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THEORY

P.V. Gorsky, |V.P. Mikhalchenko)

Institute of Thermoelectricity of the NAS and MES
of Ukraine, 1, Nauky Str. Chernivtsi, 58029, Ukraine

| ON THE ISSUE OF THE MECHANISM FOR
. INCREASING THE THERMOELECTRIC
FIGURE OF MERIT OF THE BULK |V.P. Mikhalchenko |
NANOSTRUCTURED MATERIALS

Charge carrier and phonon scattering on the boundaries of spherical powder particle has been
considered as the mechanism for increasing the figure of merit of the bulk nanostructured material
as compared to a single crystal. In so doing, charge carrier scattering is considered in the
approximation of constant mean free path, and phonon scattering — within two approaches, namely
constant mean free path and with account of frequency dependence of phonon relaxation time. It is
shown that with constant mean free paths of electrons and phonons the thermoelectric figure of merit
of nanostructured material is considerably lower than that of a single crystal. However, with account
of frequency dependence of phonon relaxation time it turns out that with a proper selection of
nanopowder  size, namely if its particles have the radius of the order of 30— 40 nm, the figure of
merit of Bi,Te; based material can be increased by a factor of 2.1 as compared to a single crystal
under oriented pressing and retained at a level of 0.87 + 1.23 of its value for a single crystal under
conventional pressing, when cleavage planes of individual particles are randomly oriented.

Key words: nanostructured material, thermoelectric figure of merit, phonons, electrons, scattering,
relaxation time, normal processes, Umklapp processes.

Introduction

Bismuth telluride Bi,Te; is thermoelectric material most commonly used for the manufacture of
working elements of various thermoelectric instruments and devices [1]. Its specific feature is a
pronounced electric conductivity and thermal conductivity anisotropy. Taking into account that this
crystal possesses R3m group symmetry and cleavage planes along which it easily splits, its thermal
conductivity and electric conductivity tensors have two independent components each. In particular, in
the absence of a magnetic field, electric conductivity tensor has component G,; in cleavage plane and
component o33 in a perpendicular direction, with o; > 3;. The same inequality is valid for thermal
conductivity components: ¥1; > y33. Therefore, thermoelectric modules of a single crystal are made so
that temperature gradient and electric current are parallel to cleavage planes, owing to which the
dimensionless thermoelectric figure of merit Z7T at 300 K reaches 1. This direction can be also retained
when passing from a single crystal to powder based materials prepared by hot pressing, extrusion or
spark plasma sintering methods, if oriented pressing is used. However, non-oriented pressing, whereby
cleavage planes of individual particles are randomly oriented, is much more common.

As a result, the figure of merit of material in conformity with the Odelevsky formula with regard
to thermal and electric conductivity anisotropy factors should have reduced by a factor of about

\/E —\/3 , 1.e. by 30 to 40 %, however, in practice such reduction is not observed. On the other hand,

there are many theoretical works, for instance, [2-4], where it is shown that transition from a single
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On the issue of the mechanism for increasing the thermoelectric figure of merit...

crystal to the bulk nanostructured material should increase the thermoelectric figure of merit. As the
mechanisms for such increase, on the one hand, phonon scattering on the boundaries of nanoparticles [2],
leading to lattice thermal conductivity reduction is considered, on the other hand — quantum tunneling of
charge carriers through vacuum or dielectric gaps between particles, leading to increase in electric
conductivity and thermoEMF, hence, in power factor [3,4]. In these papers it is shown that the best
values of dimensionless thermoelectric figure of merit of bismuth telluride based bulk nanostructured
material should have achieved 3.5 + 3.6, but in practice no such increase is observed. The discrepancy
between theory and experiment is generally related to stronger restrictions on thermoEMF and electric
conductivity when passing from a single crystal to bulk nanostructured material than it is predicted by
theory. This factor forces the experimenters to employ combined materials based on powders, consisting
of a nanocomponent with particle size 5 + 20 nm, and a microcomponent with particle size 40 ~ 70 pm
[5]. The function of microcomponent is to retain power factor typical of a single crystal, the function of a
nanocomponent is to reduce lattice thermal conductivity due to additional phonon scattering on the
boundaries of nanoparticles. Mass ratio between nano- and microcomponents is selected so as to assure
the maximum value of the dimensionless thermoelectric figure of merit.

Among the weak points of [2-4] and some other theoretical papers covering this problem, is a
modeling character of tunneling effects calculations caused by the absence of valid knowledge on the
shape and height of potential barriers between nanoparticles, as well as ignoring the frequency
dependence of phonon relaxation time when considering their scattering on nanoparticle boundaries.

With regard to the foregoing, our purpose in this paper is to consider the mechanism of
thermoelectric figure of merit variation when passing from a single crystal to bulk nanostructured
material due to charge carrier and phonon scattering on the boundaries of spherical nanoparticles in the
drift approximation.

Consideration of the problem in the approximation of constant electron and phonon
mean free paths

Consider this problem in the approximation of constant electron and phonon mean free paths. It
can be shown that in the framework of this approximation thermoEMF is not changed, as long as both
thermal diffusion flux and electric current are proportional to relaxation time. Therefore, a change in
thermoelectric figure of merit in this case is completely determined by a change in electric
conductivity to thermal conductivity ratio. If electron and phonon mean free paths are /. and /,,
respectively, then the ratio of figure of merit Z, of bulk nanostructured material consisting of equal
particles of radius r to figure of merit Z,, of a single crystal in conformity with the rule of summation
of the inverse mean free paths will make by analogy with [6]:

-1
(0 (r/L)Y +2zy+1ydzdy || ¢ (r/lph)\/yz +2zy +1y°dzdy

zZ/zZ = f

oo (r/L)Y +2zp+1+1 01 (r/lph)\/y2+22y+1+l

Double integrals in this formula appear due to averaging of expressions for thermal conductivity

(1

and electric conductivity over the mean free paths inside the sphere.

Problem consideration with regard to frequency dependence of phonon relaxation time

We now consider this problem with regard to frequency dependence of phonon relaxation time.
For this purpose we first write a general expression for the larger component of lattice thermal
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conductivity, taking into account that in the temperature region relevant for thermoelectric applications it
is determined by Umklapp processes, as well as by normal processes, capable of modifying scattering on
sample boundaries by virtue of scattering probabilities redistribution according to frequencies [7, 8].
This expression is of the form [9]:

3hpv‘fk32 ¢ x'exp(x/0) 2 L 1 . 2 jdx- @)
32y2 (kBTD) 9311 0 [exp(x/e) - 1:| Q[H (x) Qz‘H (x)

In this formula, index || refers to lattice thermal conductivity in the direction parallel to layers

Ly =

(cleavage planes), p is crystal density, v is sound velocity in it, kp is the Boltzmann constant; y is the
Gruneisen parameter, 7 is the Debye temperature, 6 =7/Tp, Qy(x) and Qy(x) are frequency
polynomials determined by the mechanisms of scattering longitudinal and transverse phonons,
respectively, and having in this case the form:

0y (x)=x"+px, (3)
Q= (“H +3. 12593) 4)

In these formulae, p is certain coefficient depending in the simplest case of cubic lattice on its
geometry.

With regard to thermal conductivity dependence on material density, we note that formula (2) in
this respect is precise for a simple cubic lattice with one atom in a unit cell. The real Bi,Te; lattice is
not of that kind, but we have to replace it by such, provided the real material density is maintained.
Coefficient pu was approximately calculated for a simple cubic lattice by Leibfried and Shleman [7],
but, according to experimental data given in [6], even for materials with such lattice it is not universal.
Therefore, we will “derive” coefficient L from the real value of the respective component of Bi,Te;
thermal conductivity tensor [1], assuming that the latter coincides with the theoretical value (2) with
regard to (3) and (4). At y;=1.45 Wm'K, p="7859 kg/m®, y=1.5, v =2952m/s, Tp=155K and
T'=300 K we obtain ;= 0.022.

The ratio of nanoparticle thermal conductivity to single crystal thermal conductivity in this case is [9]:

(nano) 1 SJL,H 2’ x" exp(x/0) (V/L*)\/ZZ—22y+1 N
X Lijm 0 O_I[exp x/e 1} (F/L*)Qzu (x) [ 2o+l

2(’”/L*)\/22—2ZJ’+1 p x4exp(x/9)£ 1 . 2 j h
1+(r/L)0, (x)yz2 =22y +1 drdedy I[[exp(x/@)—l]z 0, 0, (x) &1

In formula (5), L' = ph'y (’/y k,T, )

In this case the ratio of bulk nanostructured material figure of merit to single crystal figure of
merit is determined as:

2 —
/ 1 5[.!-:[ r/L)\Y +2zy+1y dzdy][xgnm)/xm] )

(6)

(r/L)NY +2zp+1+1

Dependence of a relative thermoelectric figure of merit of Bi,Te; based bulk nanostructured
material on the radius of nanoparticles is shown in Fig. 1.
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In the construction of curve 2 in this
figure, based on the reference data [1] it was
assumed that /,=4.16nm, /,=38.6nm at a
temperature of 300 K. In connection with this
figure a question may arise as to the validity of
transferring the properties of an individual
nanoparticle to the properties of material as a
whole. Therefore, we note that if pores in
material structure are vacuum, there is no
tunneling of charge carriers, and the pores are not
communicating, then material porosity, both in
the framework of percolation theory, and within
the approach set forth, for instance, in [4], enters
into the expressions for thermal conductivity and

(Zr)ncma/(zr)mona

0 100 200 300 400 7> nm

Fig. 1. Dependence of a relative thermoelectric figure
of merit of bulk nanostructured material
on nanoparticle radius: 1) — with regard

electric conductivity through the same multiplier, fo frequency dependence of phonon relaxation time;

. . 2) — in the approximation of constant mean free paths
hence, it does not produce a direct effect on the ) PP / freep
] ) ) of electrons and phonons.

thermoelectric figure of merit. Thus, abstracting
from the size distribution of nanoparticles, the thermoelectric figure of merit of bulk nanostructured
material as a whole is completely determined by the kinetic coefficients of an individual particle.

From the figure it is evident that with regard to frequency dependence of phonon relaxation time
the relative thermoelectric figure of merit has a maximum 2.14 which is achieved in the range of
nanoparticle radii 35 + 40 nm. However, it is possible only with oriented pressing. Whereas with a

random orientation of cleavage planes, the relative thermoelectric figure of merit of Bi,Te; based bulk

nanostructured material will be a factor of /3 lower, i.e. it will remain at a level of about 23 % higher
than the thermoelectric figure of merit of a single crystal. Even with nanoparticle radius of the order of
Snm with correction for random orientation of cleavage planes, the thermoelectric figure of merit of
bulk nanostructured material should remain at a level of at least 97 % of the thermoelectric figure of
merit of a single crystal. These results are in qualitative, as well as quantitative agreement with the
results of experimental works [10, 11], but contradict to the results of paper [5] according to which the
thermoelectric figure of merit of Bi,Te; based bulk nanostructured material of nanoparticles with the
radius 5+ 20 nm at 300 K is as low as 82 % of the thermoelectric figure of merit of a single crystal.
Thus, when passing from a single crystal to bulk nanostructured material, power factor is scarcely ever
retained, which permits calling in question the presence of energy filtration of current carriers that
should have resulted in thermoEMF increase. Even if such filtration occurs, then, apparently, it does
not always contribute to power factor retention, since the electric conductivity is decreased stronger
than squared thermoEMF is increased. However, in the approximation of constant mean free paths of
electrons and phonons, with increase in nanoparticle radius, the thermoelectric figure of merit
monotonously increases from a low value to 1. Therefore, in such approximation the thermoelectric
figure of merit values of the bulk nanostructured material exceeding unity with regard to a single
crystal are mainly attributable to tunneling effects.

Conclusions and recommendations

1. In the approximation of constant mean free paths of charge carriers and phonons the thermoelectric
figure of merit of Bi,Te; based bulk nanostructured material, calculated without regard to possible
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increase of power factor due to tunnelling effects, in the range of nanoparticle radii 5 + 500 nm at
300 K does not exceed 1, even if cleavage planes of individual crystallites are oriented parallel to
temperature gradient and electric current directions.

. With regard to frequency dependence of phonon-phonon relaxation time, even in the drift

approximation it turns out that in the range of nanoparticle radii 40 + 500 nm the thermoelectric figure
of merit of Bi,Te; based bulk nanostructured material can reach 1.5 +2.1 with regard to a single
crystal, if cleavage planes of individual crystallites are oriented parallel to temperature gradient and
electric current directions. If, however, cleavage planes are randomly oriented, then the thermoelectric
figure of merit of such nanostructured material is retained at a level of 0.88 + 1.23 of single crystal
thermoelectric figure of merit.

. The experimentally observed in a number of cases lower values of thermoelectric figure of merit of

bulk nanostructured material are attributable to a drop in power factor as a result of incomplete
recovery of thermoEMF and electric conductivity in these materials with respect to single crystals.
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M.A. Korzhuev

A.A. Baikov Institute of Metallurgy and Material Science of RAS,
49, Leninskiy Ave., Moscow, 119991, Russian Federation

THERMOELECTRIC NANOSTRUCTURES:
PROS AND CONS

M.A. Korzhuev

The limits for increase in the figure of merit Z and power W of thermoelectric materials (TEM) at
nanostructurization are determined. It is shown that parameters Z and W of nanostructures (NS) vary
due to the transitions Ay, 2 and A, 2 a in TEM. (Here, a is interatomic distance, A, and A, are
average mean free paths of phonons and electrons in the samples). It is found out that in the range
1 ~Aa <A\Ja <2 -3 the transition A, 2 a can be used for a simultaneous increase in the Z and W
of TEM. It is established that NS TEM with the simultaneously increased parameters Z and W can
effectively work in maximum power mode in thermoelectric power converters. Some negative
characteristics of NS TEM are also revealed. It is optimal carrier concentration mismatch of TEM
parameters Z and W, increase in the electrical and thermal contact resistances, as well as
development of diffusion instability of samples at high temperatures T> Tr~ 0.5 T,,~400— 500 K.
(Here, Tris the Tammann temperature and T,, is material melting temperature).

Key words: thermoelectricity, figure of merit Z and power W, nanostructures (NS).

Introduction

At the present time many researchers study the properties of nanosized material particles
(x~ 107 m), as well as the bulk heterogeneous nanostructures (NS) formed on their basis with a small
identity period x =1 — 100 nm [1]. It was found that the properties of such NS can differ considerably
from the properties of homogeneous crystalline materials, which is generally related to the impact of
surface and (or) quantum-size effects [2]. Thus, for a series of NS thermoelectric materials (TEM) there
was a considerable increase in the thermoelectric figure of merit Z= W/k (up to 5 times and more) and
power W= a’c (up to 1.5 — 2 times) at room temperature (Table 1). (Here a. is the Seebeck coefficient, o
and Kk =«x; + K, are the electric conductivity and thermal conductivity, k; and k., are the lattice and
electron components of thermal conductivity) [3-4]. The maximum figure of merit values

Zo ~ WK, ~ Nm?uT* e, (1)

max ' p

are known to be achieved in TEM at temperatures Tr.x = Eq/bky that are determined by the onset of
intrinsic conductivity development in the samples. (Here N is the number of equivalent extremums in
conduction band (valence), m, is the effective mass of the density of states in a separate extremum,
u = o/(en(p)) is mobility, e is elementary charge, n(p) is electron (hole) concentration in the samples, T
is absolute temperature, r is scattering parameter, £, is energy gap width, k is the Boltzmann constant,
b=5-10 is the coefficient that varies depending on the ratio between electron and hole mobilities
a = /1, in the samples) [3-4]. It is generally assumed that at the transition “crystal = NS” the band
structure of TEM is not changed (N, my~ const) [1]. In so doing, increase in Z,,, of NS TEM is
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attributable to a decrease in k; and increase in 7 due to additional scattering of phonons and electrons
(holes) on the inhomogeneities with x =1— 100 nm (Table 1) [1, 2]. Research on NS TEM is a new
promising direction of modern material science. Here, alongside with the evident advantages of NS
TEM, some of their essential shortcomings were revealed. Thus, increase in Z of samples is, as a rule,
accompanied by a reduction of ¢ and W, which complicates the use of NS TEM in power thermoelectric
converters (TEC) (generators (TEG), coolers (TEC), heaters (TEH)), operated in maximum power mode
[1]. Moreover, NS TEM are also characterized by complexity and high cost of fabrication, toxicity and
reduced reproducibility of characteristics [5]. The major fault of NS is their instability (morphological,
diffusion, chemical), which becomes apparent in the process of manufacture, storage and operation of
samples [1, 2]. Finally, installation of NS into TEC entails additional problems related to optimization of
materials and connection of legs [1-6]. The purpose of this work was all-round analysis of the strong and
weak points of NS TEM, as well as determination of the immediate prospects of their use in TEC.

1. Preparation and properties of NS TEM
1.1. Formation of PGEC phase

The bulk NS TEM were obtained by different methods that can be conventionally classified as
“artificial” and “natural” (Table 1) [5-14]. In the former case the necessary identity periods x in the
samples were assigned by means of additional technological operations (grinding with subsequent
sintering, evaporation and epitaxial growth of nanolayers, introduction of “quantum dots”, irradiation,
etc.) (Table 1) [5,7-9]. In the latter case (less expensive and promising one) the nano-like TEM
structures were obtained “spontaneously” as a result of “self-organization” of initially homogeneous,
nonequilibrium samples, with various phase transitions (decomposition of oversaturated solid solutions,
superstructural transitions, doping and self-doping of disordered phases, etc.) (Table 1) [6, 10-14]. In all
cases the researchers’ immediate objective was to obtain from TEM the “phonon glass-electron
crystal” phase (PGEC) (Table 1) [2]. The PGEC is a partially disordered phase of TEM which is
characterized by low thermal conductivity k; inherent in amorphous materials, and high electric
conductivity o, typical of crystals [1, 2]. As a result, at the transition “crystal > PGEC” considerable
growth of TEM parameter Z can be observed [1]. The possibility of PGEC phase formation in TEM is
related to the difference in average mean free paths of phonons and electrons in crystals:

A= 3k, /CV 2)
and

A, =vr=(2EF /m, )1/2 mu/e=hG3n'n/N>) ule, 3)

where C = C,,; d/M is heat capacity of volume unit, C,,, is molar heat capacity, d is density, M is
molecular mass, ¥ is sound velocity, v and t =19 E”~ * is velocity and average in energy E relaxation
time of electrons or holes, 7 is scattering parameter, 7, is energy-independent factor, £ is the Fermi
energy, e is the unit cell, p is current carrier mobility, N = m,/m, is the number of extremums in the
band, m. and m, are the effective masses of conductivity and density of states of electrons (holes) in
the samples [15, 16]. As a rule, for crystalline semiconductors we have: a <<},, <<2A. (here
a~ 0.3 nm is interatomic distance) (3, Fig. 1) [16]. However, crystalline TEM were selected from
semiconductor materials by Zn,y criterion (1). Therefore, they are noted for low «, values and high N,
which according to (1) and (2), determines low A,;, and A, values in the samples (Fig. 1) [15-19]. Thus,
TEM turn to be closer to the transitions A,, = a and A, > a than conventional semiconductor
materials, which facilitates formation of PGEC phase in the samples [16].

ISSN 1607-8829 Journal of Thermoelectricity Ne5, 2013 11
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Table 1
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Change in the properties of crystalline samples at “artificial” and “natural” nanostructurization

of TEM by different methods
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As long as the transition A,, = @ in TEM is generally terminated sooner than the transition A, = a, in
the range

a=h, <k, 4)

formation of PGEC phase appears to be possible (5, 6, Fig. 1) [16].

7 o1
T
8 o6 S 2
3
bl o5
£
5}
2 TS o 4 .
5 3
” IS o
1 10 100
Ma

Fig. 1. Dependence of mean firee path of phonons \,;/a and electrons \./a (2) on scattering factor (3 — 7).
Samples: 3 — solid semiconductors;, 4 — 7 — TEM; 5 — 6 — PGEC phase; 7 — amorphous bodies.
Materials: 4 — PbTe [1, 6]; 5 — PbTe/PbSeTe (1 ~ hy/a <AJa) [7]; 6 — TAGS (1 ~ y/a < AJa <2-3) [6, 10];
7 — CuygoSe (1 ~hy/a~\s/a) [11-13]. Temperature, T, K: 5 — 300; 4 — 600, 6, 7 — 700.

1.2. A-diagnostics of NS TEM

To determine belonging of samples (Table 1) to PGEC phase (3), we used the method of
A-diagnostics of TEM based on the estimation of values A, and A, by the formulae (1) and (2) [16]. In
the estimates, the data of original works as well as the reference data was employed [20, 21]. For
GeTe<Bi> alloys and TAGS-90 the x parameters were calculated in the approximation of uniform
distribution of dopants in the sample, and for Cu;Se alloys — of mobile interstitial copper
(T>T.=700K) (Table 1). From Table 1 it is seen that for PbTe/PbSeTe [7] and BiTe;/Sh,Tes [8]
samples the PGEC phase (3) is formed already at room temperature, as confirmed by a drastic increase in
Z by a factor of 2 — 5. Formation of PGEC phase (3) was also observed in doped alloys GeTe <Bi> and
TAGS-90 [6] at a temperature of 7= 750 — 800 K, which is accompanied by Z increase by a factor of ~ 2
as compared to GeTe (Table 1). The samples of (PbTe)9(PbS)o0s [10] were also close to formation of
PGEC phase (Z°* increase by a factor of ~ 1.6 as compared to PhTe) and GeBi,Te; [14] (X increase
by a factor of ~ 1.6 as compared to GeTe) (Table 1). However, in Biy3Sb,;Te; [5] and Biys5,5b, 45Te3 [9]
samples the transition A,, = a proved to be incomplete, PGEC phase was not obtained and, as a result, Z
value increased only slightly (Table 1). The incompleteness of the transition A,, 2 a in the sample
Biy5:Shy 4sTes [9] (Table 1) is due to insufficient material dispersion (x ~ 10° nm). At the same time, the
sample Bio3Sb;;Te; [5] (Table 1) obtained from nanoparticles of the necessary size (x ~ 10 nm, in the
course of hot pressing was recrystallized with grain increase (effect of “knockout” from nanoregion)
(x=10 - 300 nm) [16]. Moreover, in all NS TEM (Table 1) there was also the transition A, = a related
to increased electrons (holes) scattering with dispersion of samples. In the superionic Cu,¢9Se the two
transitions A,, = @ and A, = a were completed (7= 700 K), and the sample became quasi-amorphous

! According to [5], the results of [7, 8] have not been reproduced to this date in any other laboratory of the world,
NS based devices have not been created either.
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(Ae ~Mpn~a) (7, Fig. 1) [11-13]. The results of A-diagnostics of NS TEM (Table 1) allow determination
of the basic mechanisms responsible for a change in Z and W. From Table 1 it is seen that formation of
PGEC phase and Z increase of NS TEM is due to a decrease in «; ~ A, with the transition A,;, = a. In so
doing, the attendant A, = a transition, as a rule, reduces W of TEM due to reduction of ¢ ~ A, (Table 1).
The exception is provided by the samples of PbTe/PbSeTe [7] and TAGS-90 [6] (Table 1) where a slight
growth of W was observed due to increased o of the samples. In case of NS [7] the growth of o was
accounted for by additional current carrier scattering on “quantum dots” (x=10— 16 nm) [1], and for the
sample [6] — by peculiarities of TEM band structure in the transient region 1 <AJ/a ~ 3 [16].

1.3. Two-channel band model of TEM

According to [15, 16], the band structure of TEM in the transient region 1 <AJa~2-3 is
varied considerably. With the transition A, = a in TEM in addition to a “band” conduction channel
(A/a>1) (1, Fig. 2), a diffusion conduction channel is formed in conduction (valence) band (2),
related to the appearance of a group of current carriers with a low mobility, moving in the sites of
crystal lattice (A/a =1) [15]. With further scattering increase, the “band” current carriers disappear,
and the “diffusion” ones cover the entire band (arrow, Fig. 2). The model (Fig. 2) corresponds to
p-type conductivity and acoustic scattering mechanism (7 = 0). With increase in » > ', the situation is
changed, namely the “diffusion” conduction channel (2, Fig. 2) is formed near the band edge, and then
it is distributed in the band toward larger energies [16].

Fig. 2. Two-channel band model of TEM. Bands: v — valence; ¢ — conduction. Channels: 1 — “band” (A, > a),
2 — “diffusion” (A, = a). The arrow shows a direction of channel boundary displacement
in the energy scale with scattering increase in the samples (p-type conductivity, r = 0) [15, 16].

In the two-channel model (Fig. 2) the kinetic coefficients of samples with constant total carrier
concentration (p = p; + p, = const) are given by the expressions 6 =6, + 6,, and o = o't + o't (Here,
t;=o;/c is transport ratio, o, and o; are partial thermoEMF and electric conductivity, i=1,2 are
numbers of channels with “band” (A, > a) and “diffusion” (A, = a) conduction, respectively) [16]. Fig. 3
shows the results of calculations of a relative change in thermoelectric figure of merit Z (curve 1), power
W (curve 2) and thermal conductivity k (curve 3) of TEM samples in the region of PGEC phase
existence. In the calculations, use was made of the band parameters p,/p, ~x;/k,~10 and
K e, PO =3 (here, p,, are partial mobilities, k; and «, are the lattice and electron components of
thermal conductivity), as well as scattering parameters » = 0 (acoustic scattering) and » = 2 (scattering on
neutral centres) for the “band” (1) and “diffusion” (2) conduction channels, respectively (Fig. 2) [16].

From Fig. 3 it follows that in the range of 1 <A,/a <2 —3 the values of Z and W in TEM can
increase simultaneously (curves 1 and 2). At #; ~ 0.8 maximum increase in Z by a factor of ~ 2.5 — 3 and
W by a factor of 1.3 — 1.4 (curves 1 and 2, Fig. 3) is possible due to a combined effect of the transitions
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Apn = a and A, > a. The possibility of o and W growth (3, Fig. 3) in the model (Fig. 2) is related to
energy selection of the “band” and “diffusion” current carriers taking part in conductivity [16]. Earlier
the model (Fig. 2) was used to account for the anomalous growth of Z and W in GeTe and Cu,¢Se
alloys at a high temperature [15]. According to estimates (Fig. 3), two-channel conductivity can be also
responsible for the simultaneous growth of Z and W at a high temperature (7= 700 — 800 K) in the
nano-like structures of the type p-TAGS ((4gShTe,),_(GeTe),) (AJa ~2) (Table 1) [6, 10], as well as
p-LAST-m (AgPb,,SbTeys, m =18 —22) (ZT=1.6—2.2) [10].

Z, W,x,a.u.
i 6
3 -— 1
'/v"'\
2 b oo 71 Y{,_ _________________
v/ 2
T — // ,;./.zfi ,,,,,,,,, et I
A 3
=
0 L 1
0 0.5 1.0

Fig. 3. Relative change in the figure of merit Z (1), power W (2) and thermal conductivity x (3)
with the transitions A, 2 a (4, 5) and h, 2 a (6) in TEM depending on the transport ratio
of band charge carriers t; (T = const).

2. Comparison of NS TEM and crystalline TEM
2.1. A-diagnostics of crystalline TEM

The results of A-diagnostics of crystalline TEM are given in Fig. 4 (a —f). Figs. 4a and 4 b
show polyterms A,/a (a), AJ/a (b) (T'= Tmax) (curves 3 and 4) depending on E, of the best low-,
medium- and high-temperature TEM [1, 6, 10-13, 21, 22]. Figs.4 ¢ and 4 d show the respective
polyterms Ty, (curves 5 —8), as well as optimal charge carrier concentration n”'(p™) (curve 9) and
the Fermi energy £y of TEM (curve 11). From Fig. 4 a and 4 b it is seen that with increase in E, and
Tnax, the transitions A,;, = a and A, a occur in crystalline TEM that change the characteristics of
samples. Fig. 4 ¢ shows the impact of the transition A, = a on the T}, value of TEM (curves 7 and 8).
According to Fig.4 ¢, far from the transition A, 2 a (AJ/a>10, E,<0.4eV) TEM behave as
conventional semiconductors with high mobility p, the values of Tp.x being in the range of 5 <b <10
(5 -8, Fig. 4 ¢). However, at E,>0.5-0.7¢eV and A./a <2 -3 the values of 7.« go beyond the
range of 5<b <10 (curves 7 and 8, Fig. 4 c¢). The effect is attributable to the appearance in the
samples of “diffusion” charge carriers with a low mobility (A, =a), which increases the relative
contribution of minor carriers to development of intrinsic conductivity in the samples (» = 0) [15, 16].
Here we have Tma(p) < Tmax(n) (curves 7 and 8, Fig. 4 ¢), since generally a = p./pu,>1 [11]. The
transition A, = a also affects the polyterms n”(p)”', Er = f{E,) in TEM (Fig. 4 d), where one can see a
reduction in growth rate n”'(p)”" (curve 9) and even slight reduction of Ep~ % koT e (curve 11)
related to Thax reduction in the region of A, ~a (curve 10). Figs. 4 e and 4 f show polyterms of the
figure of merit (ZT)max (curve 12) and power W = f(Eg (curve 15) in crystalline TEM (7 = T1na). Curve
12 (Fig. 4 e) has an extended maximum (Z7)max ~ 1 in the range of 0.1 eV < E,; < 1.0 eV and drops in
the area of low and high E,. According to Figs. 4 a and 4 f, condition (Z7)max ~ 1 in the range of
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0.1 eV <E,<0.6¢V (curve 12, Fig. 4 e) is maintained due to a compensating effect of the transitions

Apn = a and A, = a leading to a simultaneous reduction of k; and ¥ of the samples.
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Fig. 4. Polyterms My/a (@), h/a (b), Tyax (c), 0" (p™") and Er (d) (ZT) nax (€) and W (T,) (f) depending on the
energy gap E, of TEM (T = T,.). Samples: 1 — 12 — crystals [1, 6, 10-13, 20-22]; 13, 14— NS [7, 8, 10, 22].
Materials (in order of increasing Eg): 1 —n-type (BiSb, Bi;Tes;, PbTe, CoSbs, SiGe); 2 — p-type (BiSb <Sn>,
SbyTes, PbTe, TAGS, GeTe, SiGe, Cu;99Se). 1, 2, 14-experiment; 5, 6, 10, 13 — calculation. Design formulae:

5,6 —E,=0bkyT (b:5-5;6-10); 10—FE = koTup; 13 =y = (ZT pax (curve 12))* (\,1/a). Directions of possible

changes in TEM characteristics at formation of NS are shown with arrows.

In so doing, the decay in curve 12, Fig. 4 e at E,>1.0¢eV is related to completion of the
transition A, = a (A/a = 1), and the decay at £, <0.1 eV — to requirements of thermodynamics — a,
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W->0,at T—>0,[l,4,6]. The results obtained (Fig.4) show that the mechanisms of Z and W
increase in NS and crystalline TEM at a high temperature are of the same physical nature. In so doing,
the difference in the characteristics of NS TEM and crystalline TEM at 7= const is due to different
stages of the transitions A, = a and A, = a in the samples. Hence it follows that the expected
characteristics of NS TEM can be estimated based on the properties of crystalline TEM by
extrapolation A,, = a and A, = a. Directions of possible changes in the characteristics of TEM at the
transition “crystal > PGEC” are shown by arrows in Fig. 4.

2.2. The “crystal-PGEC” transition

According to Fig. 4, on condition of E, = const, the “crystal - PGEC” transition in TEM results
in the reduction of A, and e, Toax, 1" (p™"), Er, as well as W (at E, < 0.4 eV). In so doing, for any
values of E, the value of ZT is increased due to a reduction of NS «; (curves 12 > 13, Fig. 4 e). Curve
13, Fig. 4 e gives the upper limit of Z7 increase in samples when passing to PGEC phase. Curve 13,
Fig. 4 e was calculated for NS by formula (1) based on curve 12 for crystals on condition of A,/a =1
(Fig. 4 ¢). From Fig. 4 e it is seen that the greatest Z7 increase when passing to PGEC phase (up to
~ 10) can be expected only at T <600 K and E, < 0.4 eV (curve 12 = 13). With T, > 600 K and
E,>0.4 eV the possibilities of ZT increase for NS in PGEC phase are reduced considerably (up
to~ 1.5) (Fig. 4 e).” By and large, the above conclusion is confirmed by the experimental observations
of (ZT)max for NS TEM (14, Fig. 4 ). Further increase in (Z7)m.x of NS TEM can be promoted by
increase in power parameter /¥ with the transition A.,/a = 1 related to a displacement of W features in
the range of 1 <A./a <3 toward low E, (Fig. 4 e).

2.3. Simultaneous increase in Z and W of TEM

The main problem of using NS TEM in TEC is a reduction in the majority of cases of
power parameter W of NS as compared to crystalline materials (Table 1) [1, 2]. As is known,
the Z value of TEM determines maximum temperature difference of TEC and TEH, namely
AT ey = Y5 ZT\* = Y Z((1 + 2T4Z)"*~1)/Z)* and TEC ATIAT,
efficiency — n=n. (My— 1)/(M, + T/T};) (maximum ' '
efficiency mode), or n=n./(2 +4/ZT), — 1./2) (maxi-
mum power mode) (Here, .= (To+ T1)/T; is the

Carnot factor, M = R/r is the relative electric load of 1.0F
TEG; R 1s the electric resistance of load;
My=(1+Z D" T=% (Ty+T)) is the average 0.5
temperature) [1]. On the other hand, the W of TEM
determines maximum cooling capacity of TEC and
TEH, namely Quux = ATmaxkS/L ~ V2W T 12, as well as 00,
maximum net power of TEG W = WAT /4 = WS/Al
[1, 6]. As an example, Fig.5 shows a relative

Fig. 5. Relative change in temperature difference

AT/AT) (1 — 4) versus cooling capacity Q/Q,
change in the temperature difference AT/AT, of of TEC. Materials: 1 — crystals (NT/ATy = Q/Op = 1);
TEC with different Z and W as a function of 2-4—NS. Zus/Zer =3 Wys/Wer:2—0.7: 3 1;
cooling capacity Q/Q,. From Fig. 5 it is evident 4—1.3. 5—region where NS (2) are inferior in
that using NS TEM with increased Z (curves characteristics to crystals (1).

2 This conclusion refers to averaged Z values of TEM. For instance, in SiGe alloys, where Kph/a ~ 8 (Fig. 4 a),
there are considerable additional reserves for Z growth [1].
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2 —4), in the mode of zero thermal load (Q = 0) one can always expect AT ,.x growth as compared to
crystals (curve 1). However, when passing to maximum power mode, with increase in Q in Fig. 5
appears a region (5), with NS characteristics inferior to crystals. Hence it follows that for an adequate
use of NS TEM in TEC a simultaneous increase in parameters Z and W is needed (1 = 3, 4, Fig. 5)
[1, 10, 20]. For a simultaneous increase of Z and W in TEM the most efficient method was
optimization of the band parameters of materials (N, Er and energy gap E,). It is also possible to use
quantum-size effects (superlattices, quantum wells, wires and dots, etc.), to create in the permitted
band close to Er the “resonance” states, to use grain boundary scattering providing carriers “filtration”
according to energies (growth of » and a) [1, 4, 6, 8, 10]. According to Fig. 3 —4, for a simultaneous
increase of Z and W in NS TEM one can also use the effect of “two-channel” conduction acting in
TEM in the range of 1 ~A,/a < AJ/a <2 —3. If necessary, further increase of Z and W in TEM is
possible due to the use of quantum effects in NS [1, 10, 20].

3. Other problems of using NS TEM
3.1. NS TEM instability

Different types of NS TEM instability are directly related to the instability of nanoparticles that
form them and possess increased surface energy [1, 2, 23]. Therefore, in the process of compaction of
such nanoparticles when preparing the bulk materials there is recrystallization of grains accompanied
by increase in their size by several orders (effect of “knockout” from the nanoregion) (Table 1) [5].
However, in some cases the “knockout” effect can be conquered, for instance, by using plasma
sintering of particles accompanied by formation of secondary grain substructure [1, 10, 22]. The main
type of NS TEM instability is their diffusion instability manifested in the rise of temperature
T>Tr~04-06T7,~400—-700K (Here, Tr and 7, are the Tammann and material melting
temperatures, respectively) [22]. Fig.6 shows melting temperature 7, (1), T (2) and the Tammann
temperature 77 = 0.6 T, (3) of crystalline TEM depending on E, of samples.

T,K
1500t e
1000 e e
e o 3
S00F | 7 1
4 5
0 ‘_
0 0.4 0.8 1.2

Eg, eV

Fig. 6. Melting temperature T,, (1), T, (2) and the Tammann temperature Ty = 0.6 T,, (3)
of crystalline TEM versus the energy gap E,. 4 and 5 are NS stability
and instability ranges at T = T,,,.. Samples: see caption to Fig. 4.

From Fig. 6 it is seen that at T, > 500—-600 K and E,>0.3 eV NS TEM are instable at
temperature 7 ~ Ty (range 5). At temperature 7., only the alloys with 7y, <500 K and E, <0.3
remain stable (range 4), which restricts considerably the prospects of using NS in high-temperature
region. To the full extent this conclusion refers to “artificial” NS TEM and to a lesser degree to NS
TEM obtained at decomposition of oversaturated solid solutions (Table 1). Even to a lesser extent this
conclusion is related to natural superlattices of TEM obtained by crystallization from the melt [1], as

18 Journal of Thermoelectricity Ne5, 2013 ISSN 1607-8829



M.A. Korzhuev
Thermoelectric nanostructures: pros and cons

well as strongly disordered nano-like structures of the type Gej_.Te, TAGS, LAST and Cu, .Se
(Table 1). Diffusion instability of NS TEM directly accounts for their chemical instability determined
by high rate of reagents diffusion along the grain boundaries. Various technical methods for
combatting chemical instability of NS TEM are applied with profit [1, 22].

3.2. Change in material optimization parameters

The transition “crystal = NS” reduces the values of Tp.x, 1™ (p™), and in some cases Er of the
samples (Fig. 4). This necessitates a change in optimization rules of NS TEM as compared to crystals.
Fig. 7 demonstrates the Bergholz diagrams qualitatively explaining the differences in the optimal
concentration of current carriers in crystal and NS [3]. From Fig. 7 it is seen that on condition of
o ~ a (crystal) ~ o (HS) ~ const (Table 1), the optimal concentration of current carriers n,,, of NS will
be reduced, and the known mismatch between n,,, for Z and W will increase (A; > A,).

Characteristics TEM —

L9 0 11 12

19 3
n,p~10 cm n—>

Fig. 7. The Bergholz diagrams of TEM. 1, 2, 4, 5, 7, 9 — crystals; 1, 3, 6, 10, 11, 12— NS (T = 300 K).
Characteristics: 1 —a.~ a (crystal) ~ o (HS) ~const; 2, 3 -6, 4, 1] —x =%, tK,; 5, 12—x;,6, 7—Z;
9, 10— W. Mismatch in n,,, between Z and W: A; are NS; A; are crystals. 8 is transition hy, 2a.

The mismatch A; > A, can result in the necessity of developing NS TEM with different
parameters as applied to maximum efficiency and maximum power modes of TEC.

3.3. Contact effects and material saving

The transition “crystal & NS” is accompanied by increase in thermal (' =«") and electrical
resistance (p = ¢ ') of the samples. As a result, the use of NS TEM in TEC is accompanied by increase
in transient contact thermal and electrical resistances of thermocouples, which can generate a need for
longer legs and reduced device efficiency [1, 6]. However, in [23] it was shown that for the case of
automobile thermoelectric generators (ATEG) using gas heat carriers [6] the contribution of contact
resistances of NS TEM can be assumed to be inessential as compared to parasitic resistances of heat
exchangers. In this case, the use of NS TEM can lead to a simultaneous increase in TEC efficiency and
considerable saving of costly TEM (up 3 times and more) [24]. However, in the case of TEC using
liquid and solid heat carriers, the contribution of NS contact resistances to TEC efficiency can prove to
be essential, and it should be taken into account in the development of devices [6].

Conclusion

Research on NS TEM is a new upcoming trend of modern material science [1, 2]. In this paper,
a thorough analysis of NS TEM characteristics is made and mechanisms for improving their
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thermoelectric figure of merit Z and power W are determined. Transition of TEM into “phonon glass-
electron crystal” (PGEC) phase underlies the growth of NS parameter Z. The possibility of PGEC
phase formation in the samples (a = A,, <A.) is related to the proximity of TEM to the transitions
Mpn = a and A, 2 a. (Here ais interatomic distance, A,, and A, is the average mean free path of
phonons and electrons). To determine the degree of proximity to PGEC phase, the method of
A-diagnostics of TEM based on the estimation of A,, and A. values in the samples is developed in [16].
The use of A-diagnostics allowed to establish that increase of Z and W in NS TEM, as well as TEM
crystals at high temperature are determined by the same mechanisms. Owing to this result, the
theoretical limits of increase in Z and W parameters in NS TEM were estimated in various temperature
ranges. According to estimates, the greatest growth of Z in NS TEM is possible at room and lower
temperatures; with a rise in temperature, the possibilities of Z growth in NS TEM are reduced. The use
of A-diagnostics also allowed establishing the mechanisms responsible for growth of Z and W in NS
TEM. It is shown that formation of PGEC phase and growth of Z in NS TEM is due to reduction of
Kz ~ Ay at the transition A,;, = a. In so doing, the attendant transition A, = a, as a rule, reduces W of
TEM due to reduction of ¢ ~ A.. As long as reduction of W complicates the use of NS TEM in power
TEC, it is necessary to further increase oo and W of NS TEM by various methods. With this aim in
view, in the present paper it is proposed to use the effect of two-channel conduction assuring
simultaneous growth of Z and W in the range of 1 ~ A,,/a <A./a <2 — 3. This paper also covers some
negative characteristics of NS TEM preventing their wide use in TEC. In particular, the ranges of
diffusion instability of NS at high temperatures are determined. It is shown that at present the “safe”
range of using “artificial” NS TEM is probably restricted to near-room and lower temperatures. One is
inclined to think that the above disadvantages of NS TEM can be overcome, and the stability of
samples at high temperatures can be increased using various technical methods. However, since the
above problems have not been solved up to now, only the “natural” NS such as naturally-occurring
superlattices based on multicomponent systems seem to be the most promising so far for high-
temperature use’. Also of great interest are “natural” nano-like structures of the type GeTe, TAGS and
LAST based on strongly disordered phases, that have already proved their reliability by failure-free
operation on space objects for 10 and more years [1, 6, 10].
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The influence of thickness d on thermoelectric properties (the Seebeck coefficient S, electric
conductivity o, the Hall coefficient Ry, charge carrier mobility ny) of films d = 8 — 170 nm in
thickness, prepared by vacuum evaporation of PbTe crystals with lead excess onto (001) KCI
substrates coated with Al,O; layer has been studied. It has been established that films with
d < 75 nm possess hole conductivity, and at d > 75 nm carrier transport is determined by n-type
charge carriers. The inversion of conductivity sign close to d =75 nm is attributed to a change
in thermodynamic equilibrium conditions in the films as compared to crystal, as well as to
material evaporation and condensation features. Oscillations on the d-dependences of the
kinetic coefficients of films with p-type conductivity are attributable to quantization of the hole
gas of carriers. Calculation of oscillation period Ad using a model of infinitely deep rectangular
potential well is in good agreement with the experimentally determined Ad value. For n-type
conductivity films the values of kinetic coefficients increase with increase in d, which points to
manifestation of a classical size effect.

Key words: thin film, classical and quantum size effect, thickness.

Introduction

The IV-VI semiconductor compounds are widely used in thermoelectricity, optoelectronics, infra-
red technology and other fields of science and engineering [1-4]. Lead telluride (PbTe) is well known as
one of the best materials for thermoelectric (TE) generators operated in medium temperature range [2, 3].

Considerable improvement of TE figure of merit in superlattices based on IV-VI semiconductors
[5-8] earlier predicted theoretically [5], arouses interest in studying thermoelectric properties of PbTe in
the thin-film state.

One of the main tasks of nanophysics and nanotechnologies is development of methods for
preparation and study of material properties in the low-dimensional state (quantum wells, quantum
wires, quantum dots). In the thin-film state the size of a sample in one direction is considerably smaller
than in the other two directions. Considerable impact on the transport properties of 2D-structures can be
produced by size effects, namely classical (CISE) which can be observed in the case when the mean free
path of charge carriers is comparable to film thickness d, and quantum (QSE), which is manifested when
film thickness becomes comparable to de Broglie wavelength value [9].

In a number of works (see, for instance, [10-16]) for lead chalcogenide films (PbS, PbSe, PbTe)
prepared by vacuum evaporation of a blend with different concentration of charge carriers of both n-
and p-type (from ~ 10" to 10 cm™) the authors observed the oscillatory behaviour of the
dependences of TE properties (the Seebeck coefficient S, electric conductivity o, Hall charge carrier
mobility py and TE power P=S’c) on the film thickness d, attributing this phenomenon to
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manifestation of QSE. The increase in monotonic components of ¢ and py versus thickness,
discovered in PbSe films prepared from crystals of stoichiometric p-PbSe, was attributed by the
authors of [17] to manifestation of CISE due to increased contribution of diffused carriers scattering
on interfaces with a reduced d. The results obtained in [16, 17] have demonstrated that varying film
thickness in small steps according to the value of d in a wide thickness range, one can study QSE and
CISE on the same objects simultaneously.

The purpose of this work is to study size effects in the films prepared by vacuum evaporation
onto (001) KCI substrates of n-PbTe crystals with lead excess (2 at.% Pb) and coated with 4/,0; layer.
In [15], on the films prepared in a similar way, protected from interaction with air oxygen by EuS
layer ~ 30 nm thick and having n-type conductivity, there were revealed thickness oscillations of the
kinetic properties with the period Ad ~ 100 nm, though the theoretical calculation of Ad, with the use
of a model of a rectangular well with infinitely high walls yielded much lower value, namely
Ad=20nm. The observed discrepancy was attributed by the authors of [15] to a great deal of
simplifications used in the model, as well as to insufficient number of thin-film samples with different
values of d. The latter factor predetermined the arrangement of the present work.

As a result of research performed in this work, we have managed to establish the presence
of p-type conductivity region in small thickness range, to discover the oscillatory behaviour
of d-dependences of kinetic properties in this region, to determine the oscillation period practically
corresponding to theoretically calculated one, as well as to observe manifestation of CISE in the
thickness range with n-type conductivity.

Experimental procedure

Epitaxial films PbTe of thickness d=8— 170 nm were prepared by vacuum evaporation
(~10° —10° Pa) of PbTe<Pb> crystals with lead excess (2 at.% Pb) with subsequent condensation
onto fresh cleavages of (001) KC/ at a temperature of (520 £ 10) K. The rate of material condensation
was 0.5 — 1.0 nm/s. Film thickness d was controlled by means of a quartz resonator preliminarily
calibrated with the aid of interferometer (for ¢ > 100 nm) and small-angle X-ray diffraction method
(for d < 100 nm). Electron-beam technique was used to deposit 4/,0; layer ~ 10 — 15 nm thick on top
of the film. The wide-gap 4/,0; semiconductor, on the one hand, protected PhTe<Pb> films from
oxidation and mechanical damages, and, on the other hand, served as a barrier layer whose
contribution to conductivity was small. The electrical conductivity ¢ and the Hall coefficient Ry were
measured by standard dc method with an error not exceeding + 5 %. Indium was used for contacts.
The Hall mobility of charge carriers p; was calculated by the formula py = R;c, and charge carrier
concentration was determined on the assumption of one sort of charge carriers as n = r/(e'Ry), where
the Hall factor » = 1. The measurements of S were done by compensation method with respect to
copper in the plane of films to an accuracy of + 3 %. The type of charge carriers was determined by
the sign of Ry and S. The measurements were conducted on as-prepared samples at room temperature.

Results

The measurements have shown that PbTe<Pb> crystal, used as blend for preparation of films,
possessed n-type conductivity (which is in agreement with the reported data [1]) and had the following
electrophysical parameters: n = 7-10" cm™, §=-180 pV/K, =140 Q"-ecm™, py =125 cm*/V's. In
passing to the thin-film state, n-type conductivity was observed only in the films of thickness
d > 75 nm, and at lower thicknesses the conductivity sign changed for the opposite.

ISSN 1607-8829 Journal of Thermoelectricity Ne5, 2013 23



S.1. Olkhovskaya, E.I. Rogacheva
Size effects in lead telluride thin films and thermoelectric properties

One of possible reasons for the appearance of p-type conductivity at d < 75 nm in PbTe<Pb> films
can be a change in thermodynamic equilibrium conditions in the thin-film state as compared to the bulk
crystal and, as a consequence, a change in equilibrium concentration of defects in the film. It can be also
supposed that a change in conductivity type with a change in film thickness is determined by the specific
features of crystals evaporation. In the course of heating PhTe is mainly evaporated in the form of PhTe
molecules (dissociation energy of PhTe molecule 229.2 J/mole is much in excess of sublimation heat
224.6 J/mole), though apart from PbhTe molecules, small amounts of lead or tellurium atoms can be
present in the vapours [18]. Though the content of free Te in the vapours is small, during condensation
this Te excess can be accumulated in the bulk of the deposited film and result in p-type conductivity. The
impact of this factor will be the greatest with small film thicknesses. One should also take into account
the possibility of partial reevaporation of lead excess during deposition on the substrates. In [15], with
the use of the same blend material as in the present work, p-region was not observed. It is apparently due
to the fact that the thickness (30 nm) and material (EuS) of protective coating on PbTe film differed from
these values in the present work and better protected the film from oxidation. In [15, 19] it was
established that the type of conductivity can be controlled by changing film thickness d and protective
layer thickness dg,s, namely the presence of EuS with dg,s>30nm completely protects lead
chalcogenide films from oxidation and retains n-type conductivity, and with dg,s <30 nm the inversion
point of conductivity type is displaced toward the region of smaller thicknesses.

Fig. 1 gives d-dependences of S, 6, Ry and iy of PbTe<Pb> thin films obtained in the present work.
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Fig. 1. Thickness dependences of the Seebeck coefficient S (a), electric conductivity o (b),
the Hall coefficient Ry (c) and the Hall mobility \y (d): 1 — crystal PbTe<Pb>;
2 — films (001)KCl/PbTe<Pb>/Al,0;.
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From Fig. 1 it is seen that in the range of thicknesses corresponding to p-type conductivity in
PbTe<Pb> films, there is a non-monotonous behaviour of S, 6, Ry and py versus the thickness, namely
the kinetic coefficients oscillate with increase in d. Note that positions of peaks on the dependences
S(d) and Ry(d) coincide and correspond to the minima on the curves o(d) and pg(d) (Fig. 1). This, as
well as the fact that 5, S and Ry were measured independently, confirms the reality of oscillations
existence. The average distance between the peaks or minima (oscillation period) is Ad = (16 = 2) nm.
It should be noted that oscillation amplitudes on the dependences S(d), o(d), Ri(d) and p(d) are rather
large and reach 25 %, 100 %, 80 % and 80 %, respectively. With the increase in film thickness, the
amplitude of d-oscillations of the kinetic coefficients is decreased.

We attribute the presence of oscillations on d-dependences of the kinetic properties of p-PbTe<Pb>
films to the manifestation of QSE. Taking into account that PhTe<Pb> film is located between two
isolators, namely the substrate (001) KCI and AL0; protective layer, the motion of charge carriers (here
holes) in the direction normal to the plane of thin film, is restricted, which results in the quantization of the
transverse component of hole quasi-pulse in this direction and the formation of transverse energy
subbands. Carrier motion in the plane of a film is not quantized. Therefore, the structure (001)
KCIl/PbTe<Pb>/A,0; can be approximately represented as a rectangular potential quantum well with
infinitely high walls. In this case in the effective mass approximation the energy levels are written as [9]:

e
2m’ d’ 2m’ " 2m*’ D

x ¥

2 2 272
Wow s Pk

where m." is the effective mass along the direction normal to quantum well, ., k, and mx*, my* are the
wave vector and effective mass components, respectively, with charge carrier motion parallel to
quantum well. With a change of d by the value equal to half de Broglie wavelength, A2 (A is
de Broglie wavelength on the Fermi level), N subbands will consecutively cross the Fermi level ¢,
which will involve a stepwise change in the density of states. Density of states oscillations lead to
transport properties oscillations. The oscillation period values Ad and N can be determined using the

following expressions [9]:
Ad = 73 = _h )

2 8w,
N kpd d d8m’e, ' 3)

r A2 &

It can be readily shown [14] that the thickness d;, whereby the first subband crosses the Fermi
level (£, = €F) is equal to d, = h/ \8m. g, = Ad, i.e. is nothing but oscillation period. So, to determine

Ad, there is no need to measure transport properties of films in a wide thickness range, it is enough to
determine experimentally the first extremum on d-dependences of properties which will yield the most
precise value of Ad.

For the investigated structures (001) KCl/PbTe<Pb>/Al,0; with regard to known values of the
effective mass of holes in p-PhTe (the transverse and longitudinal components of the effective mass
m; =0.022 my, m;"=0.31m,, respectively) [1] and the value &r determined by the average
concentration of holes (p=3.8-10"® cm™) in the area with p-type conductivity (d<75nm), the
oscillation period was calculated from formula (2) that made Ad = (17 £ 2) nm. The resulting value of
Ad is in very good agreement with the experimentally determined average distance between the
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adjacent maxima on d-dependences of S, Ry o and g, as well as with the position of the first
extremum in p-region (d; = 14 £ 1 nm) (Fig. 1).

Quantum thickness oscillations of the kinetic properties become pronounced at room
temperature, though according to theoretical models the oscillations can be distinctly pronounced only
at low temperatures [20]. The fact of observation of quantum size effect can point to sufficiently high
degree of structural perfection of films and/or the impact of other factor.

In n-PbTe<Pb> films (with d> 75 nm) higher values of ¢ and py were obtained than in
PbTe<Pb> crystal from which the films were prepared, which can testify to a higher structural
perfection of films as compared to crystal.

When analyzing the kinetic coefficients behaviour versus the thickness of films with n-type
conductivity (d > 75 nm) it is seen (Fig. 1) that, with increase in d, the monotonous component of S, ¢
and py is increased and gradually reaches saturation. Such behaviour of S, ¢ and py with thickness
points to the existence of classical size effect (CISE).

Conclusions

Vacuum evaporation technique of PbTe crystals with lead excess and subsequent condensation
on (001) KC! substrates was used to prepare PbTe<Pb> thin films of thickness d =8 — 170 nm. A
change of p-type conductivity for n-type with PbTe layer thickness d =~ 75 nm was established. It is
supposed that conductivity sign inversion can be due to a change in thermodynamic equilibrium
conditions in 2D-state as compared to the bulk crystal, peculiarities of evaporation and condensation
processes or to insufficient thickness of A, O; protective coating.

It is shown that in the range of thickness d < 75 nm there are thickness oscillations of the Seebeck
coefficient, the Hall coefficient, electric conductivity and mobility of holes with the period
Ad = (16 £ 2) nm, which is related to quantization of hole energy spectrum and manifestation of quantum
size effect. Theoretical calculation of quantum oscillation period with the use of a model of infinitely
deep rectangular potential well is in good agreement with the experimentally determined Ad value.

Analysis of the monotonous components of transport coefficient dependences on the thickness
of films with n-type conductivity (d > 75 nm) has shown that the values of the Seebeck coefficient,
electric conductivity and electron mobility are increased with thickness increase and gradually reach
saturation, which is related to manifestation of a classical size effect.

The work was performed with support from the State Foundation for Basic Research (Ukraine)
(Grant No. UU 42/006) and US Civilian Research and Development Foundation (CRDF Global, Grant
No. UKP-7074-KK-12).
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ENHANCEMENT OF POWER FACTOR OF THERMOELECTRIC
ELEMENT UNDER PRESSURE

The objective of creating a thermoelectric element with improved characteristics using high-
pressure impact is considered. The search for p- and n-type thermoelectrics whose thermoelectric
parameters are improved under pressure has been performed. The measurements have been
carried out using an automated set-up with both diamond and hard alloy anvils. The results
obtained for some compounds indicate the possibility of creating a thermoelectric element
containing both n- and p-type legs with enhanced characteristics within the same pressure range.
The power factor of the element has been estimated for specific values of applied pressure with
respect to normal conditions. Various variants of using high pressure in thermoelectric devices
have been discussed. The work is partly supported by the Program of the RAS Presidium.

Key words: thermoelement, high pressures, Bi,Te; based compounds, thermoelectric power.

Introduction

The improvement of thermoelectric (TE) parameters, namely, the power factor & = S*/p and the
figure of merit Z =S */(p)), where S is the thermopower, p is the electrical resistivity, A is the thermal
conductivity, is still the primary objective in the research of thermoelectric materials [1, 2]. Bismuth
telluride compounds are the most promising among the basic materials for high-performance low-
temperature thermoelements. Along with traditional n-type Bi,Tes;-based TE compounds, p-type
materials of similar structure are also much-in-demand for TE industry [3-6]. The TE parameters of
Bi,Te; are usually optimized by “technological factors” such as (I) doping and ions substitution [5-8],
(IT) variation in mesostructure (nanostructures, superlattices, quantum dots and wires) [3, 9-15], and
(IIT) variation in synthesis conditions [15-18]. A permanent search for alternative medium-temperature
TE materials is under way [19]. High pressure-related enhancement of TE properties of p-Bi,Te; has
been found recently [20, 21].

In the present paper, measurements of thermopower S and electrical resistance R of the ternary
and quaternary chalcogenides based on Bi,(Sh,)Te; crystals possessing high initial TE parameters
under normal conditions have been performed. The purpose of the work is searching for the possibility
to enhance zero-pressure TE parameters (&, Z) of both n- and p-type crystals for creation of high-
performance thermoelement.

Details of experiment

The S(P) and R(P) dependences were measured by an automated high-pressure setup allowing
simultaneous registration of several properties of a microsample at high pressure [22]. Two different anvil
cells were employed for pressure generation: one of the Bridgman type, made of synthetic diamonds with
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a working diameter d ~ 0.6 mm, and another one of toroidal shape, made of tungsten-carbide hard alloy
with a working diameter of the central semispherically concave anvils d ~ 1 mm [23, 24].

Table 1
TE parameters of samples under normal conditions
Thermopower S, Conductivity o, Power e,
No. Compound 1 0 s 1y
pVv-K Q" -cm 107 W-cm™ K
2 Bi2T€2.73S€0'27 227 938 4.83
3 Bi2T€2,7S€0,3 -225 882 4.47
4 Bi2T92_82S60‘09S0‘09 =216 987 4.60
6 Biy 4Shy ¢Tes 205 1216 5.11
7 Bl()6Sb14T€3 209 998 4.36
8 Bl()5Sb15T€3 220 1037 5.02

A sample of ~200 x 200 x 30 and 200 x 200 x 250 um’® was placed into a hole of a container
made of the lithographic stone in the Bridgman and toroidal cells, respectively [23, 24]. The pressure
values were determined to an accuracy of ~ 10 % from a calibration “force-pressure” curve based on the
registration of phase transitions in Bi, PbS, PbSe, CdSe, etc. [25]. Applied force was measured by a
digital dynamometer with resistive-strain sensors [23]. The anvils were characterized by a high electrical
conductivity, and, therefore, were used as electrical contacts to a sample. In the thermopower
measurements the upper anvil was heated. The temperature difference along the sample AT was
determined at the fixed points of the anvils using copper-constantan thermocouples. Calculations of
temperature distribution inside the “anvils-container-sample” system were performed in [22, 25]. Several
measurement cycles (up to 5) were performed for each sample with pressure increase/decrease.
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Fig. 1. Pressure P dependences of the thermoelectric power S (a)
and normalized resistance p/py (b) for samples listed in Table 1.
Curve numbers correspond to sample numbers [26].
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Results of thermoelectric testing and discussion

The ternary and quaternary Biy(Sh,)Tes;-based crystals of both p- and n-type possessing high TE
parameters under normal conditions (see Table 1) were taken for investigation. The characteristics of
the samples are shown in Table 1. As Bi,Te; and compounds on its basis are known to suffer structural
transition at a pressure above 6 — 8 GPa [27, 28], the upper limit of applied pressure was restricted to
~ 5 — 6 GPa for checking the reversibility of TE properties at pressure variation.
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Fig. 2. Pressure P dependencies of the power factor & for samples 2, 3, 4 (a)
and 6, 7, 8 (b) listed in Table 1. Curve numbers correspond
to sample numbers [26].

The gradual decrease in thermopower S (in absolute values) with pressure increase was observed
both for n- and p-type samples (Fig. 1). The electrical resistance also drops with pressure increase, as in
the case of a binary compound Bi,Te; (Fig. 1) [20]. The calculated values of power factor obtained
using the experimental S(P) and R(P) data for p-type compounds have a non-monotonic dependence on
P with a maximum in the region of ~2 to 4 GPa (Fig. 2), whereas for n-type compounds they reach
maximal values at ~ 2 GPa and then remain unchanged with pressure increase (see Fig. 2). The non-
monotonic dependence of & on P is obviously due to pressure-driven electron structure variation
[20, 27-29]. With regard to experimental results, it seems possible to choose the pairs of n- and p-type
compounds having maximal values of & at the same pressure range, e.g. samples No. 2 — 4 (n-type) and
sample No. 7 (p-type) at~3 —5 GPa, or samples No.2 -4 (n-type) and sample No. 8 (p-type) at
~ 2 GPa, and samples No. 2 — 4 (n-type) and sample No. 6 (p-type) at ~ 2 — 3.5 GPa. The highest values
of & are achieved for the pair “sample 3 or 4 (n-type) — sample 7 (p-type)” near P ~ 4 GPa (see Fig. 2).
Decompression cycles showed the reversibility of pressure-induced a-enhancement effect. Thus,
manufacture of high-performance TE element containing both p- and n-type legs seems to be feasible
due to retention of pressure ~ 2 to 4 GPa in small devices or strained films. A variant of autonomous
synthetic diamond chamber used in magnetic field measurements [21] may be a suitable device, as
synthetic diamonds possess both excellent thermal conductivity and high electrical conductivity, to
provide the input/output of thermal flows as well as electrical connection in TE-element.

The observed enhancement of power factor under pressure is related to a moderate decrease in
the absolute value of S and a more rapid drop of electrical resistance. In a binary compound Bi,7e; the
semiconductor gap E, = 0.17 eV decreases with pressure increase which explains the behavior of § and
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R. In the ternary and quaternary Bi,(Sh,)Te;-based chalcogenides the value of E, is somewhat modified
by chemical substitution in the lattice, so the “optimal” semiconductor gap [21], hence the highest TE
parameters, are achieved at different values of P (Fig. 2).

From the general expression for the electrical conductivity o, and thermoEMF S:c = Jo(E)(-0f/0E)dE
and S=(k/ |e))[[(E — Ex)(kT)][c(E)/c](-0fIOE)dE (where f is the distribution function, Ey is the Fermi
energy, E is the electron energy, & is Boltzmann’s constant, and e is the electron charge), the equation for
the Seebeck coefficient of a semiconductor with one additional hole band may be obtained as follows [20]:

S Opi ~ O (GPi_G”f) Eg 3 m; AE, O,
k/|e] {Z 5 <l )+Z,.: o 2T 4 m kT o | M

where 6 = X (6,; T G,,) s the total conductivity and r is the scattering parameter of carriers. The index i
corresponds to the electron and the hole bands and to the additional hole band (i =2). According to
recent calculations [30], the topmost valence band in Bi,Te; lies along the Z— U direction in the
Brillouin zone and exceeds the second band in energy by AE, = 3.8 meV (AE, =40 meV in [31]). The
second valence band is important in achieving high values of TE properties both in a binary Bi,Te;
compound [20, 29] and in Bi,Te;-based ternary and quaternary chalcogenides. The energy gap
between the hole bands AE, increases with pressure (dE,/dP ~+30 meV/GPa [32]), whereas the
forbidden gap is reduced at a rate of 20/60 meV/GPa below/above P ~ 3 GPa [28]. Since pressure
application leads to narrowing of the forbidden gap, and therefore, to the increase in the carrier
concentration, it eventually brings about the intrinsic conductivity increase. The above equation makes
it possible to explain the complex behavior of S versus P for these compounds.

It is also interesting to evaluate the behavior of figure of merit Z7 under pressure (where 7T is
temperature). Under normal conditions for n- and p-type materials the figure of merit Z7 is ~ 0.9. The
experimental data of [33-35] on thermal conductivity variation at high pressures 1.6 — 10 GPa for
Bi,Te; and ShyTe; compounds show the maximal increase of thermal conductivity A by a factor of 2
under a pressure of 4 GPa. Thus, the attainable figure of merit values for the samples under study may
be roughly estimated to be ZT = 3. This value is close to that of the advanced bulk Bi,(Sb,)Te; based
thermoelectrics [1-3]. This value may be overestimated to a certain extent due to unknown
contribution of electron component of thermal conductivity in the samples under study, which ought to
rise due to a strong decrease in resistivity.

High-pressure thermoelement testing

In the framework of this work the high-pressure thermoelement has been created and tested. The
schematic of this device represents a miniature high-pressure chamber with insulating boron nitride
anvils of the Bridgman type (Fig. 3). p-type and n-type pellets (legs) of the element made of samples
No. 8 and No. 2 (Table 1) were placed into a container similar to the above described experimental
setups (Fig. 3). The diameter of working tips of the anvils was 2.0 mm. Thin bronze tapes were used to
provide the electrical contacts to each thermoelement leg and to electrical outputs of the entire
thermoelement. According to experimental data represented in Fig. 2 the highest TE power factor for
this thermoelement is achieved at a pressure of ~2 —3 GPa. The device has a hold-down-nut which
permits high pressure retention after thermoelement unloading.
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Fig. 3. Schematic of the high-pressure thermoelement: 1 — thermoelement, 2 — container,
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Fig. 4. Experimental data of the thermoelectric measurements for each leg (a)

and for the entire thermoelement (b) at a pressure of ~ 2.5 GPa. The plots represent experimental

dependences of TE signal on the temperature difference (marked as squares).

The Seebeck coefficient S was determined from the linear slope of the dependences (straight lines).
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High pressure ~ 2.5 GPa was generated in the TE device by using a hydraulic press, following
which the pressure was fixed for TE measurements. Results of TE measurements allowed estimating the
TE power factor of high-pressure thermoelement (Fig. 4). Using the data on the pressure dependences of
electrical resistance (not shown) and thermoelectric power (Fig. 4), the ~ 3.4 +0.9-fold increase in
thermoelectric power factor was observed for each leg and for the entire thermoelement. To the authors’
knowledge, this is the first testing of the entire thermoelement at high pressures up to ~ 2.5 GPa.

Conclusion

To summarize, pressure application was established to lead to a significant improvement in the
TE figure of merit of p- and n-samples of the ternary and quaternary Bi,(Sh,)Tes-based chalcogenides
possessing high initial TE parameters under normal conditions. The effect exceeds the values reported
previously [36].

The working model of thermoelement has been created and tested at a pressure of ~ 2.5 GPa.
The ~ 3.4 £ 0.9-fold increase in thermoelectric power has been achieved for each leg and for the entire
thermoelement. There are several ways for high pressure retention under normal conditions, including: I)
miniature synthetic diamond (boron nitride) anvils; II) retention of pressure in strained films; III)
generation of pressure due to creation of thermal gradient by using materials with high temperature
expansion coefficient (water at low temperatures, some polymers, etc.).

It should be noted that a search for high TE parameters is usually restricted to normal pressure.
However, the best parameters obtained at present for the known thermoelectrics are by no means
related to normal temperature. Thus, for some Bi,Te;-based compounds the optimal temperature range
lies below room temperatures, whereas for PbTe-based compounds and SiGe alloys the optimal values
of TE parameters are achieved at much higher temperatures, namely ~ 600 — 1000 K. The variation of
chemical composition of these materials does not cause a shift of the optimal temperature range to
normal temperature. Using this analogy, one may suggest that at least for the above mentioned
materials the optimal pressure range for the highest TE parameters may also lie far from the normal
conditions (at atmospheric P), and so, from this point of view the sufficient increase in power factor
under pressure obtained in the present work for a thermoelement comes as no surprise.
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THERMOELECTRIC HEAT RECUPERATORS
FOR CEMENT KILNS

In the present work the results of the research aimed at the studies of the possibility of use of
thermoelectric energy conversion for recuperation of the heat radiated by the preheated rotating
surfaces of the cement kilns are presented. The temperature specifications of the kilns functioning
remain unchanged, though. To reach this, the degree of emissivity of the kiln surface should be
changed. The dependences were obtained of the maximum efficiency and temperature of the
thermoelectric generator hot heat exchanger on the emissivity of the cement kiln surface. Both
maximum efficiency of a thermoelectric generator and its designed capacity were estimated.

Key words: recuperation, cement kiln, thermoelectric module.

Introduction

General characterization of the problem. Nearly all equipment for the industrial technological
processes, such as heat engines (turbines, combustion engines etc.) scatter huge amounts of waste heat
during their operation, the said waste heat being a part and parcel of heat pollution of the environment
[1]. Therefore, the elimination of waste heat as well as its utilization in order to obtain electric energy is a
problem of the exceptional significance. The temperatures of such waste heat differ considerably and lie
approximately in the range from 50 to 700 °C. For most cases within this range of temperatures,
especially for those below 400 °C, it is unreasonable to apply heat engines. As the analysis has shown,
the most favourable for heat recuperation at such temperatures is the thermoelectric method of direct
thermal into electric energy conversion [2-4]. Moreover, the characteristics of heat sources (their
dimensions, operation modes, heat carriers) are rather various. Of particular interest is here the problem
of recuperation of the heat radiated from the cement kilns rotating surfaces. For conditions like those the
most suitable is the thermoelectric method of energy conversion as thermoelectric converters are easy to
adapt to various thermal energy sources [5]. The fact that such converters (modules) have been designed
recently whose specific cost equals to 0.5 —2 $/W thus ensuring the profitability of thermoelectric heat
recuperators is also of great importance.

Analysis of the literature. Thermoelectric devices for combustion engines waste heat
recuperation [6], gas rolling mill furnaces [7] and gas-pumping aggregate turbines [8]. For all cases
considered a thermoelectric generator (its hot heat exchanging surface) is in contact with the heated
heat-release surface. Such a construction, though, is inappropriate when the heat from the rotating
cement kiln is used. Effective in this case is the utilization of heat radiation off these heated surfaces
[9]. The fact that the presence of a thermoelectric generator causes changes in the temperature mode of
the kiln itself, which is but undesirable for the technological process of cement production, is an
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obstacle to the said thermoelectric generators being used for cement kilns heat recuperation.

The purpose of the present work is the analysis of the possibility of employment of the
thermoelectric energy conversion for recuperation of heat radiated by the rotating surfaces of cement
kilns without changing temperature specifications of the said kilns operation.

Problem definition

The cement kiln appearance and diagrammatic view are presented in Figs. 1 and 2.

Fig. 1. A cement kiln appearance [10].

4 7 6

\ - - \ |‘
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Gases 9/ )/k’:‘" ll / Alr

3 2
8 Product

Fig. 2. A cement kiln diagrammatic view [11]. 1 — metallic cylinder, 2 — bearing rollers,
3 — electric motor with the reducer and gear, 4 — burden load cap, 5 — burden load injector,
6 — fuel input injectors, 7 — hot cap, 8 —dusting system, 9 — heat exchangers.

To reach the purpose of the present work, two physical models of the cement kiln heat exchange
were used. The first one considers the kiln heat exchange without a thermoelectric generator (Fig.3). It
was necessary for heat irradiation estimation in the absence of an external heat consumer. In the
second model the thermoelectric generator was taken into account that introduces changes into both
temperature and thermal modes of the cement kiln. The estimation was also performed for the increase
in emissivity of the kiln surface required to preserve the unchanged heat irradiation from the kiln.
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A cement kiln heat exchange without a thermoelectric generator

The cement kiln model under study is a cylinder 1 with the diameter of d = 4.8 m and the length
of L =76 m, the temperature of which is constant and equals 77 = 300 °C (Fig. 3).

NEREERE
\

0,
Fig. 3. A cement kiln model without a thermoelectric generator.

The kiln temperature is set due to the balance of heat released inside it and heat transfer into the
environment. At the same time heat transfer into the environment takes place by way of free
convection and radiation. The total heat flux off the lateral surface of such cylinder can be written in
the form of

Q=0+ Q> (1)

where: Q.. is the convections heat flux, 0,,, heat flux radiated from kiln surface.
The heat flux radiated from kiln surface can be determined proceeding from the Stefan-
Boltzmann law

Q. =&0S(T* -T'), 2

where: g, is the surface emissivity, ¢ = 5.67-10* W-m>K™* is the Stefan-Boltzmann constant,
S = 7ndL is the kiln lateral surface area, T, is the ambient temperature.

To estimate a convection component, it is necessary to define the Nusselt number which is a
function of the Prandtl and Grashof numbers under free convection and depends but slightly on the
shape of the body [12, 13].

3
o = f(x; %BN; shape ofbodyJ. 3)
K a v
Here B [1/degree] is the medium expansiveness; At is thermal head;
3
Y _pr, & par=Gr. )
a \Y%

Thermal resistance in gases is concentrated in the narrow wall layer where molecular friction
prevails. The system of equations will thus contain only four independent variables instead of five
(a, gpBAt, 1, [) p — density, p — dynamic viscosity, and give only one key criterion:

3

prar=5"pas (5)
av

The diameter of the horizontal pipe is taken to be its linear dimension /. Calculation formulae
have the form of:
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a) at 10° < Pr Gr<5-10°

-4 [ﬂj - ©)

b) at 5-10* < Pr Gr<2-10’

1/4
a=4, (gj . (7
l
c) Pr Gr>2:10
o= AA", (8)

. . 1 .
For the air at the average temperature being 7, =5(7} +T,) the values of coefficients 4, are

the following: 4, = 0.28, 4, = 1.07, 45 = 1.05.

For the case considered here Pr Gr=1.3-10"" and, correspondingly, o= 6.8 W/(m*K).
Therefore, the total heat flux O, from the kiln lateral surface will be equal to 5.07 MW, 2.1 MW due to
convection and 2.97 MW due to radiation included.

A cement kiln heat exchange with a thermoelectric generator placed around
its lateral surface

When a set of thermoelectric generators is placed around the lateral surface of the kiln (Fig. 2)
whose hot side temperature should be higher than that of the environment, the heat flux off the kiln
surface will decrease which is impermissible. Therefore, to ensure the initial heat removal, it is
necessary to increase the kiln emissivity.

]
——
]
———
'
]
i

x-ﬂ I\)ﬂ

T

w

Fig. 4. A cement kiln model with a thermoelectric generator. 1 — a part of the kiln surface,
2 —a hot heat exchanger, 3 —thermoelectric modules, 4 — a cold water heat exchanger.

The total heat flux off the lateral surface of the kiln can be written in the form of
0, =¢/e,08(1' -1} )+ 0., )

Heat transfer due to convection '.,,, can here be considered according to the formulae for thermal
conductivity for a solid wall by way of introducing the equivalent air space heat conductivity factor.
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The equivalent air space heat conductivity factor when heat emission due to radiation from one
wall to another is neglected can be determined from the formula

Keq = 8c(va' (10)

where « is heat conductivity factor of the medium filling the air space (k = 0.0355 W/(m-K) for the air
average temperature of 150 °C); &..,, = f (Pr Gr) is the factor considering convection impact.
Calculation formulae for the convection factor are:

k n
a) at 10* < Pr Gr L (Q <10’
L)\

2
k " 1/3
va=0.062[Pr Gr (%) (%} ] (11)
2

k n
byat 10’ < PrGr L (ij < 10"
L) \8

2
k " 1/4
gwnv=0.22{Pr Gr (%J (%) } (12)
2

where: 9 is the layer thickness, L,/L, is the relation between the convection flux path length from the lower
boundary of the heater to the cooler and the height of this path, d to the heater diameter. For the inclined
w+90

cylindrical layer L,/L, = 1, k=3, n = 0. For the horizontal cylindrical layer % = ﬁ ,k=3,n=0.
+
2

k p
. L . L
At the value of the combination Pr Gr [L—IJ (%) <10’ the impact of convection inside the

2

gap is actually absent and only thermal conductivity is considered in calculations.
While defining the criteria the average temperature is taken as the determinant one

T, =—(T,+T,). (13)
and the layer thickness 6 (5 cm) is taken as the determinant, respectively.

k n
For this case the value of PrGr (i] (%} =7.6-10°, and €., =2.62. Correspondingly,

2

Keq = 0.093 W/(m-K), whereas the heat flux due to convection from the kiln lateral surface to the hot
heat exchanger of the thermoelectric generator will surely depend on the temperature 7, thus set.

The effect of the internal cylinder rotation on the heat emission in the problems like this, the
Couette-Taylor problems, is considered via dimensionless parameters, namely, the Reynolds number
Rej, which characterizes the forced circular flow, or the Taylor number. A modified Taylor number is
highly convenient to use for these purposes [14].

2 7123
. = O*d*s (16?7 Cj’ (13)
2v(d+3)\ =
-1
C=0.0571(1—0.652§j+0.00056(1—0.652261—6j (15)
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where Q is the angular rotational velocity.
Before the secondary flows appear (7a,, < 1700), the Nusselt number Nu' is defined by the
equation

Nu' =2 (16)
and does not depend on either gas properties or the size and rotation velocity of the cylinder.
At the emergence of macro eddy secondary flows the Taylor number should be considered.

Within the range of Ta,, ~ 1700...1-10° the heat transfer factor for the air is described by the empiric
formula

Nu" =0.128Ta%* (17)

Within the range of Ta,, = 10*...2-10®

Nu" =0.42Ta)” Pr'? (18)

Within the range of 7a,, = 10"...2-10°

Nu" =0.28Ta’*®. (19)

Therefore, when the kiln rotation is taken into consideration, the heat emission due to
convection increases up to 2.2 times.

To find a new emissivity value for the kiln lateral surface €',, required for the preset heat sink, it
is necessary to obtain the balance between O and Q,. In so doing, the temperature of the hot heat
exchanger becomes the function of €';. According to calculations, the value of hot heat exchanger
temperature 7, when the surface of the kiln is covered with a special paint with the emissivity from
0.80 to 0.99 is in the range from 80 to 172 °C (Fig. 5.).

The dependence of the thermopile efficiency on ¢'; derived from the experimental dependences
of'n on the temperature difference (7, — T,) is presented in Fig. 6.

n, %

Z{N | . N E—
3 e
P3N N 7/ N N E—
60 ................................................................................... 1 T D T N

40 ...................................................................................
0.80  0.85 090 095 ¢ 080  0.85 090 095 ¢,
Fig. 5. Temperature of the hot heat exchanger as a Fig. 6. Maximum efficiency of a thermopile as a
function of kiln emissivity. function of kiln emissivity.

Thus, the maximum efficiency of dedicated thermoelectric modules of “Altec-M” company
(Ukraine) will be 4.05 % taking into consideration that with the use of water cooling their cold side
temperature 7, = 30 °C. In this case, the generator design capacity with account of the expenditures on
the power supply of thermoelectric modules cooling system will be 130 W/m®.
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Conclusions

1. Mathematical modeling was obtained that allows estimating the impact of a thermoelectric
generator on the cement kiln heat exchange, its rotation considered. The possibility of such impact
elimination by way of changing the surface emissivity was determined.

2. The dependences were obtained of the maximum efficiency and temperature of the thermoelectric
generator hot heat exchanger on the emissivity of the cement kiln surface.

3. The thermoelectric generator maximum efficiency was computed for the design of the cement kiln
under discussion, the said efficiency being 4.05 %.

4. The generator designed capacity where the expenditures on the power supply of the thermoelectric
modules cooling system are taken into account will equal to 130 W/m”.
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EXPERIMENTAL INVESTIGATIONS
OF TWO-LEVEL TEMPERATURE
CONTROLLERS FOR TRANSPORT

S.0. Filin B. Jasinska
THERMOELECTRIC REFRIGERATORS

This paper presents the problems of energy saving in transport thermoelectric refrigerators
equipped with temperature controller, and describes the results of testing the selected object,
namely embedded into furniture section thermoelectric refrigerator with compartment volume
27.7 dm’* with different supply circuits from on-board mains, allowing practical implementation of
the idea of two-level temperature control. The possibility and expedience of using this type of
control with indication of concrete most efficient technical solutions is proved experimentally. The
specific power consumption of tested refrigerator as compared to ON-OFF control has been
reduced, on the average, by a factor of 3.

Key words: thermoelectric refrigerator, temperature control, electrical power, energy saving.

Introduction

In our everyday life we use increasingly often the concept of “energy security” integrating
technical, organizational and political problems. The former can be solved on different levels and in
different aspects, starting from replacement of incandescent lamps in apartments and offices by energy-
saving lamps and ending in diversification of energy supply in certain country or region. Cooling
equipment and air conditioners used in industry, transport and everyday life account for 20 to 80 % in the
structure of nationwide energy consumption [1-6].

As had been shown in the previous works of the members of Air Conditioning and Refrigerated
Transport Department of West Pomeranian University of Technology in Szczecin [7, 8], the use of
two-level temperature control in compartments of various-purpose thermoelectric refrigerators
(hereinafter TER) is the most efficient and at the same time accessible method for reduction of their
energy consumption. For the first time this method whereby thermostat switches power of
thermoelectric refrigerator cooling unit from a higher to lower voltage level was used in the design of
TER-40 “Chaika” of the volume of 40 dm® [9]. However, the above refrigerator was not designed for
continuous operation in energy saving working mode referred to by the authors as “pause current”
mode. Moreover, prior art solution, as well as its later modifications, prevented from implementing the
idea of two-level control when powering the refrigerator from on-board vehicle mains with a nominal
voltage 12 or 24 V DC.

The object, purpose and results of preliminary test stage

As the object of test, a thermoelectric cooler with compartment volume 27.7 dm® embedded into
furniture section was taken. This refrigerator type is used in ship and yacht cabins, trailers, auto shops,
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railway carriages, planes and other transport means. The internal dimensions of thermoelectric
refrigerator compartment: width — 440 mm, depth — 240 mm, height — 262 mm. The compartment is
made of lumber- core board 18 mm thick and heat insulation layer of polystyrene foam plate 30 mm
thick. The refrigerator cooling unit comprises two thermoelectric modules of the type T-2-1.6-127
([10], appendix 1), two heat sinks of the same type made of aluminum shapes (one on the cold and one
on the hot side of the unit) and two axial fans' of the type VD 9225 HS, installed on each heat sink and
powered by nominal voltage 12 V DC.

The refrigerator also comprises a manometric thermostat of the type Danfoss 077B7008 and
electromagnetic relay of the type R8 powered by nominal voltage 12 V DC. The thermostat sensor is in a
direct contact with the cold heat sink surface.

The test bench comprises several supply sources (hereinafter SS), i.e. alternating to direct
current converters with output voltage and/or current stabilization. Some of their characteristics are
represented in Table 1. In the test, the source PowerLab RXN3010D was predominantly used.

Table 1
Main specifications of supply sources (SS)
. Voltage/ t
SS type Control range Resolution © ag‘? cu‘rren
stabilization
BP-20 12..22V 0.01 V* ;
(custom-made) upto5 A 0.01 A*
2x0..30V 0.1V,0.01 V*
M10-DP two-channel ’ +/+
wo-ehanhe 2%0..5A 0.1 A, 0.01 A*
0...30V 0.1 V,0.01 V*
P Lab RXN3010D ’ +/+
ower-a 0...10 A 0.1 A,0.01 A*

* — when using external devices of M838 type.

The measuring part of the test bench consists of 8-channel data recorder AR205 with J type
thermocouples connected to its inputs. In temperature measurement mode the device resolution was
0.1 K. In the test, the following temperatures were measured: ambient air, the cold and hot heat sink
surface, chamber air at three points at various heights
according to appropriate standard requirements.
Verification of temperature measurements was
carried out using digital temperature meters:
10-channel CR7701-02 with thermocouples of L type
and single-channel CR7702 with a thermistor of
resistance 50 Q. Both meters have class 0.05 accuracy
with a resolution of 0.1 K. The general view of the
test bench and refrigerator is represented in Fig. 1.

Daily electric energy consumption is measured
using Energy Logger electron meters (models 3000
and 3500) with 1 W-h of resolution, which is
extremely important for testing devices with low

Fig. 1. Transport thermoelectric cooler

(as seen from thermoelectric unit) during the test.
power consumption. In addition to high measurement

"It means that technical solution with forced compartment air convection typical of modern thermoelectric
refrigerator models has been selected.
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precision, several-fold reduction of test time is achieved. Apart from electric energy consumption,
Energy Logger meters assure measurement of the following parameters: current values of AC voltage
and current strength, mains current frequency, power factor (cos @), effective and apparent current values
of power consumption (see Fig. 2), and, on introduction of proper electricity tariffs, the cost of energy
consumption is calculated with regard to the difference in day and night tariffs. Parameter measurement
frequency is 1 second. The Energy Logger 3500 model offers the opportunity of on-line recording and
transfer of data to a computer. Verification of electric energy consumption measurement was done with
the aid of electromechanical energy meter of the type SO-1446. Time was registered by a timer with 1
second of resolution.

Fig. 2. Work moment of electric parameter recording.

Selected were 5 variants of electrical supply circuit of thermoelectric refrigerator cooling unit
which are represented in Table 2 and in Fig. 3. All variants provide for power switching for a group of
two thermoelectric modules when passing from a parallel to series connection, whereby each module
voltage is reduced from 12 V to 6 V DC. The variants differ from each other in the way of connection and
switching of fans M1 and M2. In variant I (circuit a) the voltage of fans in both operating modes is not
varied and makes 12 V. In variant II (circuit ») only the internal fan M2 is switched over to lower voltage.
In variant III (circuit ¢) both fans are switched over to voltage 6 V. In variant IV (circuit d) the fans are
constantly powered by voltage 6 V. In variant V (circuit e) in working mode fan M1 is powered by
voltage 12 V, and fan M2 is idle, while in “pause current” mode both fans are powered by voltage 6 V.

Table 2
Plan of experiment with a change in supply circuits of thermoelectric refrigerator
Unit working Connection
mode Modules external fan M1 internal fan M2 | Variant number /circuits
12 12 L IL I (Fig. 3 a)
“operation” | Parallel (12) 6 6 IV (Fig. 3 d)
12 0 V (Fig. 3 e)
12 12 I (Fig. 3 a)
1 6 II (Fig. 3 b)
“pause” Series (6) V (Fig. 3 e)
6 6 111 (F%g. 3¢)
IV (Fig. 3 d)

*0, 6, 12 — supply voltage of this element
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Fig. 3. Selected variants of electrical supply circuits of cooling unit of refrigerator under test.

Operating mode without temperature control at constant voltage 12 V and operating mode
ON-OFF type control were assumed as a basis for comparison. Study of these two modes was the
essence of preliminary test stage, and its objective was:

- experimental validation of the functionality of chosen supply circuits with a two-level temperature
control in thermoelectric refrigerator compartment;

- revealing the influence of selected parameters on electric energy consumption of object under
study, i.e. transport thermoelectric refrigerator (during this stage we decided to restrict ourselves to
a change in supply voltage in the range from 6 to 14 V with a step 0.5V and a change in
thermostat setting);

- comparative analysis of thermoelectric refrigerator’s electric energy consumption with different
methods of temperature control.

Preliminary tests were performed at the same constant ambient temperature 22 °C, at different
thermostat settings, with an empty compartment and in the absence of its lighting. The temperature in
test room was maintained at the constant level to an accuracy of + 0.3 K by means of air-conditioner
Sanyo, model SAP KR(CR)127TEHAX. The main measured parameter was thermoelectric
refrigerator’s daily electric energy consumption. Additionally measured and calculated were: time
from the moment of start to the moment of reaching the lowest average temperature in the
compartment (at constant operation), time to first thermostat actuation, operating time, pause time,
cycle time, operating time factor (with a cyclic operation). Electric energy consumption was measured
from the moment of thermoelectric refrigerator start, but for comparative analysis we took into
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account the consumption in the period of steady-state operation of refrigerator, the onset of which is
determined in conformity with the concepts described in [7]. Other important peculiarities of test
procedure are represented below when discussing particular results.

Preliminary test results are represented in Tables 3 and 4. In continuous working mode the
average air temperature in refrigerator compartment has reduced to 4.3 °C. The registered temperature
difference between the compartment air and the cold heat sink made 2.2 °C, which should be
considered a very good result as compared to prior art constructions of thermoelectric refrigerators
with a fan in the compartment described in [7], [8], [10].

Table 3
Results of refrigerator test in basic working modes
Working modes
M d and calculated characteristi Conti
easured and calculated characteristics on 1ngous ON-OFF ON-OFF
operation
Thermostat setting 7 (min) 1 (max) 2
Temperature [°C]:
Average compartment temperature in steady-state
ki de and at the instants of th tat 43 -3 76
working mode and at the instants of thermosta
s . - 7.3/11.6 5.2/10.0
actuation
A t t f cold heat sink or it
verage empere.L ure of cold heat sink or i s. 21 5.0/10.4 2.0/8.5
temperatures at the instants of thermostat actuation
A t t f hot heat sink or it
verage empe.raureo ot heat sin OI'lS' 1.0 32.6/23.0 32.0/23.0
temperatures at the instants of thermostat actuation
Temporal
: : : : 30' 65'
Time to achieve steady-state working mode [min] 150 108 502
Time of cycle (time of “operation” mode + time of 1270 2115
“pause” mode) [s] (840 +430) (1620 + 495)
Working time factor [—] - 0.661 0.766
Electric and energy
Unit supply voltage [V] 12.00 12.0/0 12.0/0
Strength of u.nit supply current in steady—.state mode 514 5.46/5.22/0 5.32/5.12/0
or at the instants of thermostat actuation [A]
Unit tion in steady-stat ki
nit power co'nsump ion in steady-state W'OI‘ ing 617 65.5/62.6/0 63.9/61.4/0
mode or at the instants of thermostat actuation [W]
P ti f 1 from AC 169.1/158.2/
ower consump 10n9 supply source (from 1579 160.0/156.3/27 4
mains) [W] 27.3
Average electric efficiency of supply source [—] 0.392 0.399° 0.399°
Daily energy consumption of supply source [kWh] 3.78 2.72 3.10
Daily energy consumption of unit [kWh] 1.48 1.01 1.15
The factor of ifi tion Py, of
e factor o spe?l ic power congump ion Py, 0 0.126 0.185 0.157
refrigerator [W/dm K]

! _ time to the first actuation of thermostat; > — time of cycle parameters stabilization; * — in “working” mode.
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Table 4
Supply voltage dependence of thermoelectric refrigerator
and supply source parameters in continuous working mode
A
Power Average VB | Cold heat
Supply Power ) electric | compart- ) Hot heat
Current ) consumption i sink .
voltage consumption efficiency | ment sink
.. | strength _ of supply tempera-
of the unit L[A] of the unit of supply | tempera- fure temperature
> source
U, V] P, [W] source &, | ture Teomp T, [°C]
Py, [W] o T [°C]
(-] [°C]

5.0 2.09 10.5 60.9 0.172 9.0 6.5 26.4
6.0 2.54 15.2 68.0 0.224 7.7 5.3 27.0
7.0 2.96 20.7 75.2 0.276 6.4 4.0 27.8
8.0 3.40 27.2 114.2%* 0.238* 5.5 3.0 28.4
9.0 3.84 34.6 126.0 0.274 4.8 2.5 29.2
10.0 4.28 42.8 135.8 0.315 4.7 2.4 30.6
10.5 4.50 473 141.2 0.335 4.6 23 30.9
11.0 4.72 51.9 146.2 0.355 4.5 2.2 31.2
11.5 4.93 56.7 151.8 0.374 4.4 2.2 31.6
12.0 5.14 61.7 157.2 0.392 4.3 2.1 32.0
12.5 5.35 66.9 163.9 0.408 4.4 2.1 32.5
13.0 5.55 72.1 166.4 0.433 4.5 2.2 33.1
13.5 5.75 77.6 172.1 0.451 4.5 2.2 33.5
14.0 5.95 83.3 176.8 0.471 4.6 23 34.1

* — stepwise change in P () and & (#) dependences is related to supply source construction and follows from
dividing voltage control range into sub-ranges, one of the boundaries between the sub-ranges being close to
voltage 7.1 V.

The values of power consumption and daily energy consumption of supply source and
thermoelectric refrigerator were determined. Moreover, in order to facilitate subsequent comparative
analysis, the factor of specific power consumption was determined [7] whose values are represented
in Table 3.

At ambient temperature 22 °C the use of chosen thermostat type in refrigerator under test allows
two-level temperature control in its compartment only in setting range from © to @. This restriction,
no doubt, narrows down possible range of temperature setting in compartment, but does not
complicate comparative analysis that can be explained as follows. On the one hand, expansion of
thermostat dead band upwards, i.e. above 7.3 °C?, does not fit in the concept of general-purpose

2 With the adopted tuning scale it would imply its change, for instance, from @ to ©.
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refrigerator, and, on the other hand, reduction of actuation temperature below 2.1 °C (which is
identical to transition from setting @ to @) will bring about the situation when no thermostat actuation
takes place and the unit will remain in continuous working mode.

10

[o2]

=)

N

temperature, °C

\S}

Average compartment

[

6 7 8 9 10 105 11 1.5 12 125 13 135 14
Unit supply voltage, V

Fig. 4. Average temperature in thermoelectric refrigerator compartment versus supply voltage

in continuous working mode at ambient temperature 22 °C.

Analysis of results represented in Table 4 shows that minimum average compartment
temperature 7.,,, corresponds to supply voltage 12.0 V. This result testifies to correctness of
underlying technical solutions for continuous working conditions. A very flat type of the dependence
T.omp [U] in the region of voltage variation from 9 to 14 V (Fig. 4) qualitatively well coincides with the
results obtained for thermoelectric refrigerators of other types [10], [11], including those without a fan
in the compartment [12]. This feature of thermoelectric refrigerator should be estimated as positive,
since it makes the refrigerator less sensitive to supply voltage variations and voltage changes due to
switching from the battery (12 V) to the generator of on-board vehicle mains (13.5...13.8 V).

A relatively small difference in temperatures 7.,,, with different supply voltages 12 V and 6 V
(4.3 °C and 7.7 °C, respectively) allows the following conclusions:

— the refrigerator remains functional in a very wide range of supply voltage variation;

— according to the results of refrigerator test in basic working modes it can be expected that, with no
change in the supply circuit of the fans, switching of modules power supply from a parallel to series
circuit will not raise chamber temperature so high as to cause a reverse thermostat actuation and
return to working mode. That is, the unit will continue working in the energy saving mode (“pause
current”), when power consumption is about 4 times less than in working mode. This implies the
possibility of achieving the same effect that was obtained in thermoelectric refrigerators powered
from alternating current mains with the use of supply sources specially designed for this purpose.
This conclusion should be confirmed by the next test stage.

Conditions and results of principal test stage

The list of parameters measured in experiment and the measured results are presented in
Table 5. Just as for the basic ON-OFF variant, all the variants were tested for two thermostat settings
® and @. Energy consumption was measured on a permanent basis, meter readings were taken every
15 minutes, as well as at thermostat actuation moments. In determination of daily energy consumption
account was taken of only the period of steady-state working conditions (at stabilized chamber
temperatures) of duration at least 3 hours.
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Table 5
Refrigerator test results for different variants of supply circuits
Circuit variant and thermostat setting . ! . . H. . IH. . IV. . V.
o (circuit @) (circuit b) (circuit ¢) (circuit d) (circuit e)
Characteristics D ‘ 2 D ‘ ) ) ‘ 2 D 2 D 2

Temperature

Average chamber temperature
in steady-state working mode, [°C]

80 | 7.7 | 53 | 56 | 63 | 62 | 68 | 63 | 42 | 4.6

Average ambient temperature 217 | 214 | 21.8 | 229 | 22.1 | 22.1 | 21.6 | 214 | 21.1 | 22.1
during test, [°C]
Temperature difference created
by thermoelectric refrigerator, [K]
Cold and hot heat sink temperatures at | 4.1 | 2.5 | 42 | 22 | 4.1 2.5 40 | 25 | 09 |-07
the instant of thermostat actuation, [°C] | 33.6 | 33.4 | 32.9 | 32.8 | 34.3 | 32.7 | 389 | 39.2 | 32.6 | 329

Cold and hot heat sink temperatures | 6.2 | 6.0 | 22 | 3.0 | 3.7 | 3.6 | 44 | 39 1.8 | 2.3
in steady-state mode [°C] 26.0 | 258 | 26.3 | 28.2 | 27.8 | 27.5 | 27.8 | 27.5 | 259 | 25.8

13.7 1 13.7 | 165 | 173 | 158 | 159 | 148 | 15.1 | 169 | 17.5

Temperature nonuniformity along the
compartment height (top-bottom), [°C]

06 | 06 | 06 | 06 | 06 | 0.7 | 0.7 | 0.6 | 0.7 | 0.6

Temporal

Time from switching to the first
thermostat actuation, [min:s]

30:35| 67:00 | 25:10 | 58:00 | 38:18 | 71:00 | 29:10 | 42:00 | 13:30 | 17:40

Time to stabilization of working
conditions after thermostat actuation |25:00(23:00 | 35:00 | 32:00 | 33:00 | 27:00 | 24:00 | 28:00 | 47:00 [51:00

[min:s]
Energy
Supply voltage of the unit, [V] 12.0 | 12.0 | 12.0 | 12.0 | 12.0 | 12.0 | 12.0 | 12.0 | 12.0 | 12.0
Supply current of the unit 6.3/ ] 63/ | 63/ | 63/ | 63/ | 63/ | 63/ | 63/ | 64/ | 6.3/
(at switching /at thermostat actuation / | 5.5/ | 5.5/ | 5.6/ | 5.5/ | 55/ | 55/ | 5.0/ | 50/ | 5.3/ | 5.3/
under steady-state mode), [A] 1.7 | 1.7 1.5 1.5 1.3 1.3 1.3 1.3 1.5 1.5
A ;

verage power consumption 204|204 | 180 | 180 | 156 | 156 | 156 | 15.6 | 18.0 | 18.0

of the unit, [W]

Power consumption of supply source | -5 o | 23 o | 6o 1 | 688 | 64.8 | 64.4 | 647 | 648 | 69.9 | 69.5

[W] (meter reading and calculated as
) . . 73.94|74.66 | 69.33 | 68.66 | 64.5 | 65.13 | 64.87 | 65.00 | 70.00 | 69.66
the difference in energy consumption

Average electric efficiency
of supply source [-]

Daily energy consumption
1.77 | 1.79 | 1.66 | 1.64 | 1.55 | 1.56 | 1.56 | 1.56 | 1.68 | 1.67
of supply source [kW-h]

0.276|0.273 | 0.260 | 0.262 | 0.242 | 0.236 | 0.243 | 0.240 | 0.257 | 0.258

Daily energy consumption
of the unit [kW-h]

0.49 | 0.49 |0.432|0.432|0.375|0.375|0.375| 0.375 | 0.432|0.432

Specific power consumption P,

. 3 0.05380.0538(0.0394|0.0376/0.0354|0.0354(0.0380(0.0373(0.0384(0.0371
of the refrigerator [W/dm’-K]

50 Journal of Thermoelectricity Ne5, 2013 ISSN 1607-8829



S.0. Filin, B. Jasinska
Experimental investigations of two-level temperature controllers for transport...

Analysis of results and conclusions

All five selected supply circuits (see Fig. 3 and Table 5) assure the possibility of long refrigerator
operation in the energy-saving working mode, when the temperature in the compartment does not rise to
the upper boundary of the employed thermostat dead band®. As compared to continuous working mode
at operating current, when created temperature difference is maximum:AT.,=17.7 K, the same
parameter for the above circuits fits in the limits from 13.7 K (variant I) to 17.5 K (variant V), which
makes from 77.4 % to 98.8 % AT . respectively (Fig. 5). In terms of purely mathematical analysis such
a result might be considered satisfactory. However, if we consider the average temperatures in the
compartment, then variant I where this temperature made 7.7...8.0 °C is already of limited application
bearing in mind the variety if products stored in a thermoelectric refrigerator. For instance, this
temperature level according to regulatory documents is inadmissible for storage of such confectionery
products as cakes and pastries’, but is quite acceptable in the refrigerators and window displays for
storage and demonstration of the majority of sorts of wines and beverages. Other variants have no such
limitations, despite slight excess of the threshold 6.0 °C (variants III and V), that can be easily avoided
by minimum strengthening thermoelectric refrigerator heat insulation.

20
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[a% [} 12 |
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32 ¢ B
B
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Q 4 I
0 T T T T T T
Continuous  ON-OFF I 1I 111 1A% A%
operation

Variants of supply circuits

Fig. 5. Comparison of temperature differences created by the refrigerator for the investigated variants
of supply circuits at thermostat setting @.

Despite the more intensive air circulation in the compartment of variant I, the temperature in the
compartment of thermoelectric refrigerator in this case is higher (see Table 5). This paradox has its own
explanation. The rated capacity of a fan installed in the compartment (powered by voltage 12 V) is too high
for a relatively small compartment volume. As a result, cold air “escapes” faster from the compartment
through the insulation openings. Moreover, heat transfer coefficient from the internal compartment walls is
rather high, leading to increase in total heat transfer coefficient K of cooling compartment and increase in
heat inputs through the insulation. Hence a conclusion which agrees with the conclusions of previous
research [12] that the internal fan of thermoelectric refrigerator should be powered by reduced voltage and
current or a fan of at least half the power of the hot side fan should be used.

Further analysis of the refrigerator temperature characteristics shows that temperature
nonuniformity along the height of its compartment does not depend on the operating mode of fan M2.
Only with an idle fan, hence, the absence of forced convection in starting period for variant V the

? In the present thermoelectric refrigerator this temperature is 11.6 °C for setting ® and 10.0 °C for setting @.
* The range of storage temperatures for confectionery products is from 0 to +6 °C. The same demands are placed on
single-compartment refrigerators of general purpose.
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uniformity increases to 1.0...1.3 °C°. With regard to the basic temperature characteristics in the energy
saving operating mode of thermoelectric refrigerator, especially compartment temperature, hot heat
sink temperature and created temperature difference, variant Il seems to be the most balanced solution.

Measurements of temporal (dynamic) characteristics of refrigerator provide a lot of interesting
information for the future more detailed analysis of refrigerator behaviour with a sudden growth of
thermal load®, leading to temporary, generally one-time transition to working mode. From the data in
Fig. 6 and Table 5 it follows that advantage is offered by variant V characterized by the shortest time
of operation in working mode, i.e. fast transition to energy saving mode. This results in the reduction
of daily energy consumption of refrigerator. However, as follows from [8], this thesis is valid only for
an empty refrigerator or in the absence of additional loading of refrigerator with warm products.

80
g2 60
Ei g
S8
é g 40
=R
F
= ° 20
0 T T T T T T
Continuous  ON-OFF 1 11 11T 1A% A\
operation

Variants of supply circuits

Fig. 6. Comparison of refrigerator operation time in working mode (up to the first actuation of thermostat)
for the investigated variants of supply circuits at thermostat setting @.

In general, the time to the first actuation of thermostat for setting @ varies within 1 hour, and
for setting @ it is almost half as much, which depending on the manner of refrigerator employment
can make from 0.5 % to 8 % of total daily time of refrigerator operation with a respective growth of its
daily energy consumption. A more detailed analysis of thermoelectric refrigerator working modes with
regard to thermal load variation will be the subject of further research.

0.2
— “El Setting 1 W Setting 2 }
o016
5 5
2Z 012 1
g & T
3 % 0.08 +
55 H
§ 004 1
O T T T T T T
Continuous ~ ON-OFF I 11 11T v A"
operation

Variants of supply circuits

Fig. 7. Comparison of refrigerator specific power consumption for the investigated variants of supply circuits.

> This data is not presented in Table 5, but is available in test protocols.
% The most typical situation of this kind is slow opening of refrigerator door.
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The most important results of the work performed are related to the energy characteristics of the
investigated variants of supply circuits of thermoelectric refrigerator unit. As compared to ON-OFF
working mode there is 3-4-fold reduction of power consumed from direct current mains (Table 5).
This also accounts for nearly 3-fold reduction of specific power consumption (Fig. 7). From the
standpoint of energy, the least-cost option is variant III (Fig. 3, circuit c). Its advantage over variant 11
can be explained by a greater share of power consumed by the fans in the total power consumption of
the unit. This factor prevails over the marginal effect of reduction of temperature difference created by
thermoelectric refrigerator.

The measured strength of current flowing through relay K1 was 90 mA. In terms of power
consumption, the relay accounts for 1.8 % of the total unit power consumption. Taking into account that
the relay consumes power only in working mode, it is of minor importance in refrigerator energy
consumption, hence, the use of supply circuit with employment of electromechanical relay is reasonable.

To formulate more detailed final recommendations, one should continue research using a larger
number of test objects and more precise measuring instruments, for instance, direct current energy
meter. At the same time, the results obtained allow us to assert that the target goal has been achieved:
the possibility and advisability of using two-level temperature control “with pause current” in
transport thermoelectric refrigerators has been experimentally substantiated with indication of concrete
most efficient technical solutions according to the task set (circuits b, ¢ or e).
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THE LIMITS OF THERMOELECTRIC
L.I. Anatychuk COOLING FOR PHOTODETECTORS L.N. Vikhor

The results of research on the limiting capabilities to use thermoelectric cooling for photo-
detectors are presented. The introduction of modern technologies for IR detectors allows shifting
their operating temperature from the cryogenic region to the range of 120 —200 K. It is shown that
such temperatures can be achieved by thermoelectric cooling through use of new up-to-date
approaches in the development and manufacture of stage thermoelectric modules. Such approaches
are: first, using optimal functionally graded materials based on Bi-Te for the legs of cooling modules,
secondly, using Bi-Sb alloys for n-type legs in low-temperature stages and arrangement of these
stages in optimally homogeneous or optimally inhomogeneous magnetic field . Based on the results of
computer simulation it was determined that practical introduction of these approaches in the
development of modules assures the level of thermoelectric cooling of IR detectors up to 120 K with

sufficient energy efficiency.
Key words: photo detector, IR detector, thermoelectric cooling.

Introduction

Semiconductor photodetectors are widely used for IR radiation recording and IR imaging in
modern terrestrial and space equipment, systems for astronomical observations, automatic star tracking,
in night vision devices, etc. Detectors with photoelectric conversion of IR signal possess good threshold
characteristics (spectral sensitivity, detectability) and fast response. However, this requires photodetector
cooling down to cryogenic temperatures [1]. Cooling is necessary to reduce thermal generation of charge
carriers in a semiconductor photosensitive element. Thermal carriers transitions compete with optical
ones, which results in the large value of dark noise in uncooled devices.

The operating temperature of photodetector is related to the operating range of IR detector
wavelength and depends on material and technology of photosensitive element. Modern cooled IR
sensors are efficient at temperatures below 200 K [1]. For cooling such devices there have been specially
developed and used microcryogenic systems based on gas cryogenic Stirling machine which is combined
with a cryostatted photodetector into a single design [2-6]. They assure photodetector cooling
temperature 75 to 150 K. The main shortcoming of such systems is their high cost. Such mechanical
cooling systems make IR sensor systems bulky, expensive and not very reliable, preventing from a wide
practical use of IR devices. Medium-wave (3 —5 um) and long-wave (5 —30 um) IR sensors operated
without cryocooling, are required for many important practical applications.

Scientific investigations of recent decade have demonstrated that good threshold characteristics
of the sensors of medium and long-wave IR range can be assured with the operating temperatures of
photodetectors considerably higher than cryogenic ones [7, 8]. These temperatures are easily achieved
with the aid of thermoelectric cooling [9, 10] which in this case is more reasonable as compared to the
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mechanical method for cold production.

The objective of this work is to analyze the capabilities of thermoelectricity for cooling sensor
devices and to determine the reasonable operating temperature range of photodetectors with
thermoelectric cooling.

The results of research

Thermoelectric cooling is widely used to assure the required operating temperature of IR detectors
[1,9, 10]. Photodetector arranged on the heat-absorbing pad of thermoelectric cooling module is, as a
rule, mounted into a sealed case whose base is in a good thermal contact to heat exchanger.

Single-stage thermoelectric modules are used for shallow cooling (down to 250 K)) of IR sensors and
for temperature stabilization of the so-called uncooled photodetectors of visible and IR range. Cooling of
IR sensors to operating temperature 230 K is provided by two-stage thermoelectric coolers (TEC), to 210 K
— by three-stage TEC, to 190 K — by four-stage TEC. Characteristics of such TEC (maximum temperature
difference AT, cooling capacity Quax, voltage Unay, supply current /,,,,,) that are stocked, for instance, for
IR detectors of VIGO company, are listed in Table 1 [10].

Table 1
Characteristics of stage TEC for cooling IR detectors [10]
2-stage TEC 3-stage TEC 4-stage TEC

Tdetectur: K ~230 ~210 ~ 195

Omax, W 0.36 0.27 0.28
AT max, K 92 114 125

Umax, V 1.3 3.6 8.3

Taxs A 1.2 0.45 0.5

Multi-stage modules are produced by various companies. Table 2 lists the characteristics of stage
modules of leading companies. The modules are manufactured of conventional thermoelectric materials
based on Bi-Te with a homogeneous distribution of impurity concentration in thermoelement legs.

Therefore, thermoelectric coolers nowadays provide cooling of IR sensors to 190 K. Such
devices are small-size, mechanically stable, highly reliable with a life cycle up to 20 years. The main
disadvantage of thermoelectric cooling is its low energy efficiency.

As was already mentioned, for IR detectors with the operating temperatures in the range of
70 to 150 K use is made of microcryogenic Stirling systems [3-5]. These are energy-efficient coolers.
With cooling capacity in the range of 100 to 600 mW their coefficient of performance achieves the
values of 102 to 3-102.

At the same time, recent investigations have shown that introduction of current advanced
technologies for IR detectors allows shifting the operating temperature of IR detector from the cryogenic
region to the range of 150 to 200 K [8, 11-13]. In so doing, its threshold characteristics are not degraded.
At the present time such temperatures can be achieved via thermoelectric cooling through use of new up-
to-date approaches in the development and manufacture of stage thermoelectric modules.

One of such approaches is to use functionally graded thermoelectric materials (FGTM) for
thermoelement legs [14]. These are materials with the optimal inhomogeneity of the main
thermoelectric properties, namely thermoEMF a,, electric conductivity ¢ and thermal conductivity k.

The second approach is to use materials of improved efficiency in low-temperature region. An
example of such materials can be n-type Bi-Sb alloys. These alloys have high thermoelectric figure of
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merit at temperatures below 160 K, which in addition increases in a magnetic field. The use of optimally
inhomogeneous magnetic field further increases the efficiency of cooling modules of such materials [15].
Table 2

Characteristics of stage modules of leading companies

Numb Module characteristics
Company MOdule um er AT‘max’ Qmax, Umaxa Imax,
of stages
K \\% A\ A
Marlow Industries USA SP402-01AB 3 111 0.5 7.5 4.5
[marlow.com] NL3040 3 98 0.5 4.5 6.5
F A
errotee US 9530/119/045B 3 111 | 97 | 86 | 45
[ferrotec.com]
3TMCO6-070-15 3 116 0.6 5.3 0.9
Thermion Ukraine 4TMBO04-099-C112 4 126 0.27 6.5 0.5
[thermion-company.com] | 5STMBO06-113-B1224 5 130 0.57 6.4 1.2
5TMB10-164-X1224 5 136 1.8 10.2 3.7
K tsu J K3MCO011 3 114 6.2 7.5 5.1
m n
([)k ?ksu ?p]a K4MBO005 4 134 3.6 15.3 5.1
cl.codp K5MB002 5 145 | 15 | 147 | 48
RMT.Itd Russia
3MDS04 3 116 0.27 5.7 0.4
[rmtltd.ru]
MS3 3 118 3.6 6.5 6.5
Laird Technologi A
alrd[ | 'eztnohogles]US MS4 4 122 | 27 | 76 | 35
ir .com
airdiecii.co MS5 5 123 2 145 | 1.6
Tellurex USA M3 3 98 6.6 7.8 3.6
[tellurex.com] M4 4 112 3.4 15 3
PE3 3 117 3 6.5 6.5
OJSC “OSTERM SPB”
Russia [ost 1 PE4 4 125 3.75 7.8 5.4
ia rm.
Il PE5 5 133 8 16 | 7.1

Table 3 lists the results of estimated characteristics of low-temperature stage thermoelectric
modules assuring cooling to temperature below 200 K at a tempertaure of heat-releasing surface 300 K.
Maximum coefficient of performance was calculated with regard to the above-mentioned approaches.
The calculations employed computer methods developed on the basis of optimal control theory [14].

It was determined that to achieve the temperatures of 160 to 200 K it is sufficient to use three-
four-stage modules whose thermoelements are made of Bi-Te FGTM. Such FGTM can be created by
forming a respective inhomogeneous distribution of impurities in material or changing its composition.

For cooling down to temperatures of 150 to 120 K a four-stage module of Bi-Te FGTM should be
supplemented with low-temperature stages. In these stages it is reasonable to use for n-type legs the
alloys based on Bi-Sh. At room temperature the figure of merit Z in n-BiSh is about 0.8-10° K', at low
temperatures Z increases, reaching 5-10° K" at 100 K. Magnetic field further increases this value to
8—9-10° K ' [15]. In this case n-type Bi-Sh FGTM, i.e. material with the varying main thermoelectric
parameters o, G, K, can be obtained by optimally changing the induction of a magnetic field where this
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material is placed. For further increase in the coefficient of performance one can use a combination of

optimal inhomogeneity function of the field and optimal inhomogeneity of Bi-SH material obtained by

varying its composition [15]. Unfortunately, up to now in the arsenal of thermoelectricity there are no

p-type materials with a similar magnetic field dependence of the figure of merit. Therefore, for p-type

legs it is necessary to use FGTM based on traditional Bi-Te composition.

Table 3
Estimated values of low-temperature TEC characteristics
Cooling Coefficient Power at
Number thermal load .
temperature of performance, TEC material
T.K of stages o Oo=10mW,
W, W
200 3 4-107 0.25 Bi-Te FGTM
190 3 25107 0.4 Bi-Te FGTM
180 4 1.2:107 0.83 Bi-Te FGTM
170 4 5107 2.0 Bi-Te FGTM
160 4 2:10° 5.0 Bi-Te FGTM
4 stages — Bi-Te FGTM, 1 upper
150 5 8.10 12.0 - stage — n-BiSh in tl.le
inhomogeneous magnetic field,
p-BiTe FGTM
4 stages — Bi-Te FGTM, 2 upper
140 6 3.10% 135 ' stages — n-BiSh in Fhe
inhomogeneous magnetic field,
p-BiTe FGTM
4 stages — Bi-Te FGTM, 3 upper
stages — n-BiSh of nonuniform
130 7 1.8-10°* 50.0 composition, in the
inhomogeneous magnetic field,
p-BiTe FGTM
4 stages — Bi-Te FGTM, 3 upper
stages — n-BiSh of nonuniform
120 7 6107 170.0 composition, in the
inhomogeneous magnetic field,
p-BiTe FGTM
4 stages — Bi-Te FGTM, 4 upper
stages — n-BiSbh of nonuniform
110 8 14107 710.0 composition, in the
inhomogeneous magnetic field,
p-BiTe FGTM
4 stages — Bi-Te FGTM, 5 upper
stages — n-BiSh of nonuniform
100 9 2.410° 4160 composition, in the

inhomogeneous magnetic field,
p-BiTe FGTM
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Conclusions

The results of this research testify that practical use of modern technologies in the manufacture of
modules allows expanding the temperature range of thermoelectric method of cooling IR sensors and can
assure the operating temperatures of IR detectors up to 120 K with sufficient energy efficiency.
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COMPUTER SIMULATION OF PERMEABLE
COOLING THERMOELEMENT

The results of computer research on a 3 D model of permeable thermoelement for cooling liquid
and gas flows are presented. The physical model and design of permeable thermoelement is
described, its mathematical description is given. A method for thermoelement calculation based on
the Comsol Multiphysics package of applied computer programs has been created. The energy
characteristics of thermoelement of Bi-Te-Se-Sb based materials have been calculated as a
function of heat carrier pumping rate and supply voltage. The optimal values of hear carrier rate
at thermoelement inlet whereby the values of cooling capacity and coefficient of performance will
be maximum have been determined. Comparison of the energy characteristics of liquid and air
cooling has shown their 30 to 50 % better values on water cooling.

Key words: permeable thermoelement, simulation, thermodynamic characteristics, semiconductors,
cooling capacity, coefficient of performance.

Introduction

The widest application of thermoelectric power converters is based on the use of a thermocouple
element [1, 2] whose energy conversion efficiency is determined by the figure of merit Z of used
materials. Therefore, a search for materials with a maximum figure of merit value becomes the main
challenge of thermoelectric material science. However, despite the active research pursued in this
direction, there has been no essential figure of merit growth in recent 20 to 30 years [3,4]. The
maximum values of the dimensionless figure of merit parameter of industrial thermoelectric materials
remain at a level of 1 to 1.2. So, to improve the figure of merit, one should use new, non-traditional
approaches which consist in the use of unconventional variants of physical models of a thermoelement
which is the main component of thermoelectric power converter.

One of them is the use of thermoelements with a developed internal heat exchange surface, i.e.
permeable thermoelements. In such thermoelements, heat exchange with the source of heat and heat sink
occurs not only on the junctions, but also in the bulk of the leg. Already the first theoretical [5] and
experimental [6] investigations of thermoelements for cooling gas flows demonstrated their good prospects.
They indicate the possibility of energy conversion efficiency improvement by a factor of 1.3 to 1.4.

However, such investigations were performed for a single-dimensional model that does not
describe accurately enough the conjugate processes of heat exchange in solid-heat carrier system.
Therefore, it is necessary to create and study a more real 3 D model of permeable thermoelement
which is the objective of this work.

Physical model and its mathematical description

A physical model of permeable thermoelement where heat exchange between the source of heat and
heat sink takes place not only through connecting plates, but also in the bulk of the leg, is given in Fig. 1. It
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includes n- and p-type legs 1 made of
materials based on Bi-Te-Se-Sb which together
with openings in connecting plates 3 form a
system of channels for pumping heat carrier,
namely water. The model takes into account
the presence of transient layer 2 due to a
combination of connecting plates with thermo-

element legs that has the properties of a solder.
The legs material is homogeneous and

isotropic with known temperature dependences
of electric conductivity o(7), the Seebeck

coefficient o(7), thermal conductivity «(7). Fig. 1. Physical model of permeable thermoelement:
1 are n- and p-type legs; 2 is transient

The thermoelectric medium takes into account

the bulk Thomson and Joule-Lenz effects and layer possessing the properties of a solder;

. 3 ting legs; 4 is heat jer.
the near-contact Peltier effect. The temperature are connecting fegs, <15 eat carrier
of heat carrier at thermoelement inlet was assumed equal to hot junction temperature.

Heat exchange on the lateral surface of legs 1, connecting plates 3 and transient layer 2 that are

in thermal contact with heat carrier 4 is described by the Newton-Richmann law:
gy =0, (-T), (1)
where oy is heat exchange coefficient, 7'is thermoelement temperature, ¢ is heat carrier temperature.

A system of equations describing the distribution of temperature and potential in thermoelectric
medium is described by the fundamental laws of conservation of energy and current carriers [7]:

VW =0, (2)
Vi =0, 3)

where W =G +Ui is energy flux density.

Using the generalized Fourier’s and Ohm’s laws for the thermoelectric medium
G=-«VT +ail, (4)
i =—o(VU +aVT), (5)

where U is potential, k is thermal conductivity, o is the Seebeck coefficient, ¢ is electric conductivity,
one can obtain a system of differential equations to find the distributions of temperatures and potentials:

.2
A —
VkVT +—-TiVa =0;
c (6)

V(-o(VU +aVT)) =0.

The Navier-Stokes equation system and the continuity equation are used to describe heat carrier
motion along a channel, and thermal conductivity equation is used to describe temperature distribution
in heat carrier.

The Navier-Stokes equation and the continuity equation can be written as [8]:

g - = 1 =

—=pF —VP+uvV-3+—uv(divd),

Py H H (div9) Rl
div p§=0.
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The left side of the first equation (7) is the inertia force. The first term on the right side of this
equation describes mass (volumetric) force, the second term — surface pressure forces (normal
stresses), and the last two terms — tangential components of surface forces (internal friction forces).

Heat exchange in liquid is described by thermal conductivity equation [9]:

o

p Ot

ot =
C|—+@V) |=—(Vg)+ > A.S. —
p,,(ar( )j VD +2AS, p

(@ + (@V)PJ +0, (8)

where p is liquid density, C, is liquid specific heat, ¢ is liquid temperature, 9 is liquid rate vector, ¢ is heat

flux density vector, P is pressure, A; is viscous stress tensor, S,

;; 1s deformation rate tensor, Q are internal

heat sources.

Of greatest practical interest is the problem of calculation of thermoelement energy
characteristics in steady-state operating mode. In this case, time derivatives in (7) and (8) are set to
zero. In the approximation of small influence of mass forces and insufficient liquid heating due to
internal friction, its compression, as well as liquid heating at the cost of internal heat sources will be
ignored in view of their small contribution as compared to thermoelectric thermal effects. In such
approximations, the system of Navier-Stokes continuity and thermal conductivity equations will be
written as:

~VP+uv339+ % uv(div) =0,

div pS =0, ©))
pC,(8V)t+Vq=0.

The boundary conditions for this problem (Fig. 1), are given below:

— for thermoelectric medium

Tl =300K, 0], =0. U|_ =Uj g, =a -7, U], =0 (10

— for heat carrier

9.,=9. P =0, 8] =0, ¢ _,=300K, g|; = (T-1), (11)

where 9 is heat carrier initial rate, U, is given potential value, S, is thermoelement lateral surface.

Realization of the formulated problem in the Comsol Multiphysics package of applied
computer programs

To perform the calculation, the Comsol Multiphysics package of applied computer programs was
selected [10]. The general view of the coefficient form of equation in partial derivatives is as follows:

0% ol L ~
e, v d, TV (~cVii — i +y) +BVu + aii = f. (12)
ot ot
This equation is used for the thermoelectric medium and reduced to the form V(—cVi)=0. For
this purpose, e,, d,, o, v, B, a are set to zero, and the value c is written as a matrix:

c:[K+0L2(5T+GUoc OLT(5+GU} (13)

ac ()

In this case, vector u has also the form of a matrix:
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io| ! 14
u—U. (14)

To describe liquid motion and heat exchange, the Comsol Multiphysics-Non-Isothermal Flow is

used [11]. The module includes the Navier-Stokes equation system, the continuity equation and liquid
heat transfer equation in the steady-state mode.
The electric current value was calculated through the integral according to sectional area Sy:

1=[[1,ds,, (15)

where 1, = n., + n,l, + n.L is electric current density vector. The values I, /,, I, were determined by
the relations:

I =—08—U—0aa—T, (16)
ox ox

[ =62 5oL, (17)

’ oy o

1 =—08—U—Gaa—T. (18)

Heat carrier flow rate was determined by integration of rate v with respect to channel sectional
area at liquid outlet Sy;:
G =[[9ds,,. (19)
Sy
The thermoelement electric power W =[-U, cooling capacity was determined through heat

carrier flow rate as O. = GC,A¢, coefficient of performance € = Q./W.

Results of computer research on the energy characteristics of liquid and air permeable
thermoelement of materials based on Bi-Te-Se-Sb

The calculation was performed for materials
based on Bi-Te-Se-Sb. Functional temperature
dependences of material parameters, namely the

Seebeck coefficient o, thermal conductivity x and

electric conductivity o were obtained by the least

squares method from their experimental data.

Simulation of permeable thermoelement was
done for the following basic design (Fig. 2): height
h =10 mm, length » = 10 mm, width ¢ =2 mm. The
dimensions of the lower connecting plates — height

j =2 mm, length b = 10 mm, width k£ =4 mm; upper

connecting plates — height Jd=5mm, length
¢ =10 mm, width f=8 mm. Connecting material is Fig. 2. Design of permeable thermoelement.
copper. Connecting plates have cuts for heat carrier

pumping of length » = 8 mm, width m = 2 mm, located in the plate centre. These cuts together with legs
form a system of channels for heat carrier pumping. The design takes into account the presence of
transient solder layer of thickness / = 0.5 mm.
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Heat carrier flow rate at thermoelement inlet was assumed equal to 0.1 mm/s, 0.5 mm/s, 1 mm/s,
2 mm/s, 3 mm/s, 4 mm/s and 5 mm/s. With each rate value the supply voltage assumed the values: 0.02 V,
0.04V,0.06V,0.08V,0.10V,0.12V,0.14V, 0.16 V and 0.18 V. Coefficient of heat exchange between
water and thermoelement a7 in the Newton-Richmann law was assumed equal to 1000 W/(m?>K).

For the above parameters the following thermoelement characteristics were determined: the values of
electric current 7, A; flow rate G, m’/s; outlet liquid temperature ¢, °C; thermoelement cold junction
temperatures 7, °C; temperature difference of liquid Az, °C and thermoelement AT, °C; power W, W; cooling
capacity ., W; coefficient of performance €.

From the results of computer calculation the following energy characteristics were obtained:
cooling capacity, coefficient of performance (Fig. 3 a) and temperature difference on the water and
thermoelement (Fig. 3 b) depending on thermoelement voltage and different water flow rate.

ch W e

0.6

0.4

0.2

AT, °C .
633, )

T et M W S P

24 A N AN

1.2 .

0.02 0.06 0.10 014 u,V
0.072 0.116

b)

Fig. 3. Cooling capacity, coefficient of performance (a) and temperature difference of liquid and
thermoelement (b) versus voltage for different rates: Q.ys, Qc1, O.2 is cooling capacity at liquid rate 0.5 mm/s,
1 mm/s, 2 mm/s, respectively; €y, €;, €; is coefficient of performance at liquid rate 0.5 mm/s, 1 mm/s, 2 mm/s,

respectively; ATys, AT, AT, is thermoelement temperature difference, Atys, At;, At, is liquid temperature
difference at the rate of 0.5 mm/s, 1 mm/s, 2 mm/s.

It is seen that maximum cooling capacity value falls on the rate v=1mm/s and makes
Q.= 0.68 W at the voltage of u=0.07 V, and energy conversion at maximum cooling capacity occurs
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with a thermodynamic efficiency &=0.91. Temperature difference on the thermoelement is
AT = 6.3 °C at the voltage of u = 0.12 V, and temperature difference on the liquid Az =2.25 °C.

To specify the value of optimal rate, the rate dependence of maximum cooling capacity with the
optimal voltage has been constructed (Fig. 4). The same figure shows the dependence of temperature
difference on the liquid obtained under these conditions.

0., W At, °C
0.562.56 ' . l ' | | 15.3
0.54 11.9
0.52 8.5
0.50 5.1
0.48 1.7

Fig. 4. Maximum cooling capacity and temperature difference
of liquid versus the rate.

It is seen that maximum cooling capacity value is achieved at the rate of v=1.27 mm/s.
Temperature difference on the liquid increases with the rate decrease, which provides for a greater
water cooling depth. A greater cooling depth calls for a lower water delivery rate, however, cooling
capacity in this case is reduced. The existence of a rational range of water feed rate values determined
by thermoelement operating mode is evident.

The distribution of temperature field in thermoelement and liquid at thermoelement voltage
u=0.06 V and optimal water rate at channel inlet v = 1.27 mm/s is given in Fig. 5 a. The distribution of
rate field under these conditions is represented in Fig. 5 b.

In Fig. 5 a it is seen that the medium part of legs is overheated due to the Joule-Lenz heat
release and heat input from the liquid. However, in the interconnect area the effect of Peltier heat is
greater, which provides for water cooling. From Fig. 5 b it is seen that maximum rate is achieved with
the lowest channel section.
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Fig. 5. Temperature distributions in the thermoelement and liquid (a)
and rate field distribution in the liquid (b).
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Fig. 6 gives the dependences of the energy characteristics of liquid permeable thermoelement
with the optimal liquid rate at channel inlet on thermoelement voltage.

At AT, °C O.W &
v e 0.56
0510 5.10
0340 3.40
0170 11.70
e 102
! VETTHNN- |
: : | i -
0 . 0 10
0 0.04 0.06 0.0 12wV
0.133

Fig. 6. Maximum cooling capacity Q., coefficient of performance g, liquid temperature difference At,
thermoelement AT versus voltage for the optimal rate.

It is evident from the figure that maximum value of cooling capacity O, = 0.56 W is achieved at
the voltage of u=0.06 V, and energy conversion in maximum cooling capacity mode occurs with
thermodynamic efficiency € = 1.023.

Maximum temperature difference value of thermoelement is equal to AT =6.25°C at the
voltage of u =0.12 V, and of liquid — Az = 1.43 °C at the voltage of u =0.06 V.

A similar computer model for the air thermoelement in cooling mode was developed. The
specific feature of this model of permeable air thermoelement is that heat carrier properties are
replaced by gas-air thermophysical properties. The heat-exchange coefficient at the water-air
interface in the Newton-Richmann law is at a level of 100 W/(m*K). The air rate at channel inlet
was assumed equal to v = 0.4 m/s. According to experimental investigations given in [6], this rate is
optimal for the above geometry of thermoelement legs.

The distribution of temperature field in the thermoelement and in the air with the air rate at
channel inlet v = 0.4 m/s and thermoelement voltage u = 0.08 V is given in Fig. 7 a; the distribution of
rate field in the air under these conditions is shown in Fig 7 b.

4302.09 40.844
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Fig. 7. Temperature field distribution in the thermoelement and in the air (a)
and rate field distribution in the air (b).

From Fig. 7 a it is seen that leg overheat due to the Joule-Lenz effect and thermal flux from the
air is considerably less than in the liquid permeable thermoelement. Thus, one can make a conclusion
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on the effect of thermophysical properties of liquid or gas heat carrier on the temperature field. The
Peltier heat absorbed in the near-contact area prevails over heating and provides for cooling. From
Fig. 7 b it is seen that the maximum rate is achieved with the smallest channel section which is similar
to rate field distribution for water.

Fig. 8 shows voltage dependences of the energy parameters of the air thermoelement for the air
rate at channel inlet v = 0.4 m/s.

From Fig. 8 it is seen that maximum cooling capacity value of the air permeable thermoelement
0.=0.42 W is achieved at the voltage of u = 0.086 V, and energy conversion with maximum cooling
capacity occurs with the efficiency of ¢ =0.41. Maximum temperature difference value of the air
permeable thermoelement is equal to A7 =35.7 °C at the voltage of #=0.11 V, and of the liquid —
At =11.44 °C at the voltage of u = 0.086 V.

At AT, °C oW =
B 045 4.0
35.6936 0.42 |
0.36 132
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0.27 12.4
20 ]
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11.4412 |
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S S LY ey o\
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0 0.04 0.12 016 u,V
0.086 0.11

Fig. 8. Maximum cooling capacity Q., coefficient of performance g, air temperature difference At,
thermoelement temperature difference AT for the optimal rate versus voltage.

Based on the obtained results of calculation of permeable thermoelement for cooling liquid and
gas flows in a three-dimensional case under optimal conditions, comparative dependences of cooling
capacity and coefficient of performance have been constructed that are given in Fig. 9.
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Fig. 9. Comparative dependence of cooling capacity Q,, coefficient of performance ¢ for the liquid (index B)
and the air (index P) on thermoelement voltage under optimal conditions.

From the above dependences it is seen that maximum cooling capacity value of the liquid
permeable thermoelement Q0.5 = 0.56 W is achieved at lower thermoelement voltage u = 0.06 V than
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that of the air one — O.p=0.42 W at a voltage of 1 =0.086 V. In so doing, cooling capacity of the
liquid thermoelement is higher than that of the air one by a factor of 1.3. Coefficient of performance of
the liquid thermoelement at a voltage of u = 0.02 V exceeds that of the air thermoelement by a factor
of 1.5, and at a voltage of u = 0.06 V — by a factor of 1.3.

Thus, there are optimal ranges of voltage values where the energy capabilities of permeable
thermoelement for water cooling are superior to energy characteristics of thermoelement for air cooling.
Therefore, there is a need in multi-parameter optimization of structural and thermophysical parameters of
permeable thermoelement that will make it possible to determine maximum thermodynamic characteristics.

Conclusions

1. A 3D model of permeable thermoelement for cooling liquid and gas flows has been elaborated in
the Comsol Multiphysics package of applied computer programs.

2. The distributions of temperatures in material of thermoelement legs and heat carrier, potentials in
thermoelement, liquid rates and the energy characteristics of permeable thermoelement of materials
based on Bi-Te-Se-Sb have been determined.

3. The effect of heat carrier pumping rate and thermoelement supply voltage on temperature
difference and energy conversion characteristics has been investigated. The optimal values of water
feed rate at channel inlets and potential difference on thermoelement whereby maximum cooling
capacity is realized on liquid and air cooling have been determined.

4. Comparison of research results has shown the presence of such voltage range on thermoelement
whereby the liquid permeable thermoelement outperforms the air one by a factor of 1.3 to 1.5.
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MEDICAL THERMOMETER WITH
THERMOELECTRIC POWER SUPPLY

The paper presents the results of computer studies on the impact of thermoelectric power supply of
electronic medical thermometer on the accuracy of temperature measurement. Computer
simulation was used to establish the dependence of the magnitude of temperature measurement
error due to the impact of thermoelectric power supply on the distance between the sensor and
thermoelectric power supply. An improved design of electronic medical thermometer with
thermoelectric power supply was developed.

Key words: computer simulation, thermoelectric power supply, electronic medical thermometer,
accuracy of temperature measurement.

Introduction

General characterization of the problem. At the present time, measurement of body temperature
in medicine is one of the first and most common factors of the level of human health. For more than
300 years somatic temperature has been measured using mercury thermometers.

Until quite recently, nearly 45 million mercury thermometers have been produced in the world
annually, with 45 tons of mercury spent on their production. Sooner or later, through negligent use of
thermometers they were broken, and mercury was buried in the cracks of dwelling houses or hospitals,
gradually poisoning the people there. So, in recent decades, due to advances in microelectronics,
electronic medical thermometers have been developed that replace mercury ones little by little.

However, it does not solve environmental problems in full measure. As power supplies for
electronic thermometers, chemical galvanic elements are used which contain poisonous substances,
such as alkali, lead, cadmium, mercury, zinc and nickel. According to statistics, nearly 200 million
electronic thermometers have been already fabricated, whereas to assure population with such
thermometers they are needed in the amount about 1 milliard pieces. That is, such amount of chemical
galvanic elements must be replaced in thermometers yearly, since their service life is not more than
one year, and with intensive use of thermometer, for instance, in hospital, it is considerably less.
However, recycling and processing of such galvanic elements is practically absent.

Chemical galvanic elements have another disadvantage, namely in the period of their expiry
date the electronic thermometer readings become unreliable. This problem is important, since
thermometer readings determine immediate actions that should be taken. The foregoing implies that
replacement of chemical galvanic elements and development of thermoelectric power supply for
electronic thermometer owing to which the thermometer will be operated on human body heat is a
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problem of today [1-10]. However, no less important here is the accuracy of temperature measurement
using electronic medical thermometer with thermoelectric power supply.

Therefore, the purpose of this work is to determine the impact of thermoelectric power supply of
electronic medical thermometer on the accuracy of temperature measurement.

Computer simulation of the impact of thermoelectric power supply of electronic medical
thermometer on the accuracy of temperature measurement

Electronic medical thermometer with thermoelectric power supply consists of three main
functional units: temperature sensor, temperature recorder and thermoelectric power supply, operated on
human body heat. It is common knowledge that the availability of heat sink, such as thermoelectric
power supply, leads to a change in the temperature and thermal fields in the area of temperature
measurement. This, in turn, reduces the accuracy of temperature measurement using such thermometer.

With a view to determine the impact of thermoelectric power supply of electronic medical
thermometer on the accuracy of temperature measurement, a three-dimensional computer model of
biological tissue was created, whose surface contacts the thermoelectric power supply of thermometer.
The computer model was constructed with the use of Comsol Multiphysics package of applied programs
[11], which allows simulating thermophysical processes in human body biological tissue with regard to
blood circulation and metabolic processes. Calculation of temperature and thermal flux density
distributions in the biological tissue and thermoelectric heat meter was done by finite-element method.

Computer simulation was used to determine the impact of thermoelectric power supply of
electronic medical thermometer on the temperature of human skin surface under real operating
conditions. Dependence of temperature measurement error on the distance between temperature sensor
and thermoelectric power supply was established (Fig. 1 a, b).

It is established that to reduce the error of human body temperature measurement using such
thermometer, the distance between temperature sensor and thermoelectric power supply must be such
whereby a change in human body temperature caused by thermoelectric power supply would not
change the temperature of the body where temperature sensor is located.

From Fig. 1 a it is evident that with arrangement of temperature sensor and thermoelectric
power supply on the surface of human body at the distance of L =2 cm, the deviation of measured
temperature value from the true one is A7 = 0.1 °C. With the distance between temperature sensor and
thermoelectric power supply L =5 cm the deviation of temperature is AT = 0.01 °C (Fig. 1 b). Thus,
the accuracy of human body temperature measurement using electronic medical thermometer with
thermoelectric power supply will depend on the selection of thermometer design, that is, on the
distance between temperature sensor and thermoelectric power supply.

Hence it follows that, structurally, electronic medical thermometer with thermoelectric power
supply must be made so that the distance between temperature sensor and thermoelectric power supply
be equal to or greater than the value determined by the dependence of distance L on temperature
deviation AT. The dependence L(AT) is a reciprocal function to that shown in Fig. 1 a. Using computer
approximation of dependence L(AT), the following analytical form of such dependence was obtained:

L(AT)=(a+c- At +e-At+g- At +i- AL )/ (1+b- At +d-At+ f- AL + h-AF + j-AFF), (1)
where L is the distance between temperature sensor and thermoelectric power supply, AT is temperature

measurement error, coefficients a=56.667757, b=155.97536, c¢=4504.9994, d=5420.2644,
e=193369.08, = 16196.544, g = —62445.826, h =—-7992.4153, i = -8885.923, j = 4548.9939.
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Fig. 1. Deviation of human body temperature in measurement area due to the impact of thermoelectric power
supply of electronic medical thermometer a) in full range of change in temperature measurement error, b)
in the range of optimal temperature measurement error (AT is temperature deviation (temperature
measurement error), L is the distance from the edge of thermoelectric power supply of thermometer).

Design of electronic medical thermometer with thermoelectric power supply

Fig. 2 represents schematic design of electronic medical thermometer with thermoelectric power
supply. Such thermometer comprises the electronic medical thermometer itself and thermoelectric
power supply. In turn, the electronic medical thermometer comprises case 1, temperature sensor 2,
analog-to-digital converter 3, voltage stabilizer 4, capacitor 5 and digital display 6. Thermoelectric
power supply consists of two thermoelectric micromodules 7 and heat sink 8 that removes heat from
the cold sides of thermoelectric micromodules 7 to the environment. Heat sink 8 is a case of material
with high thermal conductivity. Temperature sensor 2 is arranged on the tip of thermally non-
conductive element 9 connected to thermoelectric power supply. The length of thermally non-
conductive element 9 was selected according to dependence (1) with regard to condition of non-
exceeding prescribed temperature measurement error. Each thermoelectric micromodule 7 comprises a
flat thermopile [1, 2] which is composed of a combination of semiconductor thermocouple elements
connected into a series electric circuit, the intervals between which are filled with electrically isolating
epoxy compound, and two ceramic plates closely contacting the upper and lower surfaces of

70 Journal of Thermoelectricity Ne5, 2013 ISSN 1607-8829



L.1. Anatychuk, R.R. Kobylyanskii
On the accuracy of temperature measurement by electronic medical thermometer ...

thermocouple elements, as well as two electric leads. Such micromodule is made on the basis of
modern high-performance thermoelectric materials based on Bi-Te.

7 9 2

6 3 7

Fig. 2. Design of electronic medical thermometer with thermoelectric power supply [10]: 1 — case,
2 — temperature sensor, 3 — analog-to-digital converter, 4 — voltage stabilizer, 5 — capacitor,
6 — digital display, 7 — thermoelectric micromodules, 8 — heat sink, 9 — thermally non-conductive element.

Measurement of human body temperature using electronic medical thermometer is done by
temperature sensor 2 in direct contact with human body, and electric power supply to such
thermometer is assured by thermoelectric micromodules 7 due to human body heat. In order to obtain
the required electric voltage and power using thermoelectric micromodules 7 for power supply to
electronic medical thermometer, one should create temperature difference between the surfaces of
micromodules. Application of electronic medical thermometer with thermoelectric power supply to
human body (for instance, in the armpit) creates temperature gradient between the respective surfaces
of thermoelectric micromodules 7 owing to which thermoelectromotive force (thermoEMF) will be
generated on their leads, providing electric power supply to such device. The value of thermoEMF
corresponds to the value of thermal flux passing through thermoelectric micromodules 7 whose cold
sides contact heat sink 8 that removes heat to the environment. The device design also employs
voltage stabilizer 4 of thermoelectric micromodules 7 to the level of 1.5 V and capacitor 5 for the
accumulation of electric charge necessary for switching the electronic medical thermometer.

As compared to conventional electronic thermometer, such thermometer offers the advantage of
ecological safety, as long as it comprises no chemical galvanic power supplies that require special
recycling, as well as of ease of operation due to the absence of periodic replacement of power
supplies. The suggested thermometer design assures increased accuracy of human body temperature
measurement using electronic medical thermometer with thermoelectric power supply, the electric
power supply to such thermometer being stable in time and requiring no maintenance expenses.

Conclusions

1. Using computer simulation, the impact of thermoelectric power supply of electronic medical
thermometer on the accuracy of temperature measurement was determined. The dependence of the
magnitude of temperature measurement error due to the impact of thermoelectric power supply on
the distance between the sensor and thermoelectric power supply was established.

2. Design of electronic medical thermometer with thermoelectric power supply was developed which
allows increasing the accuracy of human body temperature measurement using such thermometer.
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RESULTS OF FULL-SCALE TEST
OF A PROTOTYPE SYSTEM FOR NON-UNIFORM COOLING
OF ELECTRONIC BOARDS

This paper is concerned with a description of a prototype system for non-uniform cooling of
electronic boards and a test bench for conducting its full-scale test. The respective results of
experimental research are given. Based on the full-scale test it has been determined that non-uniform
cooling of electronic boards is superior to uniform one in the energy and mass-dimensional
parameters. It has been established that practical use of the elaborated system requires optimizing
between thermopile supply current and the amount of working agent used.

Key words: prototype, test bench, full-scale test, electronic board, thermoelectric module, non-uniform
heat removal, melting agent.

Introduction

Electronic boards belong to the most popular components of modern electronic equipment.
Depending on the arrangement of conductive pattern, they can be classified as single-sided, double-sided
and multilayer. Irrespective of electronic board type, their basic feature is distribution along the area of
heat-emitting elements. At the present time, heat removal from heat-emitting elements is based on air,
liquid, evaporative and thermoelectric cooling. The list of some manufacturers of this equipment is given
in Table 1. When analyzing their products as applied to heat removal from electronic boards
characterized by non-uniform heat release, it should be noted that electronic equipment cooling systems
based on liquid and conductive methods are little efficient owing to low intensity of heat removal and the
accuracy of temperature maintenance on the required level. Liquid and evaporative heat removal systems
are difficult to implement, they call for bulky and structurally complicated equipment. Thermoelectric
coolers mainly realize uniform heat removal from all electronic board components and are not efficient
in this application aspect either.

Therefore, based on the strongly marked temperature field non-uniformity of electronic board,
the authors have proposed a cooling system for its components [20] that takes this factor into account.

The device schematic is shown in Fig. 1, and its appearance — in Fig. 2.

The device comprises a metal container filled with the working agent having high value of melting
heat and melting temperature in the range of 35 to 65 °C (for instance, paraffin, wax, nickel nitrate, etc).
A container accommodating an electronic board with respective heat-emitting elements has a profiled
surface, with recesses formed at places of arrangement of electronic equipment components most critical
to temperature operation mode or requiring considerable temperature reduction. In said recesses,
thermopiles powered from DC source are placed. The recess dimensions are selected so as to match the

thermopile size.
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Table 1

Ne Companies Type of manufactured products Reference
1 2 3 4
1. AAVID Thermalloy (USA) Liquid coolers and air heat sinks [1]
2. Ligra (Russia) Pin and plate heat sinks [2]

Proton-Electrotex (Russia) Pin and plate heat sinks [3]

S it Heat Sinks Metal co.
4, vt Hea ) s Vietal o Pin and plate heat sinks [4]
(Taiwan)
5 Alutronik (Germany) Pin and plate heat sinks, electronic equipment 5]
packages

6. ThermoFlow (USA) Heat sinks of all types [6]
7. Melcor (USA) Thermoelectric cooling systems [7]
8. Marlow Inc. (USA) Thermoelectric cooling systems [8]
9. FerroTec. (USA) Thermoelectric cooling systems [9]
10. Fandis (Italy) Thermoelectric cooling systems [10]
11. Komatsu Electronics (Japan) Thermoelectric cooling systems [11]
12. Kryotherm (Russia) Thermoelectric cooling systems [12]
13. Osterm (Russia) Thermoelectric cooling systems [13]
14. RMT (Russia) Thermoelectric cooling systems [14]
15. Evercool (Taiwan) Fan units, liquid systems [15]
16. Titan (Taiwan) Fan units, liquid systems [16]
17. Zalman (South Korea) Fan units, liquid systems [17]
18. Sunon (Taiwan) Fan units, liquid systems [18]
19. Thermaltake (Taiwan) Fan units, liquid and evaporative systems [19]

\

Fig. 1. Schematic of electronic board cooling with a joint use of melting working agent

and thermopile (1 — electronic board, 2 — radio elements,

3 — thermopile, 4 — melting working agent container).
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Fig. 2. Outside view of cooling device

with electronic board simulator.

In device operation, heat coming from electronic equipment components placed on the
electronic board is transferred to metal container and through the contact surface to the working agent.
Then the working agent is heated to melting temperature, and melting process accompanied by the
absorption of heat spent for change of state occurs. Heat removal due to change of state of the working
agent is fundamental and can be used to assure the necessary temperature operation mode of electronic
equipment components that do not require essential temperature reduction or are not critical to
considerable overheat with respect to environment. For cooling electronic equipment components
particularly critical to overheat or requiring essential temperature reduction, use is made of
thermopiles that assure additional heat pickup, the cooling capacity value of each thermopile being
determined in conformity with the heat release level of specific electronic equipment component. In so
doing, heat from thermopile hot junctions is also removed to the working agent in the container the
amount of which is calculated from the durability of electronic equipment components, their heat
release power, thermopile heat production, as well as the operating conditions.

For device characterization an experimental bench was assembled, schematically shown in Fig. 3.

2 4
1
L

3 10—

15 ' 1
14 F 12
[

13

Fig. 3. Schematic of experimental bench.

Investigations were performed in thermally insulated climatic chamber 1 with thermostated
working volume 120 liters. The chamber assures maintenance of temperature in the range from 283 to
343 K to an accuracy of 0.2 °C and relative humidity from 30 % to 98 %. Given temperature and
relative humidity in the chamber are controlled by control unit 2 related to temperature and humidity
sensor 3 whose readings are recorded by digital display 4.
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The object for experimental research was a prototype cooling system in the form of a container 5
filled with the working agent, namely paraffin. The upper surface of the container is profiled, with two
grooves accommodating standard TEM 6 of the type DRIFT-08. The location of the grooves corresponds
to location on electron board simulator 7 of heat-emitting elements 8 represented by flat nichrome electric
heaters. The topology of arrangement of heat-emitting elements on electronic board simulator is shown in
Fig. 4. The simulator corresponds to electronic board of high-frequency power amplifier designed by
Open JSC “P.S.Pleshakov Radio Factory” (Russia, Republic Dagestan, Izberbash city).

To determine the basic parameters of prototype under test, the following values were measured:
voltage and current on TEM; their junction temperatures; voltage and current on the heaters, the
temperatures at control points of electron board simulator, including the heaters, and the cover
temperature of the working agent container.

The hot and cold side temperatures of TEM, as well as at control points of electron board
simulator were measured by copper-constantan thermocouples 9 whose reference junctions were in
Dewar vessel 10. Output signals from the thermocouples through multi-channel switch 11 came to
measuring complex IRTM 12 with personal computer 13 connected to its output to register measured
temperature readings at preset time intervals. TEM was powered by controlled DC source 14. Current
passing through TEM and its voltage were controlled by devices embedded in power supply unit.
A similar DC source 15 was used to power thermal load simulators (electric heaters).

3 250 R
A l »
y 10
||
X ! !
| !
| |
475 ; i
| .
h A PN - > S R (R (U i ¢15
2.57 56 41 95
Z i
| !
! !
| ! v
0 x 83 ] e 83 R

Fig. 4. Topology of electronic board simulator.

The basic task when conducting experimental investigations was to determine the temperature
dependences of electronic board simulator heat-emitting elements, when non-uniformly cooled, on the
TEM and working agent parameters, as well as time variation of the cover temperature of the working
agent container. It was important to compare the experimental data to theoretical ones.

Figs. 5 — 6 represent the experimental dependences of temperature variation at control points of
electronic board simulator in time without cooling system at different powers. For comparison, the
same figures show theoretical plots obtained on the basis of elaborated mathematical model [21].
According to the data presented, the temperature of heat-emitting elements is increased considerably.
Thus, for the source of heat 1 (see Fig. 2) in the steady-state mode the temperature value is 428 K with
heat release power 120 W and 410 with heat release power 100 W (the temperature values for heat-
emitting element 2 are the same), and for the source of heat 3 — 396 K and 382 K, respectively. In so
doing, the temperature in the electronic board areas adjacent to heat sources is of the same value. In
Figs. 5 and 6 its value is 415 K and 403 K, which testifies to the presence of considerable temperature
background that may have an adverse effect on the operation of electron board components, namely
cause their failure.
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Fig. 5. Temperature variation at different points

of electronic board versus time with the power of

heat-emitting elements 120 W. 1 — temperature of

heat source 1; 2 — temperature of heat source 3;
3 — temperature at x = 125 mm, y = 47.5 mm,

4 — temperature at x = 17 mm, y = 14 mm.
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Fig. 7. Temperature variation at different points
of electronic board versus time with the power
of heat-emitting elements 120 W and thermopile
supply 10 A. 1 — temperature of heat source 1;
2 — temperature of heat source 3;

3 —temperature atx = 125 mm, y = 47.5 mm ;
4 — temperature atx = 17 mm, y = 14mm.
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Fig. 6. Temperature variation at different points
of electronic board versus time with the power
of heat-emitting elements 100 W. 1 — temperature
of heat source 1; 2 — temperature of heat source 3;
3 — temperature at x = 125 mm, y = 47.5 mm;

4 — temperature at x = 17 mm, y = 14 mm.
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Fig. 8. Temperature variation at different points
of electronic board versus time with the power

of heat-emitting elements 100 W and thermopile supply

current 10 A. 1 — temperature of heat source 1;
2 — temperature of heat source 3;
3 —temperature at x = 125 mm, y = 47.5mm;
4 —temperature atx = 17 mm, y = I4mm.
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Figs. 7 and 8 show the plots of temperature variation at control points of electronic board
simulator versus time with the use of prototype cooling system. According to the data presented, the
use of cooling system reduces the temperature of heat-emitting elements to acceptable values. For the
case in Fig. 7 the temperature of heat sources is reduced to 345 K and 344 K, and for Fig. 8§ —to 334 K
and 333 K. In so doing, temperature background created by heat-emitting elements in the near-by
areas of electron board simulator is also reduced.

For the analysis of the energy characteristics of cooling system Figs.9 and 10 represent
temperature variations at control points of electron board simulator versus thermopile supply current
and electric energy consumption. According to the data obtained, with increase in current flowing
through thermopile, the temperature at all control points is reduced. In so doing, its lowest value for
this case at the power of sources of heat 120 W is 344 K, which corresponds to thermopile supply
current 9 A. It is obvious that further electric current increase up to the optimal value for this type of
TEM (11.3 A) will yield further temperature reduction at control points.
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Fig. 9. Temperature variation at different points of Fig. 10. Temperature variation at different points
electronic board versus thermopile supply current in of electronic board versus thermopile power
steady-state mode with the power of heat-emitting consumption in steady-state mode with the power
elements 120 W. I — temperature of heat source 1; of heat-emitting elements 120 W. 1 — temperature

2 — temperature of heat source 3; 3 — temperature at of heat source 1; 2 — temperature of heat source 3.
x=125mm,y =47.5 mm.

With thermopile current increase, its electric power consumption is increased respectively. For the
case represented in Fig. 10 current 9 A is matched by consumed power 360 W.

Fig. 11 gives the data on temperature variation at control points of electronic board simulator
with heat removal to the working agent without the use of a thermopile. According to the results, such
kind of cooling does not assure the necessary temperature mode of electronic board simulator
components. Thus, the temperature of heat-emitting elements is reduced only to the values of 383 K
and 385 K, which is insufficient for provision of their temperature working mode.
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Fig. 11. Temperature variation at different points of electronic board versus time with the power
of heat-emitting elements 120 W and heat removal to melting working agent without thermopile.
1 — temperature of heat source 1; 2 — temperature of heat source 3;
3 — temperature at x = 17 mm, y = 14 mm.
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Fig. 12. Time dependence of the cover temperature Fig. 13. The time of full melting
of working agent container of the working agent versus thermopile
at different thermopile supply currents. supply current.

Fig. 12 represents experimental time dependences of the cover temperature at working agent
melting for different values of thermopile supply current. According to the plots, with a rise in supply
current, the amount of heat supplied to the surface of container per unit time (thermal power) is increased,
raising the cover temperature. Thus, with the use of paraffin as the working agent, increase in thermopile
supply current from 3 to 9 A increases cover temperature by about 40 K in 1.5 h. The agent melting rate is
increased respectively. According to Fig. 13 presenting the data on the duration of full melting of agents
with different values of thermopile current, increase in electrical current from 4 to 9 A reduces the time of
full melting of agents from 5.1 h. to 3.3 h. As a result, it can violate the normal operating mode of
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electronic board components under respective thermal loads. So, this fact should be taken into account in

the design of cooling system.

Based on the above investigations the following conclusions can be made:

1. For efficient cooling of electronic board components, owing to non-uniform distribution of thermal
flux on its area, it is advisable to use adequate cooling characterized by non-uniformity of heat pick
up along the electronic board area.

2. The above cooling method offers advantages over the usual one, uniform in the energy parameters.
According to experimental investigations, the value of power consumption can be reduced by a factor of
1.35 - 1.5. Moreover, the number of thermoelements, heat sink mass, and, respectively, the mass of the
entire cooling device can be reduced.

3. With increasing power of electronic board components, the power of thermopiles used for its cooling is
increased, which affects the amount of working agent used and must be taken into account in the design
of cooling system.

References

http://www.aavidthermalloy.com
http://www .ligra.narod.ru
http://www.eletex.ru
http://www.heat_sink.com.tw
http://www.alutronic.de
http://www.thermaflo.com
http://www.melcor.com
http://www.marlow.com

WO N kWD

http://www.ferrotec.com
. http://www.fandis_tm.com

—_ —
— O

. http://www .komatsu_electronics.co.jp

—_
[\

. http://www kryotherm.ru

—_
W

. http://www.osterm.ru

._
o

. http://www.rmtltd.ru

—_
W

. http://www.evercool.com.tw

—_
=)}

. http://www titan_cd.com

—_
~

. http://www.zalman.co.kr

—_
o]

. http://www.sunon.com.tw

—_
Ne)

. http://www.thermaltake.com

. T.A. Ismailov, O.V. Yevdulov, M.U. Agayev, Patent of Russian Federation Ne 2365072, 2009,
Bul. Ne 23.

. T.A. Ismailov, O.V. Yevdulov, M.U. Agayev, Mathematical Simulation of a System of Non-

[\
S

\S)
—

Uniform Cooling of Electronic Boards with a Joint Use of Melting Working Agents and
Thermoelectric Energy Conversion Method, Izvestia Vuzov. Radioelectronics 6, 51 — 58 (2010).

Submitted 12.07.2013.

80 Journal of Thermoelectricity Ne5, 2013 ISSN 1607-8829



NEWS

ISSN 1607-8829

Journal of Thermoelectricity Ne5, 2013

81






INTERNATIONAL THERMOELECTRIC ACADEMY

YURIY GENRIKHOVICH GUREVICH

(DEDICATED TO 70-TH BIRTHDAY)

This 1% of November is the date of 70™ anniversary of
Yuriy Genrikhovich Gurevich, a well-known physicist, Doctor of Science in
Physics and Mathematics, Vice-President of the International Thermoelectric

Academy, professor of Physics Department of Center for Research and Advanced Studies of the
National Polytechnic Institute in Mexico (CINVESTAYV — L.P.N).

The range of his research interests covers the nonlinear theory of electromagnetic waves
propagation in semiconductors and plasma; theory of transport phenomena of confined semiconductors
in strong temperature and electric fields; new mechanisms of thermo- and photogalvanics generation in
semiconductors; electric instability in semiconductors; creation of thermoelectric and ecologically pure
photoelectric converters; electric and photon thermal waves in semiconductors.

Yu. Gurevich is the author of three monographs, twelve chapters in the scientific publications,
five manuals for universities, nearly two hundred journal publications, over four hundred reports to
scientific conferences, and two certificates of authorship. Under the scientist’s supervision, three
doctors and nineteen candidates of science have been trained.

Yuriy Genrikhovich Gurevich is an academician of the International Thermoelectric Academy,
a member of scientific board “Thermoelectric materials and their application” of the National
Academy of Sciences of Ukraine, an expert of governmental scientific and technical programs
“Ukraine-2002”, a corresponding member of the Academy of Engineering Science of Ukraine (1996),
a permanent member of the Mexican Academy of Sciences, an honorary member of the Advisory
Council of Research (American Biographical Institute, USA), since 1995 — an honorary member of the
Advisory Council of the International Biographical Center (Cambridge, England), a member of
Committee for awarding prizes of the Mexican Society of Science for Surfaces and Vacuum for the
best PhD thesis. Yu. Gurevich was a researcher and head of many projects of California Institute of
Mexico and USA (UC MEXUC) and the Mexican National Council of Science and Technology
(CONACYT) from 1994 till 2012.

Professor Gurevich was elected a member of “Physics and Chemistry of Solid State” and
“Journal of Thermoelectricity” editorial boards.

For his fruitful research and organizational activity Yu. Gurevich has been awarded with a
Diploma of the International Thermoelectric Academy, honoured with a title “National Researcher
Level II, The National System of Researchers, Mexico, 1995 and “National Researcher Level III, the
National System of Researchers, Mexico, 1998”, and Francisco Mejia Lira Award, Mexican Society of
Science and Technology of Surfaces and Materials (2003), as well as commended for participation in
the project ETI@home and study on the data of search for extra-terrestrial civilizations pursued by
California University in Berkeley and sponsored by the Planetary Society (USA, 2000).

International Thermoelectric Academy, Institute of Thermoelectricity of the NAS and
MES of Ukraine, “Journal of Thermoelectricity” Publishers sincerely greet the esteemed
Yuriy Genrikhovich Gurevich on his 70-th jubilee, wishing him sound health, inexhaustible energy,
happiness and new achievements.
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STATE OF THE ART AND PROSPECTS
OF THERMOELECTRICITY ON ORGANIC MATERIALS

The aim of the paper is to analyze the expected thermoelectric opportunities of organic materials,
including some highly conducting quasi-one-dimensional crystals. It is shown that interest of
investigators in these materials has been growing recently. Quasi-one-dimensional organic
crystals have high prospects for thermoelectric applications. These materials combine the
properties of multi-component systems with more diverse internal interactions and of quasi-one-
dimensional quantum wires with increased density of electronic states. It is shown that the values
of the thermoelectric figure of merit ZT ~ 1.3 — 1.6 at room temperature are expected in really
existing organic crystals of tetrathiotetracene-iodide, TTT,Is if the crystal parameters are
approaching the optimal ones.

Key words: thermoelectricity, tetrathiotetracene-iodide, polarizability.

Introduction

It is known that conducting organic materials usually have much lower thermal conductivity
than the inorganic materials. Moreover, the organic materials can be fabricated by simpler chemical
methods, and it is expected that such materials will be less expensive in comparison with the inorganic
ones. Exactly these properties attracted attention to such materials for the use in thermoelectric (TE)
applications long time ago [1, 2]. In spite of relatively high value of the thermoelectric figure of merit
ZT=0.15 at room temperature observed in polycopper phthalocyanine [2] as early as 1980, the
thermoelectric properties of organic materials are still weakly investigated. This situation has the only
explanation that thermoelectricians are still weakly interested in organic materials, and organic
chemists are also weakly interested in thermoelectric materials. Moreover, in order to seek good
organic thermoelectrics, it is necessary to organize multidisciplinary consortiums of physicists,
organic chemists and engineers in the field of thermoelectricity. ...

The aim of this paper is to present briefly the state-of-the-art of investigations in the area of new
organic thermoelectric materials and to describe the nearest expected results for really existing quasi-
one-dimensional organic crystals of tetrathiotetracene-iodide, 7775/.

Quasi-one-dimensional organic crystals of TTT./;

The structure of quasi-one-dimensional organic crystals of tetrathiotetracene-iodide, T77>/;, has
been briefly described in [34]. These needle-like crystals are formed of segregate chains or stacks of
planar molecules of tetrathiotetracene 777, and iodine ions. The chemical compound 7775/; is of mixed-

valence: two molecules of 777 give one electron to the iodine chain which is formed from /] ions. The
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conductivity of iodine chains is negligibly small, so that only 777 chains are electrically conductive and
holes serve as carriers. The electrical conductivity ¢ along 777 chains at room temperature varies
between 10° and 10* Q'em™ for crystals grown by gas phase method [35], and between 800 and
1800 Q 'em™ for crystals grown from solution [36]. Thus, the conductivity is very sensitive to crystal
impurity and perfection which depends on growth method. In the direction perpendicular to chains G is
by three orders of magnitude smaller than in the longitudinal direction and is neglected. ...

7_'"1""I"A'!""]""I""_
6: -—=-D=06 _:
' / : \ ----D=0.1 ]

st | o D=
/ \ D =0.04

: .
[ .
[ / ‘\
. A
r - -
F - -
1 /,' - ~ N\
r TN
. -
o NG
4
L, -

0.5 1.0 1.5 2.0 2.5 3.0 35
n, 10210m'3

Fig. 1. Dependences of electron thermal conductivity k° on n.

G=R,, S=R /eTR,, «*=(¢'T) (R, ~R}/R,), (1)

Thermoelectric properties

Expressions (2) — (3) have been calculated in order to determine the thermoelectric properties of
quasi-one-dimensional organic crystals of T77>/; with different degrees of purity....

Conclusions

The state-of-the-art of research on new organic materials for thermoelectric applications is
analyzed. It is shown that the interest of investigators in these materials has been growing in recent
years. The highest value of ZT ~ 0.38 at room temperature has been measured in doped acetylene, with
the only problem that this material is not stable. Accurate control of the oxidation level in poly
(3, 4-ethylenedioxythiophene) (PEDOT) gave the power factor 324 uW-m 'K * and in combination
with its low intrinsic thermal conductivity (k = 0.37 W-m 'K ") yielded ZT'= 0.25 at room temperature,
and this material is air-stable....
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