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THEORY

Gorskyi P.V."? Doctor phys. - math. science

'Institute of Thermoelectricity of the NAS and MES of Ukraine,
1 Nauky str., Chernivtsi, 58029, Ukraine
2Yuriy Fedkovych Chernivtsi National University
2 Kotsiubynskyi str., Chernivtsi, 58012, Ukraine

PV éorskiy

ON THE EFFECT OF INTERMETALLICS ON
THE ELECTRICAL AND THERMAL CONTACT
RESISTANCES THERMOELECTRIC
MATERIAL - METAL

1t is shown that the electrical and thermal contact resistances thermoelectric material (TEM) - metal in
structures with anti-diffusion layers increase significantly, if transient contact layer consists of a sublayer
of intermetallic and a sublayer of TEM-intermetallic composite. In a couple of bismuth telluride-nickel,
NiTe; is a dominant intermetallic. With a total thickness of transient layer of bismuth telluride-nickel
ditelluride of 40 um its electrical resistance will vary in the range from 1.28-10° to 3.46-10"° Ohm-cn?’,
and thermal —in the range from 0.131 to 0.195 K-cm?/W. Over time, this layer can grow and, for
instance, with a total thickness of 200 um its electrical contact resistance will vary in the same
temperature range from 6.40-10°to 1.73-10° Ohm-cm?, and thermal — in the range from 0.655 to 0.975
K - cm? /W. This growth significantly affects not only the consumer characteristics, but also the
reliability, life and durability of thermoelectric energy converters. In addition, it is shown that nickel
ditelluride - bismuth telluride composite is not a highly efficient thermoelectric material, but the
dimensionless thermoelectric figure of merit of the bismuth telluride - high-conductivity metal clusters
can become significantly higher. The boundary thermoelectric figure of merit of such a composite was
found. Bibl. 9, Fig. 5.

Key words: contact resistance, nonstationary diffusion, intermetallic, thermoelectric material, doping,
metallized composite, percolation threshold, nanoclusters, optimal composition of composite, boundary
dimensionless thermoelectric figure of merit, high-temperature superconductivity.

Introduction

It is known that the electrical and thermal contact resistances TEM - metal have a significant
impact on the consumer properties of thermoelectric energy converters, especially under conditions of
miniaturization. But if contact structures, and, consequently, transient contact layers, are created by
soldering, the possibility of lowering these resistances is significantly limited by the formation of
intermetallics, which have significantly lower electrical conductivity and thermal conductivity than
"pure" metals. It should be noted that nickel itself diffuses into bismuth telluride and alloys based on it
relatively slowly [1]. On the other hand, during the manufacture and aging of contact structures,
tellurium intensively diffuses into nickel, forming due to thermally activated reactions at the interface,
layers of nickel telluride, among which nickel ditelluride NiTe, dominates [2]. The thermoelectric
properties of nickel ditelluride formed in this way have not been studied. However, the thermoelectric
properties of specially prepared alloys of the Ni-Te system of various compositions were studied
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[3, 4]. Therefore, in [3], in particular, it is noted that NiTe, at 300 K has an electrical conductivity of
7500 S/cm and a thermoEMF of about 10 pV/K. Thus, to a certain extent, its properties are similar to
those of a metal.

It is the formation of this intermetallic that primarily causes a significant increase in the
electrical and thermal contact resistances of transient contact layers. Moreover, intermetallic layers are
able to grow under the influence of temperature, and, consequently, electric current. This leads to an
increase in the electrical and thermal contact resistances. In addition, intermetallics formed as a result
of interfacial reactions have significantly lower mechanical strength than alloys of the same
composition. Thus, the formation of intermetallics has a negative effect not only on consumer
characteristics, but also on the reliability, life and durability of thermoelectric energy converters.
However, the purpose of this paper is mainly to study the temperature dependences of the electrical
and thermal contact resistances of transient layers formed by intermetallics.

Calculation of contact layer structure

The distribution of intermetallic molecular clusters in TEM will be found from the equation of
nonstationary diffusion which in the case of zero intensity of the source is given by:

on o*n
o Ve .

where 7 —concentration of intermetallic clusters at depth xfrom TEM-metal interface, #—time,
D — diffusion coefficient which we consider independent of the coordinate, time and concentration of
intermetallic clusters. For the unambiguous solution of Eq. (1) we make the following model

assumptions: 1) at the beginning of the process, a thin layer of cluster atoms of thickness 0 with

concentration 7, is created; 2) near the interface, concentration 7 is maintained all the time. Under

assumption 1, Eq.(1) has the following solution:

n(x,t)= no{erf(z—\/xD_t] = erf(%ﬂ : 2)

where erf () —the so-called error integral.
But in order for assumption 2 to be satisfied, a layer of thickness ¢ must change with time

according to the law O = 6+/Dt . It is this change that actually happens in many cases. In this case,
this is a layer of intermetallic. It follows from formula (2) that the actual contact structure consists of
two parts: a layer of intermetallic of thickness 64/ Dt and a layer of TEM of thickness 6+/ Dt with

interspersed clusters of intermetallic, the concentration of which decreases to zero. This coordinate

distribution in the structure of total thickness 12+/ Dt is schematically shown in Fig.1.
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n/ng

0.81 1

0 5 10/ Dt

Fig. 1.Distribution of intermetallic clusters in transient layer

This distribution is matched by distribution of the volumetric fraction of intermetallic in
transient layer normalized to transient layer thickness:

(/7,1 —erf3y)]
4,y i—erfGy)]+ (4, /7, Jerf(By)’

vi(y)= ( (3)

where A4, A, 7;, 7, — molecular masses and densities of intermetallic and TEM, respectively,

erf(z)—the so-called error integral. Assuming by convention a cluster of intermetallic to be

spherical, we define its minimum diameter. It is equal to:
64N

d_. =3/—2ilmin 4

where N , —Avogadro’s number, N ., — the minimum number of atoms in a cluster required to

attribute to it the macroscopic properties of intermetallic as a whole. If a cluster comprises, for
instance, 10° atoms, then such macroscopic properties can be attributed to it with an accuracy of 0.1%.

Assuming 4; =312, y; =7750kg/m’, we obtain d;, =50.3nm. Hereinafter, we will assume that

the clusters have a diameter of 100 nm.

Calculation of the electrical and thermal contact resistances and discussion of the
results

Taking into account that in the context of the above approach a transient layer is considered as a

composite where the percolation effect occurs, its electrical conductivity o, and thermal conductivity

K, will be determined as [5, 6]:

ISSN 1607-8829 Journal of Thermoelectricity Ne5, 2019 7
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o, =025, (2=, )+ 0,0, 1)+ [0, =3, )+ 0, (v, - )F +80,0, | (5)

K, = 0.25{/(,. (2=3v, )+, (3v; = 1)+ [, (2= 3v, )+ &, Bv, — 1) +8x,xc, } ©)

The thermoEMF of transient contact layer will be determined as:

e )+ Y=

o, = (7
-1 -1
v () + e v )y
0
The electrical and thermal contact resistances will be determined for the formulae:
Ld
oo =d[ 2, (8)
00,
1 dy
he=d[—. )
0K,

In addition, to these values we add the electrical and thermal contact resistances of intermetallic
layers proper.

Approximation of the necessary temperature dependences of the kinetic coefficients of TEM
and intermetallic on the basis of known general relations [7,8] according to the model assumptions
presented in [6,9] will be carried out in the following order.

According to known thermoEMF value &, of TEM at a certain temperature 7o from equation:

k 2Fl(770) }
ay =~ = (10)
° {Fo(ﬂo) °

we determine the value 77, of reduced chemical potential of carrier gas at this temperature.

Using the condition of constant charge carrier concentration, from the equation

1.5
]115F0.5(77) =1 (11)
Ty F0.5(770)

we determine the temperature dependence of reduced chemical potential 77 in given temperature

range.
From the relation

F@)  Fn)

Ly(n)= (S]TFZ(U) - 4F12(77)} (12)
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we determine the temperature dependence of TEM Lorentz number.
The temperature dependence of TEM electrical conductivity is determined as

1.5
o, :O'so(ij FO(U)FOAS(UO) . (13)
T Fos (77)F0(770)
The temperature dependence of thermal conductivity is determined as:
TO
Ky = GSLS(U)T+ [KSO _O-SOLS(UO)TO]_' (14)

T

In formulae (8) — (11), F,, (77) denote the Fermi integrals that are determined by the following

relation:
E,(17)= Ix”’[exp(x—n)+l]_ldx. (15)
0

In conformity with [3], the NiTe, intermetallic will be considered as metal, and its electrical
conductivity will be assumed to be inversely proportional to temperature:

O, =Uio(T0/T)a (16)

and its thermal conductivity, in accordance with the Wiedemann-Franz law, will be considered mainly
due to free charge carriers, independent of temperature and equal to:

K, = (72236 o, Ty (17)

Moreover, taking into account the scattering of charge carriers in the intermetallic at the cluster
boundaries, the values of electrical and thermal conductivity of the intermetallic "bulk sample" will be
multiplied by the following correction factor:

LU (d, T /1, Ty W1+ x* -2
K.=15[] [T [l Ty N1+ 7~ 22y x*dydx .
0-1(d T /1,Ty W1+ x* = 2xy +2

In this formula, d_. —cluster diameter, /, — mean free path of electron in the intermetallic at a

(18)

temperature of 7, .

Note that we use this correction factor exclusively for transient layer with clusters. We consider
the intermetallic layer to be solid, and, therefore, for it we assume the correction factor equal to 1.

Results of calculations of the temperature dependences of the electrical and thermal resistances
of bismuth telluride-nickel in the presence of intermetallics in transient layer are given
in Figs. 2 and 3.

ISSN 1607-8829 Journal of Thermoelectricity Ne5, 2019 9
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-6 2
r., 107 Om-sm

ce?

Fig.2. Temperature dependences of electrical contact
resistance of transient contact layer 40 um thick: 1,2 —
prior to levelling the concentration of intermetallic
clusters excluding and taking into account charge
carrier scattering at the boundaries of clusters, 3,4 —
after levelling the concentration of intermetallic
clusters excluding and taking into account charge

carrier scattering at the boundaries of clusters

1!
200 250 300 350 TK

7., K-sm'/W
0.2——

Fig.2. Temperature dependences of thermal contact
resistance of transient contact layer 40 um thick: 1,2 —
0.19] prior to levelling the concentration of intermetallic

clusters excluding and taking into account charge
0.16| carrier scattering at the boundaries of clusters, 3,4 —

after levelling the concentration of intermetallic
clusters excluding and taking into account charge

carrier scattering at the boundaries of clusters

200 250 300 350 TK

When plotting, it was assumed that 79=300 K, a5=200 uV/K, 65=800 S/cm, «s=1.4 W/(m-K),
0i0=7500 S/cm, /;=5 nm.

The plots show that for the total thickness of bismuth telluride - nickel ditelluride transient layer of 40
um its electrical contact resistance will vary in the range from 1.28 - 10 to 3.46:10° Ohm-cm? and thermal
- in the range from 0.131 t0 0.195 K - cm* / W. Over time, this layer can grow, and, for example, with a total
thickness of 200 pm, its electrical contact resistance will vary in the same temperature range from 6.40-10°
to 1.73-10° Ohmem?, and thermal - in the range from 0.655 to 0.975 K-cm?W. This growth has a
significant impact not only on consumer characteristics, but also on the reliability, life and durability of
thermoelectric energy converters. Note also that after levelling the concentration of clusters in transient layer,
the electrical and thermal contact resistances somewhat decrease in comparison with the non-uniform
distribution, which is dictated by the processes of nonstationary diffusion; therefore, this levelling can be
considered to be a positive factor. The scattering of charge carriers at the boundaries of clusters as a whole
increases the electrical and thermal contact resistances, although only slightly.

During the calculations, we had to assume that the intermetallic in the contact layer has the same
properties as the alloy of the corresponding composition. But this is a very significant approximation,
because the conditions of formation of this intermetallic due to interfacial reactions in the contact layer are

10 Journal of Thermoelectricity Ne5, 2019 ISSN 1607-8829
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radically different from the conditions that occur during the direct fusion of nickel with tellurium. This
difference can only lead to an increase in the electrical and thermal contact resistances compared to their
calculated values.

Can nickel ditelluride-bismuth telluride composites serve as thermoelectric materials?

To answer this question, the dependence of the dimensionless thermoelectric figure of merit of
the aforementioned composites at a temperature of 400 K on the volumetric content of nickel
ditelluride in them was calculated, which is shown in Fig. 4.

ZT

0.3

0 : . :
0 02 04 06 08 Vv

Fig. 4. Dependence of the dimensionless thermoelectric figure of merit of nickel ditelluride-
bismuth telluride composites at a temperature of 400 K on the volumetric
content of nickel ditelluride in them

When plotting, it was assumed that the thermoEMF of nickel ditelluride is equal to 10 pV/K and
does not depend on temperature. The plot shows that when the content of nickel ditelluride is
approximately 50 vol.%, the thermoelectric figure of merit increases by approximately 20% compared
to pure bismuth telluride. Then it rapidly decreases to the small value inherent in pure nickel
ditelluride. But this is true only when our hypothetical material is really a composite and the nickel
ditelluride in it has the properties of an alloy of appropriate composition. Only in this case, you can
consider the feasibility of manufacturing and using such material, also taking into account the other
aspects mentioned above.

On the boundary opportunities of “metallized” thermoelectric composites

Note that even at first glance a slight increase in thermoelectric figure of merit of the above
hypothetical composite compared to pure TEM, shown in Fig.4, is possible mainly because the
addition of highly conductive, and hence highly thermally conductive, impurity to the original TEM at
a fairly large interval of the volumetric content of the impurity has relatively little effect on the
thermoEMF of the composite as a whole. Therefore, assuming that the thermoEMF of an impurity is

ISSN 1607-8829 Journal of Thermoelectricity Ne5, 2019 11
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small or even equal to zero in absolute value, it makes some sense to investigate the effect of this
impurity on the thermoelectric figure of merit of the composite with increasing electrical conductivity.
The results of this study are shown in Fig. 5.

ZT

0 ) L . L
0 02 04 06 08 V

Fig.5. Dependence of thermoelectric figure of merit of metal impurity-bismuth telluride
composites on the volumetric fraction of impurity at a temperature of 400 K and the value of impurity
electric conductivity at 300 K in S/cm: 1 — 7500, 2 — 75000, 3 —5-10°, 4 — 5-107.

From the plots we see that with an increase in the electrical conductivity of a metal impurity,
firstly, the percolation threshold becomes sharply expressed, and secondly, the maximum
thermoelectric figure of merit of the “metallized” composite rather quickly tends to the maximum
attainable value. Obviously, the boundary value of thermoelectric figure of merit of a "metallized"
thermoelectric composite at a certain temperature T is equal to:

aX(T)e,,T 3¢’a(T)
ZT . = =
e (7[2 / 3Xk/ 6)2 o, T (721{)2

(19)

It is important that this formula includes the thermoEMF of semiconductor TEM at a given
temperature, but the electrical conductivity, thermal conductivity, hence the Lorentz number, of metal.
It is clear that this approach correctly reflects physical situation if and only if the semiconductor and
metal, when incorporated into the composite, whatever its composition, retain their inherent
macroscopic values of the kinetic coefficients, including their temperature dependences.

Then, substituting, for instance, as(400) =235 uV / K, we obtain ZTmax = 2.236, which more
than twice exceeds the thermoelectric figure of merit typical of traditional alloys based on
Bi(Sb) — Te(Se) system. An even more striking result can be obtained by taking as TEM, for example,
zinc antimonide, for which the thermoEMF can be considered equal to, say, 700 uV / K.

Then the maximum value of thermoelectric figure of merit of a "metallized" thermoelectric
composite based on it is 19.8, while, as usual, alloys of the Zn-Cd-Sb system have more than 1 -2

12 Journal of Thermoelectricity Ne5, 2019 ISSN 1607-8829
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orders of magnitude lower thermoelectric figure of merit. Thus, the question arises about the
technological feasibility of manufacturing such metallized composites, rather than just alloyed with
metal impurities materials, which, unlike composites, obviously will not have such advantages, their
stability, durability and the possibility of being used for creation of thermoelectric energy converters
taking into account the specificity of their operation.

It should be noted that the reactions between metal and TEM components with the formation of
intermetallics with relatively high electrical resistivity are a significant obstacle to significantly
increase the thermoelectric figure of merit and efficiency of TEM both by doping them with metal
impurities and by creating "metallized" thermoelectric composites. Based on the results of the study,
we can formulate the following list of requirements for materials suitable for obtaining highly efficient
"metallized" two-phase thermoelectric composites:

1) the semiconductor TEM must have the highest possible absolute value of thermoEMEF in the
operating temperature range;

2) the metal must have the lowest possible electrical resistivity and either not react with the
components of the TEM, or form with them intermetallics, the electrical conductivity and thermal
conductivity of which would differ as significantly as possible from the electrical and thermal
conductivity of the TEM upward;

3) the thermoEMF of a metal or intermetallic under these conditions is not critical can be small
in the absolute value.

However, even if these requirements are compatible with each other and technologically
feasible, the composite must still have such thermal and mechanical properties and such compatibility
with other materials that would allow it to be used to create specific devices.

In connection with all of the above, the reader may ask what will happen if, instead of metal
impurities, specially made granules based on high-temperature superconducting ceramics are used.
At this stage, the author is not ready to give a well-argued answer to such a question. There are two
reasons for this. The first is that superconductivity, for example, at room temperature has not yet been
achieved. The second reason is that the traditional concepts of thermoelectric figure of merit and
efficiency of TEM, no matter how “good” or “bad” it is, have a certain meaning, not least because the
charge transfer in it is described by Ohm's law. And in the superconducting state, Ohm's law is
applicable only to the "normal", that is, not the superconducting part of the material. The
electrodynamics of the superconducting part is fundamentally different. And, as can be seen from Fig.
5, there is no urgent need for unlimited electrical conductivity of the "metal” part of the composite. On
the other hand, superconducting ceramics, as a component of TEM, may be useful in creating high-
quality cooling materials and devices, especially miniature ones, for cryogenic temperatures, but this
issue requires special thorough research, which is not the subject of this paper.

Conclusions

1. It is shown that the formation of intermetallics in the TEM-metal transient contact layer
significantly increases the corresponding thermal and electrical contact resistances.

2. Conditions of high figure of merit for two-phase "metallized" thermoelectric composites are
established and requirements to materials from which it is expedient to make them are
formulated.

3. In general, the boundary value of the thermoelectric figure of merit is found for “metallized”
thermoelectric composites.

ISSN 1607-8829 Journal of Thermoelectricity Ne5, 2019 13
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Toxaszarno, wo enekmpuyHuil ma Meniosull KOHMaxkmHi onopu mepmoenexmpuunuti mamepian (TEM )
Meman 'y CMpYKmypax 3 aHmuOugpy3iuHUMU wapamu iCmOmHO 3pOCMAarOmy, AKWO NepexioHull
KOHMAKMHUIl wap CcKiadaemsvcs 3 niowapy inmepmemanioy ma niowapy xomnosumy TEM —
inmepmemaunio. Y napi menypuo sicmymy — Hikeib maxum OomiHanmuum inmepmemanioam € NiTe,. 3a
302ANbHOI  MOBWUHU  NEPexiOHo20 wapy menypuo eicmymy-oimenypud Hikemo pisHoi 40 mrwm
eneKmpudHUtl KOHMAaKmuutl onip 3miniocmoca 6 inmepeani 60 1.28:10° 0o  3.46-10° Om-en?, a
mennosuii — 6 inmepeani 6i0 0.131 0o 0.195 K-cv?/Bm. 3 uacom yeii wap modice pocmu, i, Hanpuxnao, 3a
sazanvroi mogugury 200 MM 11020 eneKmpudHull KOHMAKMHUL ONip 3MIHIOEMbCA Y TOMY CAMOMY
memnepamypHomy inmepsai 6i0 6.40-10° 0o 1.73-107° Om-cw’, a mennosuii — 6 inmepeani 6i0 0.655 0o
0.975 K-cm?/Bm. Lle spocmanns icmommo 6niueac e auiue Ha CHOJICUEHT XapaKmepucmuky, a i Ha
HAOWIHICMb, 008206IMHICIb MA PECYPCHY CIMIUKICIMb MEPMOETIEKMPUYHUX NePemEOPIO6aUie eHepeil.
Hopao 3 yum nokazamo, w0 KoOMnoO3um OIMeTypuo HiKemo — Mmenypuo  GiCMymy He €
BUCOKOEHEKMUBHUM — MEPMOCTEKMPUYHUM — MAmepianom, —ane Oe3posMipHa  mepMOoeneKmpuyta
ehexmusHicmos KOMNO3UMy mMenypuo GicMymy — BUCOeIeKMPONPOBIOH Memanesi Kiacmepu Moxice
cmamy icmomHo  Oinbuioro. 3HalideHo epanuuHy Oe3po3MIpHY — TepMOeNeKmpUiHy edexmueHicnb
maxkoeo komnosumy. bion. 9, puc. 5.

KnrouoBi ciioBa: KOHTaKkTHHMM ormip, HecranjioHapHa audy3is, IHTEpMeTais, TEepMOENEKTPUUHHUIA
Marepia, JIeryBaHHs, METaJli30BaHUI KOMIIO3HT, TTOPIT ePKOJIALLi, HAHOKIIACTEPH, ONITUMAITBHIH CKITa
KOMIIO3UTY, TpaHM4Ha Oe3po3MipHa TEpMOENIEKTpHYHA e(EeKTUBHICTb, BHUCOKOTEMIIEPATypHA
HaJIIPOBIAHICT.

Topeknii I1.B."? dok. ¢us. mam nayx

'MuctutyT TepMmodniekTpuuectsa HAH u MOH Ykpaunsi,
yi. Hayku, 1, UepnoBupsl, 58029, Ykpauna
*YepHOBHIIKHIT HALIMOHANEHBIN YHUBEpCUTET nMeHH FOpus denpkoBHya
yi1. Komrobunckoro 2, YepHosusl, 58012, Ykpaunna

O BJIMSAHUUN UHTEPMETAJIVIMIOB HA SJIEKTPUYECKOE "
TEIIJIOBOE KOHTAKTHBIE COITPOTUBJIEHUA
TEPMODJIEKTPUUECKHN MATEPHUAJ - METAJLT

Hoxaszamno, umo snekmpuyeckoe u meniogoe KOHMAKNHbLE CONPOMUBGTLEHUS. MEPMOILEKMPUYECKUTL
mamepuan (TOM) — memann 6 cmpykmypax ¢ aHmMuOUP@Y3UOHHbIMU CLOSAMU CYUECMBEHHO
803pacmaiom, eciu NepexooHblil KOHMAKMHbILIL CAOU COCHOUM U3 NOOCLO0S UHMEPMEMALIUOA U
noocnosi komnosuma TOM - unmepmemannuo. B nape mennypud eucmyma - Hukeib maxum
OoMuHanmubim unmepmemaniudom sgusiemcs NiTer. [lpu obweil monyune nepexooHo2o clos
Mmenypuo eUCMYma-oumennypuo Huxeis pasuou 40 mxm 6 memnepamyprom unmepsaie 200 —
400 K e20 anekmpuueckoeoe KOHMAKMHOE CONPOMUGIEHUE UBMEHIemcs. @ UHmepeane om
1.28 - 10° 00 3.46 - 10°° Omcm?, a mennosoe - 6 unmepsane om 0.131 do 0.195 K-cu?/Bm. Co
8peMeHeM 3MOom CIOU Modcem pacmu, u, Hanpumep, npu obdueti monwgure 200 mrm ezo
NeKmpuyeckoe KOHMAKMHOE CONPOMUBNIEHUE USMEHAEemcs 6 MOM Jice MmMeMnepamypHom
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unmepeane om 6.40 - 10° 0o 1.73 - 107 Om-cm ?, a mennosoii - 6 unmepsare om 0.655 0o
0.975 K-cm?’/Bm. Dmom pocm cywecmeenno 6enusem He MONbKo HA Nompebumensckue
XapaxkmepucmuKu, HO U Ha HAOEHCHOCMb MEePMOIIEKMPUYECKUX npeodpazosameneti SHepaul.
Hapsody ¢ smum nokasano, 4mo koMnosum oumennypuo HUKeis - meinypuo UCMYma He sA61sAemcs
8bICOK0IPexmusHbIM MepMOdIEKMPULECKUM mamepuanom, HO be3paszmepHas
MEepMOIIeKMPULECKAs apppexmusnocmo KoMno3uma mentypuo sucmyma -
BbICOINEKMPONPOBOOHbIE MEMANIUYECKUe KIACepbl MOXCem CMmamb Cyuwecmsenno Ooavule.
Haiidena npedenvnas  6espasmepnas — mepmodnekmpuyeckas  dQ@exmusHocms — maKoco
xkomnozuma. bubn. 9, puc. 5.

KnioueBble c10Ba: KOHTAKTHOE CONPOTHBIIEHNE, HECTallMOHApHAs AN dy3ns, HHTEPMETaIUTUIb,
TEPMORJIEKTPUUECKMH ~ MaTepuall, JIETMPOBaHHE, METAJUIM3UPOBAHHBIH  KOMIIO3UT, IOPOT
MEPKOJSIINY, HAHOKJIACTEPhl, ONTHMAJIBHBIA COCTaB KOMIIO3HMTA, IIpeAeibHas Oe3pasMepHas
TepMOdJIeKTpUuecKas 3pHEeKTHBHOCTh, BBICOKOTEMIIEPATYPHAS CBEPXIIPOBOJUMOCTb.
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DESIGN OF THERMOELECTRIC GENERATOR
FOR TRANSPORT HIGH-POWER STARTING PREHEATER

A physical model of an autonomous system for pre-start heating of vehicles is considered, in which a
preheater and a thermoelectric generator providing the system with electric energy are combined by
one hydraulic circuit. The results of evaluating the energy characteristics of thermoelectric generators
for such systems and the expected values of the efficiency and total thermal power of systems for
various serial heaters with a thermal power of more than 15 kW are given. Bibl. 29, Fig. 1, Table 1.
Key words: nstarting preheater, thermoelectric generator, physical model, efficiency.

Introduction

To overcome the difficulties related to the operation of vehicles at low temperatures, starting
preheaters are increasingly used - flame heat sources operating from vehicle fuel and heating the engine
coolant [1, 2]. At the same time, an effective method for solving the problem of discharging the storage
battery of vehicles during the operation of starting preheaters is the use of a thermoelectric generator
operating from the heat of the heater and providing autonomous power supply to its components [3 — §]. In
addition, the excess electrical energy from the thermogenerator can be used to recharge the battery and
power other equipment.

At the Institute of Thermoelectricity, an experimental model of a thermoelectric starting preheater
with a thermal power of 3.5 kW and a maximum electrical power of 100 W has been created for heating
vehicles with an engine capacity of up to 4 liters [9 — 11]. Experimental studies of the heater at low
temperatures have confirmed the efficiency of the design and proved its effectiveness as a pre-start source
of heat for the engine and a source of electricity for heater components. [12]

A preliminary analysis [13] indicates the prospects for such applications to improve the operational
capabilities of high-power vehicles, including armoured vehicles.

The purpose of this work is to assess the energy characteristics of the "thermoelectric generator —
preheater" system for high-power vehicles and to determine the necessary parameters of thermoelectric
generators that make it possible to make such a system autonomous and prevent the discharge of vehicle
batteries.

Physical model of “thermoelectric generator-starting preheater” system

The most attractive in terms of efficiency and ease of operation is "thermoelectric generator-
preheater" system, in which the preheater and TEG are combined by a single hydraulic circuit. As a
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thermoelectric generator for this case, a separate thermoelectric preheater of lower thermal power can be
used, the electric power of which is sufficient to power the main preheater. Such a heater can be installed
separately, in an accessible place of the vehicle, which makes it easier to implement. Fig. 1 shows
a physical model of such system for preheating of engines.

A Vg 10

L"&ﬁ@
/_/
74 U

—i

S

>

Starting

~
—p

preheater

Fig. 1. Physical model of “starting preheater—thermoelectric generator” system :

1 —starting preheater burner; 2 — heat exchanger,

3 — starting preheater air fan; 4 — starting preheater fuel pump;

5 — circulation pump, 6 — starting preheater electronic unit;
7 — thermogenerator burner, 8 —hot heat exchanger,

9 —thermopile; 10 — cold liquid heat exchanger;

11 — thermogenerator air fan; 12 —thermogenerator fuel pump;

13 — thermogenerator electronic unit; 14 — electric connection means.

Liquid starting preheater is composed of heat source 1 which is in the internal volume of heat
exchanger 2. As a heat source, a flame burner was used, air and fuel to which are supplied by a fan 3 and a
pump 4. In the heat exchanger of the heater, channels are made in which the heat carrier is heated,
following which, by pumping with the circulation pump 5, it enters the car engine. Starting and controlling
the operation of starting preheater components (air fan, fuel pump, circulation pump) is carried out by the
electronic unit 6.

The thermoelectric generator contains an individual flame burner 7, a hot heat exchanger 8 for
supplying heat to the thermopile 9, a fan 11 and a heat removal system composed by liquid heat
exchangers 10 in which heat carrier is circulating.

Fuel and air delivery to the heat source of thermogenerator is performed by fan 12 and fuel pump 13.
An electronic unit 13 is provided in the model of TEG for stabilization of thermogenerator output voltage
and control of its work.

The thermoelectric generator in such a system operates as follows. The thermal energy resulting
from the combustion of fuel heats the hot heat exchanger, passes through the thermopile and is removed
through liquid heat exchangers where heat carrier is circulating, to the hydraulic circuit common with
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starting preheater. Due to the temperature difference between the hot and cold sides of the thermopile, an
electric current is generated to power the preheater, as well as all electrical elements of the generator itself.

Thus, the system under consideration provides the starting preheater with the necessary electric
energy, practically without using a battery. However, such a system can also perform additional functions,
e.g. a thermogenerator can be used as an auxiliary source of electrical energy in a vehicle.

Results of calculation of the energy characteristics of thermoelectric generator for high-power
autonomous pre-start heating system

The efficiency n for the "preheater-thermoelectric generator” system can be introduced as the ratio of
the received useful energy to the consumed thermal energy Q. Useful energy will be considered the
received thermal energy Q ', which is directly used for preheating the engine, and electrical energy W,
which is required for the operation of the system:

o'+ W
:—i 5 1
n 0 ()

where W; are powers of electric energy system consumers.
The consumed thermal energy of the system will be equal to the total thermal energy of the burners
of the preheater and the thermoelectric generator (TEG):

Q:Q1+st )]

where Q1 and O, are thermal energies of the burners of the preheater and thermal generator that can
be expressed by the following relations:

O =n,-4-m, 3)
Qz =My 'A'mz )

where 141, N2 is efficiency of burners of the preheater and TEG; 4 is calorific value of fuel used to
operate the system; m;, ms is fuel consumption of the preheater and heat generator, respectively.

Part of the heat Q; is used to heat the circulating fluid O3, the other part Oy is carried by the
combustion products into the environment. A similar heat distribution takes place in the thermoelectric
generator, namely, part of the heat Qs from the burner 7 through the thermopiles 9 is transferred to the
liquid heat sinks 10 and discharged into the general heating circuit of the circulating fluid Q;. The rest of
the heat Qs is removed from the heat generator by combustion products.

So, expression (1) for system efficiency will be re-written as follows:

— Q3 + Q7 + W , (5)
O +0,
where useful heat Q7 can be found from heat balance equation:
O, =W+0 +0 (6)
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To assess the efficiency of the system shown in Fig. 1, the characteristics of serial preheaters of
different companies, given on their websites and in the operating instructions [14 - 27], were used.

For instance, starting preheater DBW 350 of company Webasto (diesel
A =43 MJ/kg) has thermal power O3 =35 kW and power consumption m; = 4.4 1/hour [15].

The output electric power of thermal generator is W =394 W: 170 W — for powering the

version,

components of starting preheater, 209 W — for powering the circulation pump and 15 W for power supply
to the components of TEG.
The value of thermal energy QO can be estimated by the following ratio:

w
Nree 0, > (7
where nrzg is the efficiency of thermoelectric generator.

Since the thermal energy (: is used to heat the circulating fluid in the common hydraulic circuit, the
efficiency of the system will not depend on the efficiency of the thermoelectric generator, and,
consequently, on the efficiency of the thermoelectric modules used in the generator. This opens up the
possibility to reduce the cost of the generator by using cheaper modules with lower efficiency, which is an
important difference of the thermoelectric generator for the transport preheater from the generators for
other applications.

To estimate the efficiency of the system, we can take into account that the efficiency of modern
TEGs, where single-stage modules based on bismuth telluride are used, is ~ 3.5% [28]. Therefore, to
provide the specified output electric power, it is necessary to spend approximately O, = 11.3 kW of heat.
Given that the amount of heat Qs lost with the combustion products in the designs of thermoelectric
generators is on average 25% of the thermal power Q> [29], we find the amount of thermal energy Q7 (Q7 =
8.4 kW) consumed to heat the heat carrier and the approximate efficiency of this system (n ~ 80%). Results
of calculations for this and other variants of starting preheaters are given in Table.

Table
Results of calculations of the energy characteristics of
“thermoelectric generator — starting preheater” system
Specifications of high-power serial starting preheaters [13 —26] Calculation results
Total
) o Efficienc
Output Electric Output thermal
Fuel flow y of
, thermal power thermal power of
Model of starting ) rate of the “TEG-
heat power of the | consumption heat power of “TEG- heater”
reheater eater eater
P heater, of the heater, ’ TEG, heater”
1/hour system,
kW W kW system, v,
kW °
Webasto
(Germany) 16 194° 2.3 4.5 20.5 71.9
DBW 160
Webasto
(Germany) 23.3 214" 3.0 4.9 28.2 78.4
DBW 230
Webasto 30 339" 4.0 7.6 37.6 76.2
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Specifications of high-power serial starting preheaters [13 —26] Calculation results
: Total Efficienc
Output Electric Output thermal
thermal power Fuel flow thermal power of y of
Model of starting ) rate of the “TEG-
power of the | consumption power of “TEG-
preheater heater, heater”
heater, of the heater, Vhour TEG, heater” system
kW W kW system, % ’
kW
(Germany)
DBW 300
Webasto
(Germany) 35 379™ 4.4 8.4 43.4 79.9
DBW 350
Eberspécher
(Germany) 16 164 2 3.8 19.8 80.2
Hydronic L 16
Eberspécher
(Germany) 24 184 2.9 43 28.3 82.7
Hydronic L 24
Eberspacher
(Germany) 30 3157 3.7 7.1 37.1 81.1
Hydronic L 30
Eberspacher
(Germany) 35 330" 4.2 7.4 42.4 83.0
Hydronic L 35
Teplostar (RF) 15 132 2 3.2 18.2 76.1
14 TC-10
Teplostar (RF)
20 TC.D38 20 200 2.5 4.6 24.6 80.3
Teplostar (RF)
APZh — 30D-24 30 336 3.7 7.5 37.5 81.1
SHAAZ (RF)
24 170 3.8 4.0 28.0 65.5
PZhD24B
SHAAZ (RF)
PZHD 30 30 340 5 7.6 37.6 63.6
SHAAZ (RF) 30 340 5 7.6 37.6 63.6
PZhD30G
SHAAZ (RF)
PZRD30E 30 340 5 7.6 37.6 63.6
SHAAZ (RF)
30 340 5 7.6 37.6 63.6
PZhD30L
SHAAZ (RF) 30 340 5 7.6 37.6 63.6
PZhD30M
SHAAZ (RF) 30 140 3.8 33 333 79.5
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Specifications of high-power serial starting preheaters [13 —26] Calculation results
) Total Efficienc
Output Electric Output thermal
thermal power Fuel flow thermal power of y of
Model of starting ) rate of the “TEG-
power of the | consumption power of “TEG-
preheater heater, heater”
heater, of the heater, Vhour TEG, heater” system
kW WY kW system, % ’
kW
0ZhD30.8106010
SHAAZ (RF)
PZLDA4Sh 37 340 8.5 7.6 44.6 47.6
SHAAZ (RF)
58 490 11.4 10.8 68.8 54,4
PZhD600
PROHEAT
(Canada) 15 218" 1.8 5.0 20.0 82.5
M50 12V
PROHEAT
(Canada) 15 229" 1.8 52 20.2 82.5
M50 24V
PROHEAT
(Canada) 23 206" 3 4.7 27.7 77.5
MS80 12V
PROHEAT
(Canada) 23 229! 3 5.2 28.2 77.6
M80 24V
PROHEAT
(Canada) 26 229" 3.1 52 31.2 83.5
M90 24V
PROHEAT
(Canada) 31 437" 4 9.7 40.7 78.3
M105 24V
PROHEAT
(Canada) 37 437" 4.2 9.7 46.7 86.4
M125 24V

* — with regard to electric power consumption (104 W) of circulation pump U 4814;
** — with regard to electric power consumption (209 W) of circulation pump U 4851;

*ok

* — with regard to electric power consumption (104 W) of circulation pump Flowtronic 5000;

stk

— with regard to electric power consumption (210 W) of circulation pump Flowtronic 6000 SC.

As can be seen from Table 1, the efficiency of "thermoelectric generator - preheater" system for
most variants of heaters is at the level of 75-80%. In this case, taking into account the thermal power
produced by the heat generator, more powerful modifications of heaters can be replaced by an autonomous
system consisting of a less powerful heater and a thermoelectric generator that provides the entire system
with electricity. For example, instead of a preheater Hydronic L 35 with a thermal power of 35 kW, an
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autonomous system can be used, which consists of a Hydronic L 30 heater with a thermal power of 30 kW

and a thermoelectric generator with a thermal power of 7 kW and an electric one of about 350 W, which is

enough to power such a system. For the most powerful starting preheater PZhD600 among those listed in

the table with a thermal power of 58 kW, the thermoelectric generator must have a useful thermal power of
11 kW and an electric one - 0.5 kW (with the efficiency of the thermoelectric generator ~ 3.5%). The total
thermal power of such a system will be about 70 kW, which is sufficient for use in armoured vehicles.

The above estimates of energy characteristics of thermoelectric generators are the basis for designing

such a generator for a specific variant of the preheater.

Conclusions

1.

The energy characteristics of thermoelectric generators for autonomous preheating systems of high-
power vehicles are evaluated. The expected values of efficiency and total thermal power of the
"thermoelectric generator — preheater" systems for serial heaters with a thermal power over 15 kW are
determined.

It is established that the efficiency of the "thermoelectric generator - preheater" system for most
variants of heaters is at the level of 75-80%. In this case, taking into account the heat output produced
by the heat generator, more powerful modifications of heaters can be replaced by an autonomous
system consisting of a less powerful heater and a thermoelectric generator that provides the entire
system with electricity.

It is obtained that a preheater with a thermal power of 58 kW (for example, type PZhD600) can be
used to provide the vehicle with thermal energy up to 70 kW, combined into one hydraulic circuit with
a thermoelectric generator with a thermal power of 11 kW. In this case, the electricity consumed by
the system (0.5 kW) will be fully provided by the heat generator.
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Pozenanymo ¢hisuuny modenv asmonomuoi cucmemu 01 NepeonycKo8o2o po3icpiey MpaHCHOPMHUX
3aco06is, y AKill nepednycKosull HAZPi6HUK i mepMoereKMpPUYHULL 2eHepamop, wo 3abe3neyye cucmemy
eIeKMPUYHOIO eHepeicio, 00'€OHani oOHUM 2iopasniynum kowmypom. Haeedeno peszynomamu oyinxu
EHePeeMUUHUX XaAPAKMePUCmuK mepMOeIeKmpUdHUX 2eHepamopie O MaKux cucmem ma OYiKy6aHi
snauenns KK/[ ma 3acanvHoi mennosoi nomysicHocmi cucmem Osi PISHUX CEPILHUX HASPIGHUKIG
mennogor nomyoscHicmio nonao 15xkBm. bion. 29, puc. 1, mabn. 1.
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Paccmompena  guszuueckas modenv  asmoHOMHOU — cucmemvl Ol NPeOnyCcKo8020  pazozpesa
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provide conditions for the tank crew, which is an important prerequisite for their combat missions.
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Introduction

General characterization of the problem. In modern armoured vehicles, in particular tanks of the
leading countries of the world, air conditioning is actively used to ensure the working conditions of the
crew. Particularly relevant is the use of such air conditioners at elevated ambient temperatures. The
analysis of the literature shows that the presence of people under elevated ambient temperatures for a long
time significantly reduces the efficiency of their work and, with a significant rise in temperature, there is
even a risk of loss of consciousness. This jeopardizes the ability to perform combat missions. On the other
hand, with a sharp decrease in air temperature inside the tank, there is a risk of acute respiratory diseases,
which also reduces the efficiency of the tank crew [1].

The literature mentions the possibility of air conditioning in vehicles, in particular armoured
vehicles, by various methods [2 — 8]. Particular attention is paid to the use of compression air conditioners.
This is due to their relatively high efficiency. However, they also have a number of disadvantages, in
particular, the presence of environmentally hazardous refrigerants, low reliability, sensitivity to mechanical
overloads and spatial orientation, which significantly reduces the attractiveness of using such air
conditioners. This situation is especially relevant when using these air conditioners in military equipment,
due to the presence of increased requirements for its reliability. These disadvantages are eliminated by
using thermoelectric conditioners [8, 19, 20].

The analysis of the literature shows that thermoelectric air conditioners are most widely used in the
Russian Federation. All serial models of Russian tanks (including export models), starting with the T-90M
"Proryv-3" (in service since 2018), are equipped with thermoelectric air conditioners manufactured by JSC
Scientific and Production Corporation "Uralvagonzavod" named after F.E. Dzerzhinsky ”(Russian
Federation) [9, 10]. In addition, CJSC “Konditsioner” (Russian Federation) carries out mass production of
thermoelectric conditioners for T-14 Armata tanks [11].
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Active studies of thermoelectric air conditioning of tanks under high temperature conditions are
underway in India [12, 13]. The thermoelectric air conditioner was integrated into Arjun's main Indian
battle tank (in service since 2006) and successfully demonstrated at the Avad Main Research Laboratory
(CVRDE), India and at the Mahajan Field Range in Rajasthan (Indo-Pakistan border) in June 2005 [13].

The development of thermoelectric air conditioners for military equipment (including tanks) is also
underway in leading countries around the world, including companies like EIC Solutions Inc. (USA) [14],
TECA Corporation (USA) [15], Marlow Industries, Inc. (USA) [16], Global Thermoelectric, Inc. (Canada) [17].

The above models of air conditioners have a number of drawbacks, in particular, a rather low
coefficient of performance, which worsens their competitive capabilities in comparison with compression
refrigerators.

The purpose of this work is to investigate the possibility of using thermoelectric air conditioners to
provide conditions for the tank crew, which is an important prerequisite for their combat missions.

Physical model

Physical model of a thermoelectric air conditioner for tanks is presented in Fig.1.

______________——————-—'_-_-_-_-_-_-__ T:-.rr
10 a

11

o DN

Fig. I Physical model of a thermoelectric air conditioner for tanks:
1 — cooled volume, 2 —release of heat Q, inside the cooled volume,

3 — air fan that consumes electric power W, 4 — cold air heat exchanger of the internal unit
of thermoelectric air conditioner, 5 —thermoelectric energy converter that consumes electric power W,
6 — hot liquid heat exchanger of the internal unit of thermoelectric air conditioner,
7 — liquid pump that consumes electric power W3, 8 — liquid-air heat exchanger of the external
unit of thermoelectric air conditioner, 9 — air fan that consumes electric power W,
10 — environment, 11 — liquid heat carrier, 12 — heat inleak Q> through insulation.

It consists of two parts - an internal unit inside the tank which provides heat removal from the cooled
volume 1, and an external unit which is located on the outer surface of the tank and serves to dissipate the
heat flow into the environment 10. The internal unit of the air conditioner consists of a system for
transferring heat flow from the cooled volume 1 to thermoelectric modules 5, which contains an air fan 3
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and an air heat exchanger 4, and a system for removing heat flow from thermoelectric modules by a liquid
heat exchanger 6 using a liquid pump 7. As a liquid heat carrier 11, a liquid with a low congelation point -
antifreeze was used. The external unit of the air conditioner contains an air-liquid heat exchanger 8 with an
air fan 9, which ensures the dissipation of the heat flux from the air conditioner into the environment. It
should be noted that the source of heat inleak inside the cooled volume 1 is internal heat sources 2 (heat
inleak from crew members and equipment working inside the cooled volume) and flows from the
environment through the insulation of the tank 12, depending on the quality of thermal insulation and the
temperature difference between the internal volume and the environment.

It should be noted that, according to sanitary requirements [1], the temperature difference between
the ambient air and the volume of air cooled by an air conditioner should not exceed 15 K. However,
depending on the value of the ambient air temperature, this difference is different [1]. These requirements
were also used in the calculations.

Mathematical and computer description of the model

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

divE =0 (1)
and electric charge
divj =0, (2)
where
E=g+Uj, (3)
G=xVT+alj, 4)
j=-cVU -caVT. (5)

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

potential, 7 is temperature, o, o, k are the Seebeck coefficient, electric conductivity and thermal
conductivity.
With regard to (3) — (5), one can obtain

E=—(x+0’cT +aUc)VT —(0oT +Us)VU. (6)
Then the laws of conservation (1), (2) will acquire the form:
~V[(x+a’6T +aUo)VT |- V[(acT + Uc)VU]=0, (7)
-V(caVT)-V(cVU)=0. (8)
These nonlinear differential equations of second order in partial derivatives (7) and (8) determine the
distribution of temperature 7 and potential U in thermoelements.

An equation describing the process of heat transport in the walls of heat exchangers in the steady-
state case is written as follows:
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v('kl 'VTl ):Ql‘ ©

where ki is thermal conductivity of heat exchanger walls, V7, is temperature gradient, Q; is heat flux.

The processes of heat-and-mass transfer of heat carriers in heat exchanger channels in the steady-
state case are described by equations [18]

P =
-Ap— f,— ||+ F =0, 10
V(A4pv) =0, (11)

- pA ;3
pACpV V]; =V Ak2VT2 +fD d_|v| + QZ + wall > (12)

h

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

C, is heat carrier heat capacity, 7, is temperature, v is velocity vector, k; is heat carrier thermal

. : . 44 . . . . . .
conductivity, f,, is the Darcy coefficient, d :7 is effective diameter, Z is perimeter of tube wall, Q,is

heat which is released due to viscous friction [W/m] (per unit length of heat exchanger), O, , is heat flux
coming from the heat carrier to the tube walls [W/m]
Qwall:h'z'(]—;_];)’ (13)
where 4 is heat exchange coefficient which is found from equatio
Nu -k
h= 2 14
7 (14)

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

(J;’)(Re—IOOO)Pr

1+ 12.7(fdj2 [Pr§ - 1]
8

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

Nu =

, (15)

where Pr=—2 H

2
The Darcy coefficient f, is found with the use of the Churchill equation for the entire spectrum of
the Reynolds number and all the values of e/d (e is roughness of wall surface)
12

szs{i +(A+B)_l‘5} , (16)

Re

0.9 10 16
where A=|-2.457-1In (lj +0.27(e/d) , 32(3753Oj '
Re Re

Solving Egs. (7)-(12), we obtain the distributions of temperatures, electric potential (for
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thermoelements), velocities and pressure (for heat carrier).
The above differential equations with the respective boundary conditions were solved using Comsol
Multiphysics package of applied programs.

Design results

An analysis of existing types of tank air conditioners [2-7] shows that the amount of heat flow to be
discharged from the internal volume of the tank into the environment is 3 kW. At the same time, the
highest regulated ambient temperatures can reach 500C. As noted earlier, according to sanitary
requirements [1], the temperature difference between the ambient air and the volume of air cooled by an air
conditioner should not exceed 10-15 K, depending on the ambient temperature.

In accordance with the specified requirements and the proposed physical model of the thermoelectric
air conditioner, the energy characteristics of the air conditioner were calculated taking into account the
energy consumption for ensuring heat transfer conditions.

Thus, to provide the required cooling capacity 3 kW at ambient temperatures up to 50 C and a
temperature difference of~15 K, a power output of 2.5 kW is required, which corresponds to the energy
efficiency value of e = 1.2.

Comparison of the design results with the parameters of known thermoelectric air conditioners for
tanks [2 — 7] shows their advantages in energy efficiency by 20-40%, which opens up good prospects for
their practical use.

It should be noted that the requirements to be able to operate at elevated ambient temperatures are
easily realized with the use of thermoelectric air conditioners (as opposed to using compression coolers),
since with a rise in ambient temperature while maintaining the temperature difference, the efficiency of
thermoelectric conditioners even grows [20].

In addition, an important advantage of thermoelectric air conditioners is the possibility of using them
in heating mode, with their energy efficiency even increasing [21].

Conclusions

1. Physical, mathematical and computer models of thermoelectric air conditioner for tanks have been
developed.

2. Design of thermoelectric air conditioner for tanks was performed with regard to requirements for their
operation. Thus, to assure the required cooling capacity 3 kW at ambient temperature up to 50 C and
temperature difference ~ 15 K, the required electric power is 2.5 kW, which corresponds to energy
efficiency e = 1.2.

3. Comparison of the design results with the parameters of known thermoelectric air conditioners for tanks
shows their energy efficiency advantages by 20-40%, which opens up good prospects for their practical
use.

4. Tt is determined that the energy efficiency of thermoelectric air conditioners is higher under the
conditions of elevated ambient temperatures and when used in heating mode.

References

1. http://zakon.rada.gov.ua/laws/show/v1182400-74.
2. Lee, M.Y., Lee, D.Y. (2013). Review on conventional air conditioning, alternative refrigerants and
CO2 heat pumps for vehicles. Adv. Mech. Eng., 5, 713924

ISSN 1607-8829 Journal of Thermoelectricity Ne5, 2019 31



A.V. Prybyla, L.1.Anatychuk
Thermoelectric air conditioners for tanks

3. Lee, H.S., Lee, M.-Y. (2013). Cooling performance characteristics on mobile air conditioning system
for hybrid electric vehicles. Adv. Mech. Eng., 5, 282313.

4. Ma, G.Y. (1998). Study on thermoelectric air conditioning for electric vehicles. Refrig. Air Cond, 14,
5-10.

5. Lee, D. (2015). Experimental study on the heat pump system using R134a refrigerant for zero-
emission vehicles. Int. J. Automot. Technol, 16, 923-928.

6. Qi, Z.G. (2014). Advances on air conditioning and heat pump system in electric vehicles — A
review. Renew. Sustain. Energy Rev, 38, 754-764.

7. Qinghong Peng and Qungui Du (2016). Progress in heat pump air conditioning systems for electric
vehicles. A review. Open Access Energies, 9(4), 240; doi: 10.3390/en9040240.

8. Rozver Yu.Yu. (2003). Thermoelectric air conditioner for transport means. J.Thermoelectricity, 2,
52 - 56.

9. http://eurobusiness.rf/2018/04/06/18/

10. http://tass.ru/armiya-i-opk/5099575

11. http://gurkhan.blogspot.com/2017/09/blog-post 85.html

12. Chatterjee & et. al. Solid state cooling / heating micro climate conditioning device & a garment
connected therewith, Patent Sealing.

13. Sh. Chatterjee. (2016). Thermoelectrics in Indian scenario, J. Thermoelectricity, 6, 5 — 20.

14. https://www.eicsolutions.com

15. http://www.thermoelectric.com

16. https://www.marlow.com

17. https://www.sedar.com

18. Lurie Michael V. (2008). Modeling of oil product and gas pipeline transportation. Weinheim:
WILEY-VCH Verlag Gmbh & Co. Kgaa.

19. Anatychuk L.I., Prybyla A.V. (2016). Comparative analysis of thermoelectric and compression heat
pumps for individual air conditioners. J. Thermoelectricity, 2, 33 — 42.

20. Anatychuk L.I., Prybyla A.V., Korop M.M. (2016). Comparative analysis of thermoelectric and
compression heat pumps for individual air conditioners at elevated ambient temperatures.
J.Thermoelectricity, 5, 95 — 98.

21. Anatychuk L.I., Prybyla A.V. (2019). On the efficiency of thermoelectric air conditioners for vehicles.
J.Thermoelectricity, 1, axi cTopiaku?

Submitted
Anatnuyk JILL ax. HAH Vipainu,!
Hpuéuna A.B., xano. guz.-mam. nayx’
Tncturyt Tepmoenextpuku HAH i MOH VYikpainu,
Byn. Hayku, 1, Yepnismi, 58029, Ykpaina;
e—mail: anatych@gmail.com;
PO TEPMOEJIEKTPUYHI KOHAUIIOHEPH /U151 TAHKIB
32 Journal of Thermoelectricity Ne5, 2019 ISSN 1607-8829



A.V. Prybyla, L.1.Anatychuk
Thermoelectric air conditioners for tanks

YV pobomi nasoosmucs pesynomamu 00cnioAHceHb MOACIUBOCMEN BUKOPUCTNANHSA MEPMOCTEKMPULHUX
KOHOUYioHepie Oiisi 3abe3nedeHHst yMo8 nepedysants exinaicy manky, wo € 8aliciugoio nepedymosoro
BUKOHAHHS HUMU 601l08UX 3a60aHb. bion. 21, puc. 1.

Kui04yoBi ciioBa: TepMOENneKTpUIHUN KOHAUIIOHED, TAHKH, €(PEKTUBHICTb.

Anarmayk JLL ax. HAH Ykpainu,'
Mpubsuia A.B., xano. ¢us.-mam. nayx'

"MucTutyT TepMosnexrpruectsa HAH 1 MOH YkpauHsr,
yn. Hayku, 1, Uepaosupsl, 58029, YkpanHa,

e—mail: anatych@gmail.com;

O TEPMOJJIEKTPUYECKUX KOHAUIINOHEPAX /UIS1 TAHKOB

B pabome  mpusooamcs  pesyibmamuvl  UCCIEO0BAHUS  BO3MONCHOCMEU  NPUMEHEHUs
MEPMOINEKMPUYECKUX KOHOUYUOHEPOS OISl 0OeCneueHUst HAOeHCAUUX YCI08ULL NPeObl8aHUsL IKUNAICA
MAHKA, Ymo 6I51eMcsl 8ANCHOU NPeONnOCbLIKOU 8bINOJIHEHUs. umM 6oesbix 3aday. bubn. 21, puc. 1.
KJ1oueBble €J10Ba: TEPMOIIEKTPUUECKUN KOHAUIMOHED, TAHKH, 3P HEKTHBHOCTD.

References

1. http://zakon.rada.gov.ua/laws/show/v1182400-74.

2. Lee, M.Y., Lee, D.Y. (2013). Review on conventional air conditioning, alternative refrigerants and
CO2 heat pumps for vehicles. Adv. Mech. Eng., 5, 713924

3. Lee, H.S., Lee, M.-Y. (2013). Cooling performance characteristics on mobile air conditioning system
for hybrid electric vehicles. Adv. Mech. Eng., 5, 282313.

4. Ma, G.Y. (1998). Study on thermoelectric air conditioning for electric vehicles. Refrig. Air Cond, 14,
5-10.

5. Lee, D. (2015). Experimental study on the heat pump system using R134a refrigerant for zero-
emission vehicles. Int. J. Automot. Technol, 16, 923-928.

6. Qi, Z.G. (2014). Advances on air conditioning and heat pump system in electric vehicles — A
review. Renew. Sustain. Energy Rev, 38, 754-764.

7. Qinghong Peng and Qungui Du (2016). Progress in heat pump air conditioning systems for electric
vehicles. A review. Open Access Energies, 9(4), 240; doi: 10.3390/en9040240.

8. Rozver Yu.Yu. (2003). Thermoelectric air conditioner for transport means. J.Thermoelectricity, 2,
52 —56.

9.  http://eurobusiness.rf/2018/04/06/18/

10. http://tass.ru/armiya-i-opk/5099575

11. http://gurkhan.blogspot.com/2017/09/blog-post 85.html

12. Chatterjee & et. al. Solid state cooling / heating micro climate conditioning device & a garment
connected therewith, Patent Sealing.

13. Sh. Chatterjee. (2016). Thermoelectrics in Indian scenario, J. Thermoelectricity, 6, 5 — 20.

ISSN 1607-8829 Journal of Thermoelectricity Ne5, 2019 33



A.V. Prybyla, L.1.Anatychuk
Thermoelectric air conditioners for tanks

14. https://www.eicsolutions.com

15. http://www.thermoelectric.com

16. https://www.marlow.com

17. https://www.sedar.com

18. Lurie Michael V. (2008). Modeling of oil product and gas pipeline transportation. Weinheim:
WILEY-VCH Verlag Gmbh & Co. Kgaa.

19. Anatychuk L.I., Prybyla A.V. (2016). Comparative analysis of thermoelectric and compression heat
pumps for individual air conditioners. J. Thermoelectricity, 2, 33 — 42.

20. Anatychuk L.I., Prybyla A.V., Korop M.M. (2016). Comparative analysis of thermoelectric and
compression heat pumps for individual air conditioners at elevated ambient temperatures.
J.Thermoelectricity, 5, 95 — 98.

21. Anatychuk L.I., Prybyla A.V. (2019). On the efficiency of thermoelectric air conditioners for vehicles.
J.Thermoelectricity, 1, ki cropiHku?

Submitted

34 Journal of Thermoelectricity Ne5, 2019 ISSN 1607-8829



Prybyla A.V.!?

'Institute of Thermoelectricity of the NAS and MES of Ukraine,

B 1 Nauky str., Chernivtsi, 58029, Ukraine;
. *Yuriy Fedkovych Chernivtsi National University
_ 2 Kotsiubynskyi str., 58000, Ukraine
= EFFICIENCY INCREASE
A.V. Prybyla
OF THERMOELECTRIC COOLING MODULE
FOR X-RAY DETECTOR

The paper presents the results of designing a multi-stage thermoelectric cooling module for X-ray detectors.
The design of a thermoelectric cooler as a part of X-ray detector is developed and the technique of increase of
its energy efficiency is offered. Bibl. 11, Fig. 1.

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

Introduction

General characterization of the problem. Thermoelectric coolers are widely used to ensure optimal
operating modes of various radiation detectors [1, 2]. Their use with semiconductor X-ray detectors is
especially relevant, which significantly increases their resolution [3-9].

In [3], the results of computer design of a thermoelectric multi-stage cooler for X-ray detector are
presented. The optimal geometric dimensions and operating modes of the cooler were determined, which
provide the best operating conditions for X-ray detector. However, the analysis of the thermal circuit of a
thermoelectric cooler for X-ray detector showed the presence of heat loss, which leads to a decrease in its
energy efficiency.

Therefore, the purpose of the work is to analyze the possibilities of increasing the efficiency of a
thermoelectric cooler for X-ray detector.

Physical model

For the calculations, we have used the physical model of a thermoelectric cooler as part of X-ray
detector presented in Fig. 1. It consists of a housing 2 with a beryllium window 1 through which radiation
enters X-ray detector 3. The required temperature and thermal conditions on the surface of X-ray detector
are provided by a multi-stage thermoelectric cooler with an electric power W consisting of n- and p-type
thermoelectric material legs 9, electrically conductive interconnect plates10, ceramic electrical insulation
plates 11 and electrical leads 8. A vacuum is created inside the detector housing 5 to reduce heat losses.
The heat flow is removed from the thermoelectric cooler through the base of detector housing 6 and its
fixture 7.

Analysis of the thermal circuit of X-ray detector showed that the source of the greatest losses of
efficiency of the thermoelectric cooling module (which also leads to a decrease in the maximum
temperature difference) are thermal inleaks to the thermoelectric legs of the module cascades due to
radiation. In order to reduce these losses, it was proposed to improve the design of the thermoelectric
module by introducing additional radiation shields 4 in Fig.1.
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Fig. 1. Physical model of a thermoelectric multi-stage cooler as part of X-ray detector:
1 — beryllium window; 2 — device housing, 3 — X-ray detector;
4 — radiation shields; 5 — internal space of a device where vacuum is created;
6 — device housing base, 7 — device fixture;
8 — electrical leads; 9 — n- and p-type thermoelectric material legs,
10 — electrical interconnect plates, 11 — ceramic electrical insulating plates.

Mathematical and computer descriptions of the model

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

0. =" -T), (1)
0, =1,(1,? -T") o
0, =% ~T,)
0,=0.+W,. 3)

Here, T is detector surface temperature, 7. is thermoelectric module cold side temperature, ¥, is
thermal contact resistance, 7> is thermoelectric module hot side temperature, 7,” is detector base

temperature; 7, is temperature of surface to which heat is removed, y, is thermal contact resistance, y, is
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thermal resistance of heat exchanger on the “hot side” of thermoelectric converter, Qyis refrigerating
capacity, QO is heating capacity.

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

c o O T+ O,N,)-0.5’R—\MT, - T, —(Q,N, + Q,N,))
W +W, wo+W, '

“4)

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

consumed to provide heat exchange,

le(X1+X2)’ N (X3+X4). (5)

e Ll

To design the thermoelectric cooler, the COMSOL Multiphysics software package was used [10].
For this purpose, the equations of the physical model must be presented in a certain form, as will be shown
below.

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

divE =0 (6)
and electrical charge
divj =0, (7
where
E=G+U], (®)
G=xVT+alj, 9)
j=-oVU -caVT. (10)

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

potential, T is temperature, o, o, k are the Seebeck coefficient, electrical conductivity and thermal
conductivity.
With regard to (8) — (10), one can obtain
E=—(k+0o’cT+aUc)VT —(acT +Uc)VU. (11)
Then the laws of conservation (5), (6) will take on the form:

~V[(x+0’cT +aUc)VT |- V[(asT +Us)VU]=0, (12)

-V(caVT)-V(cVU)=0. (13)

ISSN 1726-7714 Journal of Thermoelectricity Ne6, 2019 37



Prybyla A.V.
Efficiency increase of thermoelectric cooling module for X-ray detector

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

Solving these equations with the use of technology of object-oriented computer simulation [10] and
optimal control theory [11] allows finding optimal design of thermoelectric converter and the dependences
of its characteristics.

Computer design results

As a result of computer design of the improved model of the thermoelectric cooler (according to the
physical model in Fig. 1), its energy characteristics were calculated and compared with the results of
previous studies [2].

Thus, the thermoelectric cooler has 4 stages — each comprising 6, 12, 27 and 65 pairs of legs of
thermoelectric material, with its overall dimensions - 12 x 16 x 12 mm while providing the cooled area
4 x 8 mm. The dimensions of thermoelectric material legs based on n- and p-type bismuth telluride (Bi>Te3)
-0.6x 0.6 x 1.8 mm. Electrical insulating plates are made of alumina (4/;03) 0.5 mm thick, electrical
connections are made of copper (Cu) with anti-diffusion layer of nickel (Ni) 0.1 mm thick. In addition, the
thermoelectric cooler contains radiation shields that have thermal contact with the surface of each stage and
provide reduction of heat loss due to radiation.

Comparison of simulation results with previous studies [2] shows that the presence of radiation
shields leads to a decrease in heat loss inside the thermoelectric multi-stage module by30% (Qp = 31 mW).

When the temperature at the detector 7’ =-70 °C and at the heat sink temperature 7, = +20 ° C,

the coefficient of performance of the thermoelectric cooler is € = 0.023. Therefore, the electric power that
will be consumed by such a converter is W = 1.5 W.

Moreover, the use of radiation shields opens up opportunities to increase the maximum temperature
difference of the thermoelectric module by 5 K, which is important to ensure optimal operating modes of
X-ray detectors.

Conclusions

1. The possibility of increasing the energy efficiency of a thermoelectric cooler for X-ray detector by
using radiation shields is revealed.

2. It is established that the presence of radiation shields leads to a decrease in heat loss inside the
thermoelectric multi-stage module by 30%.

3. It is determined that when the temperature at the detector is provided 7" = -70 °C and at the heat

sink temperature 7, =+20 °C the coefficient of performance of the thermoelectric cooler is &€ = 0.023.

Therefore, the electric power that will be consumed by such a converter is W= 1.5 W,
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ABOUT THE PECULIARITIES OF PROGRESS
IN THE WORKS TO CREATE THERMOELECTRIC
RECUPERATORS FOR VEHICLES

Kysv P.B.

The analysis of publications, patents, reports at scientific conferences related to the creation of
thermoelectric recuperators for the utilization of heat from vehicles is carried out. Conclusions are
made on the prospects for further development of such studies.Bibl. 148, Fig. 5.

Key words: thermoelectric generator, exhaust gas, heat recovery.

Introduction

General characterization of the problem.

The use of thermoelectricity for the utilization of waste heat in order to obtain electrical energy has
been and remains the subject of interest of specialists dealing with thermoelectricity for the last almost
three decades. Internal combustion engines (ICEs) of vehicles occupy a significant place among the
sources of waste heat. Therefore, this interest is understandable, since, despite the efficiency of internal
combustion engines, almost 2/3 of the thermal energy (Fig. 1) obtained from burning gasoline or diesel fuel
is given to the environment, contributing to the thermal pollution of our planet.
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Fig. 1. Energy balance in the internal combustion engine.

ISSN 1607-8829 Journal of Thermoelectricity Ne2, 2020 41



Anatychuk L.1., Kuz R.V.

About the peculiarities of progress in the works to create thermoelectric recuperators for vehicles

The purpose of this work is to analyze the achievements and prospects in the field of thermoelectric

recuperators for vehicles.

Progress in the works to create thermoelectric generators (TEG) for vehicles

The geography of research and development of TEG for vehicles covers most of the countries where

thermoelectric studies are pursued. More than a hundred reports at many conferences were devoted to the

results of such works (Fig. 2).

oICT International Conlerence on Thermoelectrics 32

eECT  European Conference on Thermoelectrics 21

eDEER Conference on Directions in 7
Engine-Efficiency and Emissions Research
oEERE Conference of U.S Department of Energy 5
Office of Energy Efficiency and Renewable Energy
o[ECEC International Energy Conversion
Engineering Conlerence
o AIP Conference of the American
Institute of Physics 6
e[McchE Conference of the Institution
of Mechanical Engineers
oAV Society of Automotive
Engineers, Germany 7
eThermoelectrics goes
. Y - P 18 B g
automotive, Ger many
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Fig. 2. The dynamics of growth in the number of reports at
international conferences on TEG for vehicles [I - 52].

It should be noted that the peak of research on such thermoelectric generators falls on 2010. After

that, there is a decrease in the number of such works. Similar dependences are observed in the number of

publications. Their maximum also falls on 2010 with a curtailment of activity in subsequent years (Fig. 3).
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Fig. 3. Dynamics of TEG research activity for vehicles [53 - 148].
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The rapid growth in the number of works from the 1990s to the 2010s was the result of hopes for the
introduction of automotive thermoelectric generators. However, during this period, in most cases, the
samples of generators were developed without proper theoretical justification, simply based on the
experience of creating thermogenerators for other purposes - space, autonomous ground, underwater, and
so on. About a hundred papers have been published and almost the same number of patents have been
received. The result of these efforts was an increase in the power of generators for vehicles up to 1 kW
(Fig. 4). Efficiency also increased (Fig. 5), but in the values 8 - 10 times less than expected.
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Fig. 4. Growth of TEG power for vehicles. Fig. 5. Growth of TEG efficiency for vehicles.

Nevertheless, the results obtained provided important information about the possibility of using

thermogenerators for the utilization of waste heat from vehicles. Let us consider the main ones.

1. It should be recognized that the development of generators for cars is one of the most complex,
based on the requirements for them and their properties:

— restrictions on weight and volume due to their shortage, especially on cars;

— increased requirements for traffic shaking;

— significant dependence of thermal power on time leading to increased requirements for the
cyclic thermal resistance of generators;

— lack of stability in electrical voltages and powers, which requires the use of special
electronic means to overcome these disadvantages;

— inefficient use of generators due to their predominant operation in the modes far from
maximum power and efficiency;

— low efficiency values, which cause the high cost of electricity received from generators;

— restrictions on large-scale use of generators due to insufficient tellurium;

— heat removal from generators and other problems.

2. The use of thermogenerators in other non-automotive vehicles - diesel locomotives, airplanes,
and especially water transport, where the above problems and limitations are less significant
looks more promising.

3. In general, progress in thermoelectricity leaves the dream of creating thermoelectric generators
for transport vehicles not hopeless. Enthusiasts of this business hope that with a decrease in the
cost of generators by 3 -5 times and the provision of their other specific properties, conditions
will arise that are promising for their industrial use.

Such results make the idea of creating thermoelectric generators for mass production unattractive, so
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many of the developers abandoned their further development. In addition, theoretical work led to an

understanding of the complexity in the implementation of the idea of thermoelectric generators for cars and

became the reason for the curtailment of work in this direction.

Based on these results, it is important in general to consider how promising are further studies in this

direction and what real results should be expected in this case.

Conclusions

1. Nonoptimal research and development, when numerous experimental attempts were made without

adequate theoretical justification, resulted in an excessive waste of resources and time.

2. The use of TEG on cars is one of the most complex applications of thermoelectricity. Primarily due to

a non-stationary heat source, shock and vibration loads, size and weight limitations.

3. A new approach is necessary to consider thermoelectric generators for vehicles, where a

thermoelectric generator and an internal combustion engine are jointly considered.
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ITPO OCOBJIMBOCTI PO3BUTKY POBIT
ITO CTBOPEHHIO TEPMOEJIEKTPUYHUX
PEKYIIEPATOPIBVIA TPAHCIIOPTHUX 3ACOBIB
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MPAHCONPMHUX  3ac00i6. 3pobNeHo BUCHOBKU NPO NEPCREeKmuUsU NOOAIbUI020 PO3GUMKY MAKUX
docnioxcenv. bion. 143, puc. 5.
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O OCOBEHHOCTH PA3ZBUTUA PABOT
ITO CO3JAHMIO TEPMOJJIEKTPUYECKHUX
PEKYIIEPATOPA JIUIS TPAHCIIOPTHBIX CPEACTB

B pabome nposeden amanuz nybauxayuii, nameHmos, OOKIA008 HA HAYYHLIX KOHDEPeHYUsX,
KACAowuxcsa co30aHus MepMOoINIeKmpuieckux peKynepamopos Oas Ymuausayuu omxoooe menida om
mpanconpmuux  cpeocms. COenanvl  bi600bl 0 NEPCHEKMUBAX OATbHEUWe20 pPA3eumus maKux
uccneooganutl. bubn. 143, puc. 5.

KaioueBble ci10Ba: TEPMODIICKTPUUECKUI IT'eHEPATOP, BBIXJIOHOM a3, yTUIIM3aLHs TeIlIa.
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ON THE USE OF THERMOELECTRIC MICROGENERATORS
FOR POWERING CARDIAC PACEMAKERS

The paper describes the design and operation of modern pacemakers, as well as their
classification by the mechanism of work and power supplies. A comparative analysis of power
supplies is given and prospects for the use of thermoelectric microgenerators for powering
pacemakers are determined. Bibl. 66, Fig. 15, Tabl. 8.

Key words: cardiac pacemaker, power supply, thermoelectric microgenerator, cardiovascular
diseases.

Introduction

General characterization of the problem. According to the World Health Organization (WHO),
cardiovascular diseases (hypertension, coronary heart disease, circulatory disorders, heart failure, and
other heart defects) account for one-third of deaths worldwide. It is reported that in 2017 there were
more than 400 million people suffering from cardiovascular diseases in the world. Each year, they take
more than 17 million lives, and experts predict that by 2030 this number will increase to 23 million
people [1].

In the European Region, cardiovascular diseases account for half of all deaths. 80 % of
cardiovascular diseases are reported in low- and middle-income countries. According to UNIAN,
cardiovascular diseases are the leading cause of death in Ukraine, especially among men.
Cardiovascular diseases include ischemic heart disease (heart attacks), stroke, high blood pressure
(hypertension), peripheral artery disease, rheumatic heart disease, congenital heart disease and heart
failure [2].

Ukraine ranks first in Europe in mortality from cardiovascular diseases. According to the WHO,
in 2015, 440 thousand Ukrainians died from cardiovascular diseases, and this figure is increasing
annually. Mortality from cardiovascular diseases in Ukraine is 66.3% of the total. Among the diseases
of the adult population, cardiovascular diseases lead in the form of hypertension — 41 %, coronary
heart disease — 28 %, cerebrovascular diseases — 16 %, etc. [3, 4].

However, the implantation of cardiac pacemakers, artificial heart thythm drivers, makes it
possible to reduce the mortality rate from cardiovascular diseases. About 600,000 cardiac pacemakers
are implanted annually worldwide [11], which allows prolonging the life of patients with severe
cardiac impairment. Currently, there are various types of cardiac pacemakers (single-chamber, two-
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chamber, three-chamber and rate-responsive, etc.), the electric power consumption of which varies
greatly and ranges from 10 pW to 300 mW. To power such pacemakers, electrochemical galvanic
batteries, radioisotope thermoelectric generators, as well as thermoelectric and piezoelectric
microgenerators can be used. It should be noted that the most common power supplies for cardiac
pacemakers are electrochemical galvanic batteries, whose lifetime is about 10 years, following which
it is necessary to replace the electrochemical battery, i.e. perform a second operation. Therefore, the
urgent problem is the replacement of galvanic batteries by alternative power sources with a long
life [5].

The purpose of this work is to conduct a comparative analysis of power supplies for cardiac
pacemakers and to determine the feasibility of using thermoelectric microgenerators.

The structure and operating principle of a cardiac pacemaker

Cardiac pacemaker is an electronic device that performs the function of an artificial heart
rhythm driver, which is set for a person in order to restore and normalize heart rhythm disturbances.
Cardiac pacemaker is equipped with a special circuit for generating electrical pulses. Most commonly,
a cardiac pacemaker is set for bradycardia, atrioventricular blockade, sinus node weakness syndrome [12].

Currently, there are the following basic types of cardiac pacemakers in medical practice:
temporary, external and implanted. A modern temporary pacemaker (Fig. 1, 2) is a device that is set
when it is necessary to quickly adjust the heart rate (for example, in acute myocardial infarction, as
well as some types of bradycardia and tachyarrhythmia). Also, such a pacemaker is used in the pre-
operative period with the subsequent implantation of a permanent instrument that replaces the
temporary external pacemaker.

Each external pacemaker belongs to the group of temporary pacemakers and is widely used to
correct heart rate by various indicators. The design of the external pacemaker provides for the
presence of sufficiently large-size electrodes, which are superimposed in the region of the heart on the
chest and on the area between the spine and the left shoulder blade (cardiac projection). Modern
external pacemakers are in demand in the diagnosis, prevention and urgent restoration of the normal

rhythm of heart contractions without surgical intervention [20].

i

—

Fig. 1. Temporary cardiac pacemaker [12]
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Fig.2. External cardiac pacemaker [12]

However, the subject of this work is precisely implanted cardiac pacemakers, so we will
consider them in more detail.

In turn, implanted cardiac pacemakers are divided into single-chamber, two-chamber, three-
chamber and rate-responsive (intracardiac). The type of device needed for each clinical case is
determined by doctor individually, based on the results of diagnostic studies [19-29].

A single-chamber pacemaker has only one active electrode and stimulates only one heart
chamber (ventricle or atrium). Such a pacemaker is a simple and inexpensive device that does not have
the ability to simulate physiological (natural) contraction of the heart muscle (Fig. 3). To date, such a
cardiac pacemaker is accepted to use only with a constant form of pleural arrhythmia, with the
electrode installed in the right ventricle.

A two-chamber cardiac pacemaker is connected via electrodes to the atrium and ventricle at the
same time (Fig. 4). In the event of a need for stimulation, the generated pulse is sequentially fed first
to the atrium, and then to the ventricle. This mode corresponds to the physiological contraction of the
myocardium, normalizes cardiac output, ensures the coordinated work of the atrium and ventricle, and
also improves the patient's adaptation to physical activity. Additional functions of modern two-
chamber cardiac pacemakers make it possible to choose the optimal mode for each patient.

A three-chamber pacemaker (cardiosynchronization) is able to stimulate three chambers of the
heart in a certain sequence: the right and left ventricle, as well as the right atrium (Fig. 5). Such
cardiac pacemakers ensure the normal functioning of the heart and physiological intracardiac
hemodynamics. These cardiosynchronization devices can be used to eliminate desynchronization of
the heart chambers in severe forms of bradyarrhythmia or bradycardia. Such devices are implanted in
patients with a dangerous form of arrhythmia - ventricular tachycardia and ventricular fibrillation or
for the prevention of sudden cardiac death.

A rate-responsive cardiac pacemaker is a tiny device that is implanted completely inside the
heart (Fig. 6). Such a pacemaker is equipped with sensors that can record changes in nervous system
activity, respiratory rate and body temperature. Cardiac pacemakers of this type are used for cardiac
pacing with rigid sinus rhythm, which is provoked by significant heart failure. Such pacemakers can
much more accurately determine changes in physical activity and heart rate of the patient than the
above two- and three-chamber.
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Fig.3. Implanted single-chamber
cardiac pacemaker [31]

-
—

Fig.4. Implanted two-chamber cardiac
pacemaker [31]

Fig.5.Implanted three-chamber cardiac
pacemaker [31]
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Fig.6. Implanted rate-responsive

(intracardiac) pacemaker [31]

An implanted cardiac pacemaker consists of a set of endocardial electrodes, a connector block, a
microprocessor, a housing, and a battery (Fig. 7). The electrodes are flexible and durable spiral
conductors that are fixed in the chambers of the heart and transmit pulses emitted by the device to the
heart and also transmit information about the activity of the heart to the microprocessor. The number
of endocardial electrodes depends on the state of the disease and the need to stimulate various parts of
the heart.

The connector block is designed to connect the pacemaker housing to the endocardial
electrodes. The housing of the device is made of titanium or other alloys that do not interact with the
human body. Inside the housing there is a microprocessor, which works offline and is a special device
for monitoring and adjusting the settings of the pacemaker. Using highly sensitive sensors, the
processor also carries out Holter monitoring and observation of the human heartbeat, interfering with
the work of the heart in case of violations.

Fig. 7. Design of implanted cardiac pacemaker: 1 — cardiac pacemaker,
2 — endocardial electrodes, 3 — connector block
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The main elements of a cardiac pacemaker are endocardial electrodes, used for stimulation,
resynchronization or defibrillation of the heart. They consist of several common components,
including electrodes, conductors, insulators, locking mechanisms, and connector pins (Fig. 8).
Defibrillation openings also include shock coils for delivering high voltage electrical discharges to
stop ventricular fibrillation. The number of electrodes depends on the condition of the disease and the
need for stimulation of the heart [15]

Fig. 8. Design of endocardial electrode [15]:
1 — urethane protective coating, 2 — ETFE (coating), 3 — sensor, 4 — defibrillator,
5 —squeezed clearance, 6 — PTFE(coating), 7 — HP silicone, 8 — electrode

The operating principle of a cardiac pacemaker is to control the heart rate (stimulation or
inhibition) and defibrillation of the heart if it stops, by artificially contracting the heart muscles with
the help of electrical pulses. Cardiac pacemaker stimulates the human heart by transmitting electrical
pulses from the processor through the endocardial electrodes to the heart muscles [16, 17].

The microprocessor of a cardiac pacemaker constantly analyzes the pulses generated by the
heart, conducts pulses to the wall of the heart and controls their synchronization. The endocardial
electrodes transmit the pulse generated by the pacemaker to the heart chamber and transmit
information about the activity of the heart back to the microprocessor. At the end of each endocardial
electrode there is a metal nozzle, which provides contact of the electrode with the corresponding part
of the heart, and also “reads” information about the electrical activity of the heart and, if necessary,
transmits electrical pulses.

With a small number of heart contractions or their complete absence, the cardiac pacemaker
switches to the mode of constant stimulation and transmits pulses to the heart with a frequency that
was set during implantation of the device. During normal heart function, a cardiac pacemaker starts to
work in standby mode and functions only in the absence of independent heart contractions. In modern
cardiac pacemaker models, the control of work settings is carried out by a microprocessor, is
programmed during implantation and can be changed remotely and without surgical intervention [18].

General requirements for pacemaker power supplies

Over the past 50 years, there has been a rapid evolution of the technology of manufacturing
cardiac pacemakers (Fig. 9). The overall dimensions and power consumption of modern cardiac
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pacemakers have significantly decreased with the simultaneous increase of their functionality.
Currently, the most common are single-, two-, and three-chamber cardiac pacemakers implanted in the
subcutaneous pocket near the heart, followed by electrode insertion into the heart chambers, and rate-
responsive cardiac pacemakers implanted directly inside the heart. The above-mentioned types of
cardiac pacemakers are powered by electrochemical galvanic batteries. The power requirements of
these cardiac pacemakers are different. A comparative analysis of technical specifications of power
supplies for cardiac pacemakers is shown in Table 1.

EBosioyia iMnnaHToBaHMX eJIeKTPOKapRioCTHMYNATOPIB

Bara:73.4r

Fig. 9. Evolution of the technology of manufacturing cardiac pacemakers
Evolution of implanted cardiac pacemakers. 1958 Weight 74.4 g

Table 1
Technical specifications of power supplies for cardiac pacemakers [34,43-46,] -
Parameter and thrsel:-ilhe;;ntll(:cardiac Rate—responsive (intracardiac)
pacemekers cardiac pacemeakers
Dimensions 49 mm x 46 mm x 6 mm length 42 mm, diameter 5.99 mm
Mass 20-30 g 2-5g
Operating voltage 1.5-47V 1.5-22V
Electric power 0.1-370 mW 0.070 mW
Battery capacity 2000 mA 120-248 mA (novel)
Service life 9-10 years 4.7-14.7 years

Table 1 shows that the overall dimensions of electrochemical galvanic power supplies for
implanted single-, dual- and three-chamber pacemakers are within 49 mm x 46 mm x 6 mm, and for
implanted rate-responsive pacemakers - 42 mm, with a maximum diameter of 5.99 mm. The weight
of such power supplies does not exceed 20-30 g and 2-5 g, respectively. The minimum operating

ISSN 1607-8829 Journal of Thermoelectricity Ne5, 2019 69



Anatychuk L.1., Kobylianskyi R.R., Dzhal S.A.
On the use of thermoelectric microgenerators for powering cardiac pacemakers

voltage is 1.5 V for both types of pacemakers. The electric power consumption of one-, two- and
three-chamber cardiac pacemakers is 0.1-370 mW, which significantly exceeds the power
consumption of rate-responsive pacemakers, is 0.070 mW. These power supplies provide the
necessary electrical power and voltage for 9-10 years for various types of pacemakers. However, the
main disadvantage of such power supplies for cardiac pacemakers is the need for their periodic
replacement after the end of life (re-operation) and their toxicity. However, the developers predict that
in the event of a depleted power supply, the cardiac pacemaker switches to power-saving mode,
limiting most of the additional functions in order to save the vital options. In this mode, the cardiac
pacemaker can work up to 3 months [10 — 14].

Operating principle and technical specifications of power supplies for cardiac
pacemakers

Implanted cardiac pacemakers can have the following power supplies: electrochemical galvanic
battery, radioisotope thermoelectric generator, piezoelectric and thermoelectric microgenerators, as
well as pendulum actuated [40, 49, 39].

Cardiac pacemakers with electrochemical galvanic battery

Lithium-ion batteries for cardiac pacemakers are tiny power supplies (the weight of a cardiac
pacemaker without electrodes, but with a battery is 26-28 grams), the charge of which is enough for
about 10 years of continuous operation [34-42]. In practice, there are different types of pacemakers
weighing from 20 to 50 grams, and a service life of up to 10 years [21, 22]. The appearance and technical
specifications of the pacemakers with electrochemical galvanic battery are shown in Fig. 10 and Table 2.

b)

Fig. 10. Cardiac pacemaker with electrochemical galvanic battery [44]:

a) cardiac pacemakers Boston Scientific Accolade on lithium-ion batteries,
b) lithium-ion battery of diameter 30 mm.
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Table 2
Technical specifications of cardiac pacemakers
with electrochemical galvanic battery
Operatin, Average
Power supply P 8 Power ; v .g Manufacturers
voltage dimensions
Saint Jude medical,
49 mm x 46 Boston Scientific,
Lithium-ion battery | 22+28YV 25-30 mW OSTOT SEICHHTC
mm X 6 mm Medtronic,
Vitatron

Usually, regular visits to the doctor will assess the condition of the power supply to determine
the time during which it will still work. If the battery is depleted, the doctor recommends a procedure
for the replacement of the cardiac pacemaker. During this procedure, not only the battery but also the
entire pacemaker is replaced. Therefore, the operation is very similar to that performed at the first
implantation of the device.

Battery life depends on the manufacturer. Modern pacemakers often use more energy because
the battery not only sends pulses to the heart, but also regulates pacemakers, stores heart rate
information and performs other functions. If the pacemaker is rarely activated, the battery can run for a
long time. The batteries in the cardiac pacemaker are depleted quickly if the device has to be regularly
activated to support the heart. This is one reason why doctors cannot accurately predict the life of a
device. In each case, the battery charge will deplete at different speeds, so each patient's case is
individual [28,39-40, 43].

There are also rare cases of implanting a device with a battery that has certain disadvantages.
The cardiac pacemaker power supply is carefully tested before implanting the device, however
sometimes testing does not reveal an existing problem, and the battery charge decreases abnormally
quickly. Another cause of rapid battery depletion may be microprocessor defects or other components
of the cardiac pacemaker. This is one of the reasons why the patient needs to visit the doctor
repeatedly for several weeks immediately after implanting the device, and to make sure that the device
is working properly.

Lithium-ion battery is the cheapest and most compact power supply for cardiac pacemakers, but
its main disadvantage is short life.

It should be noted that in 2013, the American startup Nanostim Micra implemented a
fundamentally new type of cardiac pacemaker without endocardial electrodes, it was notable for its
tiny size and implantation feature (although the patent for a utility model dates back to 1976 [51], a
serial advanced model was released only in 2013 [48]). Such cardiac pacemaker is set without surgical
intervention - via transvenous access (through the femoral vein) into the chambers of the heart.
Experts say that this technological novelty is a grand stride forward, and although it is quite new, it is
actively developing [43-49]. The appearance and technical specifications of the rate-responsive
cardiac pacemaker are shown in Fig. 11 and Table 3.
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Fig.11. Rate-responsive (intracardiac) pacemaker [43-49,52]

Table 3
Technical specifications of the rate-responsive
cardiac pacemaker
Operating ) )
Power supply Power Dimensions Manufacturers
voltage

Electrochemical galvanic Medtronic,
battery based on: Length: Sant Jude Medical
e Lithium-carbon 150V 70 uW 13.5-42 mm, (Nanostim),

monofloride diameter: EBR Systems
e Lithium-argentum- 2.6-5.99 mm (CambridgeConsul-

vanadium oxide tants)

An incision is made on the patient’s skin to set a standard pacemaker, and then the doctor passes
the endocardial electrodes through the lateral vein into the heart. The device itself is placed in a special
subcutaneous pocket near the chest. Such a system is far from perfect through the great risks of
infection of the subcutaneous pocket, and the presence of a conventional pacemaker limits the patient's
mobility and life. In contrast, the Nanostim Micra pacemaker is set by insertion into the femoral vein
via a small incision in the groin area, and then transported to the patient's heart by a catheter. The
wireless device is equipped with a tiny battery and can operate from 8 to 10 years. The absence of
endocardial electrodes and the necessary subcutaneous pocket reduces the possibility of infection and,
moreover, patients are not limited in their activity.

A positive perception of intracardiac pacemaker by the human body and a productive life were
observed in 280 of 300 patients (93.3 %). After 6 months, serious side effects associated with the
device were observed in 6.7 % of patients; cases included device overload during surgical removal
(1.7 %), cardiac perforation (1.3 %), which required removal and replacement of the device (1.3 %) [47].

The latest pacemaker models of this type are already equipped with an inductive battery
charging system. Animal tests were successful, which gave impetus to the further improvement and
implantation of this type of pacemakers. In addition, recharging is fast enough. For example, a battery
with a capacity of 1050 mA from 50 to 100 % can be charged in 56 minutes by placing the transmitter
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at a distance of 10 mm from the patient’s chest at a frequency of 13.56 MHz. There are no similar
analogues in the market of artificial pacemakers, which makes this type of device the “flagship” of
pacing [37, 38].

Cardiac pacemaker with a radioisotope thermoelectric generator

This cardiac pacemaker uses as a power supply a thermoelectric generator with a radioactive
isotope heat source. The pacemaker consists of a housing which accommodates a thermoelectric
generator and a lead capsule with radioactive uranium or plutonium, as well as a microprocessor, is
connected to a set of endocardial electrodes using a connector block. The operating principle of the
RITEG is to convert the heat generated from the radioactive decay of uranium into electrical energy
using a thermoelectric generator. Unlike lithium-ion battery, the RITEG is more durable (service life is
up to 30 years), but it is more large-format [41 — 42]. The appearance and technical specifications of a
cardiac pacemaker with a radioisotope thermoelectric generator are shown in Fig. 12 and in Table 4.

Fig. 12. Cardiac pacemaker with a radioisotope

thermoelectric generator [53]

Table 4

Technical specifications of a cardiac pacemaker with a radioisotope thermoleectric generator

Operating . .
Power supply Power Dimensions Manufacturers
voltage
Medtronic
Radioisot CCC
AaroITope 30 % 60 x 40 .
thermoelectric 4-47V 300-370 mW ArcoMedical
mm
generator (RITEG) American
Opticals
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RITEG were first introduced in the 1970s in order to extend the life of cardiac pacemakers.
At that time, such a pacemaker was a good substitute for mercury-zinc batteries, which, in addition
to their unreliability, had a very short service life - less than three years. From this standpoint,
RITEG, which provided patients with the opportunity to have only one cardiac pacemaker for life,
was a good alternative. The first implantation of such a pacemaker, manufactured by Medtronic
together with Alcatel, took place in 1970 in Paris [41].

However, in the early 1980s, such batteries slowly began to be displaced by lithium-ion. In
those days, the service life of lithium-ion batteries was about 5-10 years. Therefore, the doctors
decided that it is better to do the operation at intervals of one decade and to change the device to a
newer one, than to walk with an outdated overall device for a lifetime. Therefore, the implantation
of cardiac pacemaker with RITEG was discontinued between 1985 and 1990. As
of 2003, approximately 100 people lived in the United States who had been implanted cardiac
pacemakers with RITEG [42]. Patient status information as of 2019 was not found.

And yet, it should be noted that despite its size, the main drawback of RITEG is toxicity.
Patients and their entourage, despite the isolation and protective housing of the cardiac maker, are
adversely affected by radioactive radiation [48].

Cardiac pacemaker with a piezoelectric generator

The power supply for such a pacemaker is a piezoelectric element consisting of a housing
containing a membrane, quartz plates and electrical terminals through which the generated
electricity is transmitted to an electronic amplifier housed inside the pacemaker [59 — 62].
Z-section quartz crystalline elements (along the axis of symmetry) of a piezoelectric element are
cropped quartz plates covered by several protective layers - a layer of chromium and Cr-Au gold, a
photoresistive layer and a layer of galvanic copper.

Stimulation of the human heart by such a pacemaker is carried out by transmitting electrical
pulses from the processor through the endocardial electrodes to the heart muscles [60]. The power
supply of such a pacemaker is provided by a piezoelectric element. The principle of its work is to
convert the mechanical energy of deformation created by the human breath into electrical energy.
Due to the compression of the quartz plates of the piezoelectric element along one of the three
symmetry axes, one side of the plate is charged positively and the other negatively.

When the plate restores equilibrium, the phenomenon of the inverse piezoelectric effect is
observed: the positively charged side becomes negatively charged, the negatively charged
side — vice versa. The magnitude of the electric charge is directly proportional to the
magnitude of the pressure on the quartz plates. In this case, longitudinal compression
is used, as a result of which compression of the quartz plate on one side leads
to charging of this plate on the opposite side. Thus, the power supply of the pacemaker is as
follows: the compression of the housing is converted by the membrane into an effort, causing the
compression of quartz plates (for example, with a diameter of 5 mm and a thickness of 1 mm).
The electric charge generated at the electrical terminals is transmitted to the electronic amplifier
and stabilized by means of a voltage stabilizer to the level of 1.5 + 2 V. The appearance and
technical specifications of a pacemaker with a kinetic (piezoelectric) generator are shown in Fig. 13
and Table 5.
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Fig. 13. Piezoelectric generator for cardiac pacemakers [62]

Table 5
Technical specifications of cardiac pacemakers with a kinetic (piezoelectric) generator

) Power density
Operating . .
Power supply and current Dimensions
voltage
strength
Piezoelectric generator with crystals
(nanolegs) based on: 3
. . 7 mW/cm 0.1-20 x 0.1-20 x 0.0001

e Zinc oxide (ZnO); 1.5-2V )

. . . 0,19 pA/ecm mm
¢ Barium titanate (BaTiO3);
e Plumbum zirkonititanate (PZT).

Pacemakers with piezoelectric generators have also been developed that are capable of
converting into electricity even the compression energy generated by the motions of the lungs, blood
flow, palpitation and vascular contraction. Such piezoelectric generators consist of zinc oxide (ZnO) or
barium titanate (BaTiOs) nanolegs. In a generator about 2 mm? in size, there are over 1 million
nanolegs. The nanowire array is coated with a silicon electrode with a zigzag platinum coating, which
is used to increase the electrode conductivity. When chemically grown legs located at the end of the
electrode bend are subject to vibration, the ions in them shift. This imbalance creates an electric field
that produces electricity and can be used as a potential source of energy. The efficiency of such a
piezoelectric generator is 17-30%.

In 2010, scientists at Arizona State University developed miniature piezoelectric generators that
can convert heart muscle energy into electrical energy. The research team was able to successfully
implant polymer-based piezoelectric generators. The current generated by the generators is enough for
powering low-power medical devices, as well as for charging the battery of the set cardiac pacemaker.
Experiments have been conducted to show that, at periodic deformation of the device, the voltage at
the terminals is from 1 to 2 V and the current is about 100 nA [60] Initial tests on rabbit hearts showed
voltages and currents of about 1 mV and 0.2 mA, respectively. Output power is much less than what is
needed for the existing pacemakers. However, novel thin-film generators on the basis of barium
titanate and plumbum zirkonititanate are much more efficient [60]. The BaTiO; ferroelectric solid
films were deposited by radio frequency magnetron sputtering on a Pt/Ti/SiO, /(100) Si substrate and
subjected to an electric field of 100 kV /cm. Metal insulators (BaTiO3)-metal-structured tapes were
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transferred to a flexible substrate and connected by electrodes. During the periodic deformation stage,
a flexible BaTiOs-based nanogenerator generates an output voltage of up to 1.0 V. This nanogenerator
produces an output current density of 0.19 pA/cm? and a power of ~ 7 mW/cm®. According to
scientists, the piezoelectric generator used in this study is able to produce enough electricity to meet
all the needs of the cardiac pacemakers [60].

Another option is a piezoelectric nanogenerator based on the legs of plumbum zirconititanate
(PZT), which uses a soft polymer silicon substrate. Such a piezoelectric nanogenerator, with a
diameter of approximately 60 nm, is capable of generating an output voltage of 1.63 V and an
electrical power of 0.03 uW with periodic compression of the soft polymer [61]. The use of such
piezoelectric nanogenerators with an extended service life or the complete rejection of batteries in
implanted medical devices (cardiac pacemakers) will protect patients from repeated operations and
from the risk of postoperative complications (infection, rejection of the implant by the body, etc.).

It has been found experimentally that a piezoelectric generator produces ten times more power
than a cardiac pacemaker needs, and its size is about half that of a battery of such implants. In
addition, such a piezoelectric generator works regardless of the heart rate - it produces sufficient
electric power with a pulse of 20 to 600 beats per minute. The developers also claim that its work is
not affected by mobile phones, microwave ovens and other similar devices [61]. It should be noted
that piezoelectric generators are promising for powering cardiac pacemakers, but they still do not have
wide practical application, since they require a large number of further medical and clinical trials. The
service life of the piezoelectric generator is difficult to evaluate, since it depends on the location,
voltage, etc., although there is a generator that has been operating since 1982 [63].

Cardiac pacemakers without electrodes, battery-free and mechanically controlled by heart

Swedish scientists Dr. Adrian Zurbuchen, Andreas Heberlin and Lucas Beroiter of the
University of Bern in Switzerland in 2016 developed a fundamentally new approach to pacemaker
technology. The power source of such a pacemaker is a winding mechanism, which works on the
principle of a wristwatch. This device does not have a power supply that must be periodically changed,
as well as endocardial electrodes, i.e. it is placed directly on the heart, which does not limit the
patient’s movement, and is better perceived by the body due to its small size.

The power supply is a mechanism based on the ETA 204 \ ETA SA winding, Grenchen
Switzerland. The weight of 12 g was achieved by skeletonization of the body.

The main structural elements are the oscillation weight (pendulum), which is made of platinum
alloy (7.5 g), which turns the heartbeat into circular rotation of the pendulum, a mechanical rectifier
that allows you to convert energy from the oscillations of the pendulum in both directions, a spiral
spring, which is temporarily stores energy in a mechanical form and an electric microgenerator
(MG205, Kinetron BV, Netherlands), which converts the energy of rotational motion into an electrical
signal. When the torque of the coil spring is equalized with the torque needed to operate the generator,
the coil is released and powers the electric micro-generator. The resulting pulse includes about 80 pJ at
a load resistance of 1 kQ [64].

The power supply and electronics of the cardiac pacemaker are combined in a special polymer
housing. Two electrodes with a diameter of 0.5 mm and a length of 3 mm are placed at the bottom of
the housing and pierce the myocardium. The housing has a diameter of 27 mm and a thickness of
8.3 mm.
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Fig. 14. Cardiac pacemaker mechanically controlled by heart [66]

Table 6
Technical specifications of cardiac pacemakers without electrodes,
battery-free and mechanically controlled by heart
Operating . .
Power supply Power Dimensions
voltage
Self-\?vinding mechanism (similar AV 82-90 W Diar.neter 27mm
to wristwatches) Height 8.3mm

The experimental results showed high output power, especially when placed on the left side of
the heart. When placing the device in this position, constant power values of 82 + 4uW and 90.1 +
0.7uW were taken, which are reasonably good parameters for power supply. Also, the pacemaker is
equipped with a 47uF capacitor, which absorbs excess energy and, in the event of a lack of energy, can
supply the pacemaker for a minute [64]. This development is conceptual and requires further
improvements, such as increasing the capacity of capacitor, reducing the weight of the pendulum and
increasing the power. But despite this, the development is promising.

Cardiac pacemaker with a thermoelectric microgenerator

Such a pacemaker contains a set of endocardial electrodes, a connector block, a thermoelectric
microgenerator (TEG), a microprocessor, a capacitor, a voltage stabilizer, and a housing (Fig. 15)
[6, 8, 55—58]. The thermoelectric microgenerator is a multi-element thermocouple thermoelectric
micromodule with two ceramic plates and electrical terminals. The thermoelectric micromodule
consists of a set of semiconductor thermocouple elements connected in a series circuit, the gaps
between which are filled with an insulating epoxy compound, and two ceramic plates that are tightly
in contact with the upper and lower faces of the thermocouple elements, as well as two electrical
terminals. Such a thermoelectric micromodule is made on the basis of modern high-performance
thermoelectric materials based on Bi-Te. The manufacturing technique of such micromodules provides
a packing density of up to 5000 legs of n- and p-type thermoelectric material per 1 cm® of
micromodule area [8]. For example, a typical thermopile with a total surface area of 1.5 cm” generates
a voltage of 1.5 V and provides a power of 100 uW at a temperature difference of 1 © C. The technical
specifications of a cardiac pacemaker with a thermoelectric microgenerator are shown in Table 7.
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Fig.15. Schematic of implanted cardiac pacemaker with TEG [49,55]
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Table 7
Technical specifications of cardiac pacemakers with a thermoelectric microgenerator
Power supply Operating voltage Power Dimensions
1.5-2V
Thermoelectric
. ‘ (at temperature 100 pW 10 x 15 x 2 mm
microgenerator
& difference 1 °C)

In order to obtain the necessary voltage and power using a thermoelectric micromodule for
powering cardiac pacemaker, a temperature difference between its faces should be arranged. To ensure
the heat flux through the thermoelectric micromodule, it is necessary to place the thermoelectric
converter inside the human body between internal organs having different temperatures, for example,
near a vessel through which blood circulates at a temperature of 37 ° C. It should be noted that the
temperature differences between the internal organs of a person reach 0.5-1 ° C, which is quite enough
to generate the necessary electrical power for a cardiac pacemaker. In the design of the device, a
capacitor can also be used to accumulate the electric charge necessary for the operation of a cardiac
pacemaker, and a voltage stabilizer of the thermoelectric micromodule to the level of 1.5-2 V.

The main advantage of cardiac pacemakers with thermoelectric microgenerators is the ability to
work for 30-50 years, which significantly reduces the number of medical procedures required to
replace implants during the patient's life, and this, in turn, reduces the likelihood of possible
complications and costs. The lifetime of such pacemakers is 5 times longer compared to the most
common pacemakers with an electrochemical galvanic battery. At the same time, the negative
influence of radioactive radiation inherent in pacemakers with a radioisotope thermoelectric generator
is completely absent.
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Comparative analysis of power supplies for cardiac pacemakers

Table 8
Comparative analysis of power supplies
for cardiac pacemakers
Electrochemi
1 galvani
cal galvanic Electrochemic Winding
battery for ) ) Thermo-
) al galvanic ) . | mechanism )
single-, two- Piezoelectric ) electric
Parameter battery for RITEG for cardiac .
and three- ) ) generator microgene-
intracardiac pacema-
chamber rator
) pacemakers kers
cardiac
pacemakers
Mass 20-30 g 2-5¢g 20-50 g 10-14 g 12 g 2-5¢g
Operating
1.5-2.8V 1.5-22.0V 447V 1.5.2V ~3V 1.5:2V
voltage
Electri 0.082-
eemie 25 mW 0.070mW | 370mW | 7mW 0.1 mW
power 0.09 mW
Batt
Y2000 mA 140 mA - - - -
capacity
Service life 8-10 years 15 years >30 years | >30 years >30 years | >30-50 years
. . 49 x 46 x 6 30x60x | 20x20%x 1| 27 mm-
Dimensions ?J6x42 mm 4 5-20 mm
mm 40 mm 0™ mm 8.3 mm
Toxicity Yes Yes Yes No No No
The d Out of Und
© e,g ree Serial Serial oo , Under neer Under
of readiness ) ) productio developme
production production development development
for use n nt

From the comparative analysis it follows that the use of thermoelectric sources of electric
energy for powering cardiac pacemakers holds much promise. Such sources are not toxic, have almost
unlimited service life and, therefore, do not require replacement or charging. It is estimated that they
can be much cheaper that chemical sources, and in terms of usage and principle of operation they are

more reliable than other sources of electric energy.
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Conclusions

L.

A comparative analysis of the structures, the principle of operation and technical specifications of
lithium-ion, radioisotope, piezoelectric, mechanical and thermoelectric power supplies for cardiac
pacemakers is performed. From a comparative analysis it follows that the use of thermoelectric
sources of electric energy for powering cardiac pacemakers holds much promise. Such sources are
not toxic, have almost unlimited service life and, therefore, do not require replacement or charging.
It is estimated that they can be much cheaper than chemical sources, and in terms of usage and
principle of operation they are more reliable than other sources of electric energy.

It has been found that thermoelectric microgenerators implanted in the human body make it

possible to generate 1.5-2 volts of electrical voltage and 100 uW of electrical power at a

temperature difference of 1 °C, which is quite sufficient for powering modern pacemakers.
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ITPO BUKOPUCTAHHSA TEPMOEJIEKTPUYHUX MIKPOI'EHEPATOPIB
JJIA KKUBJIEHHSA EJIEKTPOKAPAIOCTUMYJIATOPIB

Y pobomi nagedeno xoncmpyxyiro ma npuHyun pob6omu CyuacHux eiekmporapoiocCmumyiamopis,
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Ob UCITOJIB3OBAHUU TEPMODJIEKTPUYECKUX MUKPOT'EHEPATOPOB

JJIAA IMTAHUA SJIEKTPOKAPINOCTUMYJIAATOPOB

B pabome onucamul KOHCMPYKYuu u npuHyunsl  pabomul COBPEMEHHBIX
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