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EVOLUTION OF CENTRIFUGAL DISTILLATION SYSTEM
WITH A THERMOELECTRIC HEAT PUMP
FOR SPACE MISSIONS
Part 2. Study of the variable characteristics of a multi-stage distillation
system with a thermoelectric heat pump

The work presents the results of testing a multi-stage (5 stages) centrifugal distiller (CD) with the use of a
thermoelectric heat pump (THP) to reduce power consumption. In the experiments, measurements were
made of the local (online) data of distillation system, such as the temperature of the liquids (initial and
distillate), current production, total salt content, specific power consumption at different speeds of distiller
rotor, THP power, and the degree of concentration. The total duration of the tests was more than 700
hours, the amount of processed liquid (NaCl and urine) was more than 2000 kg. The study of three
distillers and two THPs and a comparison of their results showed their identity, which characterizes high
quality workmanship of these devices. The obtained operating parameters (revolutions n and THP power)
can be used to optimize the design and operating modes of the entire CD + THP system. Bibl. 28,
Fig. 8 Tabl. 1.

Key words: thermoelectricity, heat pump, distiller

Introduction

In [1 — 7], information is given on a 3-stage distiller with a thermoelectric heat pump. [8-10] show
the results of the development of a five-stage centrifugal distiller with THP and its testing at the benches of
the distiller manufacturer - Thermodistillation, Ukraine, and the customer - Honeywell, USA. In the
following years, from 2002 to 2015, several articles and reports [11 — 18] were published on CDS tests at
the NASA bench during the concentration of various solutions. These results, as well as some methods for
improving the performance of the CDS system, are described in more detail in [19 — 26]. A more detailed
review of the works is given in the 1st part of the article [27].

The published results quite convincingly describe the uniqueness of the system for its use in the life
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support system of manned spacecraft in long space missions and on the International Space Station.
However, the majority of publications give the integral characteristics of the CDS operation, namely the
production of the Gd system (in distillate), kg/h; specific power consumption SPC, W-h/kg; the degree of
water recovery from the original (processed) liquid %; and some indicators of the quality of the water
obtained.

To create a theoretical model of CDS with a view to further improve it and optimize the design of the
centrifugal distiller and the system as a whole, the data available in the published literature are insufficient.
Attempts at modeling CDS were made in [28]. For the development, without proof of their suitability, the
authors used some relationships to calculate the heat transfer coefficient during condensation and
evaporation and did not take into account the temperature depression that occurs when the initial solutions
are evaporated in the distiller. In addition, the thermal resistance of the wall was not taken into account in
the calculation of heat transfer, which, as will be shown in part 3 of our article, can make up to 30 % of the
total heat transfer. All this leads to a distortion of such important factors in assessing the efficiency of a
thermoelectric heat pump (THP) as the difference in the temperature of liquid flows at the inlet of the
device Afiv and the average temperature of liquids in the device Afayv.

From the data presented in our report [8] it follows that at the same rotational speeds of the distiller
rotor, with decreasing THP power, a decrease in the specific energy consumption at CDS is observed,
which was also noted in our works [19, 20]. The effect of this factor on the efficiency of THP and the value
of system SPC has not been studied in more detail.

An important parameter of the efficiency of CD + THP system is also the degree of recovery. The
larger this value, the smaller the amount of residue. In test trials of all works in the period from 1990 to
2017 there is no critical analysis of the possibility of achieving the maximum degree of recovery.

Experimental test bench for the study of integral characteristics of CD with THP

As already mentioned, in the period from 2000 to 2007, three identical five-stage centrifugal
distillers were developed and manufactured by “TD” Co: the first one, in 2001, the second in 2002 and the
third in 2006. Also, two thermoelectric heat pumps, developed and manufactured by the Institute of
Thermoelectricity of the NAS and MES of Ukraine (ITE), were transferred to Honeywell International Inc.
These devices were then tested in various versions at several test benches in the United States, including
the NASA test bench.

Before shipment to the USA, the devices were tested at the “TD” Co. test bench.

Fig. 1 is a diagram of the test bench which was used by “TD” Co. for testing three distillers and two
heat pumps.

The main and auxiliary equipment of the bench is combined by a system of pipelines that form two
circulation circuits. In one of them (“hot”) the evaporated solution circulates, and in the other (“cold”) -
distillate.

The test bench works as follows. The engine of the distiller 1 is switched on, providing given
revolutions of the distiller rotor. The vacuum pump 7 sets the required pressure in the apparatus, which
corresponds to the required boiling point of the solution. From the tank 13, the cold circuit is filled with
distillate, in which the distillate is circulated through the distiller condenser 1, salimeter 9, rotameter 14, the
cold side of the THP 2, heat exchanger-cooler 3 and again the distiller condenser. The “hot” circuit is filled
from the tank 4 to the level set by the control valve 6. In the hot circuit, the solution circulates from the
evaporator of the distiller 1 through the rotameter 14 to the hot side of the THP 2 and again to the
evaporator of the distiller 1. When the electric power is supplied to the THP 2, the condensate is cooled in
the "cold" circuit and the solution is heated in the "hot" circuit. The solution superheated in THP 2 relative
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to the saturation temperature in the evaporator of distiller 1 partially evaporates, and the obtained steam is
used as a heating agent in the next stage of distillation evaporation, the steam obtained in the last stage of
the distiller is condensed in the contact condenser of distiller 1. Excess distillate from the cold circuit is
automatically discharged into the distillate tank 5.

Valve 6 compensates with the fresh solution the evaporated part of the solution circulating in the hot
circuit. At the same time, an increase in the concentration of dissolved substances occurs in it. Due to the
fact that in THP 2 Qr = mr-cpr(¢2 — t1) > Ox = mx-cpx(t4 — £3), to ensure the stationarity of the process, the
excess heat is removed by the heat exchanger-cooler 3 to the environment.

¢, 3 t, 2
=== | 1
L t, t
-— t
t. ‘
}
14
14
9
15 c
1 14 @
C()I'd - _ 5 7
walter
- cold hot }—==
< 11
T )
g 16
18 X 15 .
16 X 13 5 4 X X 16
R R Dis. Sol. R,
=== mm——
10 10

Fig.1. Diagram of the experimental test bench
1 — centrifugal vacuum distiller,; 2 — thermoelectric heat pump;
3 — heat-exchanger-cooler, 4 — outlet solution, 5 — distillate collector,
6 — system power control valve,; 7 —vacuum pump, 9 —salimeter, 10 —electronic balance,
11 —vacuum gauge, 13 — distillate container for refueling, 14 - rotameters;
15 —shut-off valve; 16 — circuit emptying containers.

After the experiment, the THP 2 power supply is turned off, and the cold and hot circuits are emptied
into the corresponding containers 16.
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The temperature was measured at the inlet and outlet of the thermal battery on the hot (71, ) and cold
sides (23, t4), behind the heat exchanger-cooler in the cold circuit (¢5) and at the inlet and outlet of the heat
exchanger-cooler on the cooling side (%, 7). The temperatures in the hot and cold circuits were measured
with chromel-kopel thermocouples at an accuracy of + 0.1 °C.

The pressure in the apparatus was measured with a vacuum gauge 11 with a measuring scale of
-1 ... 0 bar (accuracy class 1.0) complete with a barometer.

The mass of the obtained distillate (product) and the initial solution was measured by electronic
balance, the measurement accuracy of + 2 g, the measurement range of + 10 kg.

The salinity in the cold circuit was measured with a Hanna salimeter (0 ... 999ppm).

The drive power of the engine and heat pump was measured on the basis of voltmeters and
ammeters, accuracy class 0.5. Revolutions were measured with a tachometer with an accuracy of = 1 rpm.

Calculated values

Production in kilograms per hour:
Ga=2Gd/Ar, ()

where XGy is the total mass of the obtained distillate in the tank 13, measured by the weights; At is the
measurement time interval.

Power consumption in watts for the main components of the CDS test product:
W= Wmr + Wcp , (2)

where Wrnp and Wep is the average power consumed by THP and CD, respectively, over the period from
the start to the stop of the distiller. The energy consumption of the vacuum pump was not taken into
account at this stage.

Specific power consumption (SPC), W-h per kg of produced water:

SPC = WIG, W-h/kg. (3)

Degree of recovery:
R=Gq/ G, 4)

where Gi, = 2Gj,/At is the mass of the consumed solution during the experiment, calculated by the weights
in the tank 16.
Heat pump efficiency:

COP=Q,/ Wrup , (5)
where O, = GCy(t> — 1), W, G: is flow rate of the liquid (solution) in the hot circuit; C, is the average

isobaric heat capacity of the solution, kJ/(kg-K).

Test results

Table presents a typical list of measured key indicators when concentrating urine.
Here, production stands for distiller capacity, TDS is total number of dissolved solids.
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Table

Typical table of measured values (urine, n=)I1200 rpm
Time Drive THP Weight TDS Flow Product{SPC Temperature
10N
Hotin |Hot | Cold |Cold
U | I w U 1 W |in out hot |Cold THP  |out |in THP |out
THP THP
Min V| A W \'% A W mg/l I/h kg/h | W h/kg e
0 2421 3.1 75.0 | 20.5 | 10.08 | 206.6 0 0 12 60 | 82 0.00 0.0 23.2 |23.1] 229 229
6 242 3.1 75.0 | 225 10.9 | 245.3 288 184 22 60 | 82 1.84 | 174.1 | 31.8 |43.7| 234 22.7
12 2421 3.1 75.0 | 28.5 143 | 407.6 | 634 602 38 60 | 82 | 4.18 [ 174.1 | 37.5 |483| 245 22.4
18 2421 3.1 75.0 | 29.2 14 408.8 | 1122 1070 51 60 | 82 | 4.68 | 103.4 | 38.7 |494| 25.1 22.3
24 242 31| 750 32 144 | 460.8 | 1584 | 1528 | 61 60 | 82 | 4.58 | 117.0 | 38.8 |50.8| 25.1 | 22.0
30 242 3.1 | 750 | 31.8 | 152 | 483.4 | 2078 | 2006 | 67 60 | 82 | 4.78 | 116.8 | 39.4 |51.5| 25.2 | 22.1
36 2421 3.1 75.0 | 323 14.22 | 459.3 | 2592 | 2502 73 60 | 82 | 496 | 107.7 | 40.0 | 522 254 22.1
42 242 3.1 75.0 | 32.1 15.24 | 489.2 | 3110 | 3004 76 60 | 82 5.02 | 1124 | 40.0 |522]| 254 22.3
48 2421 3.1 75.0 | 31.9 15.2 | 484.9 | 3628 | 3500 79 61 | 82 | 496 | 112.9 | 40.1 |52.1| 249 22.0
54 242 3.1 75.0 | 324 | 15.36 | 497.7 | 4136 | 3990 82 61 | 83 | 490 | 1169 | 40.3 |52.2| 25.1 22.1
60 2421 3.1 | 750 | 33 15.6 | 514.8 | 4656 | 4492 | 84 62| 83 | 5.02 | 117.5 | 40.7 |53.5| 249 | 22.0
66 2421 3.1 75.0 | 33.2 | 15.64 | 519.2 | 5182 | 5006 87 62 | 83 5.14 | 1156 | 409 [53.2| 249 22.1
72 242 3.1 | 75.0 | 33.1 | 15.56 | 515.0 | 5702 | 5508 | 90 63 | 83 | 5.02 | 117.5| 409 |53.1| 249 | 22.0
78 2421 3.1 | 750 | 33 15.58 | 514.1 | 6220 | 6010 | 92 64 | 83 | 5.02 | 117.4 | 409 |532| 249 | 22.0
84 242 3.1 75.0 | 33.2 | 15.72 | 521.9 | 6740 | 6510 94 65| 83 5.00 | 1194 | 41.0 |53.5| 24.8 22.0
90 2421 3.1 75.0 | 33.2 | 1546 | 513.3 | 7250 | 7010 96 67 | 83 5.00 | 117.7 | 41.0 | 53.5| 24.8 22.0
96 2421 3.1 75.0 | 32.8 | 15.34 | 503.2 | 7755 | 7500 97 68 | 83 | 490 [ 118.0 | 41.0 |53.1| 24.6 22.0
102 2421 3.1 75.0 | 32.9 15.4 | 506.7 | 8175 | 8000 98 71 | 83 5.00 | 116.3 | 41.0 | 53.1| 24.8 22.0
108 |242| 3.1 ]| 75.0 0 0 0.0 | 8280 | 8205 | 96 71 | 83
Average | 242| 3 75.0 492.8 75 493 | 115.1
Total 8280 | 8205

Journal of Thermoelectricity Ne2, 2019
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The identity of performance of three models of multi-stage centrifugal distillers with two THPs
Figs. 2 and 3 show the results of the concentration of urine from three distiller models with a heat
pump power of N =400 W and a rotational speed of 1200 rpm for 60 minutes. It can be seen from the
figures that the production G4 and the specific power consumption SPC of all three samples of centrifugal
distillers are close. The discrepancy of data on these indicators at the same time T does not exceed 5 %.
This result allows us in the further analysis of the results of the various tests not to indicate the
distiller number.

Production of CD5-1,CD5-2,CD5-3 when operating
Gy kg/h on urine, n=1200rpm, N,,,=400W

6 ;
4 A | | -

3 Q:) . . OCD5-2

OCcD5-3

@ ACD5-1

1
on
0 10 20 30 40 50 60 70
t, min

Fig.2 Time dependence of production for different distillere

SPC, W-h/kg

250
200 | 4
u,
150 i
- CD5-1
+ #CD5-2
! B mcos3
* R emP BEENE
50
o+——+—+ 1 1 1 L 1 1 1 1 | | | | min

0 5 6 10 12 15 18 20 24 25 30 36 42 48 54

Fig.3 Time dependence of specific power consumption for different distillers,
W =400 W (without account of engine)
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The identity of the THP is shown in Fig. 4, from which it follows that when operating on the same
sample of the CD5-3 distiller with different heat pumps THP-1 and THP-2, the production with the same
heat pump power is identical.

Production of CD5-3 when operating on urine,

G.kg/h n=1200 rpm, N,,,, = 400W
5 - . O 5—' o o o _
o © 8 o © 0B g

3+ o8 1 OTHP-1

2 10
O THP-2

1

o0

0 10 20 30 40 50 60 70

t,min

Fig. 4. Time dependence of system production for two
samples of thermoelectric heat pumps

Temperatures

Fig. 5 shows temperature change in online mode when processing urine with the initial concentration
C =15 %, rotations n = 1100 rpm and heat pump power Nrip = 400 W.

After turning on the distiller, after 10 minutes, the temperatures of the liquids in the hot and cold
circuits reach the operating value.

45 -
t,sec
35 -
T % o + —
30
25 e S —————
Zo + ». - - — - - =
15 + ,
10 -
- —a— & i —
5 :
min
0 - T T T 1
0 10 20 30 40 50 60 70

Fig.5a The dependence of temperatures on the time
of the experiment (Water)
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Y i
60 ‘
50
|
40 ;
30 |
20
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f, min
Fig.5b The dependence of temperatures on the time
of the experiment (Urine)
p i B
50 + .
R —i—1 -+—=
40 1 i TS N m————————
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35 H—" !
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Fig.5c The dependence of temperatures on the time of the experiment (NaCl)
—+=hevin - solution temperature at the inlet to the heat pump in the “hot” circuit (1;), °C;
hot- . . I
TEERR Solution temperature at the outlet of the heat pump in the “hot” circuit (1), °C;
—Acddin - distillate temperature at the inlet to the heat pump in the “cold” circuit (t;), °C;

Teeldeut gistillate temperature at the outlet of the heat pump in the “cold” circuit (), °C;

e average temperature head at the heat pump, At., = 0,5(t; + t2) — 0,5(t3 + t4), °C;

e average temperature head at the inlet to the heat pump, Aty = t; — t3, °C;
When concentrating a NaCl solution and urine, the temperatures in the hot circuit increase
throughout the experiment due to an increase in the physical-chemical temperature depression during

12 Journal of Thermoelectricity Ne2, 2019 ISSN 1607-8829



Rifert V.G., Anatychuk L.1., Barabash P.O., Usenko V.I., Solomakha A.S., Petrenko V.G., Prybyla A.V. ...
Part 2. Study of the variable characteristics of a multi-stage distillation system with a thermoelectric heat...

evaporation. In turn, this increases the overall average temperature head at the heat pump (At.y) and the
average temperature head at the inlet to the heat pump (A#n), which affects the efficiency of the heat pump.

Production

It can be seen from Fig. 6 that when NaCl and urine are concentrated, the production is lower than
that obtained when working on the distillate and decreases during the experiment due to an increase in
temperature depression.

SPC, Wh/kg

5,8
5.6 ¢ Water
5,4
B NaCl
5,2
> Urine
4,8
‘ 4,6 — Linear (Water)
4,4
4,2 Polynomial (NaCl)
4
0 20 40 60 80 100 Polynomial (Urine)
{, min

Fig. 6 The production of the distiller depending on the type of processed
solution (n = 1100 rpm; N = 400 W).

Figure 7 shows the effect of heat pump power on the production of the distiller. The experiments
were performed on urine at the same distillation speed (z = 1000 rpm). The amount of distillate obtained in
all experiments was 5 kg, which corresponded to recovery = 0.9. The greater the power of the heat pump,
the higher the system production. In so doing, for each power in the initial 15 minutes there is an increase
in the production (the device enters the operating mode), after which, due to an increase in the
concentration of the solution in the hot circuit, the temperature depression increases and the production
decreases. At the same time, the higher the power, the greater effect on the production is produced by
temperature depression.

At the same time, as can be seen from Fig. 8, the higher the power supplied to the heat pump, the
higher the specific energy consumption for producing one kg of distillate. Thus, from an energy point of
view, it is more efficient to work at low heat pump powers.

In all tests performed, the quality of the obtained distillate met all the requirements to potable water.
When processing NaCl, TDS in the “cold” circuit did not exceed 10 ppm. When processing urine,
TDS < 100 ppm; COD (chemical oxygen demand) < 15 mg//; ammonia NH3 + NH4 <5 mg//.

ISSN 1607-8829 Journal of Thermoelectricity Ne2, 2019 13
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Fig. 7 Effect of heat pump power on the distiller production (n = 1000 rpm)
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Whikg
100 + \
\
80 1\ / = —400W
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Fig. 8 Effect of heat pump power on the specific power consumption
of the distiller without account of engine power (n = 1000 rpm)

Conclusions

1. This paper presents the results of measuring local parameters of distillation system (temperature in the
“hot” and “cold” circuits, production, specific power consumption, TDS) in online mode with a
change in testing time from 30 to 200 min, rotation speed n = 8§00...1200 rpm, NTHP = 150...600 W.

2. The identity of three manufactured multi-stage centrifugal distillers with 5 stages and 2 thermoelectric
heat pumps is shown.

3. A decrease in SPC with a decrease in NTHP both locally, i.e. at a certain value of time 1, and on the
average for the concentration of urine and NaCl solution at the same speed and total amount of
distillate obtained has been noted.

4. Measured in all the tests, the main characteristics of distillate quality TDS, NH4, TOC meet the
requirements to potable water.
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EBOJIIOIIA CUCTEMH BIILEHTPOBOI JTUCTUJSIIIT
3 TEPMOEJIEKTPUYHUM TEIIJIOBUM HACOCOM
JJISI KOCMIYHUX MICIH
Yactura 2. JlocmimKeHHS 3MiHHIX XapaKTePHUCTHK CHCTEMU
baratocryminyacroi nuctmsnii (CME/]) 3 TepMoenekTpuaHuM
teruioBuM HacocoM (THP)

Y pobomi masedeni pesynemamu eunpodysanv Oazamocmyninuacmozo (5 wabnie) 6i0yeHmposo2o
oucmunamopa (CME]J]) 3 euxopucmahnHam O 3HUNCEHHS €HEPSOCHONCUBAHHA MEPMOENeKMPUUHOL0
mennosoeo nacoca (THP). ¥V docsioax samipsiiu 10KansHi (Y pesrcumi OH-1atin) Oaui cucmemu Oucmuisiyii,
maki aK memnepamypa piouH (8UXiOHOT U Oucmunamy) RPOOYKMUBHICIb, WO meue, 3a2albHUl
coneemicm, NumMomy eumpamy eHepeii npu pisHuX WEUOKOCMAX 00epmaHHs pOmopa OUCMUIAmopa,
nomyxcrnocmi THP, cmyninb KOHYeHmpysanus. 3aeanvha mpusaiicms eunpobyeaus ckiana oinvus 700
200uH, Kinekicmo nepepoonenoi piounu (NaCl i ypunu) cxnana 6inewr 2000 xe. HocniodcenHs mpvox
oucmunamopie i o0eox THP i nopieuaunna ix pe3yiemamié NOKA3AN0 IXHIO [OeHMUYHICMb, WO
Xapaxmepu3sye 6UcoKa AKICMb 6UeOMOGNEHHs yux npucmpois. Ompumani dani napamempie excniyamayii
(0bepmu n i nomyaxcuicme THP), mosxcyms Oymu @uKopucmani 0is ONMuMizayii KoHempykyii il pexcumie
excnyamayii pooomu eciei cucmemu C/[ + THP. bion. 28, puc. 8, mabn. 1.
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3BOJIIOIUS CUCTEMBI IEHTPOBEKHOM JUCTUJLISIIANA
C TEPMODJIEKTPUYECKHUM TEIIJIOBBIM HACOCOM
JIJII KOCMUYECKHUX MACCHI

Yacts 2. UccnenoBanue nepeMEeHHBIX XapaKTEePUCTHK CUCTEMBI
MHOTOocTyneHuaroi nuctrumsmun (CME]]) ¢ TepMOo3IeKTpUIecKuM
TermoBsIM Hacocom (THP)

B pabome npugedenvl pezynomamul UCHbIMAHUN MHO2OCMYREHYAMO20 (5 cmynenetl) yeHmpooeiICcHo2o
oucmunismopa (CME]]) ¢ ucnoavzosanuem 015 CHUdNCEHUSL IHEP2ONOMpedIeHUs MEPMOITIEKMPULECKO2O
mennosoeo Hacoca (THP). B onvimax samepsnu J10OKaibHble (8 pedicume OH-IAlH) OaHHble CUCHEeMbl
oucmuiiAYuY, maxKue Kak memnepamypa cuokocmeil (UCXOOHOU U  OUCTHUTIAMA), MEKYWyio
NPOU3BOOUMENLHOCY, 00Wee Coaeco0epicanue, YOelbHblll pacxo0 SHEpSUU NpU PA3HLIX CKOPOCSAX
epawenuss pomopa  Oucmunnsmopa, mownocmu THP, cmenens  xonyenmpuposanus. Obwast
npoOOIICUMENLHOCMb  UCHbImanull  cocmaguna 6onee 700 uacos, Konuuecmeo nepepabomaHHou
arcuoxkocmu (NaCl u ypunst) cocmasuna 6onee 2000 ke. Hccneoosanue mpex oucmuniamopos u 0eyx THP
U cpagHeHue ux pe3ynbmamos NOKA3AI0 UX UOEHMUYHOCMb, YMO XApaKmepusyem 6blCOKOe Kauecmeo
uzeomosnenuss smux ycmpoticmeg. Ilonyyenvl Oannvle napamempos 3Kchiyamayuu (060pomvl n u
mownocmv  THP), moeym  Oblmb  UCNONB306aHbL 0Nl ONMUMUAYUU  KOHCIPYKYUU U PEICUMOB
axcnayamayuu pabomul eceui cucmemvt CI{ + THP. bubn. 28, puc. 8, maon. 1.
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COMPUTER SIMULATION OF HUMAN SKIN CRYODESTRUCTION
PROCESS DURING THERMOELECTRIC COOLING

The paper presents the results of computer simulation of human skin cryodestruction process with
regard to thermophysical processes, blood circulation, heat transfer, metabolic processes and
phase transition. The physical, mathematical and computer models were built for human skin, on
the surface of which there is a cooling element at a temperature of -50 ° C. The distribution of
temperature and heat fluxes in human skin was determined in cooling mode. The obtained results
make it possible to predict the depth of freezing of the skin and, accordingly, biological tissue at a
given temperature effect.

Key words: human skin, temperature exposure, cryodestruction, phase transition, computer
simulation.

Introduction

It is well known in medical practice that temperature exposure is an important factor in the
treatment of many diseases of human body [1-3]. One of the promising lines is cryodestruction - a set of
surgical treatment methods based on local freezing of the biological tissue of human body. Such cooling
is mainly realized using special cryotools using liquid nitrogen [4 8]. However, the use of liquid nitrogen
has several drawbacks: nitrogen does not provide the ability to provide cooling with the necessary
accuracy of maintaining the temperature; there are also risks of hypothermia with negative
consequences. In addition, liquid nitrogen is a rather dangerous substance and requires proper care when
used, and the delivery of liquid nitrogen is not always available, which limits the possibility of using this
method. An alternative to nitrogen cooling can be thermoelectric, which implements a decrease in
temperature to 0 =+ -80 ° C. Thermoelectric medical devices make it possible to precisely set the required
temperature of the working tool, the time of temperature effect on the corresponding part of human body
and provide a cyclic change of cooling and heating modes [1 —2,9 —12].

Computer models created so far for human skin, on the surface of which there is a cooling
element, make it possible to simulate thermophysical processes taking into account blood circulation,
heat transfer, and metabolic processes [13 19]. However, existing computer models do not take into
account the phase transition in the biological tissue when it is cooled, which leads to errors in
computer simulation of temperatures and heat fluxes.

Therefore, the purpose of this work is to take into account the phase transition in the biological
tissue during computer simulation of human skin cryodestruction process.
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Physical model

According to physical 2D model with axial symmetry (Fig. 1), the biological tissue of human
body is a structure of three skin layers (epidermis 1, dermis 2, subcutis 3) and the internal biological
tissue 4, and is characterized by the following thermophysical properties: thermal conductivity «;
specific heat C;, density p;, blood perfusion rate ®,;, blood density p,, blood temperature 7}, specific
heat of blood C, and specific heat release Q,..;, due to metabolic processes and latent phase transition
heat L. The thermophysical properties of the skin and the biological tissue of human body in the
normal and frozen states are given in [20 — 27]. The respective layers of the biological tissue 1-4 are
considered as volumetric heat sources g;, where:

qi:Qmeti+pb.cb.0‘)bi.(7-;)_T)a 1214 (1)

On the surface of the skin there is a cooling element 5. The geometric dimensions of each such
layer 1-4 are a,, b;, and, respectively, of cooling element 5 — ¢, d. The temperatures at the boundaries
of the respective layers 1-4 and cooling element 5 are T;, T,, T3, Ty, Ts, Ts. The temperature inside the
biological tissue is 7; =+37°C. The temperature of the cooling element is 77 = -50°C. The ambient
temperature is Tg = +22°C. The surface of human skin with a temperature of T; is in a state of heat
exchange with the environment (heat transfer coefficient « and emissivity ) at temperature 7s. The
lateral surface of the skin is adiabatically isolated.

=
>
=

L

T, T, TOL TS
3 T5
— T,
3 — T3
s g
PR J=0
OI C Tl al ________ _-x>

Fig. 1. Physical 2D model of human skin with axial symmetry:
1 — epidermis, 2 — dermis, 3 — subcutis,; 4 — internal biological tissue,
5 —cooling element
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Mathematical model

In general, the equation of heat transfer in the biological tissue is given by [20-27]:

Ci-aa—fzv-(Ki-VT)+pb-Cb-mbi-(n—T)+Qmm, i=1.4, )

where C, K are specific heat and thermal conductivity of the biological tissue, p, is blood density,
C, is specific heat of blood, ®, is blood perfusion of corresponding layers, 7, is blood temperature,

T is temperature of the biological tissue; O

o 18 heat which is released due to metabolic processes in
each layer.

The term on the left side of equation (2) is the rate of change of thermal energy contained in a
unit volume of the biological tissue. The three terms on the right side of this equation represent,
respectively, the rate of change of thermal energy due to thermal conductivity, blood perfusion, and
metabolic heat.

The equation of heat transfer in the biological tissue (2) is solved with the corresponding
boundary conditions. The temperature on the surface of cooling element is 7;=-50°C. The
temperature inside the biological tissue is 7; = + 37 © C. The lateral surfaces of the biological tissue
are adiabatically isolated (¢ = 0), and the upper surface of the skin is in a state of heat exchange (heat

transfer coefficient o and emissivity €) with the environment at a temperature of 7.

geey.0)|  =a-(T-T)+e0-(T -T), (3)

yoby

where a is coefficient of convective heat exchange of the surface of the skin with the environment, € is
emissivity, o is the Boltzmann constant, T is the temperature of the biological tissue surface, Ty is
ambient temperature (7s=+22°C).

At the initial time ¢ = 0 s, it is believed that the temperature in the bulk of the biological tissue is
T =+ 37 °C, that is, the initial conditions for solving equation (2) are as follows:

T(x,y,0) = T). 4)

As a result of solving the initial boundary value problem (2) - (4), the distributions of
temperature T (x, y, t) and heat fluxes in the respective skin layers are determined at an arbitrary time.
As an example, in this paper we consider a case in which the temperature of cooling element is
T, =-50 °C. However, it should be noted that the proposed method allows considering cases where the
temperature of cooling element 7y(?) changes in any temperature range or according to a predetermined
function.

During the freezing, the cells will undergo a phase change at the freezing point, with the loss of
the phase transition heat (L), and the temperature in these cells will not change. The phase transition in
the biological cells occurs in the temperature range (-1 + -8) °C. The properties of the skin and the
biological tissue in the normal and frozen states are shown [20 — 27]. In the temperature range (-1 + -
8) °C, when cells are frozen, the heat of the phase transition is absorbed, which can be simulated by
adding an appropriate value to the heat capacity [26, 27].
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When the biological tissue is frozen, the vessels in the capillaries are narrowed to freeze all

blood in the capillaries, and the value ®,,tends to zero. In addition, the cells will not be able to

generate metabolic heat when frozen and QO

met

will be zero at a temperature below zero.

In the frozen state the properties of the skin and the biological tissue will have the following
values (5) — (8):

T>-1°C
-1-(-8) 2
T <-8°C
C2
i T>-1°C
Ki = % —8OCSTS—10C (6)
T <-8°C
K2
420 T>-1°C
0, =10 -8°C<T<-1°C (7)
0 T <-8°C
0,0005 T>-1°C
w, =410 —-8°C<T<-1°C (8)
0 T <-8°C

Computer model

A computer model of human skin was created on the surface of which there is a cooling
element. To build a computer model, the Comsol Multiphysics application package was used [28],
which makes it possible to simulate thermophysical processes in the biological tissue taking into
account blood circulation, heat transfer, metabolic processes, and phase transition.

The distribution of temperatures and heat fluxes in the human skin and, accordingly, the
biological tissue was calculated by the finite element method, the essence of which is that the object
under study is divided into a large number of finite elements, and in each of them the value of a
function is sought that satisfies given second-order differential equations with the corresponding
boundary conditions. The accuracy of solving the problem depends on the level of partitioning and is
ensured by the use of a large number of finite elements [28].

As an example, Figs. 2-3 show the distribution of temperature and isothermal surfaces in the
bulk of human skin, on the surface of which a cooling element is placed at a temperature of
T=-50°C.

24 Journal of Thermoelectricity Ne2, 2019 ISSN 1607-8829



L.1. Anatychuk, R.R Kobylianskyi, R.V. Fedoriv
Computer simulation of human skin cryodestruction process during thermoelectric cooling

A3 T, °C

40 -30

Fig.2. Temperature distribution in the bulk of human skin
on the surface of which there is a cooling element at a temperature of T = -50°C
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Fig. 3. Isothermal surfaces in the bulk of human skin
on the surface of which there is a cooling element at a temperature of T = -50°C

Computer simulation results

Figs.4 a, b, ¢, d, e, f show temperature distributions in the section of human skin on the surface
of which there is a cooling element at a temperature of 7=-50°C at different time moments
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t=10, 60, 180, 300, 600, 1200 s. In so doing, /; is temperature level 7= -8°C and /, is temperature level
T=-1°C.
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Fig4a, b, ¢, d e, f Temperature distributions in the section of human skin on the surface of which

there is a cooling element at a temperature of T = -50°C, at different time moments:
a)t=10s,b)t=60s,c)t=180s,d)t=300s,e)t=600s,f)t=1200s,

where [, is temperature level T = -8°C and [, is temperature level T = -1°C
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Fig. 5 shows the dependence of the movement of the phase transition zone (crystallization zone
of the biological tissue) on the time of temperature exposure. From Fig. 5 it is obvious that the
maximum freezing depth of human skin and, accordingly, the biological tissue is about 1 = 10 mm at a
temperature of cooling element 7= 50 ° C.

[, mm
124 ;
¥
0+ - T - T T T . i r T - -
0 200 400 600 800 1000 12007, S

Fig. 5. Dependence of the movement of the phase transition zone
(crystallization zone of the biological tissue) on the time
of temperature exposure at a temperature of
cooling element T = -50°C: I; — temperature level T = -8°C and
I, — temperature level T = -1°C

Using computer simulation, we determined the dependence of the depth of freezing of human
skin on temperature at different times (Fig. 6) and on the time of temperature exposure at a
temperature of cooling element 7 = -50 ° C (Fig. 7).

Figs. 6, 7 show that at t = 60 s the biological tissue is cooled to a temperature of 7=10° C at a
depth of / = 3.5 mm, at =180 s - at a depth of / =5 mm, and at =600 s - at a depth of / =~ 7 mm and
atr=1200 s - at a depth of / = 7.5 mm.

It is established that with increasing temperature exposure, a deeper cooling of human skin is
achieved. That is, with a prolonged temperature exposure (7' = -50 °C), a destruction of the
corresponding area of human skin can be achieved.
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Fig. 6. Temperature distribution in human skin at different time moments of temperature exposure:

I—-t=152-t=060s5;3-1t=180s,4—-t=300s;5—-t=600s;, 6—t=1200s
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Fig. 7. Temporal dependence of temperature at different depth h of human skin

at a temperature of cooling element T =-50°C: 1 —h=0;2—h=1mm; 3—h =3 mm,
4d—h=5mm; 5—h=7mm; 6-h=9mm; 7—h=10mm

Thus, a technique was developed for taking into account the phase transition in human skin
during computer —aided simulation of cryodestruction process, which makes it possible to predict the
results of local temperature effect on the biological tissue and to determine the temperature and heat
flux distributions at any time moment with a predetermined arbitrary time function of change in the
temperature of cooling element 7y(z) [29].

It should be noted that the obtained results make it possible to predict the depth of freezing of
the skin, and, accordingly, the biological tissue at a given temperature exposure, taking into account
the phase transition to achieve the maximum effect during cryodestruction of human skin. They are
also necessary for the design of thermoelectric refrigerators for cryodestruction of the skin and
providing the necessary cooling modes.
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Conclusion

1.

A physical, mathematical and computer models of human skin, on the surface of which there is a
cooling element at a temperature of T =-50°C were created with regard to thermophysical
processes, blood circulation, heat transfer, metabolic and phase transition processes.

. Using computer simulation, the distribution of temperature and heat fluxes in various skin layers

was determined taking into account the phase transition in the process of cryodestruction of human
skin. The dependence of the freezing depth of human skin on the temperature of cooling element
and the time of the temperature exposure was established. The maximum freezing depth of the skin
was determined which is 1 = 10 mm at a temperature of cooling element T=50° C.
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METOAUKA BPAXYBAHHS ®A30BOI'O IIEPEXOY
B BIOJIOT TYHIIA TKAHUHI TP KOMIT'FOTEPHOMY
MO/JIEJTIOBAHHI ITPOIIECY KPIOJECTPYKIIII

Y pobomi nasedeno pesyromamu komn 1omepHo2o MOOeO8AHHA NPoYecy KpiooecmpyKyii wKipu
JHOOUHU 3  B8PAXYBAHHAM MENIOQI3UYHUX Npoyecis, Kposoobicy, mMenioooMiny, npoyecieé
Memabonizmy ma ¢azoeoeo nepexoody. Ilobydosano gizuuny, mamemamuuny ma KOMN iOMepHy
MoOeni wiKipu JIOOUHU, HA NOBEPXHI SKOI 3HAXOOUMbCS OXONOONCYIOUULl  eNleMenm  npu
memnepamypi -50°C. Bushaueno po3noodinu memnepamypu i meniogux nomoKis y wKipi JioOuHu 8
peoicumi 0xon00dcents. Ompumani pe3yibmamu 0aioms MONCIUGICMb NPOSHO3Y8AMU 2TUOUHY
NPOMEP3AHHS WKIPU T, 8BIONOGIOHO, DIONOSIMHOT MKAHUHU NPU 3A0AHOMY MEMNEePAmypPHOMY GNIUGL.
bion. 29, puc. 7.

Karwudosi cioBa: mkipa JIOIMHM, TeMIEpaTypHUI BIUTUB, KpiojecTpykuis, (a3oBH mepexin,
KOMIT'FOTEpHE MOJETIOBAaHHS.
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KOMIIBIOTEPHOE MOJAEJIMPOBAHUE
MNPOLHECCA KPUOAECTPYKIUU KOKHU YEJIOBEKA
IIPU TEPMODJIEKTPUYECKOM OXJIA’KJAEHUU

B pabome npusedenvi pezyismamul KOMRbIOMEPHO20 MOOETUPOBAHUSL NPOYECCA KPUOOECPYKYUU
KOJICU 4ell0BeKd C Y4emom menIoQUu3UYecKux npoyeccos, Kpogoobpaujenus, meniooomena,
npoyeccos memabonusma u ¢azoeoz2o nepexoda. Ilocmpoenvl pusuueckas, mamemamuieckas u
KOMNBIOMEPHAL MOOEU KOJICU YeN06EeKd, HA NOBEPXHOCMU KOMOPOU HAXOOUMCS OXJAACOAIOUULL
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onemenm npu memnepamype -50 °C. Onpedenenno pacnpedenenus memnepamypvl u meniosblx
NOMOKO8 8 KOdce Yenogeka 6 pedcume oxaadicoenus. I[lomyuennvie pesyromamol  Oaiom
B03MOJCHOCHL ~ NPOSHO3UPOBAL  2TYOUHY — NPOMEP3aHUsl  KOJMCU U,  COOMBEMCMEEHHO,
OUONI02UYEeCKOl MKAHU NPU 3A0AHHOM memnepamyprHom eozoeticmsuu. bubn. 28, puc. 7.
KiroueBble cjioBa: Koka 4YelIOBEKa, TEMIIEpATypHOE BIMSHHE, KPUOMCCTPYKIHMA, (ha30BbIH
nepex o, KOMIILIOTEPHOE MOJIETUPOBAHHE.

References

1.

10.

11.

12.

13.

14.

15.

Anatychuk L.I.  (1979). Termoelementy i termoelektricheskiie ustroistva.  Spravochnik
[Thermoelements and thermoelectric devices. Reference book]. Kyiv: Naukova Dumka [in Russian].
Kolenko E.A. (1967). Termoelektricheskiie okhlazhdaiushchiie pribory [Thermoelectric cooling
devices]. 2nd ed. Leningrad: Nauka [in Russian].

Anatychuk L.I., Denisenko O.I., Kobylianskyi R.R., Kadeniuk T.Ya., Perepichka M.P. (2017).
Modern methods of cryotherapy in dermatological practice. Klinichna ta eksperymental na
patologiia - Clinical and experimental pathology, XVI, (59), 150-156.

Denkov V. (1988). At the edge of life. Moscow: Znaniie [Russian transl. ]

Maruyama S., Nakagawa K., Takeda H.(2008). The flexible cryoprobe using Peltier effect for
heat transfer control. Journal of Biomechanical Science and Engineering, 138-150.

Kochenov V.I. (2000). Kriokhirurgicheskaia profilakticheskaia onkologiia [Cryosurgical
preventive oncology]. Nizhnii Novgorod [in Russian].

Kochenov V.I. (2003). Kriologicheskaia profilakticheskaia onkologiia: kratkoie uchebnoie 1
metodicheskoie posibiie dlia vrachei i studentov [Cryological preventive oncology: brief educational
and methodological manual for doctors and students]. 2™ revised ed. Nizhnii Novgorod [in Russian].
Kochenov V.I. (1982). Adhesive effect in cryosurgery. Abstract in the International Abstract
Journal, 1V, 8.

Moskalyk, I.A., Manyk O.M. (2013). On the use of thermoelectric cooling in cryodestruction
practice. J. Thermoelectricity, 6, 84-92.

Anatychuk L.I., Denisenko O.I., Kobylianskyi R.R., Kadeniuk T.Ya. (2015). On the use of
thermoelectric cooling in dermatology and cosmetology. J. Thermoelectricity, 3, 57-71.

Moskalyk I.A. (2015). On the use of thermoelectric devices in cryosurgery. Physics and
Chemistry of the Solid State, 4, 742-746.

Kobylianskyi R.R., Kadeniuk T.Ya. (2016) Pro perspektyvy vykorystannia termoelektryky dlia
likuvannia zakhvoriuvan’ shkiry kholodom [On the prospects of using thermoelectricity for
treatment of skin diseases with cold]. Naukovy visnyk Chernivetskogo universitetu: zbirnyk
naukovykh ptrats. Fizyka. Elektronika - Scientific Bulletin of Chernivtsi University: Collection of
Scientific Papers. Physics. Electronics, 5, 1, 67 — 72 [in Ukrainian].

Anatychuk L.I., Vikhor L.M., Kotsur M.P., Kobylianskyi R.R., Kadeniuk T.Ya. (2016). Optimal
control of time dependence of cooling temperature in thermoelectric devices. J. Thermoelectricity, 5,
5-11.

Anatychuk L.I., Kobylianskyi R.R., Kadeniuk T.Ya. (2017). Computer simulation of local
thermal effect on human skin. J. Thermoelectricity, 1, 69-79.

Anatychuk L.I., Vikhor L.M., Kobylianskyi R.R., Kadeniuk T.Ya. (2017). Computer simulation
and optimization of the dynamic operating modes of thermoelectric device for treatment of skin
diseases. J. Thermoelectricity, 2, 44-57.

34

Journal of Thermoelectricity Ne2, 2019 ISSN 1607-8829



L.1. Anatychuk, R.R Kobylianskyi, R.V. Fedoriv
Computer simulation of human skin cryodestruction process during thermoelectric cooling

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

Anatychuk L.I.., Vikhor L.M., Kobylianskyi R.R., Kadeniuk T.Ya., Zvarich O.V. (2017).
Computer simulation and optimization of the dynamic operating modes of thermoelectric device
for reflexotherapy. J. Thermoelectricity, 3, 68-78.

Anatychuk L.I., Vikhor L.M., Kobylianskyi R.R., Kadeniuk T.Ya. (2017). Computer simulation
and optimization of the dynamic operating modes of thermoelectric device for cryodestruction.
Physics and Chemistry of the Solid State, 18 (4), 455-459.

Anatychuk L., Vikhor L, Kotsur M., Kobylianskyi R., Kadeniuk T. (2018). Optimal control of
time dependence of temperature in thermoelectric devices for medical purposes. International
Journal of Thermophysics 39:108. https://doi.org/10.1007/s10765-018-2430-z.

Anatychuk L.I., Vikhor L.M., Kobylianskyi R.R., Kadeniuk T.Ya. (2018). Kompiuterne
modeliuvannia lokalnoho temperaturnoho vplyvu na shkiru liudyny v dynamichnomu rezhymi
[Computer simulation of local temperature effect on human skin in the dynamic mode]. Visnyk
Natsionalnogo universitetu “Lvivska Politechnica”. Physical and mathematical sciences —
Bulletin of National university “Lvivska Politechnica.” Physical and mathematical sciences.
Lviv: Lvivska Politechnical Publ., 898, 78-82.

Pennes H.H. (1948). Analysis of tissue and arterial blood temperatures in the resting forearm J.
Appl. Physiol. 1(2), 93 —122.

Jiang S.C., Ma N, Li H.J. and Zhang X.X. (2002). Effects of thermal properties and geometrical
dimensions on skin burn injuries. Burns 28, 713 —717.

Cetingul M.P., Herman C. (2008). Identification of skin lesions from the transient thermal
response using infrared imaging technique. /EEE, 1219 — 1222.

Ciesielski M., Mochnacki B. and Szopa R. (2011). Numerical modeling of biological tissue
heating. Admissible thermal dose. Scientific Research of the Institute of Mathematics and
Computer Science 1 (10), 11 — 20.

Filipoiu Florin, Bogdan Andrei Ioan and Carstea Iulia Maria (2010). Computer-aided analysis of
the heat transfer in skin tissue. Proceedings of the 3rd WSEAS Int. Conference on Finite
Differences - Finite Elements - Finite Volumes - Boundary Elements, 53 —59.

Carstea Daniela, Carstea lon and Carstea [ulia Maria Carstea (2011). Interdisciplinarity in computer-
aided analysis of thermal therapies. WSEAS Transactions on Systems and Control, 6 (4), 115 —124.
Deng Z.S., Liu J. (2005). Numerical simulation of selective freezing of target biological tissues
following injection of solutions with specific thermal properties. Cryobiology, 50, 183-192.

Han Liang Lim, Venmathi Gunasekaran. Mathematical modeling of heat distribution during
cryosurgery // https://isn.ucsd.edu/last/courses/beng221/problems/201 1/project10.pdf.

COMSOL Multiphysics User’s Guide (2018). COMSOLAB.

L.I. Anatychuk, R.R Kobylianskyi, R.V. Fedoriv (2019). Method for taking into account the
phase transition in biological tissue during computer-aided simulation of cryodestruction process.
J.Thermoelectricity, 1, 42 — 54.

Submitted 08.04.2019

ISSN 1607-8829 Journal of Thermoelectricity Ne2, 2019 35



P.V. Gorskiy doctor phys.-math. science'?,
Mytskaniuk N.V.'?

'Institute of Thermoelectricity of the NAS and MES of
Ukraine, 1, Nauky str, Chernivtsi, 58029, Ukraine;
_ e-mail: anatych@gmail.com
P.V. Gorskiy *Yu.Fedkovych Chernivtsi National University,
2, Kotsiubynskyi str., Chernivtsi, 58000, Ukraine

Mpuiyxaniox H.B.

ON THE TEMPERATURE DEPENDENCES OF THERMOELECTRIC
CHARACTERISTICS OF THERMOELECTRIC MATERIAL-METAL TRANSIENT
LAYER WITHOUT REGARD TO PERCOLATION EFFECT

The basic relationships are obtained by calculation, which determine the temperature dependences of
thermoelectric characteristics of thermoelectric material-metal transient contact layers without regard to
percolation theory. Specific quantitative results and plots of the temperature dependences of the electrical and
thermal contact resistances, the thermoEMEF, the power factor, and the dimensionless thermoelectric figure of
merit are given for bismuth telluride — nickel contact pair. It has been established that with uneven
distribution of metal atoms in the temperature range of 200 - 400 K, the intensity of metal atoms
entering transient layer, which corresponds to a change in the distribution of metal atoms by the
thickness of transient layer from linear to square and the thickness range of transient layer from 20 to
150 um, the electrical contact resistance varies from 1.8 - 10-7 to 4.8 + 10-6 Ohm-cnr’, the thermal
contact resistance - from 0.022 to 0.35 K-cm’/W, the thermoEMF - from 155 to 235 uV/K, the power
factor - from 1.6:107 00 2.9:-10° W/(mK?), the dimensionless thermoelectric figure of merit - from 0.55
to 1.7. Bibl. 34, Fig. 21.

Key words: thermoelectric material-metal contact, near-contact transient layer, electrical contact
resistance, thermal contact resistance, thermoEMF, power factor, dimensionless thermoelectric figure of
merit, temperature dependences.

Introduction

The efficiency of thermoelectric modules, which is mainly determined by the figure of merit of
thermoelement leg materials, essentially depends on the electrical contact resistance at the boundaries
between semiconductor materials of legs with metal interconnect layers. Contact resistance is one of the
main reasons for the fact that in thermoelectric coolers and generators the properties of materials are not
fully realized [1 — 3]. It is well known that the Joule heat, which is released on contact resistances, reduces
the energy efficiency of thermoelectric converters and leads to the dependence of their characteristics on
the height of thermoelement legs [4]. The influence of contact resistance on the characteristics of
thermoelectric devices becomes more significant under conditions of miniaturization of thermoelectric
legs, when the thickness of thermoelectric material-metal transient contact layers along the electric current
directions becomes comparable with the height of thermoelectric legs [5, 6] Miniaturization of
thermoelectric power converters is a modern trend of their improvement [7 — 12], aimed primarily at
reducing the expenses for thermoelectric materials and thereby cheapening the thermoelectric modules.
Therefore, studies of the electrical properties of TEM-metal transient layers, aimed at reducing the contact
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resistance and thereby preserving the high values of the characteristics of thermoelectric converters under
miniaturization conditions, are currently central.

To design thermoelectric modules and calculate their characteristics, the experimentally established
contact resistance values are used. As a rule, to measure these values, rather complicated methods and
installations are employed [13 —17]. Contact resistance depends on the technology for producing
thermoelectric materials, methods for forming their contacts with metal layers, pre-processing of the
surfaces of semiconductor crystals [16, 18 —20] and other factors. Therefore, the experimental values of
contact resistance for specific TEM-metal pairs can differ significantly, which complicates the analysis and
optimization of the structure of transient contact layers. Theoretical methods for modeling TEM-metal
contacts are practically absent.

Therefore, the purpose of this work is to develop a model of the structure of TEM-metal transient
contact layers and methods for estimating the electrical contact resistance of such a structure, to calculate
the temperature dependences of contact resistance for thermoelements of traditional materials based on
BiTe with a view to their further application for the design of thermoelectric power converters, on
particular with microminiature legs.

Physical model of TEM-metal transient layer

In thermoelectric modules manufactured by traditional technology, connection of n- and p-type legs
in thermoelements is carried out by interconnect plates made of highly conductive metal, in particular
copper. The contact of the semiconductor material with metal interconnects, as a rule, is provided by
soldering or connection using a special electrically conductive paste. To restrict the diffusion of
interconnect elements and solder or paste into the bulk of a semiconductor leg, a thin anti-diffusion layer of
metal, usually nickel, is applied to its surface [21 — 26], which, in addition to low diffusion of elements,
provides high adhesion and a reliable electrical contact. After applying the metal to the surface of the
thermoelectric material, a transient TEM-metal contact layer arises at the interface. Physical processes in
the transient layer are the main cause for contact resistance that occurs when an electric current passes
through a thermoelement.

For the effective operation of thermoelectric modules, the contacts must be ohmic [21 —27]. In
ohmic contacts, current carriers pass from semiconductor to metal, overcoming the potential barrier at the
TEM - metal interface, which is created due to the difference in the energy band structure of
semiconductor and metal [28, 29]. The main characteristic of an ohmic contact is its resistance, reduced to
a unit area [30]. This resistance has two main components. The first is the resistance 7, of transient near-
contact area, the second — the resistance 7, associated with the transition of charge carriers through the
potential barrier at the boundary between the semiconductor and the metal. This second component is
commonly called the boundary electrical resistance [31]. However, the purpose of this paper is to calculate
the temperature dependences of thermoelectric characteristics of transient layer without taking into account
the presence of a potential barrier.

General formulae for thermoelectric characteristics of transient layer

The electrical resistance of transient layer is affected by its composition and structure, which depend
on the technology of fabrication of TEM-metal contact. The most common methods of metal deposition on
the surface of a semiconductor are the technologies of fusion, sputtering, electroplating, and epitaxy. The
structure of transient layer is determined by two basic physical processes. It is mutual diffusion of atoms
(molecules) of contacting materials and their chemical interaction [32]. Traditionally, the application of
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nickel diffusion layers on the surface of thermoelectric material is carried out by electroplating. As stated
in [22,23,32], under the conditions of such technology, the structure of transient layer is characterized by
the absence of any chemical compounds of metal atoms with atoms (molecules) of the semiconductor. In
this case, the main factor determining the electrical properties of transient layer is considered to be the
effect of semiconductor doping with metal due to mutual diffusion [32], which occurs under the conditions
of the operating modes of thermoelements. It should be noted that transient layer differs from the bulk
thermoelectric material by the inhomogeneous spatial distribution of metal impurity atoms, which leads to
the dependence of the electrical conductivity o,(x) of transient layer on the dimensionless coordinate
X = )7/ hwhere h is the thickness of transient layer, x €[0,1]. Suppose that electrical conductivity varies

continuously from its value o, in metal to the value o, in thermoelectric material, i.e., function o (x)
satisfies the requirements.

6,=01(0), o,=c/(1). (1)

To determine the appearance of the dependence c,(x), we use the concept of the distribution of the
volume fraction of an impurity metal in the material of the near-contact transient layer, which is
determined by the ratio of the volumes of impurity atoms to all atoms (molecules) of transient layer, which
are in the elementary volume of thickness dx at a distance x from the metal surface x = 0 and is calculated
by the relation

o) = (4, /v,)n) ,
O = G o0 + (A1) (o =) )

where A, A, is the atomic or molecular weight, y,, 7, is the density of semiconductor thermoelectric
material and metal, respectively, n(x) is the distribution of the concentration of metal atoms in transient
layer, which is established in the steady-state operating modes of the thermoelement due to diffusion, g is
the concentration of metal atoms that can diffuse. Formula (2) is correct, subject that part of the elementary
volume of transient layer, unoccupied by metal atoms, is considered to be occupied by atoms (molecules)
of thermoelectric material.

Function n(x) is a solution of one-dimensional boundary value problem of steady-state diffusion in
the presence of a constant source of metal atoms with the boundary conditions n(0)=n,, n(1)=0, which
under the condition of constancy of diffusion coefficient D and intensity Q of the source with

concentration n,, looks like:
n(x)=n, [1 —(1-4)x- szj. 3)

where n, — concentration of atoms in metal, dimensionless parameter A =Qd?/2Dn,

characterizes the mode and conditions of contact creation.
Under these assumptions, the dimensionless function (2) of the distribution of volume
fraction of impurity v(y) takes on the form

W(y)= ] (Am/Vm)[l—(l,—A)y—szl N @)
(4, /7, 1 = (1= A)y = 4y” [+ (4, /7, |1 = )y + 4y° |
and the following conditions for it are satisfied

w(0)=1, (1)=0. (5)
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We assume that electrical conductivity proportional to carrier concentration in the case of doping
impurity is proportional to concentration of impurity atoms. As a result, the form of coordinate dependence
of electrical conductivity of transient layer o,(y) will be determined by the coordinate dependence (4) of the
volume fraction v()’) of metal impurity. Then c,(y) without regard to percolation effect, when metal atoms

do not form clusters, will be determined through v(y) by the function

o,(y)=0,+(0, o M»), (6)

for which, taking into account (5), the requirements of (1) will be satisfied. Formula (6) coincides with
classical formula for generalized composite conduction.
With this approximation, the electrical resistance of the near-contact transient layer can be estimated

by the formula
1 dy
=i (7)
0 Oy (y)
The relation similar to (6) is also valid for thermal conductivity of transient layer:
Kl(y):Ks+(Km_Ks)v(y)’ (8)

where x; and «x,, are thermal conductivities of TEM and metal, respectively, so for electrical

contact resistance the following relation is valid:

1
(D
_h'([l(‘

For thermoEMF the following relation is true:

)

1

I oy K W)+ (et 6, 1= vy )y

=0 . (10)

e+ 5 L= v

[ ——

Approximation of the temperature dependences of thermoelectric characteristics of
material and metal

To calculate the temperature dependences of contact resistance, we will need the temperature
dependences of thermoelectric characteristics of TEM and metal. This approximation can be done in two
ways, namely by construction of regression models on the basis of experimental data, or purely by
calculation, on the basis of certain model assumptions of the microscopic mechanisms of charge and heat
transfer in material. In this paper we use the second way.

We start with the thermoelectric characteristics of TEM. Let at some temperature 7, we know its

thermoelectric parameters, namely the thermoEMF «, the electrical conductivity o, and the thermal

conductivity k. To construct their temperature dependences, using this data we make the following

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

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

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

Provided that these assumptions are valid, the carrier scattering index » = —0.5. Taking into account
its value, the construction of the necessary temperature dependences on the basis of known general
relations [33] is carried out in the following order.

From the relation for the thermoEMF

s0

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

Using the condition of carrier concentration constancy, from the equation

T Fysn) —1
Ty Fy5(mo)

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

(12)

in given temperature range.
From the relation

“SZSPF?(?))‘”} )

we determine the temperature dependence of the thermoEMF of TEM.

LS(U)Z(ETF%(U)_ 41712(77)} a4

e Fo(n) Foz(n)

we determine the temperature dependence of the Lorentz number of TEM.

From the relation

The temperature dependence of electrical conductivity of TEM for the above model assumptions is
determined as:

o, :Gso(ﬁjl's Fo(n)Fo.s(Uo) (15)

T F0.5(77)F0(77 ) '

The temperature dependence of thermal conductivity with regard to everything mentioned above is
determined as:

T
Ks = GSLS (77)T + [KSO - GSOLS (770 )Tb ]70 : (16)

In formulae (11) — (16), Fm(n) denote the Fermi integrals that are determined by the

following relation:
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Fm(n):Ixm[exp(x—n)+l]_ldx. (17)
0

Relations (11)~(17) completely determine the temperature dependences of the thermoEMF, the
electrical conductivity and the thermal conductivity of TEM.

Let us pass to approximation of the temperature dependences of the electrical conductivity, the
thermal conductivity and the thermoEMF of metal. We assume that in metal, just as in TEM, scattering of
free carriers takes place on the deformation potential of acoustic phonons, and in the real temperature
region the mean free path of carriers is inversely proportional to temperature. Then, taking into account
strong degeneracy of carriers in metal, the temperature dependence of its electrical conductivity will be
determined as [34]:

Gm:GmO'(TO/T)’ (18)

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

Kk ,, will be considered to be temperature independent. We will also consider the thermoEMF of the metal

o, to be independent of temperature.

Results of calculation of the temperature dependences of thermoelectric characteristics of
the TEM-metal transient contact layer and their discussion

The temperature dependences of the electrical and thermal contact resistances, the thermoEMF and
the dimensionless thermoelectric figure of merit of the TEM-metal transient contact layer for bismuth
telluride-nickel pair obtained in the framework of the calculation procedure described above, provided that
the uneven distribution of the metal atoms in the layer is preserved, are shown in
Figs. 1-7.

ree,10°Om-cM”

Fig. 1. Temperature dependences of electrical contact

resistance at transient layer thickness of 20 um: 1 —
A=0; 2—-A=1.
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Fig.2. Temperature dependences of electrical contact

resistance at transient layer thickness of 150 um: 1 —
A=0; 2—-A=1.
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5 ZT
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2 Fig.7. Temperature dependences of transient layer
1 1 dimensionless thermoelectric figure of merit: 1 — A=0;
2-A=1
0.5
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When plotting, the following material parameters for 300K were taken: c,=1.25-10° S/cm, 5,=800
S/em, «,=92 W /(m'K), x~=1.4 W /(m'K), a,= — 23 uV/K, a,= 200 uV/K, and, besides, 4,=58.5, 4,801,
p,=9100 kg/m’, p,=7700 kg/m’. It can be seen from the figures that in the temperature range studied, the
electrical and thermal contact resistances, the thermoEMF, and the dimensionless thermoelectric figure of
merit of transient layer increase, and the power factor has a maximum in the range of 300-350 K. Such
temperature dependences can be explained by an increase in the resistivities of metal and semiconductor, a
decrease in their thermal conductivity, and an increase in the thermoEMF of semiconductor with a rise in
temperature. With an increase in the thickness of transient layer, the electrical and thermal contact
resistances increase in proportion to this thickness. The presence of a maximum in the temperature
dependence of power factor is explained by two competing processes: an increase in the thermoEMF and a
decrease in TEM electrical conductivity with a rise in temperature. It should be noted that the thermoEMF
of transient layer is mainly determined by the semiconductor due to the fact that thermal conductivity of
metal is significantly greater than thermal conductivity of semiconductor.

In addition, it can be seen from the figures that with increasing parameter A, that is, the intensity of
metal atoms entering transient layer, the thermal and electrical contact resistances, as well as the
thermoEMF decrease, and the power factor and the dimensionless thermoelectric figure of merit increase.
On the whole, in the studied ranges of temperature, the intensity of metal entering transient layer, and the
transient layer thickness, the electrical contact resistance varies from 1.8-107 to 4.8-:10° Ohm-cm?, and the
thermal contact resistance varies from 0.022 to 0.35 K-cm®W, the thermoEMF - from 155 to 235 puV/K,
the power factor - from 1.6:10* 10 2.9-10™* W/(m-K?), the dimensionless thermoelectric figure of merit -
from 0.55 to 1.7.

4. Effect of levelling of metal concentration in transient layer on the temperature
dependences of its thermoelectric characteristics

The above results were obtained on the assumption that the distribution of the volume fraction of
metal in transient layer is subject to relation (4). However, the most intense supply of metal atoms into
transient layer occurs directly during contact. Further, especially at low temperatures, this intensity
decreases significantly and the uneven distribution of metal in transient layer is levelled. Therefore, it is
worthwhile to study the effect of this levelling on the temperature dependences of thermoelectric
characteristics of transient layer. After levelling, the average steady volume fraction of metal in transient
layer will be determined as follows:

_1 . (m/7m [1 1 A)y Ay]
G0 A - B -] 19
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So, the steady electrical conductivity of transient layer without regard to percolation theory will be
determined as:

0,=0*+ (Gm — Oy )Vma > (20)

and its electrical contact resistance as:

r.=hlo,. 1)
The steady thermal conductivity of transient layer will be determined as:
Ky = Ky + (1 =K W (22)
and its thermal contact resistance as:
r.=h/k,. (23)

For the thermoEMF of transient layer the following relation is valid:

(am/Km)Vm +(as/Ks)(l_vm)‘ (24)
Vm/Km +(l _Vm)/Ks

The results of calculations of the temperature dependences of thermoelectric characteristics of

transient layer obtained in case of uniform distribution of metal concentration therein are presented in
Figs.8-14.
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Fig.8. Temperature dependences of electrical contact
resistance after levelling of metal concentration at
transient layer thickness of 20 um: 1 — A=0; 2 — A=1.
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Fig.9. Temperature dependences of electrical contact
resistance after levelling of metal concentration at
transient layer thickness of 150 um: 1 — A=0; 2 —A=1.
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Fig. 10. Temperature dependences of thermal contact
resistance after levelling of metal concentration at
transient layer thickness of 20 um: 1 — A=0; 2 — A=1.

Fig.11. Temperature dependences of thermal contact
resistance after levelling of metal concentration at
transient layer thickness of 150 um: 1 — A=0; 2 —A=1.

Fig. 12. Temperature dependences of transient layer
thermoEMF after levelling of metal concentration: 1 —
A=0; 2—-A=1.

Fig.13. Temperature dependences of transient layer
power factor after levelling of metal concentration: 1 —
A=0; 2—-A=1.
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Fig. 14. Temperature dependences of transient layer
dimensionless thermoelectric figure of merit after
levelling of metal concentration:
1-A4=0;2-A=1.
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It can be seen from the figures that after levelling of metal concentration in the bulk of transient
layer, the electrical and thermal contact resistances at all temperatures essentially decrease, the thermoEMF
power practically does not change, and the power factor and thermoelectric figure of merit essentially
increase. In contrast to the case of an uneven distribution of concentration, after its levelling in the studied
temperature range, the power factor does not have a maximum, but is a growing function of temperature.

As regards the effect of parameter A, that is, the intensity of metal entering transient layer, on the
thermoelectric properties of transient layer, after the concentration is levelled, the same tendency remains
as with its uneven distribution.

In general, in the studied ranges of temperature, the intensity of metal entering transient layer and the
thickness of transient layer after levelling metal concentration the electrical contact resistance varies from
8:10% to 1.2:10° Ohm-cm?, the thermal contact resistance — from 7-10 to 0.12 K-cm’/W, the thermoEMF
— from 155 to 235 V/K, the power factor — from 6-10* to 1.5 5-10° W/(m-K?), the dimensionless
thermoelectric figure of merit — from 0.8 to 2.2. Thus, after the concentration is levelled, the electrical
contact resistance drops by a factor of 2.25 — 4, the thermal contact resistance drops by a factor of 3, the
thermoEMF is practically unvaried, the power factor grows by a factor of 3.75 — 5.3, the thermoelectric
figure of merit increases 1.5 times.

Note that when designing thermoelectric energy converters, such parameters of transient contact
layers as power factor and thermoelectric figure of merit do not have self-importance, but they may be of
some interest for the integral evaluation of the contact structures.

It is clear that the results obtained can be considered valid only when nickel does not form bismuth
telluride intermetallic compounds. But according to the data of [23], this is basically true.

Effect of contact resistance on the efficiency of thermoelectric generator module

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

For this purpose a physical model of thermoelectric generator module was considered which is
shown in Fig.15.
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Fig. 15. Physical model of thermoelectric generator module. 1 — n-type leg; 2 — p-type leg;
3, 4 — electrical interconnects, 5, 6 — ceramic plates; 7 — gas, 8, 9 — electrical contacts between legs
and interconnect plates; 10— thermal contact between ceramic plate and hot thermostat;
11 — thermal contact between ceramic plate and cold thermostat.

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

equations:
Vw=0, (25)
Ww=g+Uj. (26)
In formulae (25) and (26), ] — electric current density, g —heat flux density:
G=-xVT +11}, (27)
where IT is the Peltier coefficient, « is thermal conductivity.
M= af, (28)

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

j=-oVU-0aVT, (29)

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

~V(xVT)+(VIT+VU);j =0. (30)

From expression (30), using (28) and (29), we obtain the following equation to find the

distributions of temperature and potential:
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V]oa?r + k7|~ V(carvu)-o|VUY +avTvU|=0. (1)
To obtain the second equation, we will use the law of conservation of electrical charge:
Vi=0. (32)
Substituting (29) into (32), we obtain the following equation:
V(oaVT)+V(eVU)=0. (33)

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

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

M :(T .y ’Z)]. (34)

U(x,y,z)

Matrix M satisfies one matrix differential equation

potential:

V(eVM)=f, (35)

whose components are equations (31) and (33) if the matrix nonlinear coefficients of equation (35) have
the form

c:{O'OCZT+K aaT]’f:{a[(VU)z +VIVU G36)

ao o 0

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

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

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

4 500

4 450
107 m

350

Fig. 16. Temperature field in thermoelement

0.1

0.09
0.08
0.07
0.08
0.05

0.04

0.03

0.02

= 0.01

Fig. 17 Electrical potential distribution in thermoelement

The results of these calculations are presented in Figs.18 — 21.
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Fig. 18 Dependence of generator module efficiency
with the height of leg 3 mm on transient layer
thickness for the case when contact resistance is
considered to be a lumped parameter:1 — A=0, the
distribution of metal atoms in transient layer is
uneven; 2 — A=1, the distribution of metal atoms in
transient layer is uneven; 3 — A=0, the distribution of
metal atoms in transient layer is uniform;4 — A=1, the

distribution of metal atoms in transient layer is

By 50 100 7, wiwd uniform.
7 n »%
e Fig. 19.Dependence of generator module efficiency
741 with the height of leg 1.5 mm on transient layer
thickness for the case when contact resistance is
721 considered to be a lumped parameter:1 — A=0, the
distribution of metal atoms in transient layer is
7t uneven; 2 — A=1, the distribution of metal atoms in
transient layer is uneven; 3 — A=0, the distribution of
6.8 metal atoms in transient layer is uniform;4 — A=1, the
. . distribution of metal atoms in transient layer is
o 100 150  h, MKm uniform.
i
% Fig.20.Dependence of generator module efficiency
7 65. 5 4 with the height of leg 3 mm on transient layer
thickness for the case when transient layer is explicitly
introduced into model:1 — A=0, the distribution of
L metal atoms in transient layer is uneven; 2 — A=1, the
7.6f distribution of metal atoms in transient layer is
uneven; 3 — A=0, the distribution of metal atoms in
transient layer is uniform;4 — A=1, the distribution of
7.550 50 100 h, MKM metal atoms in transient layer is uniform.
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o,
AL
74| Fig.21.Dependence of generator module efficiency
with the height of leg 1.5 mm on transient layer
721 thickness for the case when transient layer is explicitly
introduced into model:1 — A=0, the distribution of
7t metal atoms in transient layer is uneven; 2 — A=1, the
distribution of metal atoms in transient layer is
6.8 uneven; 3 — A=0, the distribution of metal atoms in
transient layer is uniform;4 — A=1, the distribution of
6'60 160 150 h, MKm metal atoms in transient layer is even.

Note that in this case, the thermoEMEF of transient layer was considered to be zero.

It can be seen from the figures that the efficiency of the thermoelement in the mode of electric
energy generation is maximum when the distribution of metal atoms in transient layer is uniform. In
addition, other things being equal, it is the greater, the greater the intensity of the source from which the
metal enters transient layer. In the case of uneven distribution of metal atoms in transient layer, the
efficiency decreases with increasing transient layer thickness the more, the smaller the height of the
thermoelectric leg. In general, in the considered range of thermoelectric leg heights and layer thicknesses,
the efficiency changes from 6.4 to 7.7% when the contact layer is explicitly introduced into the model, and
from 6.6 to 7.7% when the contact resistance is considered to be a lumped parameter. In the case when
transient layer is introduced into model, the efficiency after levelling the distribution of metal atoms in
transient layer depends only slightly on the intensity of the source from which a steady-state diffusion of
metal to TEM occurs.

Conclusions

1. Without taking into account the formation of clusters in transient layer, the temperature dependences of
the electrical and thermal contact resistances, the thermoEMF, the power factor and the thermoelectric
figure of merit of bismuth telluride-nickel transient contact layers were calculated on the assumption
that carrier scattering in semiconductor and metal occurs on the deformation potential of acoustic
phonons, the thermal conductivity of metal is determined by electron gas, and the lattice thermal
conductivity of semiconductor — by phonon-phonon scattering with umklapp. In this case it was
believed that nickel does not form new phases with bismuth telluride.

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

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

4. In the case of uneven distribution of metal atoms in the temperature range of 200 — 400 K, the intensity
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of metal atoms entering transient layer, which corresponds to a change in parameter 4 from 0 to 1 and
the thickness range of transient layer from 20 to 150 um, the electrical contact resistance changes from
1.8:107 to 4.8:10° Ohm-cm? the thermal contact resistance — from 0.022 to 0.35 K-cm*W, the
thermoEMF — from 155 to 235 uV/K, the power factor — from 1.6:10 to 2.9-10* W/(m'K?), the
dimensionless thermoelectric figure of merit — from 0.55 to 1.7.

. In the case of levelling the distribution of metal atoms in transient layer, the electrical contact resistance

decreases by a factor of 2.25 — 4, the thermal contact resistance decreases by a factor of 3, the
thermoEMF is practically unvaried, the power factor increases by a factor of 3.75 — 5.3, the
thermoelectric figure of merit grows by a factor of 1.5 as compared to the case of uneven distribution.
Studies of the effect of transient contact layer without clusters on the efficiency of thermoelement in
generation mode have shown that, all other things being equal, if the influence of the thermoEMF of
transient layer is ignored, in the considered range of thermoelectric leg heights and layer thicknesses in
the case when a contact layer is explicitly introduced into the model, the efficiency varies from 6.4 to
7.7%. However, if contact resistance is considered to be a lumped parameter, the efficiency changes
from 6.6 to 7.7%. In the case when transient layer is introduced into the model, the efficiency after
levelling the distribution of metal atoms in transient layer depends only slightly on the intensity of the
source from which steady diffusion of metal into TEM occurs, whereas in the case when contact
resistance is considered to be a lumped parameter, this dependence is much stronger.
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IMPO TEMIIEPATYPHI 3AJIEZKHOCTI TEPMOEJIEKTPUYHUX
XAPAKTEPUCTHMK MEPEXIJTHOT' O IIIAPY TEPMOEJIEKTPUUHUI
MATEPIAJI-METAJI BE3 YPAXYBAHHSI SIBUILIA ITEPKOJIAIIIT

Pospaxynkosum winsixom ompumano OCHOBHI  CNIGBIOHOUIEHHS, SIKI  GUSHAYAIOMb  MEMNEPANYpPHI
3ANEAHCHOCHT MEPMOENEKMPULHUX XAPAKMEPUCTIUK NEPEXiOHUX KOHMAKMHUX Wapie MepMOereKmpudHull
mamepian-meman Oe3 ypaxyeanHs meopii npomixkauus. Konkpemui kinbkicHi pesynemamu ma epagiku
MEMNEPAmypHUX 3A1eHCHOCMEN eNeKMPUYHO20 MA MeNi08020 KOHmakmuux onopis, mepmoEPC, ¢axmopy
nomyscHocmi ma 6e3po3MipHOI MEPMOENeKMPUHHOL eqheKmUsHOCmi  HABe0eHO Osi KOHMAKMHOL napu
menypuo sicmymy — Hikelb. Bcmarnoeneno, wo pasi HepisHOMIPHO20 pO3noOLTy amomie Mematy 8 IHMepeall
memnepamyp 200 — 400 K, inmencusnocmi HAOX0OJCEHHS amomie Memany y Nnepexionuil wap, sKa
8IONOBIOAE 3MIHI PO3NOOITY AMOMIE MEemanry 3a MOBWUHOI NepexiOHo20 wapy 6i0 JIHIUHO20 00
Keaopamu4Ho2o ma iHmepeasi moswiur nepexionozo wapy 6io 20 0o 150 mxm enexmpuunuli KOHMAKMHUL
onip sminioemocs 6i0 1.8-107 0o 4.8:10° Omer’, mennosuti konmaxmuuii onip — 6io 0.022 do 0.35
K-cm’/Bm, mepmoEPC — 6id 155 0o 235 mxB/K, ¢paxmop nomyoicrocmi — 6id 1.6:107 00 2.9-10° Bm/(w-K?),
be3posmipna mepmoenekmpuuna egpexkmushicms — 610 0.55 0o 1.7. Bion. 34, puc. 21.
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KnrouoBi cjioBa: KOHTaKkT TEepMOENEKTPHYHHMI MaTepiajl — MeTall, NPUKOHTAKTHWH TEepexifTHui miap,
SJICKTPHYHUI KOHTAKTHHUI OIip, TeIUIOBHMI KOHTaKTHHH orip, TepMOEPC, dakTop moryxHOCTI, 6e3p0o3MipHa
TEPMOEJIEKTPUYHA e(peKTHBHICTh, TEMIIEPATYPHI 3aJIEXKHOCTI.
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O TEMIIEPATYPHBIX 3ABUCUMOCTSAX TEPMOJJIEKTPUIECKHUX
XAPAKTEPUCTHUK IEPEXOIHOT'O CJIOSI TEPMOXJIEKTPUUECKHIA
MATEPHAJI-METAJLJI BE3 YUETA SAIBJIEHUSA ITEPKOJISILIAN

Pacuemnviv nymem nonyuenvl 0CHOGHbIE COOMHOUIEHUS], Onpedesioujue MeMnepanypHvle 3a6UCUMOCHIU
MEPMOINIEKMPULECKUX XAPAKMEPUCUK NEPEXOOHBIX KOHMAKMHbIX C0e8 MEePMOINIEKMPULECKULL MAMEPUA-
Memamn Oe3 yuema meopuu npomexanus. Koukpemmvle Konuuecmeenmvle pesyibmanmvl U paguxiu
MEMNEPantypHuIX 3a6UCUMOCIIEN JIEKMPULECKO20 U MENI08020 KOHMAKmHulx conpomueienut, mepmod/]C,
¢axkmopa mowHocmu U 6e3paAIMEPHOU  MEPMOIIEKMPUYECKOU 3 exmueHocmu npusedervl izl
KOHMAKMHOU Napbl Mewypud GUCMYma - HUKelb. Ycmanoenieno, 4mo 6 clyude HepasHOMEPHO20
pacnpedenenusi amomos memania 6 uumepsare memnepamyp 200 - 400 K, ummencusnocmu
HOCMYNJIEHUs. AMOMO8 MeMAIA 8 NEPEXOOHOU CIOU, KOMopdas omeeddenm UMeHEeHUIO PACnpeoeieHus.
amomo8 Memaind no MoAuUHe NePexoOH020 CA0si OM JUHENHO20 K K8AOpaAmuyHOMY 6 UHmepsedaie
monwun nepexoonozo ciaosi om 20 0o 150 mkm anekmpuyeckoe KOHMAKMHOE CONPOMUGICHUEe
usmensemes, om 1.8 107 0o 4.8 10° Om-ca’, mennosoe konmaxmuoe conpomusnenue - om 0.022 0o

0.35 K-cx’/Bm, mepmodJC - om 155 0o 235 mxB/K, gaxmop mowmnocmu - om 1.6 107 00 2.9 107

Bm/(m'K°), 6espazmepnasn mepmodnexkmpuueckas s¢ppexmusnocms - om 0.55 0o 1.7. Bu6n. 34, puc. 20.
KnroueBble cj10Ba: KOHTAKT TEPMOIEKTPUUECKUIM MaTepHal - MeTaJll, IPUKOHTAKTHBIN TIepeXOAHbIHN CIIoH,
ANIEKTPUYECKOE KOHTAKTHOE CONPOTHBIICHUE, TEIUIOBOE KOHTAaKTHOE comporusieHue, TepMod/lC, dakrop
MOIITHOCTH, Oe3pa3MepHast TepMOdJIeKTpHUecKast SXPQeKTHBHOCTb, TEMIIEpATypHBIE 3aBUCHMOCTH.
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COMPUTER SIMULATION OF EXTRUSION PROCESS
OF Bi;Te; BASED TAPE THERMOELECTRIC MATERIALS

As long as in the process of hot extrusion of thermoelectric materials in the form of tape structures,
billets of material are deformed under practically perfect plastic conditions, when optimizing equipment
to obtain such materials, viscous fluid approximation may be used. This allows a computer simulation
of the extrusion process using the hydrodynamic theory, where material is regarded as a fluid with a
very high viscosity, which is a function of velocity and temperature. This paper presents the results of
an object-oriented computer simulation of the process of hot extrusion of Bi,Te; based thermoelectric
material. Cases of producing thermoelectric materials in the form of tape structures for various matrix
configurations are considered. The distributions of temperature and flow velocity of material in the
matrix are obtained, as well as material velocity fields at the exit from the matrix which directly affect
the structure of resulting material and its thermoelectric properties. Bibl. 6, Fig. 5, Tabl. 1.

Key words: simulationo, extrusion, tape thermoelectric material.

Introduction

At present, alongside with single-crystal Bi-Te based thermoelectric materials, extruded materials are
also used for the production of thermoelectric products. The main advantage of the extrusion method is
associated with improved material strength. Moreover, their thermoelectric properties may remain at the
level of properties obtained by crystallization from the melt.

Generally, extruded thermoelectric materials are made in the form of cylindrical samples up to
25-30 mm in diameter. The use of extruded thermoelectric materials in the form of tape structures for the
production of standard modules can reduce their cost by significantly reducing material losses.

At the same time, when creating equipment for producing extruded materials in the form of tape
structures, the design and optimization of its structure are necessary.

One of effective ways to study the effect of conditions for producing material on its structure is
mathematical simulation of the extrusion process in combination with the experimental results of structural
studies [4, 5].

The purpose of this work is to create a computer model of the hot extrusion process of Bi,Te; based
thermoelectric material to study the distributions of temperature and material flow velocity in a
rectangular-shaped matrix, which can be the basis for optimization of equipment for producing extruded
thermoelectric material.

Physical, mathematical and computer extrusion models

To build a computer model of the hot extrusion process of tape thermoelectric material, the viscous
fluid approximation and the application package of object-oriented simulation Comsol Multiphysics were
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used [5]. The model employs the hydrodynamic theory, where a material is regarded as a fluid of high
viscosity which is a function of velocity and temperature. The internal friction of the moving layers of
material serves as a heat source. The developed computer model allows one to determine mechanical stress
distribution in the matrix due to external pressure and thermal loads.

Ty Q=0

Q_ —
- Qvl\ e

Q1—> <—Q1 //2

/3

Q- H~q, Q,
E

Fig. 1. Physical model of the extrusion process of tape thermoelectric material.
1 — thermoelectric material billet; 2 — matrix; 3 — tape thermoelectric material after leaving the matrix.

The employed physical model of the extrusion process of tape material is shown in Fig. 1. The
model considers a stationary case of flowing through matrix 2 of material billet 1 obtained by cold
pressing. The geometrical dimensions: 4, B and C are width, thickness and length of matrix inlet
(thermoelectric material billet); D is the length of the beveled part of the matrix; £, F are the thickness and
length of matrix outlet whose width is 4.

To find the distributions of velocities and temperatures, one should solve the following system of
equations [5]

p(u-Vu) = V[—pl+n(Vu+ (Vu)T)—gn(V . u)I}+F ;

V-(pu)=0: (1)
pCu-VT=V-(kVT)+0,,;

Q,, =n(Vu+(Vu)" —%(v -u)I):Vu

with the corresponding boundary conditions:
— thermostated lateral surface of matrix: T = T},
— convective heat exchange of the lateral surface of sample after leaving the matrix:

—n-(-kVT) = hy(T~T,),

— heat removal by structural members, not shown in Fig.1, from lower matrix part and upper part of
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thermoelectric material billet:
-n-(—«VT)=h(T-T)), -n-(—xVT)=h,(T -T,),
— thermal insulation of upper matrix part:
-n-(-xkVT)=0,

— input pressure on the billet: p = p,

— atmospheric pressure at sample exit from the matrix: p = po = 1 atm.,

— equality to zero of fluid velocity at the boundary of contact with the matrix u =0,

— equality to zero of fluid velocity component perpendicular to the lateral side of the sample after

leaving the matrix u, =0,
where: u is velocity field, p is density, p is pressure, 1 is dynamic viscosity factor, k is thermal
conductivity, F is vector field of forces, Qvh is volumetric heat source due to internal friction, 7 is unit
matrix, /1, - hy are heat exchange coefficients, T) is ambient temperature.
Heating due to internal friction and contact thermal resistance at the boundary of contact between

material and matrix are taken into account. The properties of thermoelectric material and matrix material

used in simulation are given in Table 1.

Table 1.
Material properties

Thermal conductivity, W/(m*K) 4
1. Thermoelectric material Density, kg/ m° 7600
Heat capacity, J/(kg*K) 150
Thermal conductivity, W/(m*K) 24.3
2. Steel (matrix ) Density, kg/ m® 7850
Heat capacity, J/(kg*K) 500

Equivalent viscosity of test fluid and other parameters necessary for computer model are calculated

by the formulae given in [6].
Fig. 2 shows a mesh of finite element method which is used in Comsol Multiphysics for matrix

configuration under study.
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Fig. 2 Finite element method mesh built for matrix configuration shown in Fig. 1.
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Computer simulation results

Typical velocity fields and temperature distributions in the matrix and thermoelectric material
obtained by computer simulation are shown in Figs. 3, 4. The velocity in mm/min and temperature in
degrees Celsius are marked in colour.

u, mm/min

2.5

2.0

“1.5

1.0

0.5

Loy

Fig. 3.Velocity field of thermoelectric material inside the matrix and after leaving it
(for matrix with dimensions: A = 15mm; B =5 mm; C = 50mm; D =20 mm; E =2 mm; F = 20 mm).

T, °C

400

1350

| 300

7 7 250
I s L.y

Fig. 3. Temperature distributions in thermoelectric material and matrix (for matrix with
dimensions: A = 15mm; B =5 mm; C =50 mm; D =20 mm; E =2 mm; F = 20 mm).

Fig. 4 shows velocity fields in thermoelectric material at the exit from matrix obtained for various
matrix configurations — its inlet and outlet dimensions (indicated in the figure in mm).
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Fig. 4.Velocity fields in thermoelectric material at the exit from matrix obtained
for various matrix configurations.
1-A=15mm B=5mm, E=3mm, 2—A=10mm, B=5mm, E =3 mm,;
3—-A=5mm, B=5mm, E=3mm,; 4—A=15mm, B=5mm, E=2mm,;
S5-A=10mm B=5mm, E=2mm,; 6—-A=5mm, B=5mm, E=2mm,;
7—A=15mm B=5mm E=1mm; 8—A=10mm, B=5mm, E =1 mm;
9—A=5mm, B=5mm, E=1mm.

Fig. 5 shows velocity distributions along the width of the output tape thermoelectric material (1 mm

after leaving the matrix). In the percentage ratio, the smallest velocity spread is typical for cases with the

largest thickness ratio of matrix inlet and outlet.

Since extrusion conditions, i.e. die shape, temperature and strain rate, etc., directly affect the final

structure and properties of the extruded material, the information obtained is useful for optimizing the
design of equipment for extrusion of Bi-Te based tape materials. The computer model developed can also,
if necessary, reproduce these results for other materials and extrusion conditions.
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Fig. 5. Velocity distributions along the width of the output tape thermoelectric material (1 mm after leaving the
matrix) for various matrix geometry:1 —A = 15 mm, B =5mm, E =3 mm; 2—A = 15 mm,
B=5mm E=2mm; 3—A=15mm, B=5mm, E=1mm;4—A=10mm, B=5mm, E=3mm,
S5—-A=10mm,B=5mm, E=2mm; 6—-A=10mm, B=5mm, E=1mm; 7—A4 =35 mm,
B=5mm E=3mm; 8—A=5mm B=5mm, E=2mm; 9—A=5mm, B=5mm, E=1mm.

Conclusions

1.

A computer model of the hot extrusion process of Bi,Te; based thermoelectric material was created
which can be used to study the distributions of temperature and material flow velocity in the matrix, as
well as mechanical stress distribution in the matrix due to external pressure and thermal loads.

. The temperature and material flow velocity distributions in the matrix were obtained depending on

matrix configuration for the case of thermoelectric material extrusion in the form of tape structures.

. Dependences of velocity distribution of tape thermoelectric material after leaving the matrix were

obtained versus size ratio of matrix inlet and outlet. Conditions for approximation of this distribution to
the one-dimensional were determined.
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KOMIT'IOTEPHE MOJIEJTIOBAHHS ITPOIIECY EKCTPY3Ii
CTPIUKOBUX TEPMOEJIEKTPUYHUX
MATEPIAJIIB HA OCHOBI Bi,Tes3

Ockinbku 6 npoyeci 2apsayoi excmpysii mepMOeNeKmpuyHUx Mamepiane y eueisidi CmpiuKosux
CMPYKMYyp 3a20MO6KU Mamepiany 0eh)opmMylomscs 8 NPaAKmMuyHo 10eaibHUxX NAACMUYHUX YMOBAX, NpU
onmumizayii 0ONAOHAHHS 051 OMPUMAHHS MAKUX Mamepianie Modice OYmu 6UKOPUCHAHO HAOTUNCEHHSL
6’a3xkol piounu. Ile 0o360m5€ nposooumu Komn'lomepue MOOENOBAHH Npoyecy eKcmpysii 3
BUKOPUCMAHHAM Meopii 2i0poOUHAMIKY, 0e Mamepianl po32isaoacmocs K piouHa 3 0ydce GUCOKOIO
8's3Kicmio, sKa 3anexcums 6I0 weuokocmi i memnepamypu. Y pobomi Haedeno pesyabmamu
00 €EKMHO-0PIEHMOBANO20  KOMN TOMEPHO20 — MOOENO8AHHsL — npoyecy — 2apsioi  excmpy3ii
mepmoenekmpuyno2co  mamepiany —Ha  ocHogi  BiyTe;.  Posenamymi  6unaoku — ompumais
MepMOeIeKIMPUIHUX MAMEPIAie y eU2isioi CMpIuKo8UX CMpYKmyp OJisi PI3HUX KOH@I2ypayiti Mampuyi.
Ompumano po3nooiiu memnepamypu ma weuoOKoCmi NPOMIKAHHA MAmepiany y Mampuyi, a makoxic
nOsL WBUOKOCTEU Mamepiany Ha 6uxodi 3 mampuyi, sKi 6e3nocepeoHbo GNIUGAIOMb HA CIMPYKIYDY
OMPUMAHO20 MAMEPIALY Ma 1020 mepmoeleKmpuyti éracmueocmi. bion. 6, puc. 5, maon. 1.
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KOMIIBIOTEPHOE MOJAEJIUPOBAHUE INTPOLHECCA OKCTPY3UHU
JIEHTOYHBIX TEPMOJJIEKTPUYECKUX MATEPUAJIOB
HA OCHOBE Bi,Te;

THockonvky 6 npoyecce eopsauell IKCMPy3uu MepMOIIEKMPULECKUX MAMEPUATO8 8 Ude JNeHMOUYHbIX
CMPYKMYp 3020MOBKU  Mamepuaid 0ehopmMupylomesi 6 HNpakmuyecku UuoedrbHO NAACTHUYECKUX
VCI08UAX, NpU ONMUMU3AYUYU 000pY008aHus O NOJYYEHUs MAKUX MAmepuanos Modicem Obimb
UCNONB308AHO NPUOIUIICEHUE 6S3KOU  JcUOKOocmuY. Dmo  NO36078em  NpPoBOOUmb KOMNbIOMEPHOE
MoOdenuposanue npoyecca IKCMpPY3uu C UCNOTb30OBAHUEM MeopUl SUOPOOUHAMUKY, 20e MAmepud
paccmampueaemcst Kaxk HCUOKOCHb ¢ 04eHb 8blCOKOU BA3KOCMbIO, KOMOPAs 3A8UCUTN OM CKOPOCHU U
memnepamypel. B pabome npugedenvl pe3ynvmamvi 00beKMHO-0PUEHMUPOBAHHO20 KOMIbIOMEPHO2O
MOOeUPOBanUsL npoyecca 20psideti IKCMpY3un mepMoITeKmpuyeckozo mamepuania na ochoee BirTe;.
Paccmompennvie cnyuau nonyuenus mepmodieKmpuveckux Mamepuaios 6 GUoe JIeHMOYHbIX CIMPYKIYD
0na  pasHvix Kouueypayuii mampuysl. Ilonyuenvl pacnpedenenuss memnepamypvl U CKOPOCHU
NPOMEKAHUsL MAMePUaLa 8 MAmpuybsl, a Makdice Noasi CKOpOCMel Mamepuaia Ha 8blxo0e U3 Mampuybl,
KOmMopble — HEeNOCPEOCMBEHHO — GIUSIOM  HA  CHPYKMYPY — HOJYYEHHO20 — Mamepuaid U — e2o
mepmosiekmpuieckue ceovicmsa. buon. 6, puc. 5, maébn. 1.

KaroueBsie c10Ba: MoaenupoBaHue, SKCTPY3Hs, JICHTOYHBIH TEPMOIJIEKTPUUECKHIA MaTepuall.
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COMPUTER RESEARCH ON THE
INFLUENCE OF THE PELTIER EFFECT ON THE
CRYSTALLIZATION PROCESS OF Bi;Te; BASED

THERMOELECTRIC MATERIALS

The article presents the results of computer simulation of the process of growing Bi,Te; based
thermoelectric materials by the vertical zone melting method with regard to the Peltier effect occurring
at the interface between solid and liquid phases of the grown material when electric current is passed
through an ingot. Bibl. 7, Fig. 6, Tabl. 1.

Key words: simulation, vertical zone melting, thermoelectric material, growing in electric field.

Introduction

Bismuth telluride-based solid solutions are unique commercially available thermoelectric materials
(TEM) for solid-state cooling and generation of electrical energy. Therefore, much attention is paid to the
improvement of Bi,Te; based TEM production methods.

Zone melting is one of the most used methods for the production of semiconductor materials, in
particular thermoelectric. However, the production of thermoelectric materials with the necessary
properties is possible only under the conditions of a controlled crystallization process, since when TEM is
obtained by this method, the crystallization front curvature, the temperature gradient at the interface
between the solid and liquid phases, the melt zone geometry, and the velocity have a great influence on the
single crystal growth stability and homogeneity.

In [1-3], the possibility of growing single crystals of thermoelectric materials by the method of
vertical zone melting in the presence of electric current passing through an ingot was considered. It is
known that when passing an electric current, at the interface between the solid and liquid phases of the
same semiconductor, just as at the interface between two different materials, the Peltier heat will be
released or absorbed. This amount of heat is sufficient to affect the course of crystallization. However,
studies of temperature distributions and geometry of the crystallization front cause considerable
experimental difficulties, so simulation of the TEM growth process is relevant, which makes it possible to
optimize the choice of technological parameters of the setup and the modes of material growth.

So, the purpose of this work is computer research on the influence of the Peltier effect that occurs at
the interface between the solid and liquid phases when growing Bi,Te; based thermoelectric materials by
the vertical zone melting when passing electric current through the molten zone, on growing process,
specifically, on the shape of crystallization front and temperature gradients.
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Physical model of vertical zone melting process with current

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.

d

| B i \ T

‘F" i -\-\‘ he
// \\ \
8 N\ 8
5

e ;

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

When simulating zone growth, the stationary mode was considered, that is, the movement of the heat
unit, including heater 7 and coolers 8, was not taken into account. It is known that crystals based on
bismuth telluride are grown at a velocity of 1.5-2.5 cm/h. Estimating the time required for the system to
achieve thermal equilibrium, which, even with rough calculations, was 40 s, it was determined that during
this time the furnace will only move 0.2 mm. The heat loss in this area will be two orders of magnitude
less than the heat that is transferred from the thermal unit to the ampoule. Thus, these losses can be
neglected in computer simulation, since they will have little effect on the overall temperature distribution.

Mathematical model of TEM growing process by vertical zine melting method with current

When simulating the heat conduction process in a homogeneous medium with a phase transition in
the COMSOL Multiphysics software package, the classical system of nonstationary 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 with regard to the
Joule-Lenz heat and thermoelectric effects:

aT
pC?,E-l- pCuVT +Vg =Q +Q, €))
g =—kVT + Fj, 2)
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Qo =JE 3)
here
j=0E+j, 4)
Jo = —oavT, (5)
P =af, (6)
E =-—VU, (7
P = 0Pphazer + (1 — 0)Ppnases, (8)
C’p = %(Hp'phﬂj'ﬂl Cpphﬂsai +(1- H}P*phﬂsﬂ Cpﬁhmai) + LE:L: > ©)
1 (1-opngsez —Prphases
@m =3 Bpphasss +(1~8) pphgses (19)
K= Bmphasal +(1- B}Kg:has-az- (11)

ne p is the density, kg/m’; C, 1s heat capacity of material at constant pressure, J/(kg-K); k is
thermal conductivity, W/(cm-K), u is medium velocity, m/s, in the investigated problem is zero; T’
1s temperature, K; ¢ is time, s; 0 is the phase ratio at a given temperature; a,, is mass ratio between
phases; L is the latent heat of phase transition, J/kg; QO is external heat flux, W. The indices phasel
and phase2 indicate to what phase the properties, solid phase or liquid, respectively, are related.

To simulate the effect of the electrical field on the growing process, the following boundary
conditions are set at the upper and lower boundaries of the ingot:

UlE:D:UD3U|E::= ﬂ (11)
The condition of thermal insulation was set on all external walls of the heater and coolers:

—n-(—xVT) = 0. (12)
On the outer wall of the quartz ampoule the boundary condition is set as a function of:

—n(—kVT) = h(Tyyy —T) + 20y (T, . — T4), (13)
where T, is the ambient temperature, K; 7 is the temperature of the wall of the quartz ampoule,
K; n 1is vector directed along the normal to the surface of the cylinder (ampoule); = is quartz

emissivity; o is Stephan-Boltzmann constant, Wrt/(m>K*); /4 is the heat transfer coefficient,
W/(m*-K), which is expressed by the formula [4]:

. 067 Ra}'*

0,68 + += |, Axmo Ra, < 10°

I+ |:'|:-,4E~z k}q'h‘ﬁ' i
gy

. 0.32Ra;’®

0,825+ — |, Akmo Ra, > 10°

here, Ra, is the Raleigh number which is defined by the following expression:
Pa. = gopp® CplT—Tegg ®
! . s
where g is the acceleration of gravity, m/s’; a, is the temperature coefficient of volumetric expansion, K1

is the length of the air layer, m; u is the dynamic viscosity, (Pa-S).
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In order to take into account the features of phase transitions during heating — cooling of Bi,Te;, the
thermoelectric properties of TEM are set depending on temperature, according to the data obtained in [5].
Convection and mass transfer of molten Bi,Te; were not taken into account in this model.

Computer simulation results

Below are the results of computer simulation of the influence of the Peltier effect on the crystallization of
bismuth telluride by vertical zone melting in the presence of electric current, in accordance with the physical
model shown in Fig. 1. Table 1 shows some input parameters of the model.

Table 1.
Input data used in simulation
T,°C € C,, J/(mole-K) p, g/em’ Liquidus and
solidus, °C
BiyTe; - - 59.73-126.19 7.74 585-530
Quartz - 0.9-0.41 - - -
Heater 700-820 0.8 - 7.0 -
Cooler 30 - - - -

The diameter d of the grown crystal was taken to be 24 mm, the height of the heater was chosen
optimal and, as noted in [6], should be equal to 4,=3d. The height of the coolers 4.=1/2d, the distance
between the quartz tube, as well as between the heater and coolers was 2 mm. To simulate the effect of the
electric field on the growing process, a potential difference was set at the upper and lower boundaries of
the material.

"2 } 0,10°, Wt/m’ ' ’ 0.-10°, Wt/m’

S — 1 —_—
T P
1 1 0 — 0
0.5 T T] 0.5
R 1 1

Fig.2. Release and absorption of the Peltier heat at the interfaces between solid and
liquid phases depending on the direction of current passage

As can be seen from Fig. 2, the Peltier heat is a positive value, when current passes from the solid to
liquid phase and, on the contrary, when current flows from the liquid to solid phase, the Peltier heat is
absorbed.

The shape of the crystallization front, which can be concave, flat, or convex, is of great importance
for the formation of a structurally homogeneous crystal during growth [6—7]. On a concave surface in the
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melt, near the walls of the container, parasitic nuclei easily appear. This form of the front contributes to
stresses, shrinkage shells and uneven distribution of impurities over the cross section of the grown crystal.
The convex interface prevents the growth of random nuclei formed near the walls of the container, but the
higher the growth rate, the more likely the formation of parasitic nuclei and the smaller the radius of
curvature of the interface. A flat interface minimizes the occurrence of stresses in the crystal and promotes
a uniform distribution of impurities over the cross section of the crystal. Therefore, it is important to create
a flat crystallization front (Fig. 3, b).

T,K
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- 400
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- 503

a) b)

Fig.3. Crystallization front view for different heater temperatures at j=0.5-10°:
a) T,=700°C; b) T,=790°C

Fig.4 shows the dependence of the curvature value k& of the crystallization front on the heater
temperature at different densities of current passed through the molten zone. The curvature was calculated
as k = zu—Zmin along the front.

k-1073,m
2
j-10%5, A/m’
1,5 1 —_—0
—0,3
—0,5
1 .
0,8
—1,1
0,5 4 ——1.5
_2
0

700 710 720 730 740 750 760 770 780 790 800 810 820 T.C

Fig.4. Dependence of the curvature value k of the crystallization front on the heater
temperature at different densities of current

70 Journal of Thermoelectricity Ne2, 2019 ISSN 1607-8829



L.I. Anatychuk, O.V.Nitsovych.
Computer research on the influence of the peltier effect on the crystallization process of BiyTes;...

As can be seen from Fig. 4, for a given installation configuration, without passing an electric current,
a flat crystallization front was achieved at temperatures of 790-800 ° C. By varying the current density
from 0.3 o 2:10° A/m’, a flat front can be achieved at lower heater temperatures.

The dependence of the temperature gradient along the crystallization front on the direction of current
passage is shown in Fig.5. In this case the temperature of the heater is 7;,=785°C, the current density
j=0.5-10" A/m’.

G-10°, K/m ' —_ 17 —17
16
15 -
14 A
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0 2 4 6 8 10 12 14 16 18 20 22 24

z10°, m

Fig.5. Dependence if the radial temperature gradient G
on the direction of current passage

The use of the Peltier effect for zone growing with the passage of direct electric current is
complicated by the fact that the Joule-Lenz heat is simultaneously released in the solid and liquid phases,
which enhances the Peltier effect at the melt front and weakens it at the crystallization front.

Fig.6. shows the dependence of the radial temperature gradient G on the heater temperatures for
different densities of current which is passed through the molten zone.

G -103,K/m
14

13
o OSA 2
2 | j-10%,A/m

11
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700 710 720 730 740 750 760 770 780 790 800 810 820 T.C

Fig.5. Dependence of the radial temperature gradient G on the heater
temperatures for different current densities
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From these results it follows that due to an increase in the Joule-Lenz heat, the temperature gradient

at the crystallization front decreases with increasing current.

Conclusions

1.

A technique was developed for computer simulation of the process of growing TEM based on Bi,Te; by
the method of vertical zone recrystallization with the passage of electric current through the sample.

. The possibility of controlling the temperature distribution in the ingot during TEM growth by vertical

zone melting method by passing electric current through the molten zone and the origination of the
Peltier effect at the interface between the solid and liquid phases was confirmed.

The optimal values of the heater temperatures and current values were determined which ensure the

formation of a flat crystallization front.
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KOMIT’IOTEPHE JOCJIIJIZKEHHS BILVIUBY
E®EKTY NEJbTHE HA ITIPOLIEC KPUCTAJIIBAILI
TEPMOEJIEKTPUYHUX MATEPIAJIIB HA OCHOBI Bi,Te;

Y cmammi nasedeno pesyromamu  KOMNIOMEPHOZO  MOOENIOBAHHS  NPOYECYy — GUPOULYBAHHSL
mepmoenekmpuyHux mamepianie Ha ocHosi Bi2Te3 memooom eepmuxaibHoi 30HHOI niaaeku 3
spaxysannam egpexmy Ilenomoe, wo eunukae na medxici po3oiny meepooi ma piokoi ¢pas 6upousyeano2o
Mamepiany npu NPONyCKauHi 4epe3 3IUmokx eiekmpuunozo cmpymy. . bion. 7, puc. 5, mabn. 1.

KirouoBi cioBa: MojeloBaHHS, BEpTHUKAJbHA 30HHA IUIABKA, TEPMOCJCKTPHUUHHI MaTepial,
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KOMIIBIOTEPHOE UCCJIEAOBAHUE BJIMSAHUSA
IOPEKTA IEJIBTHE HA NTPOLHECC KPUCTAJIJVIM3ALIUU
TEPMOJJIEKTPUYECKUX MATEPUAJIOB
HA OCHOBE Bi,Te;
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yuemom 3ppexma I[lervmove, KOMOpLIL BO3HUKAEM HA 2paHuye pazoeia meepool u HCUOKOU gas
BLIPAUUBACMO20 MAMEPUANLA NPU NPONYCKAHUU Yepe3 CAUMOK dleKmpuuecko2o moxa. bubn. 7, puc. 6,

mabn. 1.
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EXPERIMENTAL STUDIES OF A THERMOELECTRIC
CURRENT SOURCE WITH AN ANNULAR THERMOPILE

The results of studies of a single-acting thermoelectric current source with an annular thermopile
are presented. The research results confirmed the efficiency of current source breadboard models
with an annular thermopile and the compliance of their electrical parameters with the
requirements of the Performance Specification under Contract 3/2019. Bibl. 2, Fig. 6, Tabl. 1.

Key words: thermoelectric battery, current source, voltage, output power.

Introduction

In conformity with the Performance Specification under Contract 3/2019 of 16.04.2019, a
thermoelectric current source with an annular thermopile shall be made and investigated. A
thermoelectric converter for the current source shall be structurally made in the form of a toroidal ring
with the outer and inner diameters of 50 and 39 mm, respectively, and a width of 16.5 mm. In this
case, the current source shall provide an output power of not less than 20 W at a voltage of 5 V. The
operating temperature difference A7, in this case, shall not exceed 300 K.

Studies of elementary thermopiles for an annular thermopile

At each stage of manufacturing a component part of an annular thermopile for current source,
i.e. elementary single-row thermopiles, a step-by-step visual inspection of thermoelement legs was
carried out with the rejection of defective elements according to geometric dimensions, and a sorting
was carried out by the resistance of thermoelement legs.

Each thermopile assembled from those that passed step-by-step inspection (Fig. 1), which is a
component part of an annular thermopile for current source, was tested and selected after measuring its
main parameters at the “Altec-10002” installation specially created at the Institute of
Thermoelectricity, the appearance of which is shown in Fig. 2.
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Fig. 1 — Appearance of elementary thermopiles.
1 — thermoelement legs of n- and p-type conductivity,
2 — ceramic plates, 3 — copper connecting plates.

This installation is intended for determination of the electrical and thermal parameters of
thermoelectric modules working in generator mode.

Fig. 2 — Installation “Altec-10002".

The operating principle of the installation when used to measure thermopile lies in direct
measurement of thermoEMF or voltage at given thermopile load. The thermopile is arranged between
heat exchangers that create a regulated steady-state heat flux. The installation also makes it possible to
measure current in the load circuit of thermopile, heat flux flowing through the thermopile and to
determine its power and efficiency at the installed load.

In laboratory investigations, thermal conditions similar to those set in Performance Specification
were reproduced on the measuring installation. The purpose of such investigations was exact
assignment of operating AT on a thermopile intended for the assembly of annular thermopile
breadboard models and determination of their initial characteristics.

Under the elementary thermopile, a heat meter is placed - a device for measuring the heat flux
created by the temperature difference between the thermopile working surfaces. The heat meter is a
collection of copper rods of the same length and cross-sectional area, in the lateral surfaces of which,
at the same distance from the ends, differential thermocouples are mounted. To increase the sensitivity
of the heat meter, these thermocouples are interconnected in series. The heat flux that runs along the
rods creates a predetermined temperature difference AT at the locations of the thermocouples, which is
proportional to the value of the heat flux. The proportionality coefficient for each size of the heat
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meter is calculated and depends on the geometric dimensions and constants of the materials from
which it is made. The ends of the rods on both sides are soldered into the heat-leveling copper plates,
which are the basis of the heat meter. A junction of a measuring differential thermocouple is integrated
on the upper base of the heat meter. The EMF of this thermocouple displays the cold side temperature
of the thermopile. The fact that the heat meter is located on the cold side of the thermopile makes it
possible to significantly increase the accuracy of heat flux measurement, since the heat loss from the
heat meter is minimal.

The hot heat exchanger and heat meter are replaceable and chosen in conformity with the
dimensions of thermopiles that are measured.

For more efficient heat transfer between the heat exchangers and thermopiles, the compression
force between them must be reliable, optimized and controlled. This is achieved using a lever-weight
device, the operation of which is clear from the test bench schematic. The compression force must be
limited by the strength of the materials used to create thermopiles (for Bi,Te; the least durable
material from which the legs of the module are made, the force should not exceed 20 kg/cm?).

In the process of measurement, to determine the magnitude of the current, the thermopile
should be loaded with external resistance. For this, a rheostat with linear conductors of high resistivity
is used in the installation. This form of rheostat is selected for the convenience of accurate selection of
load resistance. When measuring the thermal values of error, the losses are mainly determined at the
heat spreaders between thermocouples and the objects where they are mounted. The quality of thermal
contact also depends on the surface finish of thermopiles. There is also an uncontrolled heat loss from
the side surface of the heat meter due to increased convective heat transfer and heat radiation from the
surface of the heat meter to the environment, if the cold side temperature of the module is significantly
different from room temperature.

At the “Altec-10002” installation, 36 thermopile samples were investigated and selected (with
a height of 5.5 mm and a length of 16.5 mm) for the assembly of annular thermopiles for current
source breadboard models. Typical parameters and characteristics of thermopiles for an annular
thermopile are given in Table 1.

Table 1
Parameters of elementary thermopiles

M‘;ime R, Ohm AT, °C Y W, W N, %
1 2 3 4 5 6
1 0.026 270 0.123 0.351 3.78
2 0.025 270 0.130 0.384 3.77
3 0.023 270 0.109 0.327 3.25
4 0.025 270 0.130 0.384 3.93
5 0.025 270 0.118 0.313 3.62
6 0.025 270 0.130 0.357 3.54
7 0.025 270 0.132 0.403 3.94
8 0.024 270 0.132 0.409 3.82
9 0.026 270 0.120 0.306 3.28
10 0.025 270 0.129 0.348 3.49
11 0.024 270 0.128 0.365 3.31
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12 0.025 270 0.123 0.326 3.55
13 0.026 270 0.120 0.282 3.39
14 0.024 270 0.125 0.331 343
15 0.026 270 0.131 0.347 3.65
16 0.025 270 0.134 0.395 3.81
17 0.025 270 0.127 0.381 3.78
18 0.025 270 0.126 0.359 3.75
19 0.026 270 0.131 0.367 3.69
20 0.025 270 0.122 0.329 3.51
21 0.025 270 0.132 0.383 3.77
22 0.025 270 0.133 0.392 3.72
23 0.025 270 0.128 0.333 3.35
24 0.025 270 0.135 0.398 3.86
25 0.024 270 0.127 0.349 3.59
26 0.028 270 0.110 0.242 2.90
27 0.026 270 0.119 0.292 3.01
28 0.027 270 0.121 0.296 3.39
29 0.024 270 0.107 0.256 3.13
30 0.026 270 0.128 0.346 3.60
31 0.028 270 0.132 0.343 3.61
32 0.027 270 0.128 0.339 3.56
33 0.026 270 0.128 0.358 3.59
34 0.026 270 0.118 0.301 3.43
35 0.025 270 0.123 0.338 3.50
36 0.025 270 0.121 0.296 3.25

where R is thermopile resistance, AT is operating temperature difference on the thermopile, U is

thermopile generated voltage, W is thermopile power, 1 is thermopile efficiency. From single-row

thermopiles, annular thermopiles were made, the appearance of which is shown in Fig. 3.

Fig. 3 — Schematic of an annular thermopile:

1 — annular thermopile; 2 — hot heat exchanger ring;

3 — cold heat exchanger ring.
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The data presented in Table 1 confirm the efficiency of thermopiles selected for an annular
thermopile, as well as the possibility of assuring with their use the initial characteristics of current
source breadboard models at the level required by Performance Specification under Contract 3/2019.

Studies of current source breadboard models

Studies of current source breadboard models were performed in accordance with the
developed program and the preliminary testing methodology [2]. A heat simulator was used as a heat
source. In the course of studies of the electrical parameters of current source breadboard models for
compliance with the requirements of the Performance Specification, the dependences of the initial
electrical parameters (power P and voltage U) on the temperature gradient AT were determined.

Studies of current source breadboard models were performed on the experimental bench the
schematic and appearance of which are shown in Fig. 4.

Fig. 4 — Schematic (a) and appearance (b) of experimental bench for the
study of current source breadboard models: 1 — current source breadboard model;
2 — multimeter; 3 — ammeter; 4 — bank of resistors, 5 — power supply;

6 — thermocouple switch; 7 — digital voltmeter; 8 — dewar with ice.

According to the Performance Specification, the output electric power P and the electric
voltage U of current source breadboard model should be 2 W and 5 V. Taking into account the
electrical parameters given in the Performance Specification, the tests of the current source breadboard
model were carried out with an external resistance R = 12.5 Ohm, which was set by the bank of
resistors 4. The power of the heat load simulator was increased by the power supply 5. Using a switch
6 and a voltmeter 7, chromel-kopel thermocouples measured the temperatures 73, T, of current source
heat exchangers with a further determination of the working temperature gradient A7 on the annular
thermopile. In this case, the junction of one thermocouple was placed directly on the hot heat
exchanger, and that of the other thermocouple - on the cold heat exchanger. The second junction of the
thermocouple was placed in a dewar with ice 8. A multimeter 2 and an ammeter 3 measured the output
electric voltage and current strength of a current source breadboard model.

The results of experimental studies of current source breadboard model and the dependences
of its electrical parameters on temperature gradient A7 are given in Fig. 5.
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Fig. 5 — Dependence of electric voltage U (a) and power P (b)
of current source breadboard model on the operating temperature gradient AT.

From Fig.5 it is seen that with a rise in the temperature gradient A7 on the thermopile, an
increase in the electric voltage U and power P of the breadboard models is observed. In particular, for
current source, the required output parameters according to the Performance Specification are already
achieved at a working temperature difference of 200 © C. At the same time, the electric power and
voltage of the breadboard model are 2 W and 5 V. With a rise in 47, the output characteristics of the
current source improve, exceeding the values required by the Performance Specification.

However, it should be borne in mind that in the above-mentioned current source studies, a heat
load simulator was used, which provides an almost quasi-stationary operating mode of current source,
which will not be ensured when using a pyrotechnic element. When using a pyrotechnic element, more
stringent current source operating modes will take place, which will require more heat. The estimated
time dependence of the heat source thermal power is shown in Fig. 6.

ow
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Fig. 6 — Time dependence of thermal power of pyrotechnic heat source.

Conclusion

The results of research confirmed the efficiency of current source breadboard models and the
compliance of their electrical parameters with the requirements of the Performance Specification set
out in Appendix 1 to Contract 3/2019.
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A.V. Prybyla

DESIGN OF A THERMOELECTRIC COOLING MODULE
FOR AN X-RAY DETECTOR

The paper presents the results of designing a thermoelectric multistage thermoelectric cooling module for
X-ray detectors. The structure of a thermoelectric cooler as part of an X-ray detector is developed and the
possibilities of its practical use are analyzed. Bibl. 12, Fig. 2.

Key words: computer design, thermoelectric cooling, X-ray detector.

Introduction

General characterization of the problem. X-ray methods are widely used for non-destructive
microanalytical studies of the structure and composition of materials with high spatial resolution [1]. The
current state of nuclear microanalysis methods using focused beams of MeV energy ions with high
monoenergeticity (AE/E=10") allows spatial resolution on the surface of up to 100 nanometers and up to
10 nanometers in the sample thickness. Further enhancement of the resolution substantially depends on the
improvement of the analytical characteristics of semiconductor detectors, as well as on the use of wide-
aperture position-sensitive radiation detectors of new types [2].

To increase the resolution of x-ray detectors, it is important to solve the problem of ensuring the
optimal temperature of their operation [3-9].

It is solved by using semiconductor thermoelectric cooling modules [5-9] to provide the required
cooling depth in the minimum working volume of the detector. Thus, single-stage thermoelectric modules
are used for shallow cooling (to 250 K). Two-stage thermoelectric cooling modules are used for cooling
sensors to operating temperature of 230 K, three-stage modules - to temperature of 210 K, four and five-
stage modules — to temperatures below 190 K [10].

Therefore, the purpose of this work is to analyze the capabilities of thermoelectricity for cooling X-
ray detectors and to design a multi-stage thermoelectric cooler for X-ray detectors.

Physical model

For the calculations, we used the physical model of a thermoelectric cooler as part of an X-ray
detector presented in Fig. 1. It consists of a housing 2 with a beryllium window 1 through which radiation
enters the X-ray detector 3. The required temperature and thermal conditions on the surface of the X-ray
detector are provided by a multi-stage thermoelectric cooler with an electric power W consisting of n- and
p-type thermoelectric material legs 8, electrically conductive interconnect plates 9, ceramic electrical
insulation plates 7. A vacuum is created inside the detector housing 4 to reduce heat loss. The heat flow is
removed from the thermoelectric cooler through the base of detector housing 5 and its fixture 6.
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Fig. 1. Physical model of a thermoelectric multi-stage cooler as part of an X-ray radiation detector:
1 - beryllium window; 2 — device housing; 3 — X-ray radiation detector;
4 — internal space of device where vacuum is created, 5 — device housing base;
6 — device fixture;7 — electrical leads; 8 — legs of n- and p-type thermoelectric material,
9 — electrical interconnect plates, 10 — ceramic electrical insulating plates .

Mathematical and computer descriptions of the model

The system of equations for the description of coefficient of performance of a thermoelectric cooler
depending on the parameters of physical model is determined from thermal balance equations:

Q. =" -T,), ()
Qh :X3(Th(2) _Thm) (2)
0, =% (1" ~T,)
0,=0,+Wy. 3)

Here, 7" is detector surface temperature, 7. is thermoelectric module cold side temperature, y, is
thermal contact resistance, 7,” is thermoelectric module hot side temperature, 7" is detector base

temperature; 7, is temperature of surface to which heat is removed, y, is thermal contact resistance, y, is

thermal resistance of heat exchanger on the “hot side” of thermoelectric converter, Qo is refrigerating
capacity, QO is heating capacity.

With regard to (1) — (3), the expression for the coefficient of performance of thermoelectric cooler
will be written in the form:

Lo O _a +0O,N,)-0.5I’R-MT, - T, —(O,N, + O,N,))
W +W, W +W, ’

4)

where o is differential Seebeck coefficient of material, / is current strength, R is electrical resistance of
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thermoelectric module, A is average thermal conductivity of thermoelectric module legs, W, is power

consumed to provide heat exchange,

N]:(X]+X2)’ N2=(X3+X4). (5)
XiX2 A3Xa
To design the thermoelectric cooler, the COMSOL Multiphysics software package was used [11].
For this purpose, the equations of the physical model must be presented in a certain form, as will be shown
below.

To describe heat and electricity flows, we use the laws of conservation of energy

divE =0 (6)
and electrical charge
divj =0, (7
where
E=G+Uj, 8)
G=xVT+alj, )
j=-oVU -ocaVT. (10)

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

potential, T is temperature, o, o, k are the Seebeck coefficient, electrical conductivity and thermal
conductivity.
With regard to (8) — (10), one can obtain

E=—(x+a’cT+0Uc)VT —(ocT +Uc)VU. (11)
Then the laws of conservation (5), (6) will take on the form:
~V[(x+a’6T +aUc)VT |- V|[(acT + Uc)VU] =0, (12)

~V(6aVT)-V(cVU) =0. (13)

The second-order nonlinear differential equations in partial derivatives (12) and (13) determine the
distribution of temperature 7 and potential U in the thermoelectric cooler.

Solving these equations with the use of technology of object-oriented computer simulation [11] and
optimal control theory [12] allows finding optimal design of thermoelectric converter and the dependences
of its characteristics.

Computer design results

As a result of computer simulation, the structure of a thermoelectric multistage module (Fig. 2) was
designed, which provides the possibility of its use to ensure the temperature conditions of the X-ray
detector (Table 1).

Thus, a thermoelectric cooler contains 4 stages - 6, 12, 27 and 65 pairs of thermoelectric material
legs, its overall dimensions are 12 x 16 x 12 mm, while providing a cooling area of 4 x 8 mm. The
dimensions of legs of thermoelectric material based on n- and p-type bismuth telluride (Bi,Te;) are 0.6 x
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0.6 x 1.8 mm. Insulating plates of aluminum oxide (4/,0;) are 0.5 mm thick, electrical interconnects of
copper (Cu) with an anti-diffusion layer of nickel (Vi) are 0.1 mm thick.

8 4

12 , ) 12

16 12

- -

Fig.2. Schematic design of a thermoelectric cooler for an X-ray radiation detector

The estimated cooling capacity of the thermoelectric converter is Qo = 57 mW (3 mW - thermal load

from the detector plus 54 mW - leakage through radiation). Provided the temperature at the detector
T" =-70°C and at the heat sink temperature 7, =-+20°C, the coefficient of performance of the
thermoelectric cooler is € = 0.02. Therefore, the electrical power that will be consumed by this converter is
W=2.85W.

The results obtained prove the possibilities of using thermoelectric coolers for assuring temperature

and thermal conditions for X-ray radiation detectors and outperform the well-known world analogs [10].

Conclusions

1. Computer-aided design of a thermoelectric cooler for X-ray detectors was conducted.

2. The structure and characteristics of a thermoelectric cooler (as part of an X-ray detector) were designed.
Thus, the thermoelectric cooler contains 4 stages of Bi,Te; based thermoelectric material with the
overall dimensions of 12x16x12 mm while providing a cooling area of 4x8 mm.

3. The electric power of a thermoelectric converter W=2.85W was determined, which with the

coefficient of performance ¢ = 0.02 provides for the temperature of detector housing base 7 W = .70 °C

and AT =90 K.
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