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THEORY

P.V. Gorskiy'?, Doctor Phys.-math. science

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

ESTIMATION OF THE ELECTRICAL AND THERMAL
CONTACT RESISTANCES AND THERMOEMF OF
TRANSIENT CONTACT LAYER “THERMOELECTRIC
MATERIAL-METAL” BASED ON
THE THEORY OF COMPOSITES

The electrical and thermal contact resistances, the thermoEMF, the power factor and the
thermoelectric figure of merit of transient contact layer “thermoelectric material-metal” caused by
diffusion of metal particles in semiconductor without formation of new phases were theoretically
investigated. The research was performed on the basis of the theory of composites by the example of
“bismuth telluride-nickel” pair. It was established that the thermoelectric characteristics of transient
contact layer depend both on its thickness and on creation mode, the main feature of which is the
intensity of metal diffusion in the semiconductor. In so doing, both the thickness and creation mode
govern essentially the electrical and thermal contact resistances, the power factor and the quality of
transient layer, while the thermoEMF does not depend on the layer thickness and little depends on
creation mode. In the thickness range of transient layer from 20 to 150 um in the considered creation
modes the electrical contact resistance varies in the range from 1.16-107 to 4.41-107 Q-sm’, the
thermal contact resistance varies in the range from 0.674 to 0.032 (K-sm’)/W, the thermoEMF — in the
range from 199.5 to 198.5 uV/K, the power factor — in the range from 5-10-5 to 1.8:10™ W/(mK*), the
thermoelectric figure of merit — in the range from 2.35 10° to 2.9 107 K. Bibl. 10, Fig. 5.

Key words: electrical contact resistance, thermal contact resistance, thermoEMF, transient layer,
composite, diffusion, diffusion intensity.

Introduction

It is known that “thermoelectric material (TEM) — metal” contacts in the process of manufacturing
thermoelectric energy converters can be created mainly in two ways: direct soldering of the contact metal
to the semiconductor and with creation of an anti-diffusion layer of metal previously electroplated on the
surface of TEM. In the former case, the solder, which is combined with TEM, forms new phases, the
resistivity, the thermal conductivity, the thermoEMF and layer thickness of which basically determine the
thermoelectric parameters and characteristics of transient layer [1]. In the latter case, the metal of the anti-
diffusion layer, diffusing into TEM, depending on the technology and creation modes, can either create
new phases with TEM or not form them [2 —5]. Usually, when an anti-diffusion layer is created by
galvanic deposition followed by soldering of the contact metal, the metal of the anti-diffusion layer
partially diffuses into TEM, and solder can penetrate into it only as a result of cracking in TEM. In so
doing, the metal of an anti-diffusion layer does not form new phases with TEM [5]. Therefore, the theory
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of composites is suitable for estimating the thermoelectric parameters of the transient layer in this case [6].
Such estimation is the purpose of this paper.

Calculation of the electrical contact resistance and thermoEMF of transient contact layer
“TEM-metal” caused by metal diffusion in TEM and discussion of the results

This calculation will begin with the construction of a model of the distribution of metal particles in

TEM. To do this, we write the equation of one-dimensional stationary diffusion in the presence of a source:
d’n
p=l=-0. (1)
dx
where D — coefficient of diffusion of metal in TEM, n — concentration of metal particles at a depth x,
O —the intensity of a source which is a metal layer. At room temperature it is right to assume that Q is
zero or is a low positive value. However, in the process of soldering, both D and Qas a result of
temperature increase, grow considerably. If layer thickness is d,,, Eq. (1) should be solved under the
boundary conditions n(0)= ny, n(d 0)= 0. In going to dimensionless variable y =x/d,, , the solution of Eq.

(1) under the specified boundary conditions will be as follows:
n(v)=no|1-(1-4)y-4? ], @)

where dimensionless parameter A=Qd§ /2Dn0 characterizes the mode and conditions of creating a

contact.

Let us now pass to calculations of the electrical and thermal contact resistances, the thermoEMF, the
power factor and the thermoelectric figure of merit of transient contact layer. To do this, first, using
relation (2), we determine the volume fractions of the phases (components), that is, metal v, and the
semiconductor v, in transient contact layer:

_1 (Am/Pm)[l_(l_A)y_Asz J
"0 (A o 1= (1= )y = A [+ (A oy [ (1= A)y = 47| G)
vg =1-vy,

In these relations, A4,,,A4,p,,.ps — are atomic (molecular) masses and the densities of metal and

TEM, respectively.
Further calculations will be performed using the theory of composites in the following order. The
electrical conductivity ¢ and the thermal conductivity k of transient layer will be found by the formulae:

o 0.25{05 (2= 3m) o (3 ~1) +[ 05 (2 39m) + o (3rm ~ )T + 8o } , @

K = 0.25{KS (2= 3v )+ 1 By — 1)+ \/|:Ks (2= 3 )+ K (30 =) ] + 8 } . (5)

The electrical r, and thermal 7., contact resistances will be found by the formulae:
re=dp/o, (6)
1ot =dg/x. (7)

The thermoEMF of transient layer will be determined by the formula:
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+ 1-
o= O KsVm %Km( Vm) . (8)

KgVm + K (l—vm)

25 and the thermoelectric figure of meritz = azcs/ K.

After that we determine the power factor P =a
The results of calculations of the above characteristics of transient contact layer at a temperature of 300K

depending on A4 are given in Figs. 1 — 5.

r, 10°Q.sm’
5
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Fig. 1. Dependence of the electrical contact resistance at 300 K on parameter A
at transient layer thickness: 1)20um; 2)150 um.
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Fig. 2. Dependence of the thermal contact resistance at 300 K on parameter A
at transient layer thickness: 1)20um; 2)150 um.

o, nV/K
200 Pt

199.5
199

198.5

198

0 02 04 06 08 4

Fig. 3. Dependence of the thermoEMF of transient layer at 300 K on parameter A
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Fig. 4. Dependence of the power factor of transient layer at 300 K on parameter A
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Fig. 5.Dependence of the thermoelectric figure of merit
of transient layer at 300 K on parameter A

As long as the contact pair “bismuth telluride — nickel” was considered as an example, in the process
of calculations the following material parameters were used: o,=800 S/sm, o,= 1.667-10° S/sm,
= 1.4-107 W/(sm-K), k,,= 9.2 W/(sm'K), 4, = 801, 4,,= 58, p,= 7700 kg/m’, p,,= 8900 kg/m’.

From Fig. 1 it is seen that at transient layer thickness equal to 150 um the electrical contact
resistance with increasing parameter 4 from 0 to 1 decreases from 1.16-107 to 3.31-10° Q-sm* and at
transient layer thickness 20 um — from 1.55-10° to 4.41-107 Q-sm’. Such a decrease in the electrical
contact resistance is due to the fact that with increasing the rate of arrival of metal particles in the
semiconductor, the conductivity of the composite should increase. It is also clear from Fig. 2 that at
transient layer thickness equal to 150 pm the thermal contact resistance with increasing parameter 4 from
0 to 1 decreases from 0.674 to 0.24 (K-sm’)/W, and at transient layer thickness 20 pm — from
0.090 to 0.032 (K-sm”)/W. Such a decrease in the thermal contact resistance is due to the fact that with
increasing the rate of arrival of metal particles in the semiconductor, the thermal conductivity of the
composite should increase also. From Fig. 3 it is seen that the thermoEMF of transient contact layer with
increasing parameter 4 from 0 to 1 decreases from 199.5 to 198.5uV/K. This is due to the fact that with
increasing the rate of arrival of metal particles in the semiconductor, the thermoEMF of the composite
should decrease. From Fig. 4 it is seen that the power factor of transient contact layer with increasing
parameter 4 from 0 to 1 increases from 5-107 to 1.8:10* W/(m'K?), and from F ig. 5 it is seen that the
thermoelectric figure of merit of transient contact layer with increasing parameter 4 from O to 1 increases
from 2.35-10° to 2.9-10°K™". The growth of the power factor is due to the increase in the electrical
conductivity, and the growth of the thermoelectric figure of merit - due to the fact that in this range of
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parameter A, the electrical conductivity increases faster than the thermal conductivity. From the nature of
the dependences obtained and the fact that with a high concentration of metal particles, the thermoEMF
should decrease significantly, it follows that, at least formally, there is such a dimensionless parameter A
whereby the power factor and thermoelectric figure of merit of the transition layer reach a maximum. From
this point of view, such transient layers could be considered optimized, but the question of the attainability
of this value of the parameter A in the actual technological process requires a separate study. However, the
content of this parameter may be detailed. For this purpose we will assume that the thickness dj of a
transient contact layer is determined by diffusion, and, hence, in conformity with the results of solving the

nonstationary equation of diffusion for the semi-restricted environment [7] d, = 6+/Dt, wheret— time
during which the most intense diffusion of metal in the semiconductor takes place. Hence, 4 = 1801t/ny .
Consequently, if time t is fixed, then parameter 4 is the greater, the higher the rate Q of the arrival of

metal particles in the semiconductor in the process of stationary diffusion, and it should be quite large,
since n, is a fairly large value. For nickel it is equal to 9.14- 10”sm™ [8]. Then it turns out that at a fixed

time the thickness of transient layer depends on the diffusion coefficient, which is understandable, since
this coefficient depends, in particular, on the presence of defects and disturbances in the material, which
contribute to diffusion, and, consequently, to an increase in the thickness of transient layer.

Referring to the comparison of the results with the experimental data, we note that, on the one hand,
the value of the electrical contact resistance at 300 K for thermoelectric modules with a height of
about 0.25 mm, as stated in [9], obtained in an improved technological process, is 1.12-10° Q-sm*. And
this is only 2.5 times the lower limit of the contact resistance indicated in this paper. On the other hand, for
the thickness of transient layer 20 um in the worst case, that is, at 0, the calculated value of the electrical
contact resistance is 1.55 - 10 — 6 Q-sm”. And this is only a factor of 1.38 higher than the value of the
electrical contact resistance at 300K, obtained in the improved technological process of creating contacts.

On the other hand, in Refs [3] and [5], such values of the electrical contact resistances for
thermoelectric legs with an anti-diffusion nickel layer are given, which quite significantly exceed the upper
limit of the electrical contact resistance specified in this paper, that is, 1.16-10” Q-sm”. Thus, we see that
there are quite significant technological reserves for reducing the values of the electrical and thermal
contact resistances.

Conclusion

1. By solving the one-dimensional diffusion equation, a stationary distribution of the concentration of
nickel particles in bismuth telluride over the depth of the transient layer was found.

2. Using the theory of composites, the electrical and thermal contact resistances, the thermoEMF, the
power factor and the figure of merit of transient layer were calculated depending on the intensity of
arrival of nickel particles with stationary diffusion.

3. It was established that with increasing the intensity of arrival of nickel particles, the electrical and
thermal contact resistances and the thermoEMF of transient contact layer decrease, and the power
factor and the thermoelectric figure of merit increase.

4.  In the considered intensity range of nickel particles arrival with stationary diffusion at transient layer
thicknesses 20 — 150 pm the electrical contact resistance can vary in the range from 1.16-10 to
4.41-107 Q-sm’, the thermal contact resistance — in the range from 0.674 to 0.032 (K-cm®)/W,
the thermoEMF — in the range from 199.5 to 198.5 uV/K, the power factor — in the range from
5-10° to 1.8:10* W/(m'K?), and the thermoelectric figure of merit — in the range from
2.35-107 t0 2.9-107 K. The intervals of change in the electrical and thermal contact resistances can
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vary and expand on the one hand due to the presence of potential barriers between TEM and metal,
which are overcome by tunneling or emission, on the other, due to the presence of a thin oxide film
on the TEM surface, but these factors in this paper are not considered.
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OIIHKA EJIEKTPUYHOTI'O TA TEIVIOBOT'O KOHTAKTHHX
OITIOPIB TA TEPMOEPC IIEPEXI/THOI'O KOHTAKTHOI'O
IAPY«TEPMOEJEKTPUYHUIA MATEPIAJI-METAJI» HA

OCHOBI TEOPIi KOMITIO3UTIB

Teopemuyno 0ocniodiceno enexmpudnull ma meniogutl xowmaxmui onopu, mepmoEPC, gaxmop
HOMYJCHOCMI ~ Ma — MepMOeNeKmpudny  00OpomHicmb — NepexioHo2o  KOHMAKMHO20 — wapy
«MmepMOoeNeKmpUdHULL Mamepian-uemainy, 3yMOo8IeH020 OUQDY3i€r0 YACMUHOK Memany y HanienpogioHuK
be3 ymeopenns Hosux as. JJocniodcents GUKOHAHO HA OCHOGI Meopii KOMNO3UMie Ha NPUKIadi napu
«menypuo eicmymy — Hikelvy. Bcmanoeneno, wo mepmoenekmpuuni xapaxmepucmuxu nepexioHozo
KOHMAKMHO20 WApy 341edcams aK 6i0 11020 MOSWUHY, MAK I 6I0 pedcumy CMEOpeHHs, 304 OCHOBHY
Xapaxmepucmuky K020 835mo iHmeHCUusHicmos ougysii memany y nanienpogionux. Ilpu ypbomy sx 6io
MOBWUHY MAK | 8I0 PeACUMY CIMBOPEHHS ICTMOMHO 3a1eHCamb eleKMPUdHULl i Menioguil KOHMAaKmHi
Onopu,paxmop nomyxicHocmi ma 006pomHuicms nepexionozo wapy, 8 mou uac, sk mepmoEPC ne
3anexHcums 610 MOBWUHU WAPY | MAL0 3ANeAHCUMb GI0 pedcumy cmeopenus. B inmepeani mosujun
nepexionoeo wapy 6i0 20 0o 150 mxm 3a pO32AAHYMUX PENCUMIE CMBOPEHHA eNeKMPUYHULL
Kowmaxkmuuii onip 3minioemvcs 6 inmepeani 60 1.1610-5 0o 4.41-10-7 Om-em’, mennosuii
KOHMaxkmuutl onip sminwemocsi 6 inmepgaii 6id 0.674 0o 0.032(K-cm2)/Bm, mepmoEPC — ¢ inmepsani
6i0 199.5 00 198.5mxB/K, pakmop nomyscnocmi — 6 inmepsani 6id 5-10-5 oo 1.8:10-4 Bm/(w'K>),
mepmoenexmpuuna 0obpomuicme — 6 inmepeani 6id 2.35 10-3 00 2.9 10-3 K. Bi6n. 10, puc. 5.
KirouoBi cjioBa: eJIeKTpUYHUN KOHTAaKTHUM OINp, TEIJIOBHA KOHTakTHUH omip, TepMoEPC,
MepexiIHUH map, KOMIIO3UT, TUQY3isl, IHTEHCUBHICTD AUQY3ii.

Topckuii ILB."2, 0okm. guz.-mam. nayx

'MucTutyT TepModnekTpuuecTsa, yiu. Hayku, 1, Uepnoupl, 58029, Ykpauna
*YepHOBUIKHIT HALMOHANBHBIN yHEBepcuTeT uM. FOpust deapkoBuya,
yn. Komroburckoro, 2, YepHOBIIHI,

58000, Ykpanna
e-mail: anatych@gmail.com

OLEHKA 2JIEKTPUYECKOI'O U TEIIJIOBOI'O KOHTAKTHbBIX
COINPOTUBJIEHUHI Y TEPMOJ/IC TEPEXOHOI'O
KOHTAKTHOI'O CJI0S1 «TEPMOJJIEKTPHUECKHUI MATEPAAJI-METAJLT»
HA OCHOBE TEOPUU KOMIIO3UTOB

Teopemuyecku uccnedosamvl 2neKmpudecKutl U meniogou Konmakmusie conpomugnerus, mepmoI/]C,
Gdaxmop mowHOCMU U  MEPMOINEKMPUYECcKas O00OPOMHOCMb Nepex0O0H020 KOHMAKMHO20 Closi
«MepMOdIeKMPUdecKUll  Mamepuai-wemainy, 00ycl081eHHo20 Ou@gysuell uacmuy Memaiia 6
nOAYnposoOHUK 6e3 00pazoeanusi Hosevlx Qasz. Hccredosanue GbINOIHEHO HA OCHOGe Meopuu
KOMNO3UMo8 Ha npumepe NApbl «MeIypud ucMyma — Hukeivy. Ycmauosnewo, ymo
mepMO3IeKmpudecKue Xapakmepucmuky nepexoOH020 KOHMAKMHO20 CNOS 308UCIM KAK Om €20
MONWUHBL, MAK U OM pexcumMa CO30aHUs, 8 Kayecmsee OCHOBHOU XApaKmepucmuku KOmopozo 63sama
UHMEHCUBHOCMb OUp@Y3uU Memania 6 noaynposoOHux. Ilpu smom Kax om monwunsl, max u om
pesrcuma co30anus CyujecmeeHHo 3asUCAm NeKMpPUYecKull U meniosol KOHMAaKmHvle CONPOMUBIeHUs,
Gaxmop mowHocmu u 006POMHOCIL NEPExo0H020 Closl, 8 Mo epems, kak mepmoI/]C ne 3aeucum om
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MOIWUHDL CIIOSL U MAJO 3A6UCUM O pexcuma co30anusi. B unmepeane monwun nepexoonozo cios om
20 0o 150 wmKkM npu paccMOmMpeHHbIX PedNCUMAax COo30anus IIeKmpuyeckoe KOHMAKmHoe
conpomuenenue usmensiemcs 6 unmepeane om 1.16-10° 0o 4.41-107Om-ci’, mennosoe konmaxmunoe
conpomusnenue uzmensemes 6 unmepsaie om 0.674 oo 0.032 (K-cm2) /Bm, mepmoEPC — 6 unmepsae
om 199.5 k 198.5 mxB/K, ¢haxmop mowmocmu — ¢ unmepeane om 5107 oo 1.8:107 Bm/(w-K’),
mepmosnexkmpuueckas 0obpomnocms — 6 unmepsane om 2.35-107 00 2.9-10° K. Buén. 10, puc. 5.

KnaioueBble ciaoBa: dIeKTpUYECKOE  KOHTAaKTHOE  COINPOTHBIICHHE, TEIUIOBOE  KOHTaKTHOE
conporuBienue, TepMoEPC, mepexomHslil c10i, KOMIO3UT, MU PYy3usI, HHTEHCHBHOCTD TG Py3nn.
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COMPUTER SIMULATION OF THE UNSTEADY
TEMPERATURE EFFECT ON HUMAN SKIN

This paper presents the results of computer simulation of cyclic temperature effect on human skin in the
unsteady mode. A three-dimensional computer model of biological tissue with regard to blood circulation and
metabolism has been built. As an example, the case is considered when the skin surface accommodates a work
tool whose temperature varies by the law in the temperature range [ 30++30]°C. Temperature distributions
in different human skin layers in heating and cooling modes have been determined. The results obtained make
it possible to predict the depth of biological tissue freezing with a given temperature effect. Bibl. 20, Fig. 4.
Key words: temperature effect, human skin, unsteady mode, computer simulation.

Introduction

Cryotherapy is widely used in cosmetology for skin rejuvenation. It is known that during cosmetic
procedures with cold, generation of collagen and clastin is stimulated, due to which the processes of
regeneration in the skin are intensified, it is tightened and toned, and also the corneous cells of the upper
layer of the skin (peeling) are peeled off. However, it should be noted that the reaction of the body depends
largely on the time and temperature of the cryoeffect [1 — 3].

In dermatological practice, during cryomassage, metabolic and reparative processes are improved
and the regression of inflammatory processes is accelerated in cases of chronic dermatoses; there is an
increased heat formation and improvement of the trophic function of the tissue of both the skin and internal
organs, the work of the heart and blood vessels is stimulated, venous outflow improves, enhanced heat
transfer contributes to loss of body weight. Due to the positive effect on the skin, the method of
cryomassage is used in the complex treatment of such skin diseases as focal alopecia, pink and vulgar acne,
Vidal’s disease, itchy skin, chronic eczema, red flat lichen, flat warts, ring-shaped granuloma, etc. [4 — 7].

The literature shows positive applications of thermoelectric cooling in dermatology and
cosmetology, in particular for the treatment of superficial hemangiomas in children and other superficial
neoplasms [8]. In this paper, Dr. H. Bause describes the treatment of hemangiomas in children with
thermoelectric cooling. Under examination were 673 children for 4 months. The treatment occurred at a
temperature of -32° C, the optimal time for carrying out therapeutic procedures was 20 seconds (at an
exposure time of 40 seconds cell necrosis was observed). In 58 % of patients, treatment was successful the
very first time, 25 % had to undergo a second course of cryotherapy, 11 % — 3 times and about 6 % more
than 3 times. So, a positive therapeutic effect was observed in the majority of patients during cryotherapy
using thermoelectric cooling. This, in turn, shows that for the treatment of certain skin diseases, especially
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when performing cryomassage, it is not necessary to use ultralow temperatures (liquid nitrogen -196° C),
but rather moderate cooling.

The basis of cryomassage is the rapid decrease in temperature (cooling) of biological tissue under the
influence of the cold factor within the range of cryo resistance (5 — 10° C) without significant violation in
the body thermoregulation. When the biological tissue is cooled below the threshold of cryo resistance,
crystallization of the tissue fluid brings about its destruction (cryodestruction). This is a very complicated
process, since it is important to fully control the therapeutic effect in order not to “step over” the threshold
of cryo resistance and not to damage healthy tissues. In most cases, it is very difficult to control this
process [9, 10]; therefore, it is necessary to learn how to predict the depth of freezing of skin layers at a
given temperature effect at different points in time.

Thus, the purpose of this work is to develop a method of computer simulation of temperature distribution
in human skin in the unsteady mode.

Computer model of cyclic temperature effect on human skin in the unsteady mode

In this work, we used a physical model of biological tissue given in [11 — 15], the surface of which
accommodates a medical work tool, whose temperature varies with time according to a predetermined law.
In the above works, it was shown that the biological tissue of the human body is a structure of three skin
layers (epidermis, dermis, subcutaneous fat) and internal tissue. These skin layers have different physical
properties, namely, thermal conductivity k, density p, specific heat capacity Cp and blood perfusion w;, the
values of which are given in [12].

For such a model of biological tissue, the processes of heat exchange are described by a system of
unsteady-state heat equations in the form [16]:

oT, .
: =V'(K[VT;)+(prpb)(Db(Tb_T;)J‘_qma lzla"'a4> (1)

Cp, —-
p.Lp; o

where p,, Cp,, k, are density, specific heat, thermal conductivity of the i" layer of human skin; p,is
human blood density; Cp, is human blood specific heat; ®, is human blood perfusion; 7, is arterial blood

temperature (7, = 37° C); T, is temperature of the i" layer of biological tissue; q,, 1s metabolic heat.

The equation of heat exchange in the biological tissue (1) is solved with the following boundary
conditions (2) on the surfaces of the selected volume of biological tissue for an arbitrary moment of time:

E(X,J/az,t) = :T;;’ Tl(x,y,z,t) - :Tf(t)’ ql(x,y,z,t) o :a'(%_z—i(xayaoat))a

x<a xs<e c<x<a
0<y<a 0<y<c c<y<a

qi (x’ VRl t) 0<z<h - 0 ? qi (x,y’ Z’t) 0<z<h - 0 > qi (x’ VRl t) 0<z<h - 0 i qi (x,y’ Z’t) 0<z<h - 0 > (2)
x=0 x=a 0<x<a 0<x<a
0<y<a 0<y<a »=0 y=a

where i =1,....4, qi(x,y,z,t) is the density of heat flux of the im layer of human skin, Ti(x,y,z¢) is the
temperature inside the biological tissue, 7,is ambient temperature (7,=22°C), a is coefficient of
convective heat exchange between the skin surface and the environment, ¢ = 10 mm, y = 10 mm,
z =43 mm, ¢ = 2 mm.

The boundary conditions between the layers of human skin are reduced to the equality of
temperatures and heat fluxes. At the initial time =0 s, it is considered that the temperature in the entire
volume of biological tissue is 77=37° C, that is, the initial conditions for solving equation (1) are as
follows:
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Ti(x,y,20) =Ty, i=1,..,4. 3)

As a result of solving the initial boundary value problem (1) — (3), the distribution of temperature
T; (x, y, z, t) and heat flows at an arbitrary time point in all four layers of biological tissue are determined.

As an example, in this paper we consider the case when the temperature of the work tool 7;(?) varies
in the range of operating temperatures [-30 + + 30]° C by the following law:

T,(t)= Acosot, “4)

where 4 =303 K is amplitude, ® =27n/p is frequency, p =60s is period, t=240s is duration of
temperature effect.

Computer simulation results

A three-dimensional computer model of biological tissue was created in a cylindrical system of
coordinates, on the surface of which there is a cooling element. To construct a computer model, the Comsol
Multiphysics application software package [17] was used, which makes it possible to simulate heat
physical processes in biological tissue, taking into account blood circulation and metabolism.

The calculation of the distribution of temperature and heat flux densities in biological tissue was
carried out by the finite element method, the essence of which is that the object under study is split into a
large number of finite elements and in each of them the function value is sought that satisfies the given
second-order differential equation with the corresponding boundary conditions. The accuracy of the
solution of the problem posed depends on the level of splitting and is provided by using a large number of
finite elements [17].

As an example, Fig. 1 —4 shows the distribution of temperature and isothermal surfaces in the
human skin, the surface of which accommodates a work tool whose temperature varies according to the
cosine law in the operating temperature range [-30 + + 30]° C at the initial and final moments of heating-
cooling cycle.

10
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Fig.1. Distribution of temperature (a) and isothermal surafces (b)
in the volume of the skin the surface of which accommodates
a work tool at a temperature of T=+30°C at time moment t=30s
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Fig.2. Distribution of temperature (a) and isothermal surfaces (b)
in the volume of the skin the surface of which accommodates
a work tool at a temperature of T=-30°C at time moment t=60s
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Fig. 4. Distribution of temperature (a) and isothermal surfaces (b)
in the volume of the skin the surface of which accommodates
a work tool at a temperature of T=-30°C at time moment t=240s

From Fig.1, 2 it can be seen that at # = 30 s the epidermis warms up to a temperature of 28.7° C, and
at t = 60 s the temperature in the epidermis decreases to -28.8° C. Since the top layer of skin (epidermis)
has the smallest thickness and perfusion of blood in it, the temperature inside this layer is close to the
temperature of the work tool. At the epidermis-dermis boundary, the temperature is 23.9° C, at the dermis-
subcutaneous fat boundary the temperature is 15.6° C. Subsequently, with repeated cyclic temperature
exposure, it is observed that at t = 210 s after cooling, the temperature inside the skin, for example, at the
dermis-subcutaneous fat boundary, reaches 18° C, which contributes to the rapid expansion of blood
vessels, blood flow to the surface layers of the skin and improves metabolism (Fig. 3, 4). At =240 s,
better cooling of the skin occurs: at the epidermis-dermis boundary the temperature is -24.2° C, at the
dermis-subcutaneous fat boundary the temperature is 8.8° C. It has been found that with increasing
temperature exposure, a deeper cooling of skin layers is achieved. That is, with prolonged temperature
exposure (7'=-30° C), destruction of near-surface skin neoplasms can be achieved [8].

It should be noted that the cyclic temperature effect on human skin considered in this work is highly
effective in treating certain skin diseases and eliminating cosmetic skin defects [18 —20]. Under the
influence of low temperatures, first, there is a short-term sharp narrowing of the skin vessels, which is then
quickly replaced by their expansion due to the activation of adrenergic fibers. This, in turn, contributes to
an increase in the rate of metabolic processes inside the tissues and cell regeneration occurs, and blood
flow increases, supplying oxygen and nutrients to the cells. Active metabolism inside the tissues leads to
the renewal of the organism at the cellular level, saturation of cellular structures with nutrients, oxygen,
stimulates metabolic processes at the cellular level. Contrast cyclic temperature changes stimulate the
vascular tone of the dermis, increase pulmonary ventilation and oxygen utilization, increase tissue
respiration.

The results obtained make it possible to predict the depth of freezing of layers of human skin at a
given cyclic temperature effect to achieve the maximum effect during cryomassage or cryodestruction. The
developed method of computer simulation in the unsteady mode allows us to determine the temperature
distribution in different layers of human skin with a predetermined arbitrary function of changing the
temperature of the work tool with time 7;(?). It should also be noted that the above results will be the basis
for the development of the design of a modernized thermoelectric device for treating skin diseases.
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Conclusion

1.

The method of computer simulation of temperature distribution in human skin is developed, which
enables to predict the results of local temperature effect on the skin and determine the temperature
distribution in different skin layers with a predetermined arbitrary temporal function of change in
work tool temperature 7;(2).

2. By way of example, computer simulation was used to determine temperature distributions in
different skin layers in cooling and heating modes with a change in work tool temperature by the law
T ; (t) = Acoswt in the temperature range [-30++30]°C. The results obtained give an opportunity to
predict the depth of freezing of biological tissue at a given cyclic temperature effect.
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KOMII'IOTEPHE MOJEJTIOBAHHSA HECTAIIIOHAPHOI'O
TEMIIEPATYPHOI'O BIIVIUBY HA HIKIPY JIIOAUHU

Y pobomi nasedeno pezynvmamu Komn'10OmepHO20 MOOENOBAHHA YUKIIYHO20 MEMNepamypHo2o
BNIUBY HA WKIPY NIOOUHU Y HecmayioHapHomy pedxcumi. Ilobydosano mpueumipHy Komn tomepHy
Mooenb 0i0NI02IMHOT MKAHUHY 3 BPAXYBAHHAM KP0B00bIey ma memabonizmy. Ak npuxnad, posenanymo
BUNAOOK, KOAU HA NOBEPXHI WIKIPU 3HAXOOUMbCA poOOUUL [HCMPYMEHm, MeMnepamypa sAKo2o
sminoemvest 3a 3akonom T(t) = Acoswt y Oianasoni memnepamyp [-30++30]°C. Busnaueno
PO3N00INU memMnepamypu y pisHUX wapax wKipu JIOOUHU 8 PENCUMAX OXONOO0NCEHHS mda HAapiey.
Ompumani pe3yromamu 0ar0Ms MONCIUBICMb NPOSHO3Y8AMU 2IUOUHY NPOMeP3aHHA 0i0N02IYHOT
MKAHuHU npu 3a0anomy memnepamypnomy enausi. bion. 20, Puc. 4.
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KOMIIBIOTEPHOE MOAEJIUMPOBAHUE HECTAHMOHAPHOI'O
TEMIIEPATYPHOI'O BJIUAHUSA HA KOXY YEJTOBEKA

B pabome npusedenvi pezynrbmamol KOMNbIOMEPHOZO MOOETUPOBAHUSL YUKTULECKO20 MEMNEPAYPHOZO
BIUAHUS HA KOJMCY YeNlogeKa 8 HecmayuoHapHom pedcume. Ilocmpoena mpexmepHas KoMnvlomepHas
MoOoenb OUOI0UYeCcKOl MKAHU C YYemom Kposoobpawenus u memabonusma. B xauecmee npumepa,
paccmompen cayuail, K020a Ha NOBEPXHOCMU KOX*CU HAXOOUMCA paboduil UHCIMpPYMeHm, memMnepamypd

Komopoeo uszmensiemcss no 3axony T(t)=Acoswt 6 OJuanazone memnepamyp [-30++30]°C.

Onpedenenvl pacnpeoenenus memMnepamypbl 8 PA3HbIX CLOAX KOXCU YEN08EKA 8 PENCUMAX OXNANCOeHUs
u Haepesa. Ilonyyennvie pesyrbmamuvl OAiOmM B03MONCHOCb NPOSHOZUPOBANb 2TYOUHY NPOMEP3AHUL
buo0cUYecKol MKAHU NPU 3a0AHHOM memnepamyphom enusnuu. buon.20, Puc.4.

KnroueBble cjioBa: TeMIepaTypHOe BIUSHHE, KOXKa YEJIOBEKa, HECTALMOHAPHBIA pPEXHM,
KOMITBIOTEPHOE MOJEIHPOBaHHUE.
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THERMOELECTRIC GENERATORS WITH FLAME HEAT
SOURCES OF VARIABLE POWER AND TEMPERATURE
STABILIZERS FOR THERMOPILES

In this paper, the calculations of the dynamic power of a thermoelectric generator with flame heat
sources of variable power are made. The results of experimental studies of temperature operating
modes of furnaces using solid fuels are presented, as well as an assessment of the possibilities of
increasing the output power of a thermoelectric generator. Bibl. 8, Fig. 5.

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

Introduction

General characterization of the problem. For powering various low-power equipment chemical
sources of current are generally used. However, along with the undeniable advantages, their use is
associated with certain disadvantages - the presence of a self-discharge, a small service life, a limited
shelf life and operation at low temperatures, as well as problems of their utilization [1, 2].

These deficiencies are lacking in thermoelectric generators (TEG) with flame heat sources on solid
fuels, in particular, on firewood and pressed briquettes, which are widely used for space heating and
cooking, especially in rural areas and remote regions [2, 3].

Serial production of thermoelectric generators with flame sources of heat on solid fuels is carried
out by many manufacturers, including the Russian companies Kryotherm and Termofor [4, 5] who
developed thermoelectric furnaces with an electrical power of 25 — 50 W designed for illuminating and
powering low-power household appliances, battery charging, as well as space heating up to 50 m” [4, 5].
The Chinese company Thermonamic Electronics (Jiangxi) Corp., Ltd. developed a series of thermal
generators with a capacity of 15 — 45 W [6]. The general approach in the development of such thermal
generators is the use of thermoelectric modules made of materials based on bismuth telluride with a
maximum “hot” temperature of 300 °C. However, the temperature of the surfaces of solid-fuel heat
sources on which TEG is installed reaches 600 °C and constantly changes over time. This leads to a
decrease in the life of the TEG and, as a result, to a rapid generator failure. To eliminate this, the thermal
generator design assumes the presence of a temperature stabilizer for the hot surface of the furnace that
cuts temperatures exceeding 300 °C. It is clear that this leads to a decrease in the electrical power of the
TEG, because it already does not use the entire thermal power of the furnace.

In addition, as shown by temperature analysis, when designing a TEG, physical models with a constant
temperature of the heat source are used, which does not correspond to the real situation. During operation
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of the furnace, its surface temperature changes dynamically, which is reflected in the output power
of the TEG.

The purpose of this work is to develop the theory and methods of designing a thermoelectric
generator with unstable heat sources of variable power, in particular on wood.

Physical model

The calculations used a physical model of a thermoelectric generator unit (Fig. 1), which contains a
heated surface of a heat source of variable power 1, a temperature stabilizer that cuts off temperatures on
the hot surface of a thermoelectric generator above 300 °C 2, heat exchangers for supply 3 and removal 6
of heat flux to/from thermoelectric module 4, thermal insulation 5, electric voltage stabilizer 7 and electric

energy battery 8.
1 2 3 4 5 6 7 8
/ / Fig. 1. Physical model
of thermoelectric

generator unit:

1 — heated surface; 2
— temperature
stabilizer; 3 — hot heat

U exchanger;,

4 —thermoelectric
module; 5 — thermal
w insulation; 6 — cold
heat exchanger;

7 — voltage stabilizer,

8 — electric energy

E
g
D)

battery.
932
0K HIRH AKX i
D00 Ce 00000000 L92000920000000¢ Since the
O 0 e 0t e e se % Sesete s esetese! .
' SRR generator is
installed on a heated

surface, the model
does not consider the processes of heat transfer from the actual source of combustion of fuel to this surface.
Instead, to determine the temperature of the heated surface 1, the experimental temporal dependence of its
temperature in the real cycle of using the solid fuel heat source is used (Fig. 3).

Mathematical and computer descriptions of the model

Thus, the equation of heat balance is used to calculate the thermoelectric generator in accordance
with the physical model (Fig. 1).

On the hot side there is a heat source of variable power Qy[T(¢)].Its thermal power depends on the
temperature of this surface T, which, in turn, changes with time t (Fig. 3), and is given in the form of some
function f[ T'(?)].

Ql :f[Tl(t)]’ (D

Heat supply from the heated surface to the hot side of the thermoelectric module and heat removal to
the cold heat exchanger is described by the equations:
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O =ull,®)-T,], ()
O, =1.[T.-T1,], (3)

where y, y, are thermal resistances of the hot and cold heat exchangers; 7y, T¢ are the hot and cold side

temperatures of thermoelectric module, respectively; 7> is the temperature of the external surface of the
cold heat exchanger.

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

0, =, = T))Spm “4)

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

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

efficiency n:
W=0I[T,®]n, (5)

The main losses of heat 05 occur due to thermal insulation:
Q3=Z4(TM_YI))9 (6)

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

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

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

For the computer representation of the TEG mathematical model, the Comsol Multiphysics software
package [7] was used. For this it is necessary to present our equations in the following form.
To describe the flows of heat and electricity, we will use the laws of conservation of energy

divE =0 (8)
and electrical charge
divj =0, )
where
E=G+Uj, (10)
G=xVT+alj, (11)
j=-oVU -caVT. (12)

Here E is energy flux density, § is heat flux density, j is electrical current density, U is electrical
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potential, T' is temperature, o, G, k are the Seebeck coefficient, electrical conductivity and thermal conductivity.
With regard to (10) — (12), one can obtain

E =—(k+0*0T +aUc)VT — (oo +Uc)VU. (13)

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

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

Experimental investigations of thermal modes of variable power heat source

To determine the actual temperature conditions on the heated surfaces of furnaces with flame heat
sources on solid fuels (wood), experimental studies were carried out using the furnace shown in Fig.2.

In the course of the experiment, the dependences of the temperatures of the heated furnace surfaces
on the time during which the equal amount of firewood was added at identical intervals were determined.
The total experiment time was 3.2 hours. Firewood in the amount of 5 kg of willow wood was added with a
time interval of 50 minutes.

Fig. 3 shows the results of measurements of the temperature of the hot surfaces of the furnace.
Curves 1 and 2 in Fig. 3 correspond to the temperature of the side surfaces of the furnace, and curve 3 - the
rear surface of the furnace. I, I, III, IV - intervals of time during
which the addition of firewood in the furnace occurred.

As can be seen from Fig. 3, the temperature of the furnace
surfaces cyclically changed according to the intervals of addition of
firewood. Moreover, the temperature of the side surfaces (curves 1
and 2 in Fig. 3) does not exceed 430 ° C, and the temperature of the
rear surface of the furnace (curve 3 in Fig. 3) reaches values of ~
600 ° C.

The obtained data are processed in the form of functional

temporal dependences of the temperatures of heated surfaces of the
furnace and used in the calculations of characteristics of a

Fig. 2. External view of the furnace

thermoelectric generator with flame heat sources of variable power
on solid fuels.
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Fig. 3. Experimental temporal dependences of the temperature of heated furnace surfaces:
1, 2 — temperatures of the lateral furnace surfaces, 3 — temperature of the rear furnace surface
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Description of the dynamic surfaces of TEG

Thus, using computer methods, the calculation of the dynamic powers of a TEG in terms of its
installation on the lateral and rear surfaces of the furnace was carried out (Fig. 4, 5).

10 : : : 600

""“\' 500

" \ 7 \v/_
+ ——-——-\-JJ—---\'\' '-',f‘\'/""-*_,__\\' 400
vV

~F300 &
\

200

100

0 T T T 0
0 25 50 75 100 125 150 175
t, min

Fig. 4. Temporal dependence of the power of TEG located on the lateral surface
of the furnace: 1 — TEG power at Ty=30°C, 2 — TEG power at Ty=50°C;
3 — the surface temperature of the furnace.

As thermoelectric converters for TEG, 1 ALTEC - 1061 thermoelectric module made of a material
based on bismuth telluride (Bi,Te;) was used. The characteristics of such a module are given in [8]. Its
maximum “hot” temperature is 300 ° C. Therefore, according to the physical model (Fig. 1), there is a
temperature stabilizer between the surface of the hot wall and the TEG, which cuts off temperatures
exceeding 300 °C.

Fig. 4 shows the temporal dependence of the power of TEG placed on the lateral surface of the
furnace for the cold side temperatures of TEG T.= 30 °C (1 in Fig. 4) and 7. = 50 °C (2 in Fig. 4). The hot
side temperature of TEG is shown by the solid curve 3 in Fig. 4, and the temperature of the lateral surface
of the furnace is shown by the dotted curve in Fig. 4.

As can be seen from Fig. 4, the type of the temporal dependence of the dynamic power in general
reproduces the dependences of the surface temperature of the furnace. For the case of the cold side
temperatures, 7, = 30 °C, the average power of a TEG consisting of one thermoelectric module for a
selected period of time is 8.6 W, and for 7. = 50 ° C -7 W. At the same time, the energy generated by TEG
per 1 hour is ~ 30 kJ for T, = 30 °C and ~ 25 kJ for 7. =50 °C.
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Fig. 5. Temporal dependence of a TEG located on the rear surface of the furnace:
1 —TEG power at Ty=30°C, 2 — TEG power at Ty=50°C; 3 — the surface temperature of the furnace.
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Fig. 5 shows a similar dependence of the power of TEG located on the rear surface of the furnace for
the cold side temperatures of TEG 7. = 30 °C (1 in Fig. 5) and T, = 50 °C (2 in Fig. 5). The hot side
temperature of the TEG is shown by the solid curve 3 in Fig. 4, and the temperature of the rear surface of
the furnace is shown by the dotted curve in Fig. 4.

As can be seen from Fig. 5, the type of the temporal dependence of the dynamic power in general
reproduces the dependences of the surface temperature of the furnace. For the case of the cold side
temperatures, 7. = 30 °C, the average power of a TEG, consisting of one thermoelectric module, is 9 W for
a selected period of time, and for 7. = 50 °C, it is -7.4 W. At the same time, the energy generated by
TEG per 1 hour is ~ 32 kJ for 7. = 30 °C and ~ 27 kJ for T, = 50 °C.

Thus, despite the significant differences between the temperatures of the side and rear walls of the
furnace, the power of the TEG for the first and second cases differ only by ~ 5 %, which is associated with
the use of the temperature stabilizer of the hot side of the TEG.

However, if we analyze curves 3 in Fig. 4 and 5, it becomes clear that such forced stabilization of the
surface temperature of the furnace leads to significant power losses in the TEG. These losses can be
estimated, because, as already noted, the type of the temporal dependence of the dynamic power in general
reproduces the dependences of the surface temperature of the furnace. And if we assume that instead of the
stabilized temperature (solid blue line 3 in Fig. 4 and 5) we use the entire temperature of the furnace
surface (dotted blue line 3 in Fig. 4 and 5), the gain in TEG output power will be ~ 30 — 40 %.

Therefore, in order to further improve the quality of thermoelectric generators using flame heat
sources of variable power for solid fuels, it is important to study the direction in which to search for
opportunities to use the total heat capacity of furnaces, in particular the development of TEM from high-
temperature materials, as well as the use of cascade generators optimized for necessary temperature
intervals.

Conclusion

1. The experimental dependences of the dynamic temperature of the hot surfaces of the furnace for
burning wood in the mode of its cyclic use have been determined.

2. Based on the experimental data, the dynamic power of TEG with flame heat sources on solid fuel with
thermopile temperature stabilizers has been calculated. The average power of a TEG consisting of one
thermoelectric module installed on the rear surface of the furnace, in given time interval is 9 W (at its
cold side temperature 7,.= 30°C).

3. It has been established that the forced stabilization of the surface temperature of the furnace leads to
significant losses in the power of TEG, which reach ~ 30 — 40 %.

4. The possibilities of enhancing the quality of thermoelectric generators using flame heat sources of
variable power on solid fuels, in particular, due to the development of TEG from high-temperature
materials, as well as the use of cascade generators optimized for required temperature ranges have been
analyzed.
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EFFECT OF THE VOLUMETRIC AVERAGE TEMPERATURE
OF THERMOELEMENT LEG ON THE BASIC PARAMETERS,
RELIABILITY INDICATORS AND DYNAMICS
OF THERMOELECTRIC HEAT PUMP OPERATION

The effect of the volumetric average temperature of thermoelement leg on the basic parameters, reliability
indicators and dynamics of thermoelectric heat pump operation at a given thermal load for different geometry
of thermoelement legs is considered. The ratio has been determined to estimate the volumetric average
temperature depending on the relative operating current corresponding to the maximum cooling capacity. It is
shown that with regard to the volumetric average temperature, the cooling capacity per one thermoelement
decreases, the relative temperature difference, the number of thermoelements at a given thermal load, the
failure rate, the time to reach steady-state mode of operation increase. Bibl. 12, Fig. 9, Table 5.

Key words: thermoelectric cooler, volumetric average temperature, dynamics of thermoelement operation,
reliability indicators, temperature difference.

Introduction

The promising outlook for thermoelectric heat pumps is due to the absence of moving parts, the
independence of operation from the spatial arrangement of the product, resulting in increased reliability
indicators compared to steam generator and absorption machines [1]. Small dimensions and mass, the principle
of energy conversion and electrical control give a significant gain in the dynamic characteristics of
thermoelectric devices [2]. At the same time, lower conversion efficiency leads to the fact that the main field of
application of thermoelectric pumps are the areas of heat loaded electronics, where the requirements to weight
and size and dynamic characteristics, reliability indicators of thermal mode support systems are most critical [3].
The constant toughening of requirements to onboard information systems is also transmitted to thermal mode
support systems which are the inseparable part of them [4]. The operational reliability indicators of
thermoelectric devices depend on the influence of external climatic [5], mechanical [6] factors, thermal load [7],
design parameters [8], current operating modes [9]. Jointly addressing the issues of improving reliability and
dynamic performance is a problem, since the increase in temperature gradients over time is in conflict with
reliability indicators [10]. The relevance of the analysis of this problem is evident from the considerations that
accelerated testing of thermoelectric devices to identify reliability indicators is carried out in switching modes,
whereby the operation time is reduced by an order of magnitude. The operating conditions of high-speed
thermoelectric systems ensuring the thermal conditions of heat-loaded radioelectronic elements can quickly
approach these conditions.

The purpose of this work is development and analysis of mathematical model relating
reliabilityindicators and dynamics of thermoelement leg to design parameters and energy indicators of
thermoelectric heat pump.
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Model of interrelation of reliability indicators, thermoelement leg dynamics with design
and energy parameters in the heat pump mode

In some cases of thermoelectric cooling devices (TEC) design, especially in the heat pump mode
(AT =0), it becomes necessary to estimate the volumetric average temperature of thermoelement leg that
exceeds the temperature of heat-releasing junction T, which significantly affects the basic parameters,
reliability indicators and dynamics of thermoelement operation.

Consider a nonlinear temperature distribution along thermoelement leg 7(x)=T7 at x=0 and
T(x) = Tp at x = [ [11] which can be represented as:

= 1¢[. AT, x
T=7HT+ 1 ){BI%(I—TJ—@}}dx, (1)

0

where By = I/lmxx 1s the relative operating current at 1, A;

1 is the value of operating current at 1, A;

Inak = €T, / R is maximum operating current, A;

T, is the temperature of heat- absorbing layer, K;

€ is the average thermoEMF of thermoelement leg, V/K;

R =1/(cS) is the electrical resistance of thermoelement leg, Ohm;

G is the average electrical conductivity of thermoelement leg, S/cm;

1, S is the height, cm, and cross-section area, cm”, of thermoelement leg;

AT = 0,5Z TO2 is maximum temperature difference, K;
Z is the average thermoelectric material efficiency in a module, 1/K;

® = (T- Ty)/ATnax 1s the relative temperature difference.
Integrating expression (1), we obtain the ratio to determine the volumetric average temperature in a
simpler form:

= T+T, B .«R
T = 0 + K*maxK , (2)
2 12K
&S . .
where K = - —is heat transfer coefficient, W/K;
& is the average thermal conductivity coefficient, W/(cm-K).
The ratio (2) can be represented as

= T,+T BAT
T = 0 + K max . (3)

2 6

With increasing the relative operating current By, the volumetric average temperature T increases for
different geometry of thermoelement legs at 7= 300 K in the heat pump mode (Figs. 1, 2).
From expression (2) one can determine the relative temperature difference

, In.«R By

max K

“12KAT, 6

With increasing the relative operating current By, the relative temperature difference for different

“4)

geometry of thermoelement legs at 7= 300 K in the heat pump mode increases (Fig. 3).
The ratio for the cooling capacity of a single-stage TEC can be written as

Q= n[nzqaxR(zBK _Bli _®)’ ()

where 7 is the number of thermoelements.
In expression (5) instead of ® we substitute (4) and find
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X «R
K= —2Q° =2B, — By — By —=xK— (6)
ni’ R 12KAT,,,

/
/

310 /

/

305 /

~

300 | ———

295
00 0.1 02 03 04 05 06 0.7 08 09 B

Fig. 1. Dependence of the volumetric average temperature T of a single-stage
TEC leg in the heat pump mode on the relative operating current By
at T =300 K: solid line— with regard to overheating; dashed
line — without regard to overheating.
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Fig. 2. Dependence of the volumetric average temperature T of
a single-stage TEC leg in the heat pump mode on the operating current I
at T = 300 K for different geometry of thermoelement legs.
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Fig. 3. Dependence of the relative temperature difference O of a single-stage TEC leg
in the heat pump mode on the relative operating current Bxat T = 300 K:
solid line — with regard to overheating; dashed line — without regard to overheating.

.. dK . . . . .
From the condition B =0 we obtain the ratio for the optimal relative operating current B,,,

BK
corresponding to maximum cooling capacity in the heat pump mode:
-1
I} «R
By =| 1 +—mk =§. @)
12KAT,,,, 7

The optimal value of the relative operating current B, does not depend on the geometry of
thermoelement legs.

Fig. 4 represents the dependences of cooling capacity on the relative operating current By with and
without regard to overheating for different geometry of thermoelement legs at 7 = 300 K, with a given
number of thermoelements n = 5.

With increasing the relative operating current By, functional dependence of cooling capacity Q, on
the relative operating current Bx with regard to overheating of thermoelement legs has a maximum (Fig. 4)

In conformity with [12], the time 1 to reach the steady-state operating mode of a single-stage TEC

ZmiCi

can be determined from the expression:

B.(2-B
i AT lnszH( B2 H(;’ ®)
1<,<(1+2B,< maXJ oo
Ty
2 R
where y =220t
ImaxKRK

Inaxn = enT/Ry is maximum operating current at ty = 0 at the beginning of the process of thermal power
output, A;

Inaxx = exTo/Ry 1s maximum operating current at Tk at the end of the process of thermal power output, A;
en, ex is the Seebeck coefficient of thermoelement leg at the beginning and end of the process of thermal
power output, respectively, V/K;

Ry, Ry is the electrical resistance of thermoelement leg at the beginning and end of the process of thermal
power output, respectively, Q;
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Fig. 4. Dependence of cooling capacity Q, of a single-stage TEC
in the heat pump mode on the relative operating current By
for different geometry of thermoelement legs at T = 300K, n = 5:
solid lines — with regard to overheating; dashed lines — without regard to overheating.

By = Il..xn 1s the relative operating current at T = 0 at the beginning of the process of thermal power
output;

By = IVl naxx 1s the relative operating current at 1y at the end of the process of thermal power output;

®=

— is the relative temperature difference;

max

AT =T — Ty is the operating temperature difference in TEC, K;

Zml.Cl. — is the total value of the product of heat capacity and the mass of the components of design and

1

technological elements of TEC.

With equal currents at the beginning and end of the process of thermal power output

[: BH [maxH = BK [maxK- (9)
The number of thermoelements # can be determined from the ratio
n=— Ou 5 , (10)
ImaxKRK (ZBK - BK - ®)

where Oy is thermal power output, W.
Power consumption Wy of TEC can be determined from the ratio

Wy =2nl?

max K

RKBK[BH%@} an
0

Voltage drop Ux can be determined from the ratio

Uy = Wi/L. (12)
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Thermal coefficient 1 can be calculated from the formula

n= QH/W](. (13)
The relative value of failure rate A/A¢ can be determined from the ratio [11]:
2
PRTU
AMhy=nBg (0+C)| ——2—| K, (14)
AT !
[+ — M@
I
where C = ZQ—‘ is the relative thermal load;
nlmax KRK

K7 is the significant temperature coefficient.
The probability of failure-free operation P of TEC can be determined from the formula

P = exp[-\], (15)

where ¢ is specified life, h.

Analysis of the model of interrelation of reliability indicators, dynamics of thermoelement
legs with design energy parameters

The results of calculations of the basic parameters and reliability indicators in operation of TEC with
different geometry of thermoelement legs (//S) in the heat pump mode at given thermal load Oy = 5.5 W,
I/S=2.5;4.5;10; 20; 40 cm ' and for different current operating modes are given in Tables 1-5.

Table 1
T=300K; AT = 108 K.Qp = 5.5 W; Zm,C; = 1140-10* J/K; Ry = 2.78:10° Q; Rc=2.91-10" Q;
Lot = 22.0 A Ty = 21.3 A; K= 6.16-107 W/K; [/S= 2.5 sm”'

_ A10°
AT,K| Bx | T,K| © uw |[W,W|UV|nvpes.| s |LA| By | N l/h’ P
318*%(0.167]0.393| 14.0 | 0.66| 5.0 50 | 15.0 0.9985
18.0 1.0 2.16121.3]0.969
300 | 0,0 {0417 13.2 |10.62| 4.17 4.17 | 12.5 | 0.99875
315*%10.1390.444 | 11.4 | 0.59| 4.88 345 | 10.3 | 0.99897
15.0 | 0.916 1.83119.5(0.886
300 | 0.0 |0.466| 9.3 |0.48| 4.20 2.53 | 7.58 | 0.99924
13.0 | 0.853 313*10.1200.480| 9.8 | 0.54 | 4.85 16211821 0.827 2.55 | 7.65 | 0.99923
’ ’ 300 | 0.0 |0.500| 8.2 |0.45| 4.27 ' ' ' 1.94 | 5.83 | 0.99942
310* {0.093]0.546| 7.62 | 0.48 | 4.94 1.48 | 4.44 | 0.99956
10.0 [0.748 1.31116.0(0.724
300 | 0.0 [0.626| 6.57 |0.41 | 4.45 1.174| 3.52 | 0.99965
305* {0.046 | 0.680| 4.30 | 0.38 | 5.70 0.360| 1.07 | 0.999893
5.0 10.529 0.80(11.3(0.512
300 | 0.0 {0.735| 3.95|0.35| 5.35 0.306| 0.92 | 0.999908
303* {0.028 [0.750| 3.05 | 0.35| 6.70 0.127] 0.38 | 0.999962
3.0 10410 0.55| 8.7 {0.397
300 | 0.0 |0.795| 2.84 | 0.33| 6.40 0.11210.337 | 0.999966
1*10. . 1. 311 10.2 .014(0.041] 0.
Lo 0237 30 0.009]0.860 53 10.3 0.20 018! 5.0 | 0229 0.0 0.0 0.9999960
300 | 0.0 |0.881| 1.48 |0.30| 9.97 0.013]0.039 | 0.9999961

* the data obtained with regard to overheating.
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Table 2

T=300K; AT = 108 K.Qo = 5.5 W; Zm,C; = 451.7-10 *J/K; Ry = 5.0-107° Q; Ry = 5.23-10° Q;

Inai = 1224 A; Lo = 11.9 A; K=3.42-10° W/K; I/S=4.5 sm™’
— W, n A-10°
AT, K B ® >\ UV ’ ILA| B M ’ P
s K T 5 K H W s pCS 7, S s H )\'O l/h
318* | 0.167 {0.393| 14.0| 1.17 | 8.9 8.9 | 2231 0.9973
18.0 1.0 1.47111.9/0.972
300 0,0 |0.50 | 11.0 {0.925| 7.4 7.4 | 22.3]0.99777
315* | 0.139 {0.445]| 11.3 | 1.04 | 8.7 6.0 | 18.0 | 0.9982
15.0 (0.912 1.25]10.9]0.886
300 0.0 ]0.54419.2310.85| 7.5 442 | 13.3 ]| 0.99867
313* | 0.120 {0.465| 9.82 | 0.97 | 8.75 447 | 13.4 | 0.9987
13.0 {0.825 1.10110.1]0.825
300 0.0 |0.575| 8.18 | 0.80 | 7.66 3.37 | 10.1 | 0.9990
100 |0.744 310* | 0,093 {0,547 7,56 | 0,85 | 8,83 0.90! 8.9 10.724 2,58 | 7,75 | 0,99923
’ ’ 300 0,0 [0,63]6,52|0,74| 8,0 |~ ’ ’ 2,05 | 6,15 | 0,99939
305* | 0,046 | 0,68 | 4,31 | 0,69 | 10,2 0,62 | 1,87 | 0,99981
5,0 0,526 2 2 2 2 ~~10,53] 6,3 {0,512 2 2
300 0,0 10,74 |3,93]0,63| 9,6 0,534 | 1,60 | 0,99984
1.0 0.410 303* | 0,028 | 0,75 | 3,0 | 0,63 | 12,0 0.304.85! 0.40 0,22 10,664 0,99993
’ ’ 300 0,0 [0,80|281|0,58(11,4]|" ’ ’ 0,20 {0,590 0,99994
301* {0,0093| 0,86 | 1,52 | 0,54 | 18,3 0,022 10,066 |0,999993
1,0 0,235 2 2 2 2 ~10,09(2,80] 0,23 2 2
300 0,0 10,88 |146|0,52(17,9 0,022 {0,066 |0,999994
300,5*(0,0046| 0,90 |1,114| 0,56 | 24,8 0,0076|0,023{0,999997
0,5 0,166 0,05|1,98] 0,16
300 0,0 10,903| 1,0 | 0,50 | 24,4 0,0056|0,017{0,999998
* the data obtained with regard to overheating.
Table 3

T=300K; AT = 108 K.Qo = 5.5 W; Zm;C;= 175-10* J/K;Ry = 11.1-10° Q; R = 11.63-107° Q;

Tt = 5.51 A; Inawc = 5.34 A; K= 1.54-10" W/K; I/S=10 sm™’
_ A10%,
AT, K By T,K ® uw [W,W|U V|n,pes|t,s |[,A| By Mo Uh P
50 | Lo 318* [ 0.167 [0.393] 14.0 [2.62] 19.9 1 20| 5.34] 0.960 19.9 | 59.7 | 0.9940
‘ ‘ 300 | 00 |050|11.0] 20 16.6] " ‘ ‘ 16.6 | 41.5 ] 0.9959
315* [ 0.139 [0.445] 11.3 [2.32] 19.4 13.6 | 40.8 | 0.9959
15.0 |0.914 1.10(4.90|0.886
300 | 0.0 |0.542]9.25[1.90] 16.7 9.96 |29.9] 0.9970
313* [ 0.120 [0.480] 9.74 [0.96| 19.3 10.0 | 30.0 | 0.9970
13.0 10.851 0.974.5410.827
300 | 0.0 |0.575|8.12]0.80] 16.9 7.62 | 22.9] 0.9977
00 o746 310* | 0.093 [0.547| 7.60 [ 1.90] 19,7 098] 4.0 10.723 58 | 17.4| 0.9983
‘ ‘ 300 | 0.0 [0.627] 6.53[1.63] 17,7 | e 46 | 13.8] 0.9986
*10.04 ) 433 [ 1.54] 22. 1.41 | 4.2 )
5.0 10.528 305% 10.046 ] 0.68 | 4.33 | 1.5 / 0.46| 2.8 [0.512 3 | 099958
300 | 0.0 |0.74]3.94]1.40]21.3 1.29 | 3.63 | 0.99964
303* [ 0.028 | 0.75 | 3.04 [1.39] 26.6 0.50 | 1.50 | 0.99985
3.0 10410 0.30| 2.2 | 0.40
300 | 0.0 |0.80|2.83[1.29] 254 0.47 | 1.40 | 0.99986
301* [0.0093] 0.86 | 1.52 [1.21] 40.7 0.054 [0.162] 0.999984
1.0 10.236 0.10| 1.3 | 0.23
300 | 0.0 [0.882] 1.41 [1.12] 39.8 0.053 [0.159 0.999984
*10.0046] 0. 1.03 [ 1.1 . .0134]0.04010.
05 lo1e7 300,5*%]0.0046| 0.90 | 1.03 5] 55.0 0.020 080! 0.16 0.0134[0.040[0.9999960
300 | 0.0 |0.916] 1.0 [1.13] 54.2 0.0129]0.039]0.9999961

* the data obtained with regard to overheating.
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Table 4

T=300K; AT = 108 K.Qo = 5.5 W; Tm;C; = 85.8:10* J/K;Ry = 22.2:10° Q; R = 23.26:10° Q;

Laxti = 2.76 A; Lo = 2.67 A; K= 0.77-107 W/K; I/S=20 sm’'
_ A10°,
AT,K| Bx | T,K| © u |W,2W|UV|n,pes|t,s |[[LA| By | M Uh P
130 | Lo 318* | 0.167 |0.393| 14.0 | 5.24| 39.8 13012671 0.967 39.8 [119.4] 0.9881
’ ’ 300 0.0 |0.50|11.0|4,12]33.2 | ’ ’ 33.2199.6 | 0.9900
15* | 0.1 410(11.37] 4. . 27.2 | 81. 991
15.0 |0.914 315% 10139 ]0.410)11.37) 4.66 | 38.9 1.10]2.44|0.884 72| 81.6 | 099187
300 0.0 ]0.543]9.25 (3.79| 33.4 23.1169.4| 0.9931
313* | 0.120 |0.480( 9.74 |4.29| 38.6 20.1 | 60.4 | 0.9940
13.0 |0.851 0.97(2.27]0.823
300 0.0 ]0.575| 8.14 |3.59| 33.9 17.4 | 52.2 | 0.9948
10.0 |0.741 310% | 0.093 |0.547| 7.60 | 3.80| 39.4 0.80| 2.0 l0.722 11.66| 35.0 | 0.99650
’ ’ 300 0.0 |0.627| 6.53 |3.27|35.4 | T 10.26| 30.8 | 0.99692
305* | 0.046 |0.680| 4.33 |3.10| 45.4 2.82 | 8.46 | 0.99915
5.0 [0.528 0.48(1.40|0.511
300 0.0 [0.736] 3.95 |2.82| 42.7 2.58 | 7.74 | 0.99923
303* | 0.028 |0.754| 3.03 | 2.78 | 53.1 1.0 | 3.0 | 0.99970
3.0 [0.410 0.34{1.09{0.397
300 0.0 ]0.795| 2.84 |2.61| 51.0 0.938| 2.81 | 0.99972
10 o236 301* [0.0093|0.860| 1.52 |2.41| 81.5 0.160.6310.229 0.1080.3240.9999676
’ ’ 300 0.0 |0.880| 1.41 {2.24|79.7 | ~ ’ ’ 0.106|0.318 | 0.999968
300,5%(0.0046|0.900| 1.03 {2.31|110.0 0.027)0.080(0.9999920
0.5 10.167 ’ 0.07{0.45|0.162
300 0.0 [0.916| 1,0 [2.25]108.4 0.026| 0.77 10.9999923
* the data obtained with regard to overheating.
Table 5

T=300K; AT = 108 K.Qo = 5.5 W; Tm;C; = 36.1-10* J/K;Ry = 44.4-10° Q; R = 45.45-10° Q;

It = 1.378 A; I = 1.35 A; K'=0.385:10" W/K; /5= 40 sm '
_ 2107,
AT,K| Bx | T,K| © w [W,W|U, Vin,pes|t,s |[LA| By | Mhy Uh P
318% | 0.167 [0.393] 14.0 | 10.4] 79.7 79.7 |239.1| 0.9764
18.0 | 1.0 1.09(1.35/0.967
300 | 0.0 [0.50 [ 11.0[8.15] 66.4 66.4 1199.2| 0.9803
315% | 0.139 [0.410] 11.4 [9.32] 77.8 54.41163.2| 0.9838
15.0 |0.914 0.92(1.22]0.884
300 | 0,0 [0.543]9.25[7.58] 66.8 46.2 [138.6] 0.9862
13* | 0.120 {0.480] 9.74 | 8. 2 40.2 [120.6| 0.
13.0 |0.851 | 2> | 0120 |0450] 974 | 8.0 | 772 | g1 14| 0.823 | 2> |120:0] 09889
300 | 0.0 [0.575[8.14 ] 7.2 | 67.8 34.8 |104.4| 0.9895
310* | 0.093 [0.547] 7.60 | 7.6 | 78.8 233 [70.0 | 0.9930
10.0 |0.746 0.66| 1.0 (0.722
300 | 0.0 [0.627]6.53 |6.54] 70.8 20.5 | 61.6 | 0.9939
50 lo.sog] 305* | 0046 [0.680] 4.33 [6.19] 90.8 | ' [ | o |5:64]169 | 09983
T 300 | 0.0 [0.736]3.95[5.64 854 || |7 [ 516 15.5]0.99845
*|0.028 |0.754| 3.03 |5.51 | 106.2 2.0 | 6.0 |0.9994
30 loarol 303* | 0028 [0.754) 3.03 [5.5111062] /o |0 <o 3g,| 20 | 60 | 0.99940
300 | 0.0 [0.795]2.84 [5.16]102.0 1.88 | 5.63 | 0.99944
301* [0.0093[0.860| 1.52 [4.90]163.0 0.22 | 0.65 [0.999935
1.0 10.236 0.12{0.31]0.229
300 | 0.0 [0.880[ 1.41 [4.55160.0 0.21 |0.64 [0.999936
300.5%[0.0046(0.900| 1.03 | 4.64220.0 0.054/0.161[0.999984
0.5 |0.167 0.04/0.22/0.162
300 | 0.0 [0.916] 1.0 [4.50]216.8 0.052[0.155]0.999985

* the data obtained with regard to overheating.
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For a single-stage TEC in the heat pump mode at a given thermal load Q= 5.5 W and different
geometry of thermoelement legs //S= var the functional dependence of the number of thermoelements on
the relative operating current n = f{Bx) when calculating with regard to overheating of thermoelement legs
has a minimum at B,y = 0.856; if, however, overheating is not taken into account, the extremum of
function n = f{Bx) is not observed (Fig. 5).

For a given value of the relative operating current By, the number of thermoelements » when
calculating with regard to overheating of thermoelement legs increases in comparison with #, obtained
without such account. For different geometry of thermoelement legs in the maximum for Bx= 1, this
difference (An/n, %) averages 20%. At the same time, as the relative operating current decreases, the value
of An / n decreases also.

With decreasing the relative operating current By:

— the value of thermal coefficient u when calculating both with and without regard to overheating of
thermoelement legs (Fig. 6). At B =1, Ap/p is 22%, i.e. thermal coefficient when calculating with regard to
overheating decreases by 22%. With a decrease in B, the value Ap/p decreases also. In so doing, it should
be noted that the value Ap/u does not depend on the geometry of thermoelement legs;

— the relative value of failure rate A/A¢ increases (Fig. 7). With a given value of the relative operating
current B, the value A/Ay increases when calculating with regard to overheating. For different //S this
difference (JAMAo)/[AMAo], %) for B = 1 is about 20%. With increasing //S, the value A/, increases. With
decreasing the relative operating current B, the value [AAAo]/[AMAo] decreases also;

— the probability of failure-free operation P decreases (Fig. 8). With a given value of the relative
operating current B, the probability of failure-free operation P decreases when calculating with regard to
overheating for different //S. With increasing //S, the probability of failure-free operation P decreases;

n, ps N -~
N\ | //S=40 sm
70 I~
S
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50 \
|\ 10 \\
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Fig. 5. Dependence of the number of thermoelements n of a single-stage TEC in the heat pump
mode on the relative operating current By for different geometry of thermoelement legs at T = 300 K,
Qp = 5.5 W: solid lines— with regard to overheating, dashed lines— without regard to overheating.
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Fig. 6. Dependence of thermal coefficient u of a single-stage TEC
in the heat pump mode on the relative operating current Biyat T =300 K, Qp = 5.5 W
solid line — with regard to overheating; dashed line — without regard to overheating.
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Fig 7. Dependence of relative value of failure rate 1/%y of a single-stage TEC
in the heat pump mode on the relative operating current By
for different geometry of thermoelement legs at T = 300K, Qy = 5.5 W:
solid lines— with regard to overheating; dashed lines— without regard to overheating.
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Fig. 8. Dependence of the probability of failure-free operation P of a single-stage TEC in the heat pump
mode on the relative operating current By for different geometry of thermoelement legs at T = 300 K,
0y =5.5W, t = 10" h: solid lines— with regard to overheating; dashed lines— without regard to overheating.

- the time to reach the steady-state mode t (Fig. 9) for different geometry of thermoelement legs 1/S
increases. For a given value of the relative operating current By with increasing /S, the time to reach the
steady-state mode t decreases.
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Fig. 9. Dependence of the time to reach the steady-state mode t of a single-stage TEC in the
heat pump mode on the relative operating current By for different geometry of thermoelement legs at
T=300K Qy=25.5W: solid lines— with regard to overheating; dashed lines - with regard to overheating.
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Discussion of the results of analysis of the model of interrelation of reliability indicators,
dynamics of thermoelement legs with design energy parameters

1) The optimum value of the relative operating current By, corresponding to the maximum cooling
capacity with regard to overheating, has been determined.

2) With increasing the volumetric average temperature at a given thermal load Oy = 5.5 W:

— the relative operating current By increases;

— the relative temperature difference ® increases;

— the thermal coefficient u decreases;

— the power consumption Wy increases;

— the voltage drop Uk increases;

— the number of thermoelements n decreases;

— the operating current / increases;

— the time to reach the steady-state operating mode T increases;

— the relative value of failure rate A/A, increases;

— the probability of failure-free operation P decreases.

3) With increasing the ratio I/S characterizing the geometry of thermoelement legs, at a given value
of the relative operating current Bk and heat load Qy:

— the time to reach the steady-state operating mode T decreases;

— the number of thermoelements 7z increases;

— the relative value of failure rate A/A, increases;

— the probability of failure-free operation P decreases.

4) The volumetric average temperature T’ the relative temperature difference ©, the thermal

coefficient pu do not depend on the geometry of thermoelement legs (//S).

Conclusion

1. The interrelation between the volumetric average temperature T of thermoelement leg and the relative
operating current By for various geometry of thermoelement legs is determined which allows
determining the reliability indicators and the time to reach the steady-state mode.

2. It is shown that when designing thermoelectric cooling devices in the heat pump mode, it is necessary to
take into account the influence of the volumetric average temperature on the basic parameters,
reliability indicators and dynamics of operation.
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M.V Maksimuk FIELD RESEARCH ON A THERMOELECTRIC
STARTING PRE-HEATER FOR CARS

The results of research on a thermoelectric starting pre-heater for a car under low ambient
temperatures are presented. The diagram of connecting the heater to the car cooling system and the
arrangement of its functional components on a vehicle are described. The thermal modes of internal
combustion engine and the operating modes of car battery which are provided by a thermoelectric
starting pre-heater are considered. The results of research on the rationality of using thermoelectric
starting pre-heaters during operation of vehicles in climatic zones with low air temperatures are given.
Bibl. 15, Fig. 12.

Key words: starting pre-heater, thermoelectric generator.

Introduction

One of the promising methods of solving the problem of battery discharge during pre-start heat
preparation of vehicle engines is the use of electric energy sources for pre-start heaters [1 — 6]. This idea is
the basis of research performed at the Institute of Thermoelectricity aimed at creating thermoelectric
starting pre-heaters for car engines [7 — 11]. As a result of the research, an experimental sample of a
thermoelectric pre-heater on diesel fuel with a thermal power of 3 kW was developed for pre-heating
internal combustion engines with a displacement of up to 4 liters.

The heater comprises a thermoelectric generator of electric power 80-100 W which operates from the
heat of starting pre-heater and provides for power supply to its components. Moreover, the excess electric
energy of thermal generator can be used to recharge the car battery which was proved by the experimental
bench tests of the heater [12]. However, in the course of bench tests it is impossible to take into account a
number of key factors which will inevitably take place during operation of the heater on a vehicle, namely
impact of low temperatures on the structural elements and functional opportunities of the heater, heat
removal from the engine, the loss of heat on the hydraulic system elements. Therefore, in order to confirm
the efficiency of a thermoelectric heater in real operating conditions, field tests become relevant.

The purpose of this work is to study the thermal and electrical characteristics of a thermoelectric
starting pre-heater on a car under low ambient temperatures.

Connection diagram and measurement procedure

The work of a thermoelectric starting pre-heater was studied on a “Mercedes” car with the engine
displacement 2.8 1. The diagram of connecting a thermoelectric pre-heater to the car is shown in Fig. 1.

A thermoelectric heater was installed in the engine compartment between the wheel niche and the
front bumper with a support bracket which was fixed to the car frame.
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Fig.1. Diagram of connecting a thermoelectric starting pre-heater to the car:
1 — thermoelectric starting pre-heater; 2 — engine; 3 — heating system radiator,
4 — standard liquid car pump, 5 — circulating liquid heater pump;
6 — cooling liquid thermostat; 7 — radiator,; 8 — collector of heater exhaust gases;
9 — heater fuel pump; 10— fuel tank; 11 —battery;
12 — fuse block; 13 — heater control panel;
14 — heating system fan; 15 — circuit breaker for heating system fan.

Mercedes-Benz

Fig.2. Thermoelectric starting pre-heater on a “Mercedes” car:
1 — thermoelectric starting pre-heater; 2 — engine; 3 — top panel of radiator heating system,
4 — standard liquid car pump, 5 — circulating liquid heater pump;
6 — connecting hoses, 7 — battery.

In the hydraulic circuit of the car, the heater was positioned between the engine and the compartment
heating system, so that the liquid coolant, moving along the small cooling circuit ("engine-heating radiator-
standard pump") from the heater outlet came to the engine entrance (Fig. 2). In this case, the circulating
pump was connected by the side of injection to the engine entrance. Connection of the heater to the
hydraulic system was carried out by gas-oil-resistant hoses.
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Diesel fuel to the heater was fed from a separate tank, which, together with the fuel pump, was
placed in the luggage compartment of the car (Fig. 3a). With the help of electric wires and fuel lines, the
fuel pump was connected to the heater mounted under the hood (Fig.35).

a) b)

Fig.3. Arrangement of fuel tank and fuel pump (a),electric wires and fuel lines (b):
1 — heater fuel pump; 2 — fuel tank;3 — mounting bracket; 4 — electrical wire; 5 — fuel line.

The heater control panel was placed in the passenger compartment under the on-board control panel
(Fig. 4). The control panel was connected to the heater by an electric loop drawn from the engine
compartment, from the place where the heater was installed, to the interior, past the lateral inner side of the
car frame.

Fig.4. Arrangement of control panel: 1 — heater control panel; 2 — electrical loop switch;
3 —onboard control system; 4 — car compartment.

A thermoelectric heater was connected to the car battery through the fuse block. The waste gas of the
heater was carried outside the vehicle by the exhaust collector.

In the course of field research, the engine temperature and the voltage and current of the car battery
were measured. Schemes of measurement of these values are shown in Fig. 5 — 6.

The engine temperature was measured by chromel-alumel thermocouples (TXA3), which were fixed
under cylinder head. To determine the loss of heat on the hydraulic system elements, the temperature of the
coolant at the outlet of the heater (thermocouple THAI1) and at the entrance to the engine of the car
(thermocouple THA2) were additionally measured. Thermal measurements were performed at ambient
temperatures 7o=(0; -5; -10) °C.
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Fig. 5. Thermal measurement circuit: 1 — thermoelectric heater; 2 — circulating liquid pump,
3 — internal combustion engine; 4 — heating system radiator.

The modes (charging / discharging) of the battery during the operation of a thermoelectric pre-heater
were estimated at the output voltage of the battery, which was taken directly from its terminals and current
strength in the “heater-battery” circuit. The moment of switching on battery charging mode was recorded
by changing the direction of the current in the circuit and the corresponding LED signal on the heater
control panel.

Sanwa PC-510a

Fig. 6. Electrical measurement circuit: 1 — thermoelectric heater;
2 — heater electronic block; 3 — battery, 4 — fuse block.

In order to determine fuel saving which is provided by engine pre-heating, fuel consumption studies
were carried out when the vehicle was warmed up at idle speed.

Results

Fig.7 shows the experimentally determined dependences of engine warm-up temperature 7x on the
operation time of a thermoelectric starting pre-heater ¢ at ambient temperatures T, = (-10; -5; 0) C.

T,°C
80 ——— .
70 F W
60 L4 /;frl_l—
50- //(( s ]
n
- n .
40 }./)‘/
30 v, (1 _ no 4
. 2. 1 m 7=-10°C
20 ’/ 4 e T=-5°C .
10 - " A 7=0°C ]
'y
0 Z —
-10 km | | | =
0 20 40 60 80 100 120

¢, min

Fig.7. Dependence of car engine warm-up temperature Tg
on the operation time t of a thermoelectric starting pre-heater
at various ambient temperatures T.
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From the above data it is clear that a thermoelectric heater provides pre-heating of engine car to
temperature 7 =~70 'C which is optimal for its start at ambient temperatures 7> -5°C in 100 - 110
minutes of its operation. Temperature loss in the “heater-engine” circuit of the hydraulic system is ~5 °C

(Fig. 8).

Fig.8. Temperature distribution in the “heater-engine” circuit. Ty = -5 °C.

Fig. 9 shows the operating modes of a car battery that are assured by a thermoelectric heater in the
pre-start period.
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Fig.9. Dependence of voltage U on the battery and current 1
in “heater-battery” circuit on the operation time t
of a thermoelectric starting pre-heater. Ty = -5 °C.

As is seen from Fig. 9, after the heater is started, its components are powered from the battery.
Battery discharge mode lasts until the moment when generator power output is equal to power
consumption of the components. Following that, the electron control unit switches off battery power of
components — the heater goes over to autonomous operating mode. As the electric power output of the
generator increases, the electronic unit directs electric energy excess to recharge the battery [13, 14].

The charging mode of the battery is switched on in the tenth minute of operation of the heater, and
already at the twentieth minute the charge current I reaches its maximum / = ~ 2 A. The voltage level on
the car battery at the moment of charging is 12 V, and as the heater goes over to the steady-state mode, it
rises to 14 V. Hence, the maximum power used to charge the battery in this case is 30 Watts. In the future,
the level of electrical power of the thermal generator, which is consumed by the battery, is reduced to
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10 W, which is due to both warm-up of the engine cooling liquid, and to the increase in the charge level of
the battery itself.

It should be noted that for each particular application, the electric power used for recharging will be
different, since it will be determined by the individual charge level of the battery (Fig. 10) [15].
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Fig. 10. Dependence of voltage U on the battery and current I
in the “heater-battery” circuit on the operation time t
of a thermoelectric starting pre-heater.
a) Ty =-0°C; b) T, = -10 °C.

In the course of field tests of the heater, the thermal modes of the engine and the operating
conditions of the battery were investigated when setting lower temperatures of the engine coolant from the
control panel - (30 + 60) ° C. In such cases, the temperature sensor of overheating actuated and the heater
started to work in the mode of maintaining the set temperature of the coolant. In this case, the behavior of
temperature and electrical characteristics is similar to the results of bench studies described in [12], taking
into account the temperature difference in the thermal distribution of the engine hydraulic circuit, which is
practically unchanged.
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Comparative dependences of fuel consumption with a car warm-up at “idle speed” and in the case of
using a thermoelectric heater are given in Figs. 11 — 12.
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Fig.11. Dependence of the amount of spent fuel m
and engine warm-up temperature Tg
on the heating period t of a car “at idle speed”. Ty = 0 °C.
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Fig. 12. Dependence of the amount of spent fuel m
on the operation time t of a thermoelectric starting pre-heater.
Ty =0 °C.

As compared to warm-up through use of a thermoelectric heater, “idle run” already in the tenth
minute assures engine temperature 7 g= 80 °C optimal for a car start. However, in this case the weight of
burnt fuel m is 700 g, which almost a factor of 2.5 exceeds the amount of spent fuel at pre-heating. Engine
warm-up to minimum permissible temperatures for its start (7 = 20 'C) allows significant reduction of fuel
consumption at “idle speed” (m = 200 g). However, even then the advantages of pre-heating are evident,
since to assure such thermal modes it is necessary to spend 3 times less fuel (m = 65 g, Fig. 7, Fig. 12).

Thus, the use of a heater only with one engine start can save (0.2 +~ 0.5) 1 of fuel. If it is remembered
that during one winter season (~100 days) a car makes on the average 4 cold starts per day, then fuel saving
for a car with an engine displacement 2.8 1 will be 120 — 150 1.
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Conclusion

1. It is confirmed that the use of a thermoelectric generator in the design of starting pre-heaters solves
the problem of battery discharge in the operation of pre-start equipment.

2. It is established that the use of a thermoelectric heater provides pre-heating of a car engine to the
optimum temperatures for its start.

3. It is shown that the heater components are powered from the thermoelectric generator in the tenth
minute from the moment of its activation. As the electric power output of thermal generator
increases, the electronic unit directs the electric energy excess to recharge the automobile battery. In
so doing, the electric power value used for recharging will be determined by the battery charge level.

4. It is established that the use of a thermoelectric starting pre-heater in the cars with engine

displacement 2.81 provides saving (0.2+0.5) 1 of oil as compared to one “cold start”.

The author expresses gratitude to academician L.I. Anatychuk for the topic and the idea of scientific

research, as well as valuable advice when writing the work.
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ESTIMATION OF THE EFFICIENCY OF PARTIAL CASE
OF HEAT AND MASS TRANSFER PROCESSES
BETWEEN HEAT PUMPS AND MOVING SUBSTANCE, PART 2

Theoretical analysis is made of the peculiarities of using compression and thermoelectric heat pumps in the
partial case of heat and mass transfer between moving substance and heat pumps, whereby moving substance
(or at least part of this moving substance) is brought into thermal contact with the heat absorbing and heat
releasing heat-exchange parts of at least two heat pumps. Examples of corresponding calculations are given.
Some variants of respective possible technical solutions are described. Bibl. 11, Fig. 9, Table 2.

Key words: heat pump, moving substance, heat and mass transfer, efficiency, energy efficiency,
compression heat pump, thermoelectric heat pump, thermoelectric module.

Introduction

This paper (part 2) is a continuation of the previous work [1] (part 1). In this part 2 we will use
abbreviations that were introduced in [1], in the same sense as in [1]. In [1], mathematical expressions were
obtained for estimating the efficiency of the investigated method of heat and mass transfer. These
mathematical expressions are general in nature and they do not directly take into account the specific
features of certain individual types of HPs. At the same time, it is well known that different types of HPs
have different properties.

The purpose of this work is to create theoretical prerequisites for the approximate quantitative
estimation of the efficiency (primarily, energy efficiency) of the investigated method of heat and mass
transfer with the use of compression heat pumps (CHPs) and thermoelectric heat pumps (THPs). To
accomplish this goal, the task of this work is to analyze the corresponding specificity of CHPs and THPs.
Also, the task of this work is to analyze the peculiarities of using CHPs and THPs in the investigated
method of heat and mass transfer and to obtain mathematical expressions that could be used to estimate the
efficiency of the investigated method of heat and mass transfer with employment of CHPs and THPs.
Another task of this work is to obtain examples of respective estimated calculations.

CHPs in the investigated method of heat and mass transfer

For the CHPs, calculations in the initial approximation use the average value of the heating
coefficient, which has a value of about 0.5 from that of the corresponding Carnot cycle [2, 3]. We use it

here for the appropriate further estimated calculations. Let us assume:
w ™ =B, ., B =const =0.5, (2.1
where uiKTH is heating coefficient of the i CHP; BI.KTH is dimensionless factor taking into the difference

of the heating coefficient of the i CHP from the heating coefficient of the ideal HP which, under the same
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conditions, operates on the Carnot cycle; g1, ; is heating coefficient of the ideal HP which works on the

Carnot cycle under the same conditions as the i CHP.

Let us consider the case of the investigated method of heat and mass transfer where all HPs are
CHPs; moving substance in its input flow is cooled by all separate CHPs according to Fig. 2 [1], so that all
changes in the moving substance temperature as a result of its thermal contact with each individual HE of
CHP in the input flow of its moving substance are identical (assumption 9 [1]). For this

case AT = AT, AT = AT, AT/T =AT[",, AT = AT

cool i > cool » hot,i ° hot

To determine total temperature

difference of moving substance in its output flow ATZPP , in this case one can use expressions (43) [1] and

(2.1). Table 2.1 gives an example of the results of corresponding calculations.
Table 1
Example of the results of estimated calculations of the efficiency of the investigated method of heat and mass
transfer with the use of CHPs for the case of cooling of moving substance in its input flow by all separate

CHPs in conformity with assumption 9 [1] according to Fig. 2 [11; T, =T*" B = const = 0.5)
2.n l.n i

Inlet
Total temperature of 'Total temp eratur'e Total temp eratur'e
amount . difference of moving difference of moving ATPP
moving bstance in its input substance in its output YT

of THPs substance subs . p > p AT, — AT,

n T;,I:)P’K flow AT, , K flow AT, ,K

1 303.15 24 29.719 4.1965

2 303.15 24 26.443 9.8241

THPs in the investigated method of heat and mass transfer

THPs can be manufactured on the basis of thermoelectric modules (TM). Coefficient of performance and
heating coefficient of THPs can be less than coefficient of performance and heating coefficient of TM,
respectively [4 — 6]. In order to take this into account, we assume that for the i-th THP its coefficient of

performance 81.TTH and its heating coefficient ,ul.TTH are determined by the relations:

giTTH _ CiTTH . giTM ’ C[TTH <1; (2.2)
‘uiTTH _ DiTTH ) ‘uiTM ’ DiTTH <1, (2.3)
where CZ-TH P"is a dimensionless factor taking into account the difference of coefficient of performance of the i-th

THP from the coefficient of performance of TM (on which basis this THP is made), which works under the same
conditions as this THP; plIHFP

i

of the i-th THP from the heating coefficient of TM (on which basis this THP is made), which works under the

is a dimensionless factor taking into account the difference of heating coefficient

same conditions as this THP; sl-TM is coefficient of performance of TM (on which basis the i-th THP is made),

which works under the same conditions as the i-th THP; ul-TM is heating coefficient of TM (on which basis the i-

th THP is made) which works under the same conditions as the i-th THP.
For the investigated method of heat and mass transfer, the operation of a heat pump at possibly higher
values of heating coefficient and coefficient of performance may be desirable. This may be especially true for
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THPs. Let us analyze under what operating modes THPs may have relatively high values of heating
coefficient and coefficient of performance. In THP, which is made on the basis of TM, TM plays a
significant role. In this regard, let us analyze under what operating modes TM (typical TM, in which all
thermoelement legs are electrically connected in series, and from the point of view of heat flows - in
parallel: for example, TM TEC1-12706) can have relatively high values of heating coefficient and
coefficient of performance. To do this, we use the well-known ratio to determine the coefficient of

performance of TM ¢ and the heating coefficient of TM uTM 4, 7]:

o™~ L (e )
R e e T : (2.4)
I r+a(7—;10t _T;ool

T + L e k(e )
e 2.5)
Prva(t™ -T,

hot cool

where £™ is coefficient of performance of TM; a is differential Seebeck coefficient of material; I is

strength of current flowing through TM; 7 is total electrical resistance of TM; k is thermal conductivity of

TM; T," is the temperature of the heat-releasing HE of TM; Tc% is the temperature of the heat-absorbing

hot

HE of TM; pTM is heating coefficient of TM.

Let us designate:

™M T — AT™ | (2.6)

hot cool —

On the basis of Egs (2.4) and (2.6) we obtain:

cool

adT™ — 121{8”/[ + ;]

AT™ = 2.7
s™al +k @7
On the basis of Egs (2.5) and (2.6) we obtain:
art o 3
AT™ = (2.8)

u™al +k

Using Eq.(2.7), one can obtain the plots of AT™ versus I for fixed values of e™ . An example of
such plots is shown in Fig. 2.1. From these plots, for instance, it can be seen that a respective TM can have

the values of coefficient of performance higher than 10 (gTM >10) only at sufficiently low values of

temperature difference AT and current strength I (the respective plotted points are restricted by the

™

curve for ¢ =10 and are below this curve).

Similar plots can be also obtained for the fixed values of heating coefficient with the use of Eq. (2.8).
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STM =10 o =0.048 V/K;
r=2.6Q;
4T k=0.3 WK;
™ =300 K.
.
4
‘:L EW 20
<
D e
11 £ =50
0 I I I I f
0.0 0.1 0.2 0.3 0.4 0.5
LA

Fig. 2.1. Theoretical dependences of temperature difference AT ™ on current strength 1
at fixed values of coefficient of performance €™ for TM which works at T"". =300 K

cool

and has the following parameters: o. = 0.048 V/K; r = 2.6 Ohm; k= 0.3 W/K.

The case of using TM-based THPs in maximum energy efficiency modes

Let us assume that all THPs that are used in the investigated method of heat and mass transfer are
based on standard TMs (based on standard thermoelements). And these TMs work in maximum energy
efficiency modes. To estimate the efficiency of the investigated method of heat and mass transfer, for this
case we will use a well-known expression for the definition of coefficient of performance of
thermoelement working in maximum energy efficiency mode [8]:

™ \/1+0.SZ(TTM +TTM)_TTM/TTM ™

hot cool hot cool cool (2 9)

JIH0SZ(T™ 472 )41 T — T

hot cool hot cool

max

where 8;2/[)( is coefficient of performance of TM working in maximum energy efficiency mode; Z is
thermoelectric figure of merit of TM material; 7). is the temperature of the heat-releasing HE of TM;

T™ is the temperature of the heat-absorbing HE of TM.

C

Let us designate:

VI OSZ{T" + T )Tl T35 2.10)
J1+05Z(17 + 77 ) 41

where A" is a dimensionless factor taking into account the difference of the coefficient of performance

of TM (working in maximum energy efficiency mode) from the coefficient of performance of the ideal
HP that operates on the Carnot cycle under the same conditions as TM.
Let us assume that

ITH ITH (TM TTH ITH ™ . ITH ™
A =CA4,.,C" <l,3aymoBu,mo 1., =T, i1, =T, . (2.11)

where ATZXM is a dimensionless factor (generally introduced into [1]), taking into account the difference of

coefficient of performance of TM-based THP (working in maximum energy efficiency mode) from the
coefficient of performance of the ideal HP that operates the Carnot cycle under the same conditions as

THP; C™ is a dimensionless factor taking into account possible difference of the coefficient of
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performance of THP from the coefficient of performance of TM (on which basis this THP is made),
working under the same conditions as THP; Al is a dimensionless factor taking into account the

difference of coefficient of performance of TM (which works in maximum energy efficiency mode and is

the basis of THP) from the coefficient of performance of the ideal HP that operates on the Carnot cycle

TTH TTH
T

under the same conditions as TM; 7, is the temperature of the heat-absorbing HE of THP; 7, is the

temperature of the heat-releasing HE of THP.

For a fixed value of thermoelectric figure of merit Z the A4 value depends on temperatures 7,

and T™

cool *

Using Egs (2.10) and (2.11), one can obtain the plots of AT:Z( values versus temperature TCZZ (in

TTH
TYcool

particular, at a fixed value of 7, ) and A" values versus temperatures (in particular, at a fixed

value of 7,\™™). An example of such plots is given in Fig. 2.2.

0.12
0.114
A ™
0.104 —
Z=0.002
beT ™ =303.15K
g 5 008 L~ 77" =303.15K
paryeal o
=i c™ =05
=
0.06 1
ATHF
oos |
0.04
0.03 4+ f t f f f t f t f f } t . t }
282 285 288 291 294 297 300 303
TT'\{ K, TTHI’ K

cool” 77 cool

Fig. 2.2.The plots of A::Ix value versus temperature TCZIZ for the case when

Z =0.002, Thzly =303.15K and ATZXM versus temperature T

cool

for the case when Z =0.002, T/ =303.15K and C™ = const =0.5

hot

(the plots obtained on the basis of Eqs (2.10)and (2.11)).

In connection with the information on the values AT:Z( and ATZXM given here, on the basis of Eqs (2),

@), (7), (®) [1], (2.2), (2.9), (2.10), (2.11) we obtain the following equation for determining the temperature
operating mode of the i-th THP based on TM, which works in the mode of maximum energy efficiency:

PP TTH TTH TTH | TTH TTH
ATcool,i _ ~TTH \/1 + 0521 (T;zot,i + Tcool,i) - T;lot,i T;ool,i Tcoo[,i (2 12)
PP pp T i TTH TTH ° ’
AT;lot,i - AT;ool,i \/1 + OSZI (Thzzl + T;ZZ’II ) + 1 T;lot,i - Tcool,i

where AT is change in moving substance temperature due to its thermal contact with the heat-

cool i

absorbing HE of the i-th THP; AThPP is a change in moving substance temperature due to its thermal

ot,i

contact with the heat-releasing HE of the i-th THP; Z, is thermoelectric figure of merit of material of the i-

th TM (which is the basis of the i-th THP); T,"""/ is the temperature of the heat-releasing HE of the i-th

hot i

THP; T is the temperature of the heat-absorbing HE of the i-th THP.

cool,i
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Such equations can be solved by numerical methods.

Let us consider the case of the investigated method of heat and mass transfer where all HPs are
THPs, in each of which TM (which is the basis of corresponding THP) works in maximum energy
efficiency mode; moving substance in its input flow is cooled by all separate THPs according to Fig. 2 [1]
and assumption 9 [1]. Table 2.2 gives an example of the results of calculations to estimate the efficiency of
this case of the investigated method of heat and mass transfer using the solution of appropriate Egs.(2.12)
by numerical methods.

Table 2
Example of the results of estimated calculations of the efficiency of the investigated method of heat and mass transfer
with the use of THPs for the case of cooling of moving substance in its input flow by all separate THPs according to

Fig.2 and assumption 9[1] TZZP = T]ZP (with the use of Eq. (2.12); Cl-THP =const =0.5; Z; = const =0.002)
Inlet
Total Total temperature Total temperature
amoun | temperature of . ) . )
movin difference of moving difference of moving AT, pp
tof 8 substance in its input substance in its output ATEP _ ATPP
THPs substance How AT K low AT K 2 1
" T;[;)P ’ K ow T ow 2
1 303.15 2 2.2628 7.6092
2 303.15 2 2.1249 16.016
16 303.15 24 29.926 4.0502
17 303.15 24 29.502 43618

Some possible options for the technical implementation of the investigated method of
heat and mass transfer

The technical implementation of the investigated method of heat and mass transfer with the use of several
THPs can be somewhat complicated, especially with a large number of THPs. The solution to this issue may be
associated with the development and creation of specialized TM. For example, such TM may contain at least
one thermoelement, which is separated (in one way or another), in terms of possible heat flows (thermally) from
at least one other thermoelement of the same TM. This, according to assumption 1 [1], will allow the TM
thermoelements to operate in separated thermal modes from the point of view of possible heat flows. The
corresponding THPs based on such TM thermoelements (which are separated in terms of possible heat flows
relative to each other) can be considered as individual THPs. HPs in the investigated method of heat and mass
transfer work in different thermal conditions. In this regard, it may be appropriate that the relevant specialized
TM contain thermoelements or groups of thermoelements with different properties. It may also be advisable that
the TM be made with the possibility of individual electrical connection of their parts to the electrical circuits (for
example, appropriate wires or terminals can be used for connecting individual thermocouples or thermoelement
groups to electric circuits).

Fig. 2.3 provides a simplified scheme of such specialized TM, which can be considered as a modified
typical TM (for example, TEC1-12706). This specialized TM (Fig. 2.3) contains 16 parts based on
thermoelement groups with heat-conducting insulating elongated plates (for example, ceramic) 1 which are
separated in terms of possible heat flows (thermally) relative to each other using 15 layers of thermal insulation
2. Parts of this specialized TM 1 have different properties, as conventionally shown in Fig. 2.3 with different
shades of grey. In terms of electrical connections, this specialized module has 8 parts, of which there are 9
electrical wires 3 for connecting these parts to electric circuits. Fig. 2.3 also conventionally reflects the moving
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substance and its possible direction of movement 4. Specialized TM (Fig. 2.3) differs from typical TM, in
particular, by the fact that its thermoelements are connected into a single design not by two heat-conducting
electrically insulating ceramic plates of square shape (as in typical TM), but by 32 elongated heat-conducting
electrically insulating plates (16 pcs. on each side of the module) and layers of thermal insulation (for example,
based on foamed insulating material). To use a specialized TM (Fig. 2.3) in the investigated method of heat and
mass transfer, it may be necessary to install separate additional heat exchangers (radiators) on this module. This
is shown in Fig. 2.4 (Fig. 2.4 also conventionally reflects the moving substance and its possible direction of
movement). This specialized TM can also be used without such heat exchangers (for example, with direct
thermal contact of the moving substance (for example, water) with 32 elongated heat-conducting insulating
plates).

| [

XX
OO

OO XY

DY Ve YV Ya e Ya Ve taYaYetaYas aVaYete Ve e taYaetataVatata%a%a%s
X Y 0%

263
[oxe%e

Fig. 2.3. Simplified schematic of possible specialized TM (modified standard TM), which comprises
16 parts with different properties based on thermoelement groups with heat-conducting electrically
insulating elongated plates separated relative to each other in terms of possible heat flows. 1 —parts of
specialized TM based on thermoelement groups with heat conducting electrically insulating elongated plates;
2 —heat insulating layers; 3 —electrical wires; 4 —moving substance and possible direction of its movement.

7 2 6

* ;7777777777 27 0 7

Ao s

_44_44442444_4 ZR7 W77,

2 7 5

Fig. 2.4. Simplified schematic of possible specialized TM (shown in Fig.2.3) with 32 separate heat
exchangers (radiators) installed on it. 2 — heat insulating layers, 4 — moving substance and possible direction
of its movement; 5 — thermoelement legs; 6 — heat conducting electrically insulating elongated plates (cross view);
7 — heat exchangers (radiators) installed on plates 6.

In particular, to reduce thermal resistance between the TM thermoelements and moving substance in
the investigated method of heat and mass transfer (as well as in other applications), such specialized TMs
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can be used whose thermoelement legs are electrically connected by heat exchangers (for example, copper)
that have a thermal contact with a moving substance. Through heat exchangers a specialized TM can be
connected to the electrical circuit. If necessary, heat exchangers can be protected from corrosion (in
particular, due to contact with the moving substance) and / or electrical insulation. An example of such
possible specialized TM is presented in Fig. 2.5. Among other things, this specialized TM has thermal
insulation from the environment. In particular, with the use of thermal insulation in this specialized TM,
two channels for the movement of moving substance are implemented.

Fig. 2.5. Simplified schematic of possible specialized TM with the use of heat exchangers for electrical
connections, heat insulation from the environment and channels for motion of moving substance.

2 — heat insulations,; 3 — elements for connection to electrical circuits (for instance, wires or terminals),
4 — moving substance and possible direction of its movement; 5 — thermoelement legs,; 8 — heat
exchangers (radiators), in particular, used for electrical connection of thermoelement legs and

connection of these legs to electrical circuits; 9 —heat exchangers (radiators), in particular, used for
connection of thermoelement legs 5 to electrical circuits.

To some extent, it is possible to increase the efficiency of using standard TM in the investigated
method of heat and mass transfer (as well as in other applications, for example, such when
thermoelements of a typical TM work under different conditions) compared to the case when one heat
exchanger —radiator is installed on each individual HE of TM (ceramic plate) (as shown in Fig. 2.6), if
several, rather than one, individual heat exchangers (radiators) are installed on at least one individual HE
of TM (thermally conductive ceramic plate of a typical TM). An example is shown in Fig. 2.7.

l 71 7 g 0 V7 7R% 7 7
<€ —| A 4 e — € —
11 12
5 P n P n P n P n P n P n P n P n 10
i / 12
T > — A ] A A — > —
4 U U 27 N7 W%, U 77 W77

Fig. 2.6. Simplified schematic of a typical TM having on each of its opposite HEs (heat conducting
ceramic plates) only one heat exchanger ; 4 — moving substance and possible direction of its movement,
5 — thermoelement legs of a typical TM; 10 — typical TM; 11 —heat conducting ceramic plates of a typical
TM; 12 —heat exchangers (radiators), which are common for all thermoelemeents of a typical TM.
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Fig. 2.7. Simplified schematic of a typical TM 10 with 32 heat exchangers (radiators) 7 installed on it
(16 pcs on each side of a typical TM), which to some extent are individual for the respective 16 parts of
this typical TM (these parts to some extent are connected in terms of possible heat flows by 2 heat
conducting electrically insulating ceramic plates 11). 4 — moving substance and possible direction
of its motion; 5 — thermoelement legs.

Also, in the investigated method of heat-mass transfer, such specialized TMs can be used, which can
also be considered as modified typical TMs, whose thermoelements are similar to the design of typical
TMs from opposite sides, coupled by two thermal conductive plates (having a structure similar to the
design of typical TMs), but differ from the typical TMs in that they contain parts (based on at least one
thermoelement) with different properties and / or are made with the possibility of separate electrical
connection of their parts to electrical circuits. Simplified schemes of examples of such specialized TMs are
presented in Fig. 2.8 and in Fig. 2.9. Fig. 2.8 shows a simplified scheme of an example of specialized TM
with additional individual heat exchangers installed on it. In this example, the thermoelements have
different properties which are conventionally shown in Fig. 2.8 with different shades of grey. Fig. 2.9 is a
simplified schematic of a specialized TM that has 9 electrical wire leads for connecting parts of this
specialized TM to electrical circuits.

oy

Fig. 2.8. Simplified schematic of possible specialized TM (modified typical TM) comprising 16 parts
based on thermoelements with different properties. 4 —moving substance and possible direction of its motion;
5 — legs of thermoelements with different properties; 7 — individual heat exchangers (radiators),

11 —heat conducting electrically insulating plates; 13 — specialized TM.

Other specialized TMs for the investigated method of heat and mass transfer are also possible, which
may have the features of the above-described specialized TMs in various combinations. The above-
described specialized TMs, besides being used in the investigated method of heat and mass transfer, may
have other applications (assignments). Similar to those described above or fundamentally similar technical
solutions are possible with the use of other types of HP with a modular design.
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L0 I

Fig. 2.9. Simplified schematic of possible specialized TM (modified typical TM)
comprising 9 electrical wires 3 — electrical wires; 4 — moving substance and possible direction
of its motion; 14 —part of TM based on thermoelements which on the opposite sides are
connected by two heat conducting plates.

Conclusion

The examples of estimated calculations given in this work for the cases of CHPs and THPs use in the
investigated method of heat and mass transfer confirm the fundamental possibility of increasing the energy
efficiency of the corresponding processes due to the increase in the number of HPs used in this process
[1,9-11].

Some possible options for the technical implementation of the investigated method of heat-mass
transfer are described.

At the same time, in order to make decisions regarding the practical applications of the investigated
method of heat and mass transfer, further theoretical and / or experimental studies may be required.
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TEMPERATURE DISTRIBUTION IN A HEATER WITH
A RESISTANCE VARIABLE ALONG ITS LENGTH IN
A THERMOELECTRIC CONVERTER

This paper studies temperature distribution in a heater with variable resistance along its length which
is used in a semiconductor thermal converter. It is established that maximum localization of
temperature at point of contact between the heater and the thermocouple junction allows increasing the
temperature in its centre almost twice as compared to conventional heater variant that significantly
increases the sensitivity of thermal converter. Bibl. 2, Fig. 1, Table. 1.

Key words: heater, thermal converter, temperature distribution.

Introduction

The authors of [1] note that it is advisable to consider the possibility of creating such a heater for a
thermoelectric measuring thermal converter which might provide maximum temperature in its geometric
centre, where, as a rule, the junctions of thermocouple legs are structurally arranged. This approach will
significantly reduce heat loss in the thermal converter design, and, therefore, improve its operating
efficiency.

The purpose of this paper is to estimate the boundary opportunities of such an option for optimizing
the thermal converter design.

Model of a heater with a variable resistance along its length

Let us calculate the value of temperature in the centre of the heater, provided that all the heat is
released in it. The calculation will be made for a manganin heater in glass insulation with a resistance of 16
ohms. The thermophysical properties of the glass will be taken into account by introducing "effective"
values of thermal conductivity and other characteristics of the heater.

In the simplest variant, the loss of heat released in the heater is only due to its thermal conductivity.
Then the formula [2] is valid:

U2
H 1
AT . = ) (1
SKHpH
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where Uy, is electric voltage on the heater, and ky, py is thermal conductivity and resistivity of the
heater, respectively.

Substituting parameters for the heater, for current /; = 5 mA we obtain that maximum temperature
difference in the heater AT, = 44 °C.

In real thermal converters, other mechanisms of heat loss have a significant impact. Taking into
account heat loss due to thermal conductivity of the heater material and due to convective heat transfer, as
shown in [1], can lead to temperature decrease in the centre of the heater by a factor of 1.5. Therefore,
maximum concentration of heat in the centre of the heater, where the junction of the thermocouple legs is
located, is expected to significantly increase the sensitivity of thermal converters.

Such a variant of the heater design can be realized in a heater with variable resistance along its
length, the maximum of which falls on the point of thermal contact between the thermocouple and the
heater.

To determine the appropriateness of such heater design, consider the heater model shown in Fig. 1,
in which a change in the resistance of the heater along its length is achieved by varying its cross-section.

Fig. Model for the calculation of temperature distribution
in a heater with variable cross-section.

Calculation of thermal balance of a heater with variable cross-section

Let us denote

0, =T(x,)-Tp> 2)
zd C,
g = n0n (3)
H
XSy
12
Puly
b, = 5 4)
KI-ISI-I

where x;; is heater coordinate along its length,
T — Ty is temperature difference on the heater,
dy is heater diameter,
C) is coefficient of heat exchange with the environment,
Py is heater resistivity,
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Sy is heater cross-section,

Iy is current passing through the heater,

yx 1s thermal conductivity of the heater material.

Then the heat balance condition of the heater can be written as follows:

2
d 9
Lo ®
dx .
1
wherei =1, 2, 3...
Let us rearrange Eq. (5) by introducing a new variable
Xl =X — .xl' (6)
Since
B B ()
dx dx Xm- Xm
then (5) will be given by:
d26
a0 by =0 (8)
dx;
Solution of (8) will be made for the boundary conditions summarized in Table 1.
Table
No X ‘le 9,—
L. 0 Xy =13 03(x=0)=0503(x3-03)=0
2. X3 X3=0 05 (x3) = 0, (x3)
XZ :€2 93(X3:O):92(X2:€2)
0054 90,
1353 —|xy=0 " (HD |+ X252 — |y, =, (D=0
0X5 X,
3. 2 Xy =0 05(xy) =0;(xp)
X, =Y
0, 29,
%252 | xp=0 "D |+ =St —— | xy=¢, D=0
X, ¢
4. x) X, =0 0,(x;) =T - Ty
0,(x; =0) =T - T
a9,
X151 | x;=0= 0
X,
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As a result of complex and cumbersome transformations that are not given in this paper, we obtain
the formula for maximum temperature difference in a heater with variable cross-section:

by b by by b
—+(—-—) [chLz - ¢hLy + KyyshLy - shL3] +(— ——)chLy

b ) 4 93 ) 9)
a) (chLl . chL2 + K12ShL1 . shL2 )chL3 + (K13shL1 . chL2 + K23chL1 . shL2 )shL3

where: L = \/Zgl. (10)

o s (11)
=71
52“2@

Ky - Ssz\/g , (12)
S3K3;éa3

Model of a heater with a variable resistance along its length

Sk \/:
ISR (13)
Ki3 = Kjp -Ky3 = ’
53‘<3:/“3

To check the theoretical calculations, in the paper we investigated a heater of thermal converter
made of two segments of copper microwire and a central segment made of manganin microwire connected
with each other. The length of the heater did not exceed 1.5 mm, and the length of its central part was
250 um. The microwire diameter was 10 pm. The choice of copper and manganin was due not only to the
difference in the specific layer but also to the minimization of the parasitic effects that occur in the areas of
contact between dissimilar materials, since manganin coupled with copper has the lowest thermoelectric
coefficient. To reduce the heat loss, the lateral surface of the thermocouple in the thermal converter was
diminished. At a cross-section of 15x15 (um?), its length did not exceed 750 pm.

Taking into account in (9) the above numerical values of parameters and the thermophysical
characteristics of materials for calculation in the air, we find that in a heater with variable cross-section,
temperature gain in its centre nearly doubles, which is confirmed by the corresponding increase in the volt-
watt sensitivity of a thermal converter with variable transverse resistance of the heater in the investigation
of such thermal converters.

The use of heaters with variable resistance along their length yields good results in terms of volt-watt
sensitivity increase, but such significant disadvantages as instability in time, low mechanical strength and
the need to protect the surface of the heater from oxidation somewhat limit the use of such heaters in
practice. A more technological solution that can drastically improve the quality of thermal converters might
be the use for the heaters of a glass-insulated microwire with variable cross-section of its conductor.
However, this is a serious topic in its own right.

Conclusion

1. The sensitivity of thermal converter can be significantly increased by maximum concentration of
heat at point of contact between the heater and the thermocouple junction.
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2. Due to the use in the thermal converter design of a heater with variable cross-section the temperature
in its centre can be increased almost twice.

3. It is advisable to pursue research on creation and use of a glass-insulated microwire with variable
cross-section as a heater of thermal converter.
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THERMOELECTRIC MATRIX RECEIVER OF OPTICAL AND
TERAHERTZ RADIATION

Matrix receiver of electromagnetic radiation is designed to work in the ultraviolet, visible, infrared and
terahertz spectral ranges. The size of the receiver input window is 20 x 20 mm. The number of matrix elements
is 36. The sensitivity of the receiver is 8 V/W in the optical range and 2-4 V/W in the terahertz range. The
maximum intensity of radiation is 4 W. Bibl. 5, Fig. 13, Tables 2.
Key words: laser, radiation, receiver, thermoelectric, matrix.

Introduction

Currently, active efforts are underway to develop the middle and far regions of the infrared range (5-
100 pm) and the adjacent region of the terahertz (submillimeter) range (100-1000 pm). Interest in them
resumed after a long break. This is due to specific features that can be implemented in these spectral
ranges:

1. Creation of very narrow radiation beams for radio communication and radar (with a beam
width of a fraction of milliradians). In radiolocation, this provides spatial resolution up to several
centimeters, in radio communication, the ability to transmit information without the risk of leakage.

2. The information capacity of communication channels is much larger than in the centimeter and
millimeter ranges.

3. Use in security systems to detect plastic explosives and weapons.

4.  To detect objects in space with a temperature of tens of kelvins emitting in the terahertz range,
for instance, asteroids.

5. For the diagnostics of high-temperature plasma in controlled thermonuclear fusion facilities.

A very important characteristic of radiation beams is their profile (intensity distribution in cross
section). Knowing it, it is possible to determine other parameters of the beam — the pulse energy, the
radiation power, the beam diameter, the position of its energy center, the M* factor.

The problem of measuring the radiation beam profile is completely solved for the visible, near
infrared and middle infrared spectral regions (0.4 — 10 um). The firms COHERENT (USA), OPHIR
(USA - Germany - Japan - Isracl), PRIMES and PROMETEC (Germany) have developed devices using
photoelectric arrays, matrices on heat receivers (thermocouples, pyroelectric receivers) and scanning
receivers.
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Photoelectric arrays are designed to work with narrow radiation beams (from 5 to 30 mm) and low
powers (up to 1 W) in the spectral range from 0.2 to 1 um. Matrices on thermal receivers are designed to
work with radiation beams from 20 to 100 mm and radiation power from 1 mW to 10 kW in the spectral
range from 0.2 um to 10 pm. Scanning devices are designed to work in the focal region of the beam, as
well as in beams with a diameter of up to 50 mm in the spectral range from 0.2 to 1 um.

Measurement of the laser radiation characteristics in the terahertz range is still an unsolved problem
of laser metrology. Known instruments for work in this range were developed by OPHIR - Pyrocam III HR
and Pyrocam IV (Fig. 1) [1]. The cost of the instruments is high - about $ 30,000. The characteristics of the
instruments are shown in Table 1.

Pyrocam IlIHR Pyrocam IV

Fig.1. Pyrocam Il HR and Pyrocam 1V instruments

Table 1
Characteristics of Pyrocam III HR and Pyrocam IV instruments
Instrument Pyrocam III HR Pyrocam IV
Spectral range 13-355 nm 13-355 nm
1.06-3500 pm 1.06-3500 pm
Input window 12.8 x 12.8 mm 25.6 x 25.6 mm
Number of elements 160 x 160 320 x 320

Institute of Thermoelectricity, NAS of Ukraine, developed matrix thermoelectric receivers for the
visible and near infrared spectral ranges [2] (Fig. 2).

Fig.2. Matrix radiation energy receiver developed
by Institute of Thermoelectricity, NAS of Ukraine

The matrix with an input window of 16 x 16 mm contains 256 elements - semiconductor
thermocouples with dimensions of 1 x 1 mm. The spectral range of the receiver is from 0.4 um to 10 um,
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the sensitivity is 100 mV/J. The receiver is designed to measure the energy of the radiation pulse. The
power of continuous radiation is difficult to be measured by such a receiver. The reason for this is as
follows.

From the theory of thermal measuring instruments it is known that their power sensitivity Sp and
energy sensitivity Sg are related by:

Sp=Sgr,

where 1 is thermal time constant. The receiver setting time is 4t. With the energy sensitivity Sz = 100 mV/J
and thermal time constant T = 0.75 s, the power sensitivity turns out to be equal to Sp= 75 mV/W. If we
assume that the signal level from the receiver should not be less than 1 mV, then the minimum measured
power is about 15 mW, while many laser and LED sources have a much lower radiation power — a few
milliwatts.

Matrix receiver for measurement of continuous power of laser radiation

To measure continuous power of laser radiation, at the Institute of Thermoelectricity of the National
Academy of Sciences of Ukraine, a measuring transducer was developed in which semiconductor
thermoelectric radiation receivers with power sensitivity in the optical range of about 8 V / W are matrix
elements.

The general view of the receiver is shown in Fig. 3.

Fig. 3. Matrix thermoelectric receiver of continuous radiation

The receiver input window is 20 X 20 mm in size. The number of matrix elements — 36. The
receiving element is schematically shown in Fig. 4. The receiving pad (1) is a plate of ferrite
Fey)(Vi. Ti)Al of size 3 x 3 mm and 0.3 mm thick. Through the layer of heat-conducting glue (2) 15-20 um
thick and the POS-61 solder layer (3) 50 um thick, hot junctions of a battery of semiconductor
thermocouples (4) based on BiTe, obtained by extrusion, are connected to the back side of the ferrite plate.
The length of the thermoelectric element is 14.2 mm, the size of the end face of the p-n couple is
0.38 x 0.19 mm. The “cold junctions” of the battery through a layer of solder (5) and a layer of heat-
conducting glue (6) are connected to a ceramic plate (7) 0.63 mm thick, which lies on the copper base (9).
Thermal contact between the plate and the base is provided by a layer of solder (8) with a thickness of 50 pum.

Fig. Sa shows the numbering of matrix elements (view of the matrix from the front, along the laser
beam). The analog-to-digital converter E14-140 used in the experiments has 32 channels. Therefore, the
signals from the angular matrix elements were not measured (Fig. 5b). Their values were determined using
interpolation.
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Fig. 4. Schematic of matrix receiving element
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a) b)

Fig. 5. Radiation receiver matrix
a — matrix elements, b— Numbers of ADC channels

STUDY OF THE RECEIVER

Irregularity of thermocouple sensitivity

A laser beam with a diameter of about 1 mm was induced on each of the matrix elements, and the
electrical signal generated by the thermocouples of this element was measured. The laser power was
controlled. The measurement results are shown in Fig. 6. The thermocouple numbers are plotted along the
abscissa axis, and the power sensitivity of each of the thermopiles Sp is plotted along the ordinate axis.
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Fig. 6. Sensitivity of the receiver thermocouples

The spread of sensitivity is about 5 % of the average value:
Spav=28.07+0.01 V/W.
When processing the measurement results, the sensitivity of each thermocouple was taken into account.

Receiver dynamic range

Lower measurement limit

The lower measurement limit is determined by zero drift when the receiver is heated, zero offset
with random changes in ambient temperature, pickups from the power supply network and other
extraneous sources, internal noise of the analog-to-digital converter.

A typical view of a signal from a radiation receiver with a power near the lower measurement limit
is shown in Fig. 7. For 60 seconds a “zero” signal was recorded. For the next 60 seconds, radiation was
applied to the receiver, and then the radiation was blocked, and the receiver cooled down.

The width of the noise track, taking into account rare overshoots up and down, is about 2 mV, which,
with a receiver sensitivity of 8 V / W, corresponds to a power of 0.25 mW. For confident measurement, it
is necessary that the signal exceeds the noise at least 10 times. Fig. 6 presents something like this:

1. Noise: Uy=-0.77 £ 0.07 mV.

2. Radiation: U; =9.14 £ 0.09 mV.

3. Signal: U=U,—Uy=9.9+0.1 mV.

4. Relative error of signal measurement: U = 1.4%.
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Fig. 7. Signal from matrix receiving element
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Approximately the same will be the relative error in measuring the power of the radiation incident on a
given matrix element, i.e.:
P=79+1mW.

The small error of the measurement result with a large noise level is due to averaging over a large
number of data (from 400 to 600) when calculating the values of U, and U,.

Thus, the lower measurement limit of matrix receiver with a noise corresponding to a radiation power of
0.25 mW is approximately 10 mW.

Upper measurement limit

The upper measurement limit is determined by the fracture threshold of ferrite plate, which serves as
a radiation receiving element, and the melting point of solder in the joints of the “hot” junctions of
thermocouples.

To evaluate it, the thermal problem was solved, which describes the heating of the matrix
element [3]. The geometry of the problem is shown in Fig. 4. The layers of heat-conducting glue, solder
and ceramics are very thin. Therefore, their presence can be ignored, and the matrix element can be
considered to be a two-layer one, consisting of a ferrite plate and semiconductor thermocouples.

Laser radiation of intensity / falls on the ferrite plate. The “hot” thermopile junctions are adjacent to
it. The “cold” junctions are on the ceramic plate and maintained at constant temperature.

The equation of thermal conductivity at steady-state temperature has the following form:

2
d T(x
# =0, (1)
dx
where T is temperature at the point with coordinate x.
The initial temperature:
IL=T,=0. ()

Here, T and T are the temperatures of ferrite and thermocouple, respectively.

The boundary condition on the surface of the receiving element with the coordinate x = 0 describes
the situation when radiation is absorbed in an infinitely thin surface layer. Conductive heat removal into the
body occurs (thermal conductivity coefficient k;) and convective heat removal to the environment (heat
transfer coefficient a):

dT;(0)
k, =-I+ali(0). )
dx
At the junction of thermocouples with the heat sink (x = L), the initial temperature is maintained:
T,(L)=0. “4)

At the point of contact between ferrite and thermocouple (x = /), the boundary condition describes
the continuity of temperature and heat flux:

L) =T5(), (5)
dT (1 dT, (1
k, 1()=@ 2(). (6)
dx dx

Here, T and k; are the temperature in the ferrite plate and its thermal conductivity, 7, and &, are the
temperature in the thermocouple and its thermal conductivity.
The solution of Eq.(1) with the boundary conditions (3) - (6) looks like this:
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T(x) = Li(x) at 0=<x</ 7
O @ 1<x<l’
where
T)=1 k(L= +ky (I —x) L()=1 k(L —x) )

kiky +a[ky(L—1)+kyl]’ kiky +a k(L= +kyl]
Fig. 8 shows a plot of temperature distribution along the x axis for the following parameter values:
1=5-10° W/, [=0.3 mm, L =14.5 mm,
ki = 4.2 W/(m-K), k= 1.38 W/(m-K), o=20W/(m*K).
200
)
150

x=0.3mm

100

50

5 10 15

X, mm
Fig. 8 Temperature distribution in matrix element

The intensity of radiation is chosen so that at the point of contact between thermocouples and the
ferrite plate the heating temperature is 160 © C, which at the ambient temperature of 20 ° C creates in this
place the melting temperature of the POS-61 solder equal to 180 ° C.

In this case, the radiation intensity should be equal to 2-10* W/m’. It is obtained when the radiation
power incident on the receiver is 8 W. The surface temperature of the ferrite plate is about 200 ° C.

For safe operation of the receiver its surface temperature should not exceed 100° C. This will be at a
radiation power of about 4 W.

Amplitude response

The radiation source was a projection incandescent lamp with a radiation power of up to 5 W. The
dependence of the magnitude of the signal from the receiver on the radiation power is shown in Fig. 9. The
ordinate is the sum of the signal values from all matrix elements. In this power range, the amplitude
response of the receiver is linear.

The power sensitivity of the receiver in the visible range is — 6.2 = 0.5 V/W.

40
U, v
30+

20T

0 1 2 3 4 5

Fig. 9. Amplitude response of the matrix receiver
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Time constant

Radiation from a projection incandescent lamp was applied to the receiver. Radiation power was 0.75
watts. The light spot is a horizontal ellipse with a major axis of 16 mm, a minor axis of 10 mm.

The time dependence of the thermocouple signal U was registered. The measurement results are shown
by dots in Fig. 10. The solid line is the approximation of this dependence by the function

U(z):Uo(l—e‘”T).

Least squares processing yields: T = 4.3 s. The setting time s is 4.

0.57
uw,
relative units oo® 0000000000 000000
0.4+ «*°*
]
.
o
0.3+ i
@
]
02—
‘.
0179
. T } |
0 10 20 30 20

t, sec

Fig. 10. Setting time of thermocouple signal

Thermal coupling between matrix elements

When measuring continuous power, a stationary thermal regime is set in the receiver after the time
ts«t . In this case, the heat from the more heated matrix elements can pass to less heated ones, as a result of
which the temperature distribution over the surface of the receiver will be distorted, thus distorting the
radiation beam profile.

To check the thermal coupling between the matrix elements, a narrow beam of radiation from a laser
pointer was directed to one of them. The results of measurements are shown in Fig.11. The beam diameter
is approximately equal to the size of the element — 3 x 3 mm.

The diagram in the form of columns shows that one element is very hot. It is shown in red.

The heating of neighboring elements in the diagram is almost unnoticeable. Matrix Mc shows the
temperature distribution (in relative units) on the heated and adjacent elements. It is seen that the
temperature of neighboring elements does not exceed 6 % of the temperature of the heated element. Thus,
the thermal coupling between the elements is weak, and the error due to this cause is small. It is no more
than the error caused by different thermocouples.

0.691 5.891 0.846
M.:=]5.610 103.102 4.832
0.893 6.097 0.743

Radiation power P =9 mW
X~6.16 mm, Y=866mm, D~=2.19mm, D=4.02mm,...D=297 mm
Fig. 11. Thermal coupling between matrix elements
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Spectral response

To measure the spectral response of the receiver, color LEDs covering the visible spectrum (blue,
green, yellow and red), white LED, red and green semiconductor lasers, two incandescent lamps, an
infrared laser and two terahertz lasers were used. The measurement results are shown in table 2.

Table 2
Receiver spectral response
Light source Wavelength, pm Sensitivity, V/W
Blue LED 0.460 6.8
Green LED 0.505 7.0
Yellow LED 0.590 6.5
Red LED 0.635 4.4
White LED 0.4-0.7 7.6
Lamp 1 0.4-0.7 6.4
Lamp 2 0.4-0.7 6.2
Green laser 0.532 8.0
Red laser 0.650 6.4
IR laser 10.6 7.0
THz laser 1 119 4.9
THz laser 2 432 2.0
The same characteristic is shown in Fig. 12.
8 v
S, VIW " o
. @
4 o
2 o
0
0.1 1 10 100 1000
€ pum

Fig. 12. Receiver spectral response

In the visible and infrared range up to 10 pum, the sensitivity is almost constant. The scatter of
experimental points is explained by the measurement errors of the radiation power. In the terahertz range,
the sensitivity is much lower. This is due to a decrease in the absorption capacity of ferrite at wavelengths
close to the microwave range.

Measurement of radiation pulse energy

A flash lamp with the energy of 30 J (stored in a capacitor) served as a source of pulsed radiation.
The pulse duration was about 1 ms. Fig. 13 shows the view of the signal from the receiver when exposed to
a radiation pulse.
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Fig. 13. Receiver response to optical pulse

With the receiver power sensitivity Sp = 8 V/W and time thermal constant t = 4.3 s the energy
sensitivity is

S
Sp="f =186V
T

The amplitude of the receiver signal is 0.7 V. This corresponds to radiation energy of about 1.3 J.

The energy sensitivity of the receiver under study is much greater than that of a matrix detector [2].
Therefore, it can be successfully used to measure the energy of a radiation pulse. It ranks below only in
inertia - the time constant is 4.3, not 0.75 s, as in the receiver [2].

Measurement of the terahertz laser radiation parameters

Fig. 14 shows the results of measuring the beam profile of a gas laser operating on methanol vapor in
the terahertz range. The radiation wavelength is 118.9 um, the radiation power is 10 mW. The laser worked

in TEM,, oscillation mode.

Fig. 14. The beam profile of a terahertz laser

The parameters of the radiation beam, calculated in accordance with the methodology described in

the ISO / DIS 11146 standard [5], turned out to be as follows.
The coordinates of the energy center of the beam are determined by the relations:
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éxl(x, y)dS b[yl(x,y)dS

e ™ JI(x,y)dS ’ Ve T JI(x,y)dS '
N N

. ()]
Here I (x, y) is the intensity distribution function in the beam cross section. Integration is done over
its cross sectional area.
Calculations using these formulae yield:
X.=-79mm, y.=6.8 mm.
The beam diameters along the axes Ox and Oy are determined as follows:

2
I(x—xc) I(x,y)dS j(y—yc)zl(x,y)dS
D, =45 . b, 4|5 : (10)
gl(x,y)dS Y gl(x,y)dS
The geometric mean of the diameter is also used:
D=.D.D (11)

xFy -
The calculations give the following values of these quantities:
D,=141mm, D,=14.0mm, D= 14.0 mm.

Conclusion

For the first time in Ukraine, a matrix laser radiation receiver was developed, which covers the

visible, infrared and terahertz range with the following characteristics:

e spectral range — 0.4...500 pum;

e number of receiving matrix elements — 36;

e size of receiving element — 3 x 3 mm;

e receiver continuous power sensitivity — 8.07 V/W;

e receiver energy sensitivity — 1.86 V/J;

e setting time — 17 s.
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TEPMOEJIEKTPUUHUM MATPUYHUU ITPUMMAY
OINTUYHOI'O I TEPATEPLHIEBOI'O BUITPOMIHIOBAHHS

Mampuunuii  npuiivay  eleKmpoMacHimHO20 — BUNPOMIHIOBAHHST  NPUBHAYeHUull Oas  pobomu 8
VIbmMpagionemosomy, UOUMOMY, iHpavepeoHomy il mepazepyogomy oianaszonax cnekmpa. Posmipu
6xi0H020 gikHa nputimaua — 20% 20 mm. Kinexicmo enemenmie mampuyi — 36. Yymausicms npuiimaia —
8 B/Bm 6 onmuunomy Oianasoni u 2- bion. 5, puc. 13, mabn. 2.
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TEPMODJEKTPUYECKHUIA MATPUUHBIA IPUEMHUK
OIITUYECKOI'O U TEPAI'EPLHEBOTI'O U3J1IYYEHUSA

Mampuunvlii  npuemMHUK — DNEKMPOMACHUMHO20 — U3NYYeHUs  NpeoHasHaveH Ons  pabomsl 6
VALMPAPUOIEMO8OM, BUOUMOM, UHGPAKPACHOM U mepazepyesom Ouanazonax cnexmpa. Pazmepul
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ouanasone. MaxcumanvHas uHmeHcusHocms usiyyenus — 4 Bm. bubn. 5, puc. 13, maon. 2.

KaroueBsie ciioBa: nasep, U3iydeHHe, IPUEMHHUK, TEPMODIIEKTPHUECKUI, MaTPHUILIA.
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WAYS FOR QUALITY IMPROVEMENT IN
THE MEASUREMENT OF THERMOELECTRIC MATERIAL
PROPERTIES BY THE ABSOLUTE METHOD

The paper is concerned with the results of research on the errors in the measurement of thermoelectric
material properties by the existing methods. It is established that the efficient measurement method is
the absolute method which allows instrumental minimization of the majority of error sources. The
results of research on the errors in the measurement of thermoelectric material properties by the
absolute method obtained by object-oriented computer simulation are given. The effect of radiation,
heat transfer by measuring electrodes, electrical and thermal field distortions on the contacts on the
measurement accuracy is established. New methods for minimization of errors are described. The
errors caused by deviations from the linear temperature distribution in the sample under study on the
attainment of a steady-state are considered as well. Measurement rapidity is studied, and methods for
its increase are developed. A description of two modifications of automated measurement equipment
based on the elaborated methods — for temperature ranges from 30 to 500 °C and 30 to 900 °C is given.
Bibl. 14, Fig. 17.

Key words: absolute method, measurement, electrical conductivity, thermoEMF, thermal conductivity,
eITOTS.

Introduction

It is known that recent decades have seen no considerable improvement of thermoelectric materials
quality [1, 2]. As before, the best materials used in thermoelectric power converters for generation and
refrigeration equipment are Bi — Te, Pb — Te, and Ge — Si compounds and, sometimes, others.

Various methods are used to devise new materials and improve the existing ones. Chemical
composition is changed, various impurities are introduced and various material structures are used -
inhomogeneous, nanostructures, powders and others. The influence of these effects on material is
determined experimentally by measurement of electric conductivity o, thermopower o, thermal
conductivity x and figure of merit Z.

Analysis of known methods and equipment for measurement of thermoelectric material properties
has shown that the errors in determination of thermoelectric figure of merit Z achieve 10 to 15% [3 - 5].
The largest values of errors in the determination of figure of merit occur when measuring the electric
conductivity, thermopower and thermal conductivity on different samples. Thus, the errors in the
determination of the Seebeck coefficient are 2 to 5 % (steady-state method, Fig. 1; hot probe method,
Fig. 2), electric conductivity — 2 to 3 % (two-probe method, Fig.3; four-probe method, Fig. 4), thermal
conductivity - 3 to 7 %, relative method, Fig. 5; the Angstrom method, Fig. 6; laser flash method, Fig. 7)
[4-13].
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—_ F—

Fig. 1. Steady-state method of the Seebeck coefficient measurement.
1 —sample; 2, 3 — electrically conducting thermostats

ElNg
\ 3

5

_——4

|

Fig. 2. Schematic of the Seebeck coefficient measurement by hot probe method.

1

1 —sample, 2 — probe, 3 and 4 — thermocouples, 5 — miniature furnace

2 3

Fig. 3. Schematic of two-probe method of electric conductivity measurement.
1 —sample; 2, 3 — potential electrodes; 4, 5 — current conductors; 6, 7 — current electrodes; 8, 9 — contacts

Fig. 4. Four-probe method of electrical conductivity determination

Fig. 5. Schematic of thermal conductivity measurement by the relative method.
1 — sample under measurement; 2 — reference sample; 3 — thermostat,
4 —electrical heater; 5, 6 — thermocouples used to measure temperature differences
in the reference and measured sample
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Fig. 6. Schematic of device for measurement of temperature diffusivity by the Angstrom method.
1 — sample under test; 2 — mica shield; 3 — heater, 4 —thermocouples, 5 — copper rod

2 1 3

T

4

Fig. 7. Schematic of laser flash method.
1 — sample under study, 2 — laser, 3 — infrared detector, 4 — thermostat.

Thus, total error in the determination of figure of merit can reach 20%. Besides, as long as material
is practically always slightly inhomogeneous, this leads to additional error which is on the average
3 to 5 %. Total error in the determination of Z in this case can reach 23 to 25 %.

Such errors become an obstacle to solving the tasks of material figure of merit improvement, as long
as measurement accuracy can prove to be lower than improvement of material properties with a change of
affecting factors.

More reliable results can be obtained with the use of the absolute method and the Harman method
[2, 14]. The cycle of investigations performed at the Institute of Thermoelectricity has demonstrated that
the errors in the measurement of figure of merit by the Harman method can be 5 to 6 % only in a number of
cases, when a lot of additional parameters are known, such as: radiative properties of the sample and
thermostat, thermal conductivity of conductors and thermocouples, etc.

Fig. 8. Schematic of the absolute method of thermal conductivity measurement
1 — sample under study, 2 — thermostat; 3 — electrical heater, 4 — thermocouples.

4 1 4
Fig. 9. Schematic of complex measurements by the Harman method
1 —sample; 2 —current conductors,
3 — thermocouples; 4 —contacts.
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The most efficient is the absolute method which makes it possible to minimize instrumentally the
majority of error sources. It is widely used for creation of references and offers important advantages,
namely o, a, K, and Z are simultaneously measured on the same sample, which reduces the errors; small-
size samples can be used for measurement; thermoelectric parameters are found from classical formulae
without corrections.

The purpose of this work is research aimed at minimization of errors in the measurement by the
absolute method and creation of high-precision measurement equipment for complex determination of
thermoelectric material properties over a wide temperature range.

Physical, mathematical and computer models of the absolute method

A physical model of the method is given in Fig. 1. It comprises a sample which is in thermal and
electrical contact with the thermostated base and a reference heat source on the upper surface of the
sample. Under the ideal conditions the lateral and upper surfaces of the heat source are adiabatically
isolated. Distortions in the determination of thermoelectric parameters are due to two main reasons.

The first reason results from instrumental errors in the determination of sample cross-section values,
the distances between thermocouples and measuring probes, the values of current and potential difference
between the probes, temperature difference, heat flow through the sample. With the use of up-to-date
measurement equipment the total effect of these errors will be less than 0.2%.

The second component is method errors. They are due to a deviation from ideal physical model
conditions, namely conditions of adiabaticity and uniformity of heat and current flows through the sample,
as well as deviation from point-by-point measurements of measuring probes and thermocouples. The
largest distortions take place in thermal conductivity measurement.

Fig 10. Real physical model of the absolute method.
1 —sample, 2, 3 — thermocouples,
4 — reference heater, 5 — pressure, 6 — electrodes

Heat Q which is released by the reference heater passes not only through the sample, but also
through the electrodes connected to the sample. Moreover, there is heat rejection due to radiation and
convection to the environment. The number of such heat losses depicted in Fig. 1 is 18. The situation is
somewhat better when performing measurements in vacuum. In that case the values of distorting thermal
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flows are somewhat reduced, and the number of heat losses is decreased to 16. Electric conductivity
measurement also involves problems. The presence of the Peltier and Joule heat creates sample
nonisothermality which can cause gross errors.

To determine the effect of these factors on measurement accuracy, it is necessary to solve the
problem of finding the distributions of electrical potential and thermal flows in the presence of heat losses
and the Joule and Peltier effect. Such problems are difficult to be solved analytically due to complexity of
geometry, the presence of anisotropy and nonuniformity, the temperature dependences of sample material
properties and structural members of measurement equipment. To calculate the temperature and electrical
fields, as well as the effect of various factors on them, computer models of object-oriented simulation of
real physical modes were used.

Such methods yield a solution of a system of second-order differential equations in partial
derivatives written as follows

-V ((Ki + al.zcsiT + al.(pcl.)VT) - V((aiciT + (pcsl.)V(p) =0, _
(i=1.20) (1)
~V(0,Ve)-V(0,0,VT)=0.
and derived from the laws of conservation of electrical charge and energy. In formula (1): a,, 6,, k; are the
Seebeck coefficient, the electrical and thermal conductivities of physical model elements, 7 is temperature,
¢ is electrical potential.

Computer model was built with the use of COMSOL Multiphysics application program package
[16], which allows by means of finite element method to find a solution of system (1) with the respective
boundary conditions.

Methods for reduction of errors

The elaborated computer model was used to obtain the distributions of heat and current flows in the
sample and structural components of the measurement system and to study possible measurement errors.
They can be divided into two main groups. The first one is due to thermal radiation from the surface of
sample and reference heater. According to investigations, these errors are the largest and can reach 75%.
They were reduced with the use of additional heat source and radiation shield (Fig. 11).

The same temperature gradient is created on the shield as on the sample. However, due to re-
radiation a radiation component along the sample is created.

4
QH// T‘ '\Ql‘ T’
I
Fig. 11. Use of gradient radiation shield
For this reason radiation from the sample surface remains large and results in thermal conductivity

measurement errors up to 15-20%. It was proposed to use radiation rings on the shield and a shiny reflector
on the base. In so doing, heat losses and, accordingly, the errors are reduced to 1.5%.

94 Journal of Thermoelectricity Ne2, 2018 ISSN 1607-8829



L.1. Anatychuk, M.V. Havryliuk, V.V.Lysko
Ways for quality improvement in the measurement of thermoelectric material properties by the absolute method

The second group of errors is due to losses of heat along the electrodes of sample and reference
heater. For their minimization it was proposed to use the so-called thermal switches. They are components
made of heat-conducting insulators, such as beryllium oxide, whose thermal conductivity is close to that of
copper (Fig. 12). Mounted in them are electrodes that are brought in thermal contact with ceramics. The
latter, in turn, is in thermal contact with the radiation shield. In this case the difference in temperatures on
the electrodes is considerable, heat flow through the electrodes is minimized and the error values are
minimized accordingly. Computer simulation showed that total error due to these losses will be ~ 0.5%.

Thermal

B eoﬁvﬂq contacts

) J

o

Fig. 12. Thermal switch

Another important factor causing the errors is the influence of current and thermal contacts of the
sample. With the use of pressure contacts, the heater touches the sample at least at three points, which can
distort the uniformity of heat and current flows. The latter will affect the distribution of temperatures and

electrical potential in the sample.
2 1 3

w Ni Cu Ni Ni Cu Ni W
Fig. 13. Contact structures improving the quality of thermal and

electrical contacts of sample to heat exchangers
1 — sample; 2 — reference heater; 3- thermostat.

Optimization calculations and computer simulation have shown that equalization of electric current
and heat flow density requires metallization of sample ends. An optimal set of metal coatings was
determined (Fig. 13.) Layer thicknesses: Ni — 10 pm, Cu — 100 pm, Ni — 10 pm, W —up to 200 um.

Computer simulations were also made of electrical and thermal field distortions at places of
sample contact to measurement probes. It was established that even at contact diameters
0.1to 0.5 mm the probes average the temperature, yielding a reasonably precise temperature
value, like at point contact. The error in this case does not exceed 0.05 %.

Thus, total error in the determination of figure of merit Z is 4.7%, which is 3 to 5 times
better compared to other counterparts.

The issue of equipment rapidity improvement was studied. As long as to perform the
experiment it is necessary to achieve steady-state conditions, time required to measure the
temperature dependences of one sample properties is 15 hours, with the measurement of 12
temperature points.
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Fig. 14. Methods for increasing the rate of attainment of the steady-state.

Measurement rate can be increased by passing of alternating current through the sample (Fig. 14).
This accelerates heating of sample central part due to the Joule heat release. This method allows
achievement of steady-state temperature mode in the sample 3 times as fast. Measurement rate can be
further improved by heating of the hot sample side with a reference heater. Due to combination of these
two methods, measurement rapidity can be increased up to 8 to 10 times.

Description of measurement equipment

A design of experimental measurement unit is given in Fig. 15. It employs all methods for
minimization of errors described above.

For convenience and minimization of the influence of human errors, the system is automated to the
maximum. Its block-diagram is given in Fig. 16. It comprises power unit and measurement control unit
based on high-precision multi-channel microcontroller analog-to-digital converter. On entering the
measured temperature data, all measurement processes are performed unattended. Processed measurement
results in the form of plots or tables are displayed in computer

reference

b, heater shield
i\ sample
thermostat | loyYo F
+l
7,
- '\_/G
=
F -
"E],:LLT°
shields ~T: ™ thermal
heater +U_- U, locks
E,

Y measurement

vacuum
probes

Measurement unit contacts
Fig. 15. Design of measurement unit
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Multi-channel microcontroller ADC
U, U, En, Er, L, U,

0 i

Measurement unit

B

|
, Vacuum unit | Computer
[

Power unit

Fig. 16. System block-diagram

To study high-temperature materials, a modification of measurement unit was created that allows

measurements to be made in the temperature range 30 to 900 °C. Its key feature was using of insulation
fills to eliminate radiation losses increasing at such temperatures. As well as the above contact structures
with nickel, copper and tungsten layers.

External view of automated system for measurement of thermoelectric material properties in the

temperature range 30 to 900 °C is given in Fig. 17.

Such equipment was used to determine the temperature dependences of thermoelectric properties of

various materials. In particular, its accuracy allowed realizing optimal parameter values of functionally
graded materials for Bi — Te generator modules on which the efficiency values about 8% were obtained.

Fig. 17. External view of automated system for the determination of
thermoelectric material properties in the temperature range 30 to 900 °C

Conclusion

L.

The influence of various factors on the accuracy of measurement of thermoelectric properties of
materials by the absolute method has been studied. New methods for minimization of errors have
been developed — gradient radiation shields with ring-shaped notches, thermostat reflector, thermal
switches, metal contact structures for a reliable connection of sample end surfaces to current and
thermal contacts. The achieved error values: thermal conductivity — 2.4 %, electric conductivity —
0.7 %, thermopower — 0.8 %, figure of merit — 4.7 %.

Error reduction methods were used to fabricate an automated measurement system for determination
of thermoelectric material parameters in the temperature range 30 to 500 °C. A totality of measures
taken allows reducing the figure of merit errors by a factor of 3 to 5.

Fort the investigation of high-temperature materials a modification of measurement unit was created
that allows measurements to be made in the temperature range 30 to 900 °C.
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4.  Methods for essential, up to 10-fold, increase of the rate of attainment of a steady-state in the
measured samples have been developed.
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Haegeoeno pesyromamu ananizy 3uayeHb nOXUOOK 8i00MUX MeMOOi6 GUMIPIOBAHHS TEPMOeNeKMPUYHUX
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Memoo, KU 00360J5€ THCMPYMEHMANbHO MIHIMIZysamu Olnbuiicms Odicepenr noxubok. Haeedeno
pesyrbmamu  00CniOHCeHb NOXUOOK BUMIPDIOBAHHA MEPMOENeKMPUYHUX 61ACMUBOCMeEl Mamepianie
abCcoMOMHUM MeMOOOM, OMPUMAHT WUTIAXOM 00'€KMHO-0OPIEHMOBAHO20 KOMN'TOMEPHO20 MOOETIOBAHMUSL.
Bcmanosneno eniue na moumnicmv 6uUMIipie paodiayiiinoco GUNPOMIHIOBAHHS, NEPEeHeCeHHsT menid
BUMIPIOBATIBHUMU  €eKMPOOAMY, CHOMBOPEHb eeKMPUUHO20 | MEeniogo2o NOoiE HA KOHMAKMAX.
Onucano Ho8i memoou Minimizayii noxubok. Posensnymi maxoodic noxubku, GUKIUKAHI 8i0XUNEHHAMU
PO3n00iny memnepamypu 6 00CIONCYSAHOMY 3DA3KY 6i0 NIHIUH020 RICIs OOCASHEHHS CMAYIOHAPHUX
cmanis. Jlociooceno weuokooilo sumipie ma pos3pobneno memoou ii nioguwenns. Hagedeno onuc 060x
MoOugikayii  agmomMamu308aHo020  BUMIPIOGAILHOZO — YCMAMKYBAHHS, — CMBOPEHUX HA  OCHOGI
Ppo3pobnenux memodie, — 05 dianazonie memnepamyp 30 — 500 °C i 30 — 900 °C. bion.14, puc.17..
Kaiouosi cioBa: aGcomoTHHH MeTON, BHMIp, €lEKTpOnpoBiaHicTh, TepMOEPC, TemmonpoBinHICTS,
MTOXUOKH.
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IIYTHU NOBBINIEHUA KAUECTBA U3MEPEHUI
TEPMODJIEKTPUYECKHAX CBOMCTB MATEPHAJIOB
ABCOJJIIOTHBIM METOAOM

Ilpusedenvl pesyrbmamsl AHAIU3A 3HAYEHUL NOSPEUHOCMEN U3BECHHbIX Memo008 U3MepeHuUll
MepMOIIeKMPUUECKUX — CBOUCME MaAmepuanos. YcmaHogieHo, umo 3Q@PeKmusHbiM  MemoooM
usmMepenuil SGIsemcsi AOCOMOMHbIL Memoo0, NO3GONAIOWUL  UHCIPYMEHMATbHO  MUHUMUZUPOBAMb
OONLUUHCIMBO UCTOYHUKOG nocpewHocmell [Ipueedensvl pe3yibmamul UCCIe008AHUL NOZPEUHOCHel
UsMeperusi MepMOINEKMPUYECKUX CEOUCME MAMEPUANo8 AOCOTIOMHbIM MemMOoOOM, HOIYYEeHHbLE
06bEKMHO-0PUEHMUPOBAHHBIM KOMNBIOMEPHBIM MOOETUPOBAHUEM.

Yemanoeneno enusnue Ha mouHocmb  u3MepeHuil pAOUAYUOHHO20 U3NYYEHUs, NEePeHoca menid
UBMEPUMENbHBIMU DNEKMPOOAMU, UCKANCCHUL INEKMPUYECKO20 U MEnio8020 Noel HA KOHMAKMAX.
Onucanvl HOGble MemoObl MUHUMU3AYUU RnozpewHocmel. Paccmompenvt marowce noepewnocmu,
BbI3BAHHBIE OMKIOHEHUAMU OM TUHEUHO20 PACHpedeNeHUsl MeMNepamypbl 6 UcciedyemMom obpasye npu
docmuodicenuy  cmayuonapuvlx — cocmosnul.  Hccredosano  Ovicmpooeticmeue — usmepenun  u
paszpabomanvl Memoobl €20 NOBbLIUECHU.

Tlpusedeno onucanue 08yx Moougpuxayuii asmomMamusuUpoBaAHHO20 USMEPUMENbHO20 000PY00B8aHUS,
CO30AHHbIX HA OCHOGE pA3paAbOMAHHBIX Memodos — 0 duanazonoé memnepamyp 30 — 500 °C u 30 —
900 °C.. Bubn. 14, Puc. 17.

KiroueBble ca0Ba: TEPMOIICKTPUUCCKUI OXJIAIWUTENb, CPEAHCOOBEMHAs TEMIIeparypa, TUHAMUKA
(GYHKIMOHUPOBAHMUS TEPMOIIIEMEHTA, I0KA3aTeNIN HA/IC)KHOCTH, TIepernal TeMIeparyp.
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VOLODYMYR OLEKSIYOVYCH SEMENYUK

(Dedicated to the 80-th anniversary)

On February 3 this year Volodymyr Oleksiyovych Semenyuk, a well-
known scientist in thermoelectricity, academician of International
Thermoelectric Academy, celebrated his 80™ birthday.

In 1960 he graduated from Odessa State Academy of Refrigeration. For

many years the scientific and pedagogical activity of Volodymyr Oleksiyovych
has been related to this academic and research institution.

The research interests of V.O. Semenyuk were formed immediately under the influence of the
founder of scientific school in the field of power engineering and refrigeration technology, professor
V.S. Martynovsky, the scientists in thermoelectricity A.F. loffe, L.S. Stilbance, E.K. lordanishvili
and others.

Volodymyr Oleksiyovych made a major contribution to study of nonequilibrium
thermodynamics and physics of thermoelectric effects. He was the first to solve a variety of variational
problems as applied to thermoelectricity which made the basis for creation of modern computer
methods for design of thermoelectric instruments and devices.

The scientist has solved a series of important engineering problems of thermoelectricity, in
particular, the problems of heat exchange in thermoelectric devices, efficiency increase of multi-stage
coolers, the problems of using the bulk thermoelectric cooling elements with programmed
inhomogeneous legs. He studied and successfully solved contact problems in thermoelectric coolers,
which allowed creating efficient microminiaturization technologies of thermoelectric devices. The
theory and practice of thermoelectric instrument making was developed, the parametric series of
thermoelectric micromodules were created which defy competition on global markets. In the
development of some thermoelectric projects V.O. Semenyuk successfully cooperated with many
scientific centers in the USA and Western Europe.

V.0O. Semenyuk is the author of over 100 scientific works, certificates of authorship and patents,
notably a monograph (in co-authorship with academician L.I. Anatychuk) “Optimal Control over the
Properties of Thermoelectric Materials and Devices”. In 2006 and 2012 the results of his research in
the theory and practice of thermoelectric instrument making were included as chapters into international
handbooks “Thermoelectrics Handbook: Macro to Nano” and “Thermoelectrics and its Energy Harvesting”

Volodymyr Oleksiyovych gives special attention to training high-skilled scientific brainpower.
He is an outstanding lector whose reports to scientific conferences and international forums arouse
much interest and admiration among the attendees.

In recognition of the international level of his scientific achievements, V.O. Semenyuk was elected
in 1995 full member of the International Thermoelectric Academy. V.O. Semenyuk is a member of the
International and European Thermoelectric Societies, a member of American Institute of Aeronautics and
Astronautics, a member of the Board of Directors of the European Thermoelectric Society.

International Thermoelectric Academy, Institute of Thermoelectricity of the National Academy
of Sciences and Ministry of Education and Science, Youth and Sports of Ukraine, “Journal of
Thermoelectricity” Publishers sincerely congratulate the esteemed Volodymyr Oleksiyovych on his
glorious 80" jubilee, wishing him good health and happy longevity!
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ARTICLE SUBMISSION GUIDELINES

For publication in a specialized journal, scientific works are accepted that have never been
printed before. The article should be written on an actual topic, contain the results of an in-depth
scientific study, the novelty and justification of scientific conclusions for the purpose of the article (the
task in view).

The materials published in the journal are subject to internal and external review which is
carried out by members of the editorial board and international editorial board of the journal or experts
of the relevant field. Reviewing is done on the basis of confidentiality. In the event of a negative
review or substantial remarks, the article may be rejected or returned to the author(s) for revision. In
the case when the author(s) disagrees with the opinion of the reviewer, an additional independent
review may be done by the editorial board. After the author makes changes in accordance with the
comments of the reviewer, the article is signed to print.

The editorial board has the right to refuse to publish manuscripts containing previously
published data, as well as materials that do not fit the profile of the journal or materials of research
pursued in violation of ethical norms (for instance, conflicts between authors or between authors and
organization, plagiarism, etc.). The editorial board of the journal reserves the right to edit and reduce
the manuscripts without violating the author’s content. Rejected manuscripts are not returned to the
authors.

Submission of manuscript to the journal

The manuscript is submitted to the editorial office of the journal in paper form in duplicate and
in electronic form on an electronic medium (disc, memory stick). The electronic version of the article
shall fully correspond to the paper version. The manuscript must be signed by all co-authors or a
responsible representative.

In some cases it is allowed to send an article by e-mail instead of an electronic medium (disc,
memory stick).

English-speaking authors submit their manuscripts in English. Russian-speaking and Ukrainian-
speaking authors submit their manuscripts in English and in Russian or Ukrainian, respectively. Page
format is A4. The number of pages shall not exceed 15 (together with References and extended

abstracts). By agreement with the editorial board, the number of pages can be increased.
To the manuscript is added:

1. Official recommendation letter, signed by the head of the institution where the work was
carried out.

2. License agreement on the transfer of copyright (the form of the agreement can be obtained
from the editorial office of the journal or downloaded from the journal website — Dohovir.pdf). The
license agreement comes into force after the acceptance of the article for publication. Signing of the
license agreement by the author(s) means that they are acquainted and agree with the terms of the
agreement.

3. Information about each of the authors — full name, position, place of work, academic title,
academic degree, contact information (phone number, e-mail address), ORCID code (if available).
Information about the authors is submitted as follows:

authors from Ukraine - in three languages, namely Ukrainian, Russian and English;

authors from the CIS countries - in two languages, namely Russian and English;
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authors from foreign countries — in English.

4. Medium with the text of the article, figures, tables, information about the authors in electronic
form.

5. Colored photo of the author(s). Black-and-white photos are not accepted by the editorial
staff. With the number of authors more than two, their photos are not shown.

Requirements for article design

The article should be structured according to the following sections:

- Introduction. Contains the problem statement, relevance of the chosen topic, analysis of recent
research and publications, purpose and objectives.

- Presentation of the main research material and the results obtained.

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

- References.

The first page of the article contains information:

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

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

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

4) article title;

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

6) key words — not more than 8 words.

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

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

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

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

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

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

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

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

Attention! In connection with the inclusion of the journal in the international bibliographic
abstract database, the reference list should consist of two blocks: CITED LITERATURE and
REFERENCES (this requirement also applies to English articles):
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CITED LITERATURE - sources in the original language, executed in accordance with the
Ukrainian standard of bibliographic description DSTU 8302:2015. With the aid of VAK.in.ua
(http://vak.in.ua) you can automatically, quickly and easily execute your “Cited literature” list in
conformity with the requirements of State Certification Commission of Ukraine and prepare references
to scientific sources in Ukraine in understandable and unified manner. This portal facilitates the
processing of scientific sources when writing your publications, dissertations and other scientific
papers.

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

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

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

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

e academic degree, scientific title;

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

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

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

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

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

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

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

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

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

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

e tables are arranged in the text. The width of the table shall be 1 cm less than the line width.
Above the table its ordinary number is indicated, right alignment. Continuous table numbering
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throughout the text. The title of the table is arranged below its number, center alignment;

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

Examples of LITERATURE CITED

Journal articles

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

Books

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

Patents

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

Conference proceedings

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

Authors’ abstracts

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

Examples of REFERENCES

Journal articles

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

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

Patents

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

Conference proceedings

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

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