts, compactness and low weight, low inertia and noiseless operation. The use of thermoelectric
cooling modules (TCM) provides the heat removal system with a cooling function, that is, makes it
possible to reach the temperature of LED heterojunction which is lower than ambient temperature.
This becomes especially relevant under conditions when ambient temperature becomes equal to or
greater than the temperature of LED heterojunction.
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Analysis of recent research and publications

The problem of stabilizing the thermal mode of LED has already been highlighted in a number of
works. In particular, [3, 4] deal with the issues of ensuring the thermal mode of LED. Particular
attention is paid to the problem of minimizing thermal resistance when using different models of
radiators. The innovative technologies of LED cooling with the use of jet blowing are considered.
However, the calculation of the thermal mode was not carried out. In [5], using the well-known heat
engineering formulas and experimental observations of temperature modes, a technique for choosing
an effective radiator was constructed. In this case, fan cooling was used to intensify the heat exchange
of the radiator with an ambient medium. In [6], a theoretical analysis of the thermal mode of LED with
a remote radiator and traditional cooling was carried out. The overheat temperature of LED
heterojunction was calculated depending on its power and parameters of the heat conductor and
radiator. However, thermoelectric cooling of LED was not considered.

The purpose of the work is to construct a thermal mathematical model of the thermoelectric
cooling system of LED and to calculate on its basis the heterojunction overheat temperature depending
on the LED power, the thermal resistance of cooling system and the cooling capacity of TCM.
Formulation of the task

Through theoretical analysis, to establish the analytical relations between the power of LED,
the thermal resistance of cooling system, the cooling capacity of TCM and the LED heterojunction
temperature, which will make it possible to rationally choose the cooling circuit of LED in order to
provide maximum luminous flux at the minimum heterojunction temperature.

Presentation of the main material
It is known that LED generates thermal power

P=(010-n)U,,, (1)

where Irand U, are the direct current and direct voltage of LED, 7, is its quantum efficiency.

It is obvious that TCM must absorb the power not less than the thermal power of LED, since,
otherwise, the stabilization of the thermal mode will be impossible. If TCM absorbs excess power,
condensation will form on its cold surface, which can lead to a short circuit. The only possible way to
make the use of TCM efficient is to employ an electronic unit that can regulate the power of the
module, depending on the temperature of LED heterojunction.

We assume that the thermal power of LED is completely absorbed by the cold surface of TCM

P=P. @

and the thermal power P, is removed from the hot surface using a radiator.

To calculate the thermal mode of LED, we use the electrothermal analogy method [7]. The
thermoelectric cooling system of LED is schematically shown in Fig.1. In the schematic, each element
is characterized by its thermal resistance. In particular, @) is thermal resistance between the
heterojunction and the contact pad, &, and 0, are thermal resistances between the contact pad and
the cold surface of TCM and between the hot surface of TCM and the radiator, ®,, is thermal
resistance between the radiator and the ambient medium, AT=T}, - T, is temperature difference between
the hot and cold surfaces of TCM which is due to the Peltier effect.

The thermal circuit is matched by thermal equilibrium equation:
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T/’:T;_'_Pc.(@js+®sc)+Ph.(®hr+®m)_AT’ (3)
The thermal power which is absorbed by TCM (cooling capacity) is determined by the ratio
(8, 9]:
|
PczaTC]—E] R—xAT, 4)

and the thermal power P;, is removed from the hot surface using a radiator

<ﬂzan1+%PR—mﬂﬂ )

where a, x, and R is coefficient of differential thermoEMF, thermal conductivity and resistance of
semiconductor material of TCM legs, T., and T} are the temperatures of the cold and hot surfaces of
TCM, [ is the supply current of TCM.

Heat conductive layer

w
~
N
ANEY
NN

N
NN
~

T; — heterojunction

1 temperature

T,— contact pad
temnerature

TCM

T.— cold surface

: temperature
Radiator Ot

N ~| 7, — hot surface
Ambient \ temperature
‘o

T, — ambient -~ ‘| 7, - radiator temperature
temperature

b)
Fig. 1. Schematic of thermoelectric cooling system of LED with TCM and radiator (a) and its

thermal circuit (b). Here T} is the temperature of LED heterojunction, T is the temperature
of the contact pad, T, and Tj, is the temperature of the cold and hot surfaces of the TCM, respectively,
T, is radiator temperature, T, is ambient temperature, AT is temperature difference
between the hot and cold surfaces of the TCM.

The power released on the TCM hot surface exceeds the power absorbed by the cold surface
by the amount of the power supply's power consumption

P =P+W. ©)
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The power W is used to carry out the work on the displacement of charges against the
difference in electric potentials that arise in conformity with the Seebeck effect in the thermoelectric
circuit, and on the Joule heat losses:

W=P —P =alAT +I'R. )

From the equation of thermal equilibrium for the overheat temperature of LED heterojunction
we get:

AT, =T,~T,=P.-(©,+0,)+(IAT +I’R)-®, — AT ®)

where 0. = @+ O, and 6, = 0,+ O,, are thermal resistances on the side of the cold and hot
surfaces of TCM,

AT:l-(aTI—lIZR—Pj, )
K © 2 ‘
temperature difference.

In formula (8), the first term describes an increase in the heterojunction temperature during the
transfer of thermal power emitted by the LED and the module itself. The last two terms determine the
effect of TCM on the temperature of LED heterojunction. Cooling is provided by the temperature
difference between the hot and cold TCM surfaces. As a result, the efficiency of the thermoelectric
cooling system depends on the mutual ratio of the values of these terms.

The temperature of LED heterojunction is determined by its power, thermal resistance of the
cooling system, ambient temperature and the operating mode of TCM. The operating mode of the
module is controlled by changing the value of the supply current. In the development and operation of
a thermoelectric cooling system, an important issue is the choice of the optimal current at which
effective cooling occurs.

Analysis of the results

Let us consider the effect of TCM supply current on the efficiency of LED cooling at given
values of its power and thermal resistance of cooling system. As a source of light we choose a modern
LED matrix XLamp CMA1516, the parameters of which are given in the table [11].

Table
Parameters of LED XLamp CMA1516
. . Thermal
. Maximum Maximum . .
Maximum current, Light flux, resistance of
voltage, power,
A v W Lm LED
O, K'W
1.05 39 41 1400-4800 0.4

ISSN 1607-8829 Journal of Thermoelectricity Ne5, 2018 45



V.S. Zakordonets, N.V. Kutuzova
Calculation of heat pipe-based led cooling system

The power of LED can be controlled over wide range by varying the supply voltage or
current. Obviously, the LED power should be no greater than maximum cooling capacity of TCM. For
this LED array maximum thermal power is:

P =(1-n)U. I _=30w
¢ max e/ f max” £ max

The model of TCM will be chosen proceeding from thermal power, dimensions and
requirements to temperature operating mode of LED. In the calculations, the characteristics of serial
TEM TB-161 [12] were used with parameters: maximum current /,,. = 5.7 A, maximum voltage
Unax = 18.3 V, maximum cooling capacity at zero temperature difference P, . = 66.3 W, maximum
temperature difference at zero cooling capacity AT ,.x = 70 K.

The use of thermoelectric modules is always associated with the use of particular radiator,
which must dissipate not only the heat that the LED emits, but also the Joule heat which is released in
the thermoelement when electric current passes through it. The thermal resistance of modern radiators
equipped with fans is @,,=0.3 +0.6 K/W. The best samples using heat pipes reach the values
0,, = 0.1 K/W. Liquid heat removal systems are even more efficient. Their thermal resistance is
0,, = 0.1 +0.01 K/W, but they are cumbersome and difficult to install in the lighting system.

As a result of numerical analysis of the obtained relationships a number of graphic
dependences were obtained. In particular, Fig. 2 shows a dependence of the overheat temperature of
LED heterojunction on TCM current at different values of LED thermal power.

15

-10

IA

Fig. 2. The dependence of overheat temperature of LED heterojunction on TCM
current at different values of LED power and thermal resistances ©.=0.6 K/W,
©,=0.2 K/W. The solid lines 1 and 2 are at P.=10 W, and P.=20 W,
respectively. The dashed lines 3 and 4 are at the same power and thermal
resistances, but in the absence of TCM.
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The minima of the A7} (/) lines correspond to the operating modes with the maximum
efficiency of the cooling system, whereby which the lowest heterojunction temperature is reached. It is
obvious that at currents close to the effective, thermoelectric cooling system yields lower temperatures
than the traditional one. The dashed lines in the figure show the temperature dependences for the
cooling system without TCM, calculated by formula (7) for the same values of thermal resistance.

The dependence of heterojunction overheat temperature on TCM current at different values of
thermal resistance on the hot side of TCM is shown in Fig. 3.

It is obvious that with increasing the value of @,, cooling efficiency deteriorates, and the
location of the minima of dependences ATj(I) shifts to the region of lower current values. At certain
ratios between the power of TCM and LED, the heterojunction temperature may decrease to ambient
temperature, and sometimes even lower than that. This is particularly relevant in the case when
ambient temperature is close to the critical temperature of LED heterojunction.

40
30
N
= 20
< 2
4
10¢ —
3
0
|
-10
0 1 2 3 4 5

I A

Fig. 3. The dependence of heterojunction overheat temperature on TCM current
a LED power P.=10 W and at different values of thermal resistance on the hot
side of TCM. The solid lines 1 and 2 are at ©,=0.2K/W and ©,=0.6K/W,
respectively. The dashed lines 3 and 4 are at the same power
and thermal resistances, but in the absence of TCM.

The dependence of temperature difference on TCM current at different powers of LED is
presented in Fig 4.

From the plot it follows that with increasing current, the temperature difference between the
hot and cold surfaces of TCM increases. In addition, it depends on the heat load. In particular, with an
increase in the thermal power of the LED, the temperature difference decreases and vice versa, with
decreasing power it increases.
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30
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Fig. 4. The dependence of the temperature difference on
TCM current at different powers of LED.

Line 1 is at P,.=10 W, line 2 — at P,.=20 W.

The value of thermal resistance of the cooling system is significantly affected by the operating
mode of the TCM and the power of the heat load. If the temperature of the LED heterojunction equals
the temperature of the medium or becomes lower, the thermal resistance of the system will become
Zero, or even negative.

Conclusions

Under conditions when ambient temperature is close to critical temperature of LED
heterojunction, to stabilize its themal mode it is worthwhile to use thermoelectric cooling modules.

With given thermal power of LED and thermal resistance of cooling system, there is an
optimal value of TCM supply current whereby the temperature of LED heterojunction reaches the
minimum. At currents close to the optimum, thermoelectric cooling system allows obtaining lower
values of heterojunction temperature than the traditional one.

With the optimum correlation between the powers of TCM and LED, the thermoelectric
cooling system can reduce the temperature of LED heterojunction to the values lower than ambient
temperature. The efficiency of using TCM is reduced with increase in the thermal power of LED and
total thermal resistance of cooling system.

In the analysis of the efficiency of cooling system operation one should be guided not only by
TCM parameters, but also by parameters of the entire LED cooling system, namely the total thermal
resistance of cooling system, the thermal load and the operating mode of TCM.
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PO3PAXYHOK TEPMOEJEKTPUYHOI CHCTEMHA
OXOJIOAKEHHSA CBITJIOAIOAIOAIB

B pobomi nobydosana mennoea mamemamuyna MoOenb MEPMOELEKMPUYHOI  cucmemu
oxonoodoicenns.  Pose’sazana  cucmema  pienanb, AKa  GKIIOYAE  CMAYIOHAPHE  DIGHAHHSL
MenIONPOBIOHOCI, PIGHSAHH mepMozeHepayii ma pieHsHHs 2eHepayii xonody. Pospaxoeana
memnepamypa 2emeponepexody CI 6 3anexcHocmi 6i0 1020 NOMYAICHOCMI, 3A2ANbHO20
MEeNnIo6020 ONOPY CUCMEMU OXON0O0JCEHHS, MEMRepaAmypu HABKOIUUHBLO2O Cepedosua ma
xonooonpooykmuernocmi  TEM.  Ompumani  ananimuuui — 3a1ejHCHOCMI  memnepamypu
eemeponepexody 6i0 cmpymy swcusienusi TEM npu pisnux nomyxcnocmsx CH ma npu piznux
BHAUEHHSX MEeN08020 ONopy cucmemu oxonooxcenus. Ilpu oanitt mennositi nomyscnocmi CI[ ma
MEeNI0B0MY ONOPI CUCMEMU 0XON0O0ICEHHST 3HAUOEHO ONMUMAIbHY GEAUYUHY CIPYMY JICUBTICHHS.
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TEM, npu skomy memnepamypa cemeponepexody CI oocsieac minimymy. Ilokazano, wo
sacmocyeanns TEM 0ae modciusicme smenwumu memnepamypy 2emeponepexooy CIJ 0o 3nauens
HUICUUX HIJIC MeMNepamypa HA8KOIUUHb020 cepedoguwya. Lle ocobnuso axmyanbHo 6 ymosax,
KONU memnepamypa cepedoguuya OauU3bKa 00 KpUumuuHoi memnepamypu 2emeponepexooy.
THoxazano, wo egpexmuenicmo suxopucmanns TEM 3uudicyemovcsi npu 36inbleHHi NOMy#CHOCHI
C/l, memnepamypu HABKOIUWHLO20 CepedOsUA | CYMAPHO2O MENI08020 ONOPY CUCHeMU
oxono0dcenns. bion. 11, puc. 4, maon. 1

KarouoBi caoBa: cBiTIomion, TreTeporiepexil, TEIUIOBUH  pPEKHMM, TEIUIOBUH  OIIip,
TepMOCTadLTi3alis, TEPMOCIEKTPUIHII MOAYJIb OXOJIOKEHHS, paiaTop.
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Kyry3osa H.B.
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PACUYET TEPMOSJIEKTPHUECKOMN CUCTEMBI
OXVIAKJIEHUSA CBETOAUO10B

B pabome  nocmpoenwvi  Qusuueckas U mamemMamudeckas — MeNiO8ble  MOOeU
MEPMOINEKMPUYECKOl  cucmembvl  oxaaxcoeHus. Pewena cucmema ypasuenut, exmouarouas
CMAYUoOHApHOe YpasHeHue MenionposoOHOCU, YPAsHeHUe MmepMoceHepayuy U ypaeHeHue
eenepayuu  xonoda. Paccuumana memnepamypa 2emeponepexoda ceemoouooa (C]) 6
3A6UCUMOCIU OM €20 MOWHOCHU, NOJIHO20 MENI08020 CONPOMUGTEHUS CUCEMbL OXJIAINCOEHUS,
memnepamypel OKpysicaiouell cpedvl U X0A000NPOU3EOOUMENbHOCHIU  MEPMOINEKMPULECKO20
oxnaxcoaroweco mooyns (TOOM). [lonyuenvl ananumuyeckue 3a8UCUMOCTMU THEMNEPAMY bl
eemeponepexoda om moka numanusi TOOM npu paziuuneix mowmnocmsax CI[ u 3nauenusix
MeNnio6020 CONPOMUGIEHUsL cucmembl oxaaxcoenus. Ilpu 3adannot meniosou mowrocmu G u
MEeNI0B80M CONPOMUBTICHUU CUCTEMbl OXJANCOCHUsT HALl0eHa ONMUMAIbHAS GEIUYUHA MOKA
numanus TOOM, npu xomopom memnepamypa eemeponepexooa CI[ docmucaem MuHumyma.
Tokazano, umo ucnoavsosanue TOOM Oaem 603MONCHOCbL YMEHLULUMb MEMNEPATYDY
eemeponepexoda CI[ 0o 3nauenuil 6olee HUSKUX, HeM mMeMnepamypa oxkpyxcaouell cpedvl. Imo
0COOEHHO aKMYAnbHO 8 YCI08USX, NPU KOMOPLIX MeMnepamypa cpeobl O1u3Ka K KpUmudecKou
memnepamype 2emeponepexooa. Iloxazano, umo s@dexmusnocms ucnonvzosanus TIOM
cHudicaemest npu ygeaudenuu mownocmu CJl, memnepamypvl oKpysicaroueti cpeodvl U HOIHO2O
Meno8020 CONPOMUGIeHUs. cucmembl oxaaxcoenus.. bubn. 11, puc. 4, maoa. 1.

KnaroueBble cioBa: CBETONMOA, TeTEPONEPEXO/, TEIJIOBOH PEKUM, TEIJIOBOE COIPOTHBIIECHUE,
TEPMOCTAOMITH3ALINS, TEPMOIJIEKTPUIECKUH OXIIKAAIONINN MOJYIb, panuaTop.
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ECONOMIC ASPECTS OF USING STARTING PREHEATERS
WITH THERMOELECTRIC HEAT SOURCES

Maxcumyx H.B.

This paper presents the results of researchon the economic indicators of systems for preheating of the
internal combustion engine with thermoelectric generators as the sources of electric power. Based on
the feasibility study, it was determined that a system with a common heat source is the most efficient
option of using thermoelectric power sources for pre-start thermal preparation of vehicle engines for
work. The relationship between the unit cost of electric energy and the useful thermal power of the
"starting preheater-thermoelectric generator” system with a common heat source is established. It is
determined that the peculiarity of using such a system lies in reducing the specific cost of electric
energygenerationwhen increasing the thermal output of starting preheaters. Bibl. 11, Table. 3.
Keywords: startingpreheater, thermoelectric generator, efficiency.

Introduction

One of the promising methods for solving the problem of batterydischarge during the thermal pre-
start preparation of vehicle engines is the use of thermoelectric generators (TEG) as power sources for
starting preheaters [1 — 7].

In [8], it was shown that the options for using starting preheaters with thermal generators are reduced
to three main systems according to the method of supplying and discharging heat flows:

- with individual heat sources;

- with individual heat sources and a common hydraulic circuit;

- with a common heat source.

The choice of the most effective system for applications requires a comprehensive assessment of its
energy characteristics and cost indicators. On the basis of studies on the determination of the
thermodynamic features of such systems carried out in [8], it was found that the “thermoelectric generator-
starting preheater” system with a common heat source and the system in which the starting preheater and
TEG are combined by a hydraulic circuit are characterized by the highest efficiency. .

The purpose of this work is to further analyze the models of starting preheaters with thermoelectric
power sources and to determine the most economically effective optionof using thermoelectric generators
in systems for preheating of vehicle engines.

Technical and economic analysis of the use of startingpreheaters with thermoelectric
power sources

The cost C of systems for preheating of engines will be estimated with the use of the following
relationship:
C=C +C, (1
where Ci, C»is the cost of starting preheater and thermoelectric generator, respectively. For a system with a
common heat source, Cjis the cost of starting preheater components.
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Thebasicfactorwhichdefinesthepricecharacteristics of thermoelectric generator is the cost C; of
generator thermopile:

C,=n-C, (2)

Where Cyis the cost of thermoelectric module of which the thermopile is composed, # is the number
of modules in the thermopile.

The number of modules » which must be used to assure given level of TEG electric power W can be
found by the relationship:

)

SRS

Where w is the electric power of a module.
The cost of systems will be estimated by the example of liquid starting preheater
WebastoThermoTopEVO 4, the price specifications of which are given in Table 1.

Table 1
The cost of liquid starting preheater
WebastoThermoTopEVO 4and its functional components[9]

No Name CostC;, SUSA
1 Starting preheater 850
2 Burner 155
3 Fan 200
4 Fuel pump 110
5 Circulation pump 135

As a thermopile for TEG wewilluse thermoelectric generator modules "Altec-1061" with electric
power output w =10 W, that are manufactured at the Institute of Thermoelectricity [10]. The costofone
such moduleis ~20 $. Moreover, to simplify the calculations, it will beassumed that the cost of
thermoelectric modules is about 30 % of the total cost of thermoelectric generator.

Since the level of electrical power output which makes it possible to ensure the functioning of the
considered systems is about 50 W [8], it is necessary to use six Altec-1061 generator modules in the design
of thermal generators. Thus, the total cost of a system with individual heat sources and a system with a
common hydraulic circuit will be $ 1250 with a TEG cost of $ 400. Accordingly, the cost of the system
with a commonheat source will be lower by $ 250.

The estimated cost of system for preheating of engine is presented in Table 2. For a comprehensive
assessment of the effectiveness of the systems under consideration, the table below lists the previously
obtained values of their total thermal and electrical efficiency.

From the above data it follows that the most rational for preheating of the engine is
"startingpreheater-thermoelectric generator" system with a common heat source, because with equal values
of efficiency, its cost is lower compared to the cost of the system combined by a common hydraulic circuit.
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Table 2
Efficiency of thermoelectric systems for preheating of engine

Ne System type Efficiencyn, % CostC, SUSA

1 | With individual heat sources 60 1250

ith individual heat
5 Wi 1nfhv1.dua. eat sources and a common 75 1250
hydraulic circuit

3 | With a common heat source 75 1000

Letusestimatethespecificcostofelectricenergycobtainedfromtheuseofsystemfor preheating of engine
with a common heat source:

_C_G+G
w nw

We will perform calculations based on the classification of start equipment according to the level of

c

“4)

thermal output and electric power consumed for three types of liquid preheaters: Thermo Top Evo 4,
Thermo Pro 90, Thermo E200, oriented for use in vehicles with engine capacity ( > 2.5) 1, (4-10) 1 and (<
10) 1 [9]. In addition, we establish the dependence of the specific cost of electrical energy on the thermal
output of starting preheaters Q and the efficiency of TEG nrzg, determined by the following relationship:

w
TEG — .~ (5)
e =g

The thermal power Q used for the operation of the thermal generator in a system with a common
heat source is equal to the thermal power of starting preheater burner:

Q:n'A'ms (6)

Where 1) is the efficiency of starting preheater burner; 4 and m is calorific value and consumption
offuel which is used for the operation of starting preheater.

The calculations will be carried out using the information on the technical characteristics of the
above models of heaters [9].

The results are presented in Table 3.

Table 3
Results of calculations of the specific cost of electric energy for “starting preheater-thermoelectric
generator” system with a common heat source

Characteristics ThermoTopEvo 4 ThermoPro90 ThermoE200

*Th t of functional

e cost of functiona 600 700 670
componentsC;, $
** Th f th lectri

¢ cost of thermoelectric 670 770 370

generatorCs, $
The cost of system C, $ 1270 1470 1540
**+*Outpu telectri f

Outpu telectric power o 100 150 200
TEGW, W
Specifi t of electri

pecific cost of electric energy c, 13 10 g

$'w
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Table 3 (continued)

Thermal outputQ’, kW 4 9 20

Thermoelectric conversion
efficiency #reg, %

* Thecostoffunctionalcomponentsofliquidstartingpreheaterswascalculatedwith the use of data given
in the pricelists of Webasto [9].

** Due to the fact that the design of thermoelectric generators is made according to one physical
model, the cost of thermal generators oriented to high values of electrical power is defined as the sum of
the cost of a TEG of the lowest electrical power and the cost of the corresponding number of thermoelectric
modules.

*** The electrical power output of a thermoelectric generator is determined taking into account the
possibility of recharging the battery [11].

As follows from the given data, the feature of a system with a common heat source is the reduction
of the specific cost of the electrical energy generation, which occurs when the thermal output of starting
preheater is increased. The reason for this is the connection between the specific cost and #rzg, and the
reduction of the thermoelectric efficiency results in a decrease in the specific cost of the electric energy
generation from 13 $/W for a thermal power of 4 kW to8 $/W for power levels of 20 kW, which is another
advantage of this system.

Conclusions

1. It is shown that “starting preheater — thermoelectric generator” system with a common heat source
is themostrational for preheating of enginebothin termsof energy characteristics and with regard to cost
parameters.

2.1t is established that the system with a common hydraulic circuit is less effective, since with equal
efficiency values,its cost is approximately 1.2 times higher than the cost of a system with a common heat source.

3.1t is shown that a system with individual heat sources is least effective for preheating of
engine,bothintermsofefficiency and from the standpoint of total cost. However, such a system has several
advantages, namely the possibility of using a thermoelectric generator as a standby power source in a car.

4. It is determined that the highest values of thermoelectric efficiency in a system with a common
heat source should be inherent in starting preheaters of the lowest thermal power. It is established that with
the growth of thermal output, the efficiency of the thermoelectric energy conversion reaches 1% for
thermal powers of 20 kW. The latter is important because there is a connection between the specific cost of
the electricity generated and the efficiency of the thermal generator, and the reduction of the efficiency
results in a decrease in the specific cost from 13 $/W to 8 $/W.

The authorex presses his gratitude to academician L. I. Anatychuk for the topic and idea of scientific
research, as well as for valuable advices when writing the paper.

References

1. MykhailovskyV.Ya.,MaksimukM.V. (2014). Automobile operating conditions at low temperatures. The
necessity of applying heaters and the rationality of using thermal generators for their work.
J.Thermoelectricity, 3, 20-31.

ISSN 1607-8829 Journal of Thermoelectricity Ned, 2018 55



M.V .Maksimuk
Economic aspects of using starting preheaters with thermoelectric heat sources

9.

Patent of Ukraine Ne102303 (2013). AnatychukL.I., Mykhailovsky V.Ya.. Thermoelectric power source
for automobile [in Ukrainian].

. PatentofUkraineNe72304 (2012). AnatychukL.l., MykhailovskyV.Ya.. Automobile heater witht

hermoelectric power source[in Ukrainian].

. PatentofUkraineNe124999 (2018). MaksimukM.V. Automobileheater with thermoelectric power source

[in Ukrainian].

. Patent of US6527548B1 (2003). Aleksandr S. Kushch, Daniel Allen.Self-powered electric generating

space heater.

Patent of US2010/0115968A1 (2010). Jorn Budde, Jeans Baade, Michael Stelter.Heating apparatus
comprising a thermoelectric device.

PatentofRF 2268393C1 (2006). PrilepoYu.P. A deviceto facilitatethe start of internal combustion engine.
Anatychuk L.I., MaksimukM.V. (2018). Efficiency of starting pre-heaters with thermoelectric power
sources. J.Thermoelectricity, 3.

Retrieved from http://www.webasto.com

10.Retrieved from http://www.inst.cv.ua

11.Mykhailovsky V.Ya., Maksimuk M.V. (2015). Rational powers of thermal generators for starting pre-

heaters of vehicles. J. Thermoelectricity, 4, 65-74.

Submitted 19.11.2018.

Makcumyk M.B.

IacturyT Tepmoenexktpuku HAH i MOH VYkpainu,
ByJs. Hayxwu, 1,Yepnisui, 58029, Ykpaina,
e-mail: anatych(@gmail.com

ITPO EKOHOMIYHI ACHHEKTH BUKOPUCTAHH
INEPEAITYCKOBHUX HAI'PIBHUKIB 3
TEPMOEJIEKTPUYHUMMHA JKEPEJIAMMU EJIEKTPUKH

Hagedeno pezynomamu 00CniodnceHb eKOHOMIYHUX TNOKA3HUKIE CUCMEM NepeonyCcKo8020 po3icpigy
08USYHA BHYMPIUWHb020 320PAHHSA, 6 AKUX Odcepenamu eleKmpuyHoi eHepeii € mepmoenreKmpuyHi
cenepamopu. Ha ocno6i mexHiko-eKOHOMIUHO20 aHANI3Y BU3HAYEHO, WO CUCMeMa 3 CYMICHUM
Ooicepeiom menia € HategheKMUsSHIWUM BapiaHmMoM 3ACMOCYBAHHSA MePMOeNeKMPUYHUX Oxceper
CleKmpUKy 0Nl Nepeonyckosoi menniogoi nid2omoseKku OGUSYHI6 MPAHCNOPMHUX 3AC00i8 00
excniyamayii. Bemanosneno 63aemo36'a30Kk Midc numomoro eapmicmio elekmpuunoi eHepeii ma
KOPUCHOIO MENJiogolo  NOMYJCHicmio  cucmemu  "nepeonyckosutl  HaAepi6HUK-MepMOoereKmpUIHUL
eenepamop” 3 cymicHum Odicepenrom mennd. Busnaueno, wo ocobnusicmv euxopucmaHHs maxoi
cucmemu NOJSI2AE€ 8 3HUICEHHI NUMOMOI 8apmocmi OMPUMAHoi elleKmpoeHepeii npu nio8UujeHHi
MenionpooOyKMueHoCmi nepeonyckosux Hazpienuxis. bioa. 11, Tabn. 3.
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Ob DKOHOMHNYECKHUX ACIHIEKTAX HCIIOJIb30OBAHUA
IMPEAITY CKOBOI'O OTOIIMTEJIA C
TEPMO2JIEKTPUYECKUM UCTOYHUKOM SJIEKTPUYECTBA

Tlpusedennvl pe3yiomamvl UCCIE008aHUL IKOHOMUYECKUX NOKA3amenet cucmem npeonycko8020 pazoepesa
osucamensi  GHYMPEHHE20 — C2OPAHUsl, 6  KOMOPLIX — UCMOYHUKAMU — DIeKMPOIHEPSUL  SGTSTIOMCSL
mepmosnekmpudeckue 2enepamopul. Ha ocnoee mexuuxo-skoHomuueckozo amanuza onpeoeieHo, 4mo
cucmema ¢ COBMECHUMbIM UCMOYHUKOM Menid SIemcst CambiM IQOeKmusHbIM 6apUaHmOM NPUMEHEHUs.
MEPMOINEKMPULECKUX UCMOYHUKOB dINEKMPU1ecmea OJis npeonyCcKogoll meniogol No020mosKu dgusamerneti
MPAHCNOPMHBIX CPEOCME K IKCIIAYAMAYUU. YCmaHoeneHa 83aumocesizb Medicoy YOerbHOU CHOUMOCTbIO
NEKMPUYECKOU IHEPSUU U NOJIE3HOU MENI0680ll MOWHOCMbIO cucmemvl "npeonyckosol omonumens —
MEPMOINEKMPUHECKULL  2eHepamop” ¢ coemecmubiM ucmounukom menia. Onpedeneno, umo 0coOeHHOCb
UCNONb306AHUS  MAKOU  CUCHEMbl  3AKTIOYACMCSE 8  CHUIICEHUU  YOETbHOU  CHOUMOCIU  NOYYEHHOU
NIEKMPOIHEP2ULU NPU NOBbILUEHUU MENI080U MOUHOCIU NPeOnyCcKosbix Hazpesamenel. . buon. 11, Tabn. 3.
Yemanosnena 63aumocesnss mescdy yoenbHotl cmoumMocmvpio JIeKMpU4ecKoll JHepeuY U Noae3Hot Mmeniogoll
MOWHOCIBIO cucmeMbl "npeonycKool Omonumenb — MepPMOIIEKMPULECKULl  2eHepamop” ¢ CoMecmHbIM
ucmounuxom menaa. OnpedeneHo, 4mo 0COOEHHOCMb UCHOTb308AHUS MAKOU CUCeMbl 3aKTIOYaemcs 8
CHUDICEHUU VOCIbHOU CMOUMOCIU NOIYVYEHHOU NEKNMPOIHEPSUL NPU NOGIUEHUU MENTOBOU MOUWHOCIU
npeonyckoswix Hacpesamenel. . buébn. 11, Taon. 3.
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THERMOELECTRIC DEVICE FOR DETERMINING HEAT
FLUX FROM THE SURFACE OF THE EYES

The paper presents the design and technical characteristics of a newly developed thermoelectric device
for determining heat flux from the surface of the eyes. The device is promising for the diagnosis and
monitoring of ophthalmic diseases, which makes it possible to increase the efficiency of the early
diagnosis of the pathology of the organ of vision, to observe the dynamics of the development of the
pathological process in the structures of the eye, as well as to increase the effectiveness of treatment of
acute and chronic eye diseases. The developed thermoelectric device allows real-time monitoring of the

thermal and temperature state of eye surface, is original and has no world analogues. Bibl. 29, Fig. §,
Tabl. 2.

Key words: thermoelectric device, heat flux, ophthalmology

Introduction

General characterization of the problem. The human organism, adapting to changing environmental
conditions, can maintain the relative stability of its internal environment (homeostasis). Human
thermoregulation is one of the most important aspects of maintaining homeostasis. To ensure the constancy
of the human body temperature, it is necessary that the amount of heat energy (heat production) produced
in the body is equal to the amount of heat energy emitted to the environment (heat transfer). Generation of
thermal energy in the human body occurs continuously in the process of metabolic exothermic reactions of
decomposition or oxidation of complex substances (glucose, proteins, lipids, etc.) into simpler ones [1].
The level of heat production, in turn, depends on the activity of the metabolism [2]. The return of heat to
the environment is carried out by means of four basic mechanisms: radiation, heat transfer, convection and
evaporation [3].
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Evaluation of the heat exchange processes of the human body is based on the measurement of
temperature and heat flux. Temperature characterizes the qualitative side of the thermal phenomenon, and
heat flux — the quantitative [4, 5]. The area of temperature measurement, including in ophthalmology, is
traditionally well provided with instrumentation and metrology. The temperature in different parts of the
eye can be determined by contactless or contact methods. These methods of thermometry have both
advantages and certain weak points [6]. As for the local measurement of heat flux from the surface of the
human body, tangible success has recently been achieved in the development of modern means of
measuring thereof [7 — 14]. Thermoelectric heat flux sensors that combine high sensitivity, accuracy,
speed, and stability of parameters in a wide range of operating temperatures and are consistent with modern
recording equipment are promising for the study of local heat generation in the human body [15 — 17]. The
use of such sensors yields high accuracy of heat measurement [18]. However, it should be noted that there
is still no thermoelectric instrument in the world for measuring heat flux from the surface of the eyes.

In the animal and human eye, blood circulation in the choroid is the main source of heat. The blood,
entering the eye with a temperature practically equal to the body temperature, forms a thermal gradient that
induces the transition of heat from blood to the eye tissues. The more intense the blood circulation, the
greater the amount of heat transmitted to the eye tissues. Heat, distributed in the eye tissues, passes into the
environment through the outer shells of the eye [6, 19, 20]. Today, in ophthalmology, there is a problem of
the early and differential medical diagnosis of various diseases characterized by changes in the intraocular
blood circulation (inflammatory processes, choroid tumors, glaucoma, etc.). It is obvious that the disruption
of the blood circulation of the eye should be accompanied by a dynamics of heat transfer rates [20, 21].
Thus, the development of new highly sensitive methods for recording changes in the heat exchange of the
eye, including the use of thermoelectric heat flux sensors, will improve the effectiveness of the early
diagnosis of this pathology.

It is known that a number of acute and chronic ophthalmic diseases are accompanied by changes in
the intraocular thermal processes. Thus, in some studies, the relationship of the temperature of the external
surface of the eye with the state of the blood circulation of the eye, intraocular pressure, and the presence
of an inflammatory process was demonstrated [22, 23]. Changes in the thermal characteristics of the eye
tissue can occur in the early phase of the disease before the onset of severe clinical symptoms. Registration
of these changes is a promising direction for the early diagnosis of various ophthalmic pathologies.
Diagnosis of the pathological process at an early stage of development will lead to an increase in the
effectiveness of treatment and a reduction in the risk of complications.

Therefore, the purpose of this work is to develop a thermoelectric device for determining the heat
flux from the surface of the eyes, which allows increasing the efficiency of the early diagnosis of
ophthalmic diseases.

Design and technical characteristics of the device

A thermoelectric device for determining the heat flux from the surface of the eyes was developed at
the Institute of Thermoelectricity of the National Academy of Sciences and Ministry of Education and
Science of Ukraine as part of a cooperation agreement with the State Institution “The Filatov Institute of
Eye Diseases and Tissue Therapy of the NAMS of Ukraine”. The device is designed to diagnose and
monitor ophthalmic diseases, which makes it possible to increase the efficiency of the early diagnosis of
the pathology of the organ of vision, to observe the dynamics of the development of the pathological
process in the structures of the eye, as well as to increase the effectiveness of treatment of acute and
chronic eye diseases. The developed thermoelectric device is original and has no world analogues [24]. The
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appearance of the device and technical characteristics are shown in Fig. 1 and Table 1.

On the front panel of the device, there is a programmable thermostat of the type RE-202, a connector
for connecting a thermoelectric heat flux sensor, a connector for connecting a thermoelectric thermocouple
temperature sensor and the device power switch (Fig.1). On the rear panel there is a connector for the
charger. It should be noted that it is strictly forbidden to measure the heat flux and temperature of living
biological objects when an external mains charger is connected. The device can only be operated with the
charger disconnected.

Fig. 1. Thermoelectric device for determining heat flux from the surface
of the eyes: 1 — thermoelectric heat flux sensor, 2 — thermoelectric
thermocouple temperature sensor,

3 — electronic control unit.
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Table 1
Technical specifications of the device

Ne Technical specifications of device Parameter values
1. Number of measurement channels 4
2. Number of thermoelectric heat flux sensors 1

3. Number of thermoelectric temperature sensors 1
4. Heat flux density measurement range 0.01+50 mW/cm?
5. Accuracy of heat flux density measurement +5%
6. Temperature measurement range 0+50 °C
7. Temperature measurement resolution +0.01 °C
8. Room temperature measurement range 0+50 °C
9. Room temperature measurement resolution +0.01 °C

10. Battery voltage measurement range 37545V

11. Time of continuous operation of the device from a charged battery 12h

12. Overall dimensions of thermoelectric heat flux sensor ?3%0.7 mm
13. Overall dimensions of electronic control unit 180x140x90 mm
14. Device weight 0.6 kg

Multichannel thermoelectric device (Fig. 1) is a stand-alone device with a battery power supply,
which makes it possible to carry out precise measurements of the heat fluxes and temperatures of biological
objects in a contact manner. The block diagram of such a device is shown in Fig. 2.

1 3=
2 -
5 > 7
3 »
4 >
6

Fig.2. The block diagram of a thermoelectric device for determining the heat flux
from the surface of the eye: I - heat flux measurement channel, 2 - temperature measurement channel,
3 - voltage measurement channel on the battery power source, 4 - room temperature measurement channel,
5 - digital microcontroller, 6 - battery pack with a charger, 7 - digital display.
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The device consists of the following functional units: heat flux measurement channel 1, temperature
measurement channel 2, voltage measurement channel on the battery power source 3, room temperature
measurement channel 4, digital microcontroller 5, battery power supply unit with charger 6 and digital
display 7.

The heat flux measurement channel 1 is designed for accurate measurement of the generated voltage
of a thermoelectric heat flux sensor and its further transformation into a physical quantity in terms of the
heat flux density (mW/cm?). The increment of the channel voltage measurement is = 1 uV, which allows
for measuring the heat flux with maximum accuracy.

Temperature measurement channel 2 is designed for high-precision temperature measurement by a
thermoelectric thermocouple sensor. The peculiarity of the developed device is that for the first time the
doctor has an opportunity to measure the temperature of a biological object in increments of + 0.01 °© C
using a simple standalone portable device. Since chromel-kopel thermocouple is used as a temperature
sensor, which can be made with minimal geometric dimensions, this makes it possible to measure the
temperature of tiny biological objects at high speed.

Channel 3 is designed to measure and control the voltage on the battery pack. Since the device is
powered by a battery, the duration of its continuous operation depends on the battery charge level, which,
in turn, depends on the residual voltage on it. If the battery voltage becomes less than 3.7 V, then it should
be charged according to the instruction manual of the device.

The room temperature measurement channel 4 is designed to accurately measure the ambient
temperature. The temperature sensor is located on the front panel of the device at the connectors.
Measurement of room temperature is carried out in increments of = 0.01 ° C and this signal is used to
compensate for the temperature of the cold junction of the chromel-kopel thermocouple.

The digital microcontroller 5 is designed to control the measuring channels, normalize and convert
the generated signals into physical quantities. The digital microcontroller can be programmed using the
buttons located on the front of the device, select sensor type and measurement limits.

A battery pack with a charger 6 is designed to electrically isolate the device and the biological object
being studied in order to prevent its electric shock. Thanks to the galvanic isolation of the device from the
mains, a safe and effective use of the device in ophthalmic practice has been created. The low voltage of
the device autonomous power supply (no more than 4.5 V) does not constitute a threat of electric shock to
any biological object under study. The charger prevents the lithium-ion battery from failing during its
critical operating conditions.

Digital display 7 shows the measurement results (values of heat flux density - in mW/cm? and
temperature - in © C) on the front panel of the device. The digital display is light-emitting diode, large and
bright, which makes it possible to carry out measurements in darkened rooms from long distances.

The device is simple, compact, portable, autonomous and reliable in operation, which allows the
doctor or medical professional to use it without special training. So, the technical advantages of such a
device include: the presence of a highly sensitive specific thermoelectric heat flux sensor, the capability of
measuring temperature in increments of = 0.01 ° C, the safety of using the device due to its galvanic
isolation from the mains and the capability of real-time monitoring the thermal and temperature state of the
surface of the human eye.

Manufacture and calibration of thermoelectric heat flux sensor

For this thermoelectric device, a miniature thermoelectric heat flux sensor was developed and
manufactured using the special patented technology of the Institute of Thermoelectricity of the National
Academy of Sciences and Ministry of Education and Science of Ukraine [25—27]. Thermoelectric
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micromodule with dimensions (2 x2 x 0.5) mm contains 100 pcs n-type and p-type crystals with
dimensions (0.17 x 0.17 x 0.4) mm from a highly efficient Bi-Te-based thermoelectric material. Such a
thermoelectric micromodule is placed between two ceramic plates based on 4,03 with a diameter of 3 mm
and a thickness of 0.1 mm each, and the side surface is sealed with a special sealant. Thus, the diameter and
height of the manufactured thermoelectric heat flux sensor is 3 mm and 0.7 mm, respectively (Fig. 3). The
diameter value of the developed heat flux sensor was determined according to medical requirements [28].
The electrical resistance of such a thermoelectric sensor is R = 14 Q.

Fig. 3. Thermoelectric heat flux sensor of diameter 3 mm and height 0.7 mm.

The next stage of the work was the determination of the volt-watt sensitivity of a thermoelectric heat
flux sensor [29, 30]. To determine the volt-watt sensitivity of the heat flux sensor of the above device, a
blackbody type thermal energy radiator was used as the heat flux source. The schematic of the bench for
determining the volt-watt sensitivity of a thermoelectric heat flux sensor is shown in Fig. 4.

The volt-watt sensitivity of thermoelectric heat flux sensor is determined according to the following
expression:

(1)

where v is  volt-watt  sensitivity = of  thermoelectric  heat flux  sensor (V/W),
E is thermoEMF of thermoelectric heat flux sensor (V), Q is the value of heat flux (W).

The value of heat flux radiated by absolutely black body and absorbed by the receiving pad of
thermoelectric heat flux sensor is determined as follows:

Q= o K N 1
m!&

, 2)

where o = 5.67-10"2 W/(cm?-K*) is the Boltzmann constant, £,=1 for absolutely black body radiator,
€=0.82 for the receiving pad — polished ceramics based on 4,03, T1, K is the temperature of absolutely
black body package, Ty, K is the temperature of the receiving pad which is actually close to the ambient
temperature, S;, cM” is the area of radiating hole of the absolutely black body, So, cm? is the area of the
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receiving pad, /, cm is the distance between the outlet hole of the radiating absolutely black body and the
receiving pad which are parallel to each other and their centers are on the same axis.

S1 So /
- 000000000000 Lk To
1 |\ ';

e

v

0°C T 6

Fig. 4. Schematic of the bench for determining the volt-watt sensitivity of thermoelectric heat flux sensor:
1 — absolutely black body, 2 — power supply of absolutely black body heater,
3 — thermoelectric heat flux sensor, 4 — millivoltmeter, 5 — zero thermostat of thermoelectric

thermocouples, 6 —temperature meters.

For this stand (Fig. 4) we have the following values: ;= 0.059 cm? Sy=0.07065 cm? /= 0.9 cm.
The results of determining the volt-watt sensitivity of a thermoelectric heat flux sensor are given in
Table 2.

Table 2
The results of determining the volt-watt sensitivity of a thermoelectric heat flux sensor o
Ty, °C Ty, °C E, mV 0, mW v, VIW
18.5 50 0.096 27.9 3.43
18.5 58 0.124 36.44 3.40

Thus, the thermoelectric heat flux sensor was calibrated and the conversion factor
(k=4.163 mW/mV x cm?) of the generated thermoelectric sensor voltage to a physical value in units of heat
flux density (mW/cm?) was determined.

The procedure for working with the device

The developed thermoelectric heat flux sensor of the device is fixed on a contact prism and a stand
that are similar to standard Goldmann applanation tonometer (medical device used to measure intraocular
pressure) [28]. The above contact prism and stand are universal and can be attached to biomicroscopes of
64 Journal of Thermoelectricity Ne5, 2018 ISSN 1607-8829
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different manufacturers (Fig. 5-8). The unique feature of the contact prism is that it can be removed from
the stand for treatment after each patient. The thermoelectric heat flux sensor, fixed in the center of the
contact prism, directly contacts the outer surface of the human eye (with the center of the cornea). It should
also be noted that the contact surface of the thermoelectric heat flux sensor is made atraumatic (with
smoothed edges) and provides for the processing and disinfection of this surface.

Thermoelectric heat flux sensor (diameter 3 mm) is located in the center of the contact prism
working surface (diameter 7 mm), and a small optical control zone between them is designed
constructively so that the physician looking at the biomicroscope has the possibility to accurately establish
the thermoelectric sensor at the center of the cornea of the eye (Fig. 8).

Fig. 5. Goldmann tonometer stand fixed on a biomicroscope.

Fig. 6. Contact prism and Goldmann tonometer. stand fixed on a biomicroscope
(the figure shows the direction of the physician’s view).
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Fig.7. Position of the contact prism fixed in
Goldmann tonometer stand in the process of research with
the help of a thermoelectric heat flux sensor.

Fig.8. Schematic representation of the area of measurement
of heat flux from the surface of the cornea of the human
eye using the developed device

Conclusions

1. A thermoelectric device for determining the heat flux from the surface of the eyes was first developed
and manufactured. The device is designed to diagnose and monitor ophthalmic diseases, which makes it
possible to increase the efficiency of the early diagnosis of the pathology of the organ of vision, to
observe the dynamics of the development of the pathological process in the structures of the eye, as well
as to increase the effectiveness of treatment of acute and chronic eye diseases. The developed
thermoelectric device is original and has no world analogues.

2. The developed thermoelectric device makes possible real-time monitoring of the thermal and
temperature state of the surface of the human eyes, which is extremely important for the early diagnosis
of ophthalmic diseases.

3. The introduction of the developed thermoelectric device into medical practice will be of extremely
important social and economic importance, since it will reduce the risk of ophthalmic complications,
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preserve the viability of the patient’s eye structures and ensure the provision of highly qualified
assistance both in specialized medical institutions and in extreme conditions.
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IN REFERENCE TO THE CHOICE OF THERMOCOUPLE
MATERIAL FOR METROLOGICAL-PURPOSE
THERMAL CONVERTERS

Peculiarities of application of thermoelectric material (TEM) in the design of metrological-
purpose thermoelectric converters (TC) are considered. Comparison of mathematical expressions
for the basic parameters of various thermoelectric devices showed that there are significant
differences in the choice of TEM for the TC thermocouple. In particular, the maximum
thermoelectric figure of merit Z for TC TEM is not always decisive in providing the best TC
parameters. For TC, in addition to the high values of Z, the maximum values of thermoelectric
material thermoEMF and the rational use of heat released by the TC heater (so-called
"constructive factor”) are important. Tabl. 2, Fig. 2, Bibl. 6.

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

Introduction

Creation of high-precision instruments for measuring AC values is an important task for modern
thermoelectric instrumentation. The increase in the sensitivity of such devices is directly related to the
increase in the sensitivity of the metrological-purpose thermoelectric converter (TC) [1].

The increase in the TC sensitivity is mainly achieved by improving parameters of thermoelectric
material (TEM). However, along with the search for new TEM and quality improvement of known
materials, the possibilities of increasing the figure of merit (z) which at this stage are practically
exhausted, there are opportunities for enhancement of the TC parameters due to their constructive
improvements, optimization of thermal operating modes in order to increase the efficiency of using the
heat released by the TC heater. The problem of optimal application of TEM is still valid exactly for
the TC, since in this case there is a significant difference from the use of TEM for other thermoelectric
devices - thermogenerators (TEG), radiation detectors, coolers, etc.

Therefore, an important task and purpose of this work is to establish the characteristics of using
TEM exactly during the development of the TC.
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Distinctions in the choice of TEM for different types of thermoelectric devices

It is known [2] that the use of semiconductor material for thermal into electric energy converters
has led to a drastic improvement of their efficiency and created good prerequisites for the widespread
use of such converters. To a much lesser extent, the possibilities of improving the parameters of
metrological-purpose TC have been studied. Often, attempts to use TEM developed for energy
applications did not meet with the expected success. This is due to the fact that TEM intended for
measuring techniques and metrology must meet a number of additional requirements that are not taken
into account when developing TEM for other applications, such as TEG, thermoelectric coolers (TEC)
and thermoelectric heating devices.

When choosing TEM for the TC thermocouple, TEM optimization criteria are modified. In
TEG, TEC and devices for thermoelectric heating, the main parameter determining their quality is
efficiency. For TEG, the efficiency (1) in the maximum power mode is determined by the
expression [3]:

I T-T,

- , ()
max o) 2 1

L +--—(L-T,)
z 4

where 7} and 7, are the temperatures of the hot and cold junctions, respectively, z is

thermoelectric figure of merit of TEM, which is determined by the formula:
o’c
z=—01, 2)
by

where a is the Seebeck coefficient, o is electric conductivity, x is thermal conductivity.

To characterize TEC, use is made of coefficient of performance &y, which is found from
Eq.[4]:

T, 14055+ 1) - T/T, G
"L, 140525+ 1) + T,

Heating coefficient Kt for thermoelectric heating devices is determined as follows [5]:

k-1 L T-T

257 —). “4)

2

Formulae (1), (2), (3), (4) remain valid no matter which type of device from the above
mentioned is considered. In these formulae, the main parameter characterizing the efficiency of the
device is z. Therefore, the main requirement for TEM is to achieve the maximum possible value of z.
Another, no less important, requirement is the preservation of the figure of merit of TEM in a wide
temperature range.

Only for a small group of measuring devices - radiation detectors, microcalorimeters,
thermocouples — the ratios were found, from which the relationship between the TEM parameters and
the main characteristics of the device is determined taking into account their ability to reach the
boundary values limited only by thermal and temperature noise [5].

The main parameters that describe radiation detectors are the ability to detect the signal and the
volt-watt sensitivity. For microcalorimeters, similar parameters are introduced. These parameters have
long been investigated and described in [3 ,4]. Mathematical expressions for the determination of these
parameters do not take into account a number of additional factors inherent in various thermoelectric
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devices. Expressions for real constructions are much more complicated [S]. In them, various
combinations include the TEM parameters: a, o, Xx. In addition to the requirements for achieving
maximum sensitivity, a number of additional requirements are put forward to the TEM for the TC,
namely stability in the given temperature range, high temporal stability, and others.

It can be seen from the above that the requirements for TEM intended for TEG, TEO and heat
pumps are significantly different from those for TEM intended for the design of the TC as measuring
instruments. For example, the figure of merit of TEM is decisive for a TEG, and its efficiency at small
values of zZT depends on the figure of merit by a law close to linear. Whereas for measuring devices,
the expressions into which z enters are determined by a power dependence [6] and other coefficients.
For this reason, the conditions for optimizing TEM to achieve the maximum value of sensitivity,
speed, etc., will differ from each other. In addition, there is a difference in the requirements for TEM
and for various measuring devices [7]. Because of this, a universal TEM cannot be created that is
equally suitable for different thermoelectric products.

In the measuring system using a TC, the measurement accuracy of these magnitudes of
alternating current completely depends on the TC quality, which is largely determined by the
properties of TEM. However, the requirements for TEM to achieve the maximum possible TC
parameters, are either not fully investigated and defined, or selected from considerations that do not
always follow from the physical principles of the TC, and are due to operational approaches. In this
connection, it is often difficult to choose the optimal variant of TEM for the TC.

The relation between the basic TC parameters and the properties of TEM

To determine the methodology for the selection and optimization of TEM for the TC, we
consider the main TC parameters.

The most influential parameters describing the TC properties are those that determine the
relationship between the initial values (current, voltage) and output (thermocouple thermoEMF,
thermoelectric current, power in the thermocouple circuit). To describe this relationship, the following
is adopted in the literature [8]:

a) sensitivity S;= 0Ey/0ly, as the relation of gain in thermocouple thermoEMF E7 to gain in
current [y through the heater;

b) sensitivity Sy = 0E/0Uy, as the relation of gain in thermocouple thermoEMF Er to gain in
voltage Uy;

¢) sensitivity Sy = OE/OPy, as the relation of Erto power Py, which is dissipated by the heater.

To determine S; and Sy, the following formulae are used:

S, =2K1, )

Sy =2K,U, 6)
Conversion factors K and K, are related by:

K, =K,R;, )

where Ry is the resistance of the heater.
Conversion factor K; can be approximately written as:
oR
K, = S; ; ®)

where S is heat exchange surface; A is heat-exchange coefficient.
Expressions (5) and (6) for the sensitivity S; and Sy include only one parameter of TEM, namely a.
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Formulae (5) and (7) are valid only for some types of TC, where heat removed by the heater is
much larger than heat removed by the thermocouple.

In most TC designs, the thermocouple and the heater are similar in geometric sizes, as well as in
thermophysical parameters of materials. In this case, as shown in [8], the thermal conductivity of the
thermocouple affects the temperature distribution along the heater. Therefore, the expressions (5) and
(6) do not fully take into account the physical processes taking place in the TC.

The volt-watt sensitivity for small temperature differences is equal to [8]:

_ oy

SWSX

; ©)

where 77 is thermal resistance of thermocouple which is determined by the formula:

r= , (10)

where /r and S7 are the length and cross-section of thermocouple leg.
The volt-watt sensitivity is related to conversion factor K, by the relationship:

Sy = . (11)
With account of (11) the general expression for the TC sensitivity can be written as:

_ or. R, 1,

Sl
Sh

(12)
Thus, expression (12) determines the relation between the basic parameters of thermocouple. It
can be seen from formula (12) that it is possible to determine with greater certainty the dependence of
the TC properties on the TEM parameters, however, the sensitivity does not characterize them in full.
To fully determine the dependence of the TC parameters on the TEM properties, we introduce a
sensitivity parameter

S11 =P—, (13)

H

which is the ratio of the power obtained on the thermoelement electrical load to the AC
electrical power supplied to the TC. To find §;,, consider the equivalent circuit of a contactless TC with
a load ry, Fig. 1

T o
@U ®E,
R[] I, 11,

& —

Fig. 1. Circuit of a contactless TC with a load.

If the resistance load is matched with the thermocouple load (r; = Ry), then the TC will work in
a mode close to maximum efficiency mode and in this case
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E;

- T 14
" 4R.R,I} (14)

On the other hand, the volt-watt sensitivity S, can be written through thermophysical parameters
of thermocouple TEM in the form:

5, 20T
4F

P

(15)

where F), is coefficient characterizing the rationality of using heat which is released by the heater in
the TC. In so doing

(16)

Formula (15) according to [3] corresponds to the expression for the efficiency of TEG under the
condition of small temperature differences in the thermocouple and provided that TEM parameters for
the thermocouple do not depend on temperature. Moreover, the expression for S, can be written [5] in
the form:

(G -TN1+2T -1

(12T =T/T)F,

S =n

. (17)

From analysis of (15) and (17) it follows that the main operational parameters of TC are set by
the thermoelectric figure of merit of the TEM z, the operating differential AT=T,—T7, and the
coefficient £, depending on the TC design.

Therefore, an increase in the TC sensitivity can be achieved by increasing z and AT as well as
by decreasing the coefficient F,. However, an increase of AT unambiguously impairs the TC
parameters: the quadraticity of the conversion (the Kj coefficient in formula (5) becomes temperature
dependent), overcurrent capability, time stability due to aging of the heater metal and acceleration of
diffusion processes on thermocouple junctions. Therefore, a significant increase is inappropriate.

Evaluation of the rational TC design, taking into account the possibility of reducing heat losses
due to the vacuumization of the TC case or filling it with inert gases with low thermal conductivity
(eg, xenon) [10,11] , the optimum ratio of the geometric dimensions of the heater and the
thermocouple, the use of a variable cross-section heater [12], which optimizes the use of heat from the
heater, etc., significantly improves the TC parameters, but the main increase in sensitivity is still
achieved by using TEM with the maximum value of z and thermoelectric coefficient a.

Conclusion

The combination of various options for improving the TC parameters with the use of effective
materials based on Bi,Te; creates favorable opportunities for the development of TC with the limit
values of sensitivity.
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A0 IIMTAHHA BUGOPY MATEPIAJTY
TEPMOIIAPU VIS TEPMOIIEPETBOPIOBAYIB
METPOJIOI'TYHOT'O TIPUZHAYEHHSA

Pozensnymo  ocobausocmi  3acmocyeanuss mepmoenekmpuunozo mamepiany (TEM) npu
KOHCMpYI08aHHi mepmoenekmpuynux nepemeopiogayie (TIl) memponociuno2o npusHayenms.
TopisHuanns mamemamuyHux 6upasié OJsl OCHOGHUX NAPAMEmpI8 PIHUX MepMOeNIeKMPUYHUX
npucmpoie nokazano, wo IcHyromv cymmeei giominnocmi y eubopi TE ons mepmonapu TII.
3oxkpema, maxcumanrvna mepmoenekmpuuna egexmuenicmve TEM Z ons TII ne 3aedxcou €
BUBHAYAILHOIO ) 3abe3neyenni Haukpawux napamempie TI1. /[nsa TII, kpim eucokux 3HaueHv Z,
sadicaueumMuy € maxcumanvhi snavenns mepmoEPC TEM ma payionanvhe uxkopucmauHs menia,
wo sudinsemocs Hazpienuxom TI1 (max 3eanuti "koncmpyxmusnuii paxmop”). bion. 12, puc. 1.
KarwuoBi ciioBa: mepmoenrexmpuunuii nepemeopiosay, HASpiGHUK, MePpMONapa, Yymiusicims,
MepMOeNeKMPUYHULL MATNEPIA.
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K BOIIPOCY O BBIBOPE MATEPUAJIA TEPMOIIAPBI
JIJISI TEPMOIIPEOBPA3OBATEJIEN
METPOJIOI'MYECKOI'O HABHAYEHMUSA

Paccmompenvr  ocobennocmu  npumenenusi mepmosnekmpuieckoeo mamepuaia (TOM) npu
KOHCMPYUPOBAHUU — mepmodiekmpudeckux — npeobpasosamenei  (TIl)  memponocuueckozo
HasHayenusi. CpagHenue MameMamuyecKux 6blpadicenull Ol OCHOGHLIX NAPAMEMPO8 PA3HLIX
MEPMOINEKMPUYECKUX YCMPOUCTE NOKA3AN0, YMO CYWECmBYIOm CYUWeCmEeHHble OMaudls 6
evtoope TOM onsn mepmonapwr TII. B uacmmocmu, MAaxkCumMaibHas mMepMOIIeKmMpULecKast
agppexmusnocme TOM z onsn TII ne 6cee0a sensemcs onpedeisitowjeli ¢ MOYKU 3PEHUs
obecnevenus naunywwux napavempog TII [lna TII, nomumo 6blCOKUX 3HAUEHUl Z, BAICHbL
maxcumanvhwie 3navenus mepmoI/[C TOM u payuonanvhoe ucnoiv3osanue menid, 6bl0esemoo
naepesamenem TII (max nazvieaemvitl "Koncmpyxmusnoiil paxmop”).buébn. 12,Puc. 1.

KnwueBble cioBa: mepmoonexmpuueckuli  npeobpasosamens, Hazpesamenn, mepmonapd,
YYBCTNBUMENLHOCTI, MEPMOINEKMPULECKULL MAMEPUAL.
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DEVICE FOR PRODUCING RECTANGULAR
SAMPLES OF THERMOELECTRIC MATERIAL

This paper presents methods and equipment for mechanical cutting of thermoelectric material with
the use of free abrasive and by the wires with fixed diamond grains. Trial cuts have shown that the
accuracy and most sparing mode of thermoelectric material processing is achieved by cutting tool
with the use of tungsten wire of diameter 0.11- 0.14 mm. Bibl. 3, Fig. 9, Tabl. 2.

Key words: cutting device, free abrasive cutting tool, bound abrasive cutting tool

Introduction

The process of thermoelectric material cutting has its unique features, so direct use of up-to-date
standard equipment for cutting of semiconductors is not always justified as applied to thermoelectric
material.

Cutting technology is an important part of thermoelectric materials processing, cutting quality
having a considerable impact on the results and parameters of thermoelectric devices.

The purpose of the work is to study under laboratory conditions cutting of thermoelectric
material on a small-sized desktop machine “Altec—13009” for the case when productivity is of minor
importance and there is an opportunity to use two methods of thermoelectric material cutting by a tool
with free and bound abrasive.

Cutting with free abrasive

Prior to cutting, a billet must be firmly fastened on a fixed base (working table). The most
common method is sticking by means of various materials, such as wax, rosin, shellac, glyptal bond.

After machining, the cut samples are washed from picein, slightly heated in specially selected
solvents.

Destruction of brittle thermoelectric material on treatment with free abrasive is as follows.
Abrasive particles in the form of suspension (boron carbide B4C;, silicon carbide SiC, aluminum oxide
ALQO;) are fed into cutting zone. Being indented into the surface of processed thermoelectric material,
they cause formation of microcracks therein. In the process of treatment these microcracks become
larger and propagate deep from the surface. Subsequent processing results in creation of a network of
cracks which, when closed, cause chipping out of separate parts of thermoelectric material. The
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detached parts are removed from the surface of the initial sample. Thus, there is a layer by layer
removal of material and initial sample machining. The presence of liquid facilitates the process of
treatment, since abrasive powder is suspended in the liquid and uniformly distributed therein. This, in
turn, allows distribution of abrasive grains across the surface to be treated. Abrasive suspension
removes heat from cutting zone well enough and does not require special cooling (Fig. 1).

Fig. 1 Schematic of cutting with free abrasive
1 — thermoelectric material; 2 — abrasive grains;
3 — detached parts of thermoelectric material; 4 — tool.

Replaceable wire saw, used as cutting tool, is a set of tungsten wires wound on a frame with
maximum tension at a pitch assigned by the grooves of spacer bars (Fig 2).
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Fig. 2. Cutting tool with the use of free abrasive

1 —tool; 2 — spacer bars; 3 — wires.

Cutting tool with the use of free abrasive allows simultaneous cutting across the plane of the
plate at an accuracy of £0.01lmm. However, the main advantage of wire cutting is that this method
enables one to obtain processed samples with minimum violations of crystal structure arising in the
area of contact between the tool and the processed samples of thermoelectric material (the thickness of
damaged subsurface layer is 5 + 15 um). However, it also has its limitations (the height of the plates
does not exceed 0.5mm), which do not allow its broad and efficient use for cutting large billets.
Therefore, this method is used for low depth cutting under laboratory conditions (Fig. 3).
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Fig. 3 Free abrasive cutting of thermoelectric material.

Cutting with bound abrasive

The mechanism of wire saw cutting with bound abrasive is somewhat different from free
abrasive treatment. On treatment with bound abrasive, the destruction due to normal force directed
perpendicular to the surface (the case of treatment with free abrasive) is supplemented with damages
of processed surface due to cutting of micro projections fixed in the cutting edge by diamond grains.
Normal forces passed from the working edge through diamond grains to thermoelectric material billet
cause the appearance of microcracks which, being enlarged in treatment, propagate deep and close,
forming detached parts. Then these detached parts crumble out and are removed from treatment zone.
Removal of cutting products and cutting edge cooling is done by water or 3.5% water solution which
is fed to treatment zone under pressure (Fig. 4).

M

\\\\gi\‘\\\
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Fig. 4. Schematic of sample cutting with bound abrasive.

1 — thermoelectric material; 2 — fixed abrasive grains;
3 —detached parts of thermoelectric material;, 4 — tool.

A replaceable wire saw for thermoelectric material cutting is made by the above described
principle, but for bound abrasive processing a diamond micropowder ASN 40/28 is deposited on the
surface of the wire by electroplating and fixed by deposition of transient group metals (cobalt, nickel,
chromium) (Fig. 5).

At the present time cutting with bound abrasive is the most promising and advanced of all the
existing methods. Its advantages include good quality of surface treatment, the accuracy of cut
+0.02 mm.
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Fig. 5. Tool for cutting by wires with fixed diamond grains.
1 —tool; 2 —spacer bars;

3 — wires with fixed diamond grains.

After mechanical operations, a damaged layer remains on semiconductor surface which
significantly affects both subsequent processing treatment (etching, oxidation) and, eventually,
parameters of semiconductor devices (Fig. 6).
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Fig. 6. Structure of surface layer damaged at machining.
1 —vrelief layer; 2 — microcracks;

3 —dislocation bunch region; 4 — single crystal.

Small-size desktop machine “Altec-13009” is intended for producing rectangular samples of
thermoelectric material under laboratory conditions. Cutting process is significantly affected by billet
feed velocity (pressing force to the working edge of the tool). At low billet feed velocities
(0.1 + 0.3 mm/min) cutting productivity is too low. With increasing feed velocity (0.4 + 0.6 mm/min)
the productivity is increased, and processing precision is reduced due to bending of strings. The plate
being cut off will have a curved surface. With a low plate thickness it may result in its break during
cutting. Therefore, a lower feed velocity is recommended for thin plates and a higher feed velocity for
thicker plates, the deterioration of surface layer in this case making 10-25um (Fig. 7).

The working tool of the machine is a frame with the wires located in parallel. The machine
allows cutting under conditions of low deformation effects. Two pressure nuts are used to fasten the
frame on the mobile carriage. The same nuts are used to set cutting wires parallel to travel direction of
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the tool. Plain bearings of carriage guides provide for the accuracy and ease of their reciprocating
motion. On the small-sized desktop machine the beginning and end of thermoelectric material cutting

is controlled by dial gauge; table adjuster allows adjustment in the horizontal plane along the X, Y
axes.

Fig. 7 Bound abrasive cutting of thermoelectric material.

Fig.8. General view of “Altec-13009"" machine.

The machine consists of a carriage with cutting tool 7 the reciprocating motion of which is
realized by means of connecting rod 2 from electric motor 3 (SL-329 24V); carriage attachment
points 4; mechanism for raising-lowering table 5, with counterweight of pressure on cutting tool edge;

cut depth adjustment system 8, dial gauge 9 for control of cut depth, appliance for cooling liquid
feed 11 (Fig. 9).
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Fig. 9. Schematic of small-sized desktop machine
1-bed; 2- drive unit,; 3- electric engine SL-329 24V;
4- carriage attachment point; 5- mechanism for raising-lowering the table;
6- material; 7-cutting instrument; 8- cut depth adjustment and control system,
9- dial gauge; 10- MBS-10 microscope; 11- cooling liquid feed.

Basic technical data and characteristics are given in Table 1.

Table 1
Ne Characteristics
1 | Maximum dimensions of billet to be cut, mm 40x40x15
2 | Number of wires & 0.14 on a frame, minimum, pcs. 1
3 | Number of wires & 0.14 on a frame, maximum, pcs. 95
4 | Width of cut with diamond coating, mm 0.22
5 | Width of cut with free abrasive, mm 0.15
6 | Weight, kg, not more 30
7 | Electric power requirement, W 60
8 | Power supply, CODEGEN 300W 14
9 | Dimensions, mm 340 x 690 x 630

Conclusions

1. Small-sized desktop machine is energy-efficient and does not require large material costs.
2. Wire cutting machine “Altec-13009” is easy to operate for the pursuance of research under
laboratory conditions.

References

1. Z.Yu.Hotra, Handbook on the Technology of Microelectronic Devices (LviviKamenyar, 1986),
287p.

2. A.V.Satygo, S.F.Zaparov, The Effect of Various Methods for Cutting Bi,Te; on the Properties
of Thermoelectric Cooling Modules, J.Thermoelectricity 4, 57-60 (2002).

86 Journal of Thermoelectricity Ne5, 2018 ISSN 1607-8829




S.F. Zaparov, T.V. Zakharchuk
Device for producing rectangular samples of thermoelectric material

3. Small-Sized Desktop Machine for Cutting Thermoelectric Materials “Altec — 13009”. Leaflet.

Submitted 20.11.2018

3anapos C.®.', 3axapuyk T.B'?

'TacruryT Tepmoenexrpuku HAH i MOH Ykpainu,
Byn. Haykw, 1, Uepnimi, 58029, Ykpaina,
e-mail: anatych@gmail.com;
*YepHiBenbKuii HALIOHATBHMUIT YHIBEPCHTET
imeni FOpis ®enpkoBuua, Byi. KortoOuHCEKOrO 2,
UYepnieiy, 58012, YkpaiHa,
e-mail: anatych@gmail.com

OBJIAIHAHHSA AJIAA OAEPKAHHSA
3PA3KIB TEPMOEJIIEKTPUYHOI'O MATEPIAJTY
MNPSIMOKYTHOI ®OPMHU

YV oaniti pobomi naseoeno memoou ma onuUCaHo YCMAMKYSAHHSL O/l MEXAHIYHO20 PO3PI3Y6aAHHS.
MEPMOENeKMPUYHO20 Mamepiany i3 3dCMOCY8aHHAM BLIbHO20 abpasugy U CmMpyHamu i3
3aKpinieHuMu aimaziumu 3epramu. TIpobui pisu noxasanu, wo MoyHiCms | HAUOLIbW WAOHUL
peoicum npu 0opodYi MepMOerIeKMPULHO20 MAMeEPIaLy 00CAAIOMbC PI3ATIbHUM THCIPYMEHMOM 3
BUKOPUCMAHHAM 801bpamosozo opomy diamempom 0.11mm-0.14mm. Bion. 3, puc. 9, maon. 2.

KirouoBi ciaoBa: oOnmagHaHHS Ui pi3aHHS, IHCTPYMEHT Ui pi3aHHA BIIbHUM aOpa3svBOM,

IHCTPYMEHT JUIsl pi3aHHs 3B's13aHUM a0pa3uBOM
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B nacmoswen pabome npusedenvr memoodvt u 000py008aHusi OJisi MEXAHUYECKO20 DPA3Pe3aHUs
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MEPMOINEKMPUYECKO20 MAMEPUANd ¢ HPUMEHEHUEeM CB0OO0OHO20 abpasusa u CMmMpyHaAMu C
3aKpenieHHbIMU AIMaznbiMu 3epuamu. [IpobHvle pesvl noxasaiu, 4mo mMOYHOCMb U Haubosee
Waoswutl pexcum npu 0opabomke MmepmoINeKMpUYecKk020 Mamepudaid OOCmu2aom pexicyuum
UHCMPYMEHMOM C UCHOIb308AHUEM 60bhpamosoli nposoroku ouamempom  0.11 mm-0.14 mm.
bubn. 3, puc. 9, maon. 2.

KiroueBble cjioBa: yCTPOWCTBO Ui PE3KH, MHCTPYMEHT ISl PE3KH CBOOOJHBIM a0Opa3HBOM,
WHCTPYMEHT JJI PE3KH CBS3aHHBIM a0pa3uBOM
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