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MATERIALS RESEARCH
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THERMOELECTRIC COMPOSITES WITH DIFFERENT
PERCOLATION THRESHOLDS

A modification of the mean-field approximation is considered for describing the behaviour of
effective kinetic coefficients, including for thermoelectric composites. The proposed modification

makes it possible to describe randomly heterogeneous media with different percolation thresholds
at arbitrary values of local kinetic coefficients. Bibl. 16, Fig. 6.

Key words: thermoelectric composites, kinetic coefficients.

Introduction

The widely used mean-field approximation (Bruggeman-Landauer approximation, self-consistent
approximation) [1 — 6] has a drawback. It does not allow describing media with different thresholds. In
[7], a term (Sarychev-Vinogradov term, SV-term, SVt) was introduced in the Bruggeman-Landauer
approximation, which allows obtaining concentration dependences of effective galvanomagnetic
coefficients for media with a predetermined percolation threshold. In [8 — 10], this approach was used
to describe magneto-elastomers, and the concept of moving percolation threshold was introduced. In
[11], SVt was used to describe thermoelectric phenomena in randomly heterogeneous media, but the
case of "normal" and "abnormal" local kinetic coefficients [12] had to be considered separately.

This paper proposes a generalization of the SVt term for the description of kinetic phenomena in
randomly heterogeneous media with any percolation threshold and for any («normal» and abnormaly)

values of local kinetic coefficients.

The problem of percolation threshold in the mean-field approximation in the single-
flow case (by the example of effective conductivity)

For a single-flow case, for example, the case of conductivity, when there is one

thermodynamic flow — electric current density j, one thermodynamic force — electric field intensity

E , which are related by the Ohm law

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2022 5
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j=ocE.

Effective conductivity o, is determined as

(i)=0.(E),

where <> =1/V J. ..dV is volume average and in the case of a two-phase medium

o,,reQ,

U(r)={

b
o,,re0,

The Bruggeman-Landauer approximation has the form

o, -0, o, -0,
€ +—= 1-p)=0,
20, +0, 20, +O'2( 2

The concentration dependence according to (4) is given in Fig.1
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Fig. 1. Concentration behaviour of effective conductivity
a — final conductivity ratio,

b,c — percolation

Due to great heterogeneity o,/o, -, the so-called percolation concentration range

| p— pc|<<lstands out, for which the percolation dependences are valid [1,2,4], see Fig. 1

—t
O-l(pc_p) 3p<pc

P 1/t+q

) <A, (5)

o, =1(o0)) ".[p-p.

2

where A=(0,/0, )

It should be noted that percolation regularities are valid only for very large heterogeneity and

in a very narrow concentration ( | p—p.|< 1) range. However, the numerical value of the percolation

threshold is a characteristic of the entire concentration range and thus a characteristic of the behaviour
of the effective kinetic coefficients in the entire concentration range and at any heterogeneity.
The Bruggeman-Landauer approximation is based on the calculation of fields in a solitary

inclusion; it is surprising that this approximation describes the limiting behaviour of the effective

kinetic coefficients quite well. In particular, at p = p_the concentration dependence of the effective
conductivity O'e( p)has a kink. The sharper, the greater the heterogeneity. Thus, the Bruggeman-

Landauer approximation describes well the concentration behaviour o, ( p) and can be used to

describe experimental data.

There is a drawback of this approximation, the sharp transition of the effective conductivity

O'e( p)(at 0,/ 0, > ©), at the same time, the percolation threshold is always equal to p, =1/3.

However, in real media [7], the percolation threshold may take on different values depending on the

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2022 7
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method of creating the composite. Despite the logic of the derivation and the simplicity of the resulting

expression, the Bruggeman-Landauer approximation needs modification.
In [7], a modification was considered that allows one to set the value of percolation threshold

for the case o, > o, . This modification was used in the model of magnetoelastic composites with the

introduction of the method of moving percolation threshold [8 — 10].

o, -0, c,-o,
20,+0, P+ 20,+0, 1-p)=0 ©6)
.. 0,—0, .., 0,—0, ’
Wrep,p)y ——  1+elpp) -
o, +0, 20, +0,

where c(p, p,) is the Sarychev-Vinogradov term

p 1-p
~ - plcll=-p c
c(p,p.)= (1~ 3[%)(7} (—Nj (7)
: 1-p.
A more complicated situation is observed in the mean-field approximation in the descriptions
of the effective elastic properties of composites [10]. The mean-field approximation for elasticity is the
Budiansky approximation [13, 14], with a large heterogeneity of elastic properties for the three-

dimensional case, it gives the percolation threshold 1/2, and for the two-dimensional case — 2 /3, which

contradicts the geometric considerations of the percolation structure.
Fig.2 shows the concentration dependence of the effective conductivity with regard to the

Sarychev-Vinogradov term (6, 7). As can be seen from Fig.3, for a large heterogeneity ( o, > o, ), the

percolation threshold coincides, as it should be, with the one specified in the term p, .
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Fig. 2 Concentration behaviour of

the effective conductivity
according to (6, 7)
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The situation is more complicated with a given value of the ratio o,/0o,. The resulting
threshold deviates from the one set in Svt p, . To determine the type and magnitude of the deviation of

p, from p_, we write down the solution of Eq.(6) in an explicit form.

~ 1| ,3p—-1+c 2-3p
o lo,o,,p,p)=—|2 o +2 o, +
e(l 2ppc) 4[ 2 te 1 i 2
3p-1 2-3 S ®
+ 4| 2P 2P 5 | t16-—C oo, ]
2+c 2+c 2+c

(for ease of notation c(p, p,)is written as c¢), and from the equation that determines the inflection
point,
d3
—o0,(0,,0,,p,p.)=0 9
a (01,05, 1. 7.) 9)
we find the “percolation” threshold (in which the value of p is fulfilled (9)) for a given ratio o,/ o,—

Fig. 3. As can be seen, the deviation values are not very large.

0.451
0.431
o)
[a B
0.421
0.4 = = =
0 0.1 0.2 0.3

o2/cl

Fig.3 Percolation threshold at a given

phase conductivity ratio

Term modification

A s is obvious from the direct solution of the self-consistency equation (the Bruggeman-

Landauer approximation) the term works only at o, > o,. Thus, for instance, see Fig. 4, on setting
p. =0.2 ato, > o, the obtained percolation threshold is really equal to 0.2, however, at o, <o, (in

both cases we have strongly inhomogeneous composite) the threshold is not 0.2, but 0.737.

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2022 9
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Fig.4 Percolation thresholds

4a — incorrect case, 46 — correct case

It is necessary to modify the term so that it gives correct values of percolation threshold both at

o, >o0,and at 0, <0,.

Based on the symmetry of the behaviour of o, (0'1 N p) depending on the concentration and

phase conductivity values

O'E(Gl,O'Z,p)ZO'e(O'Z,O'l,l—p) ,

and term (7), one can define the type of term for the case o, < o,

C

B -5
C(p,ﬁc)=(3p—2)[~£j ¢ [1‘—1’] ¢

1-p,

10

(10)

(11
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Combining these terms into one, so that at o, > o, term (7) would occur, and at o, < o, term

(11) would have the form

- 1 3 -
C(p,pc):—54‘5(1—2]76)(](61,02), (12)

where U (0'1 ,0'2) function is related to sign function sgn(x) and has the form

l,o, >0,
U(o,,0,)=10,0,=0, . (13)

-l,0, <0,
The function U (0'1, 0'2) can be selected in the following way

0,0,

U(oy,0,)= (14)

|01 _02|

If there is a need to differentiate the expression from 3 U (0'1 ,0'2) , it can be approximated by a

smooth function U (c)'1 , 0'2) that has derivatives at any point

:—_, (15)

where the larger the parameter /3, the closer the function U (01,02) to a step function.
Fig.4 b shows the dependence of the effective conductivity on the concentration at a given

percolation threshold p, =0.lat o, =1,0,=10" (conditional units) and the opposite case,
wheno, =107,0, =1
Now, having a term in the form (12,13) or (12,15), it is possible to find various dependences of

the effective coefficients for any inequality o,,0, in a uniform way.

Effective thermoelectric properties of randomly heterogeneous media

In [11], the thermoelectric properties of composites with different percolation thresholds were
considered. A mean-field approximation with a term similar to Svt was used [7]. Here, we use a
modified term (12-15), which allows us to consider any cases of inequalities in the local kinetic
coefficients of phases in a uniform way.

We choose the following values of the kinetic coefficients of the first and second phases [15],

at a temperature 7' =300 K:

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2022 11
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0,=5-10°0Om'm", x, =36.1 Br/(Mm-K), @, =0 B/K,

o, =10°0m™'M™", &, =0.963 Br/(m-K), a, =173-10°B/K, (16)

where « is thermal conductivity, « is thermoEMF. Thus, in the selected variant o, >o,and

K, > K, the thermoelectric figure of merit of phases is equal to

2
zr=0, z7=22%:7-12 (17)
K

We introduce parameter A , which allows us to consider a set of values ¢, and «, . The figure of merit
Z,T remains unchanged, but inequality o, > o, is reversed

o,(A)=0,(1+2), a(A)=a,(1+1)"7, 21€[0,9] (18)

At A = 0 there is an initial set of values of local kinetic coefficients, and at =9, o, =10° Ohm'm!
and 02=63 -10°° /K. Now the reverse inequality o, > o, holds for conductivity.

We write the expression for current densities and heat flux in the form

<]> =0, <E> +o0,0, <—V T> ,

1+ 2T

<q> =0,a, <E>+Ke

o=o. (-VvT), (19)

where VT is temperature gradient.

We introduce the matrix of local and effective kinetic coefficients €

(o o.Q;
Q= 1+2T |5 (20)
o, K, T

where i is phase number.
In such notation, the mean-field approximation for thermoelectric phenomena can be written as

(details are given in [11])

A1p+A2(l—p):0, 21
where
Q-0 Q-0
A] — Ae ,\l , A2 :A"—AZ, (22)
20, +0, 20 +Q,

12 Journal of Thermoelectricity Nel, 2022 ISSN 1607-8829
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A A

Q _Q ~ ~ Jay ~ -1
where expressions of the type ———— are understood as (Qe -Q )(2Q + Q1) .
20 +€Q,

The self-consistency equation with a modified term is given by
Al AZ

" 1-p)=0, 23
1+ca, l 1+CA2( 2 @)

where now the term is written in the form of a matrix

¢, (p.b.) 0 j

C(p’i%):[ 0 cp.p)

Here, ¢ (p, p.)is taken from (12-15), and c_(p, p,) is found therefrom with a corresponding
replacement of o, by «,and o, by «,.

Let us analyse the resulting solution (23) for the figure of merit. Fig.5 shows the dependence of

Z,T on parameter A . With a change in parameter A, the phase figures of merit remain unchanged.

Surprisingly enough, the effective figure of merit in this case is a function of parameter A . Note also

the nonlinear dependence of the effective figure of merit on parameter A .

1.21
I—\
o
N 0.8
0.6
0.4 t t t
0 5 10 15

A
Fig.5 Dependence of Z,T on parameter A .

The upper curve at a concentration
of 0.1, the other — at 0.3

Fig.6 shows the dependence of the effective figure of merit Z T on the concentration of the

first phase p for different values of parameter A . Note that these dependences change the ranking by
the values of parameter A (the larger the parameter, the larger the maximum) when passing through the

percolation threshold.

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2022 13
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ZTe

0.01 0.1 1

Fig.6 Dependence of the effective figure of merit Z T on the concentration

of the first phase for different values of parameter A (from top to bottom in the left part)
the parameter is equal to 0, 9, 15

Conclusion

Using the modification of the term proposed in [11], the behaviour of the effective figure of

merit Z,T with a different set of local kinetic coefficients was considered. As it turned out, with

constant values of local figures of merit Z T =const, Z,T =const the value Z,T changes with a

change in the set of kinetic coefficients. It is interesting to consider a similar modification of the term
for the task of determining effective elastic moduli.

This approach makes it possible to describe composites with different percolation thresholds
within the framework of the mean-field theory. Note that the values of the effective coefficients, even
far from the percolation threshold, depend on the value of the percolation threshold. Composites with
nanoparticles exhibit [16] unusual percolation threshold values from the point of view of standard
mean-field theory and percolation theory (there is, among other things, a difference between the
experimentally obtained percolation threshold values for, for example, electrical conductivity and
elasticity). The approach proposed in this paper makes it possible (formally, without elucidating the

physical reason for such a phenomenon) to describe the effective properties of such composites.
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TEPMOEJIEKTPUYHI KOMIIO3UTH 3 PI3BHUMMU
ITOPOI'AMM ITPOTIKAHHA

Posensdaemvcs moougixayis HabaudxicenHs cepeonbo2o nos 01 OnUcCy NO0GeOiHKU edeKmusHUxX
KIHeMU4HUX Koepiyicnmis, y momy 4ucii 011 mepmoereKmpuiHux KomMnosumie. 3anpononosaua
MoOougixayis 0038015€ ORUCYBAMU BUNAOKOBO-HEOOHOPIOHI cepedosuwja 3 pPisHUMU NOpO2aMU
NPOMIKAHHA NPU OOBIILHUX 3HAYEHHAX IOKATbHUX KIHeMuyHuX Koeiyienmis. bion. 16. puc. 6.

Kuro4oBi cjioBa: TepMoenieKTpuyHi KOMIIO3UTH, KiHETHUHI Koe(illi€HTH.
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ANALYTICAL CALCULATION OF THE EFFECT OF METAL COATING OF
THERMOELECTRIC LEGS ON THE EFFICIENCY
OF GENERATOR THERMOELEMENT

The effect of the protective metal coating of the lateral surface of thermoelectric legs on the
efficiency of a generator thermoelement has been determined. At the same time, it is taken into
account that the metal coating shunts the thermoelectric leg both in terms of electric current and
heat flux. Theoretical calculations were made without taking into account eddy thermoelectric
currents in the "thermoelectric material - protective coating” system and the temperature
dependences of the characteristics of the metal and thermoelectric material for the "bismuth
telluride - nickel" couple. The effects of the metal coating on the effective thermoEMF of the leg
are taken into account. It is shown that when the influence of the metal coating on the thermoEMF
of the leg is taken into account, the efficiency is a sharply monotonically decreasing function of the
thickness of the metal coating, so that in order to achieve the efficiency of a thermoelement at a
level of about 5%, the coating thickness should be no more than 0.5 um at a leg height of 1 mm,
about 0.9 um for the leg height of 2 mm and about 1 um with a leg height of 3 mm. In so doing, it
is assumed that the electrical contact resistance is about 10° Ohmecm?, and the thermal contact
resistance is absent. However, in the presence of thermal contact resistance at a level of 0.8 Kecm’
/W, the efficiency of the thermoelement remains at a level of about 5.3% even with a coating
thickness of 5 um. Bibl. 11, Fig. 5.

Key words: thermoelement reliability, thermoelectric leg, metal coating, shunt, thermoelectric

figure of merit, effective thermoEMF, coating thickness, maximum thermoelement efficiency.

Introduction

Reliability, in particular the resource stability of thermoelectric generator modules, is their even
more important parameter than consumer characteristics. This is due to the fact that they are used, in
particular, in systems where their replacement in the event of a failure is impossible or difficult, for
example, in the space industry and medicine. And the resource is essentially determined by the

stability of thermoelements that make up these modules, and, consequently, by the stability of

18 Journal of Thermoelectricity Nel, 2022 ISSN 1607-8829



P. V. Gorskyi R. V. Kuz
Analytical calculation of the effect of metal coating of thermoelectric legs on the efficiency of generator ...

thermoelectric materials of which their thermoelectric legs are made. Among the typical failure
mechanisms of thermoelements and thermoelectric generator modules, sublimation of volatile
components and alloying impurities from thermoelectric materials and mechanical destruction of
thermoelectric legs both in the process of manufacturing thermoelectric generator modules and during
their operation are singled out. To prevent or reduce the negative impact of these factors on the
consumer characteristics of thermoelectric generator modules, the lateral surface of thermoelectric legs
is partially or completely covered with various coatings, in so doing, completely - as a rule, polymer
[1], glass-enamel [2] or ceramic [3], and partially - metal [ 4]. To increase the mechanical stability of
thermoelectric generator modules, the mechanical stability, coefficient of linear thermal expansion,
Young's modulus, Poisson's ratio, and thermal conductivity of the thermoelectric material are specially
coordinated with each other during their design [5 — 7], and special frames are used between the
thermoelectric legs to limit their displacement and deformations during the operation of generator
modules [8]. In all these cases, reduction of heat flux shunting of thermoelectric legs is achieved [9].
However, for the simultaneous solution of these problems, it seems promising to cover the lateral
surface of thermoelectric legs with metal. Since such a coating significantly shunts the thermoelectric
leg in terms of electric current and heat flux, the purpose of this article is an approximate assessment
of the influence of the geometric characteristics of such a coating on the efficiency of a thermocouple

thermoelement in the electric power generation mode.

Physical model of a thermoelement with fully protected legs

A physical model of thermocouple thermoelement with fully protected legs is schematically shown in
Fig.1.

4
3
A
2
a
| »
/ 1
b
> |«
\
|8 8 |8 8

[ 1. U UTYSITY

Fig. 1. Physical model of a thermoelement with protected legs:
1 — thermoelectric material;
2 — protective coating; 3 — anti-diffusion layer;

4 — soldered copper interconnect
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In the model, it is assumed that the leg has the shape of a rectangular parallelepiped with a
square cross-section. The metal coating is continuous. In addition, the following assumptions are made
in the model at the initial stage of the study: 1) temperature dependences of the thermoelectric
parameters of the semiconductor and metal are neglected, i.e. they are considered approximately
constant in the temperature range in which the thermoelement operates; 2) there are no eddy currents
at the interface between the thermoelectric material and the metal; 3) the end faces of the covering
layer are in contact with the metal interconnect electrodes. In this case, the thermoelectric leg is
equivalent to two electrical and thermal resistances connected in parallel, if the protective coating
completely covers its side surface. In a thermocouple thermoelement, such legs should be considered
electrically connected in series and thermally connected in parallel. We also take into account the
electrical and thermal contact resistances, which we consider independent of temperature. The intrinsic

resistance of metal connections, solder and anti-diffusion coating are neglected.

Calculation of thermoelement efficiency and discussion of its results

To calculate the efficiency of such a thermoelement, first determine the electrical and thermal

resistance of each leg. They are equal, respectively:

pupul + 20, 40, (6467 )+ p,,]
 a*laple+s)+ oo

RE ’ (1)

_ K;IK;ll +2p, [4K;1(5+ 52).4- K,;l]

Rr i (5+57 )]

2

In these formulae, a is the cross-sectional side of the leg, / is its length, 5 =b/a is the

relative thickness of the coating, i.e. the ratio of coating thickness to the side of the square cross-

section of the leg, p,, p,, are electric resistivities, respectively, «,, x,, are thermal conductivities of

5>
semiconductor and metal, respectively, p., p. are electrical and thermal contact resistivities,
respectively.

We move on to determining the efficiency of a thermoelement with partially or fully protected
legs. Let the materials of the legs have the same electrical resistivity and thermal conductivity and the

Seebeck coefficients o, of the same magnitude, but opposite in sign. Then the figure of merit of the

thermoelectric leg will be equal to:

2
_asRT

s G)

With regard to relations (1) and (2), we will find the following expression for it:
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tc K ll+2pc[[4k' (é‘+é‘ )+K ]}[4ps(5+52)+pm]
|_4K_1(5+5 )+K J{pépml+2p“|_4ps(5+5 )+pmJ} '

(4)

Assuming in this formulas =0, p,, =0, p,, =0, we will come to the well-known expression

for the figure of merit of thermoelectric material:

Zrgm zasz/psKs . (5

Note that formula (4) is also valid for a leg with a circular cross-section, if we understand &
as the ratio of the coating thickness to the diameter of the circular cross-section of the leg.

But, as a matter of fact, one should additionally take into account the effect of the coating on
the thermoEMF of the leg, given that a leg with a metal coating, strictly speaking, should be
considered not as one with a resistance connected in parallel, but as two sources of electrical energy

connected in parallel. The equivalent electrical circuit of the coated leg is shown in Fig. 2.

d

)

E . n

I,

7 §

S
= iy
B

Fig. 2. Equivalent electrical circuit of coated

thermoelectric leg

According to Kirchhoff's rules, we compose an equation for currents:

Lin +IR=E, (6)

From this system we find current /:
E\ i +E,y/r

(1/n +1/r2)(R+ i ]

n+n

I= (7

From expression (10) it follows that two sources of electrical energy connected in parallel are

equivalent to one source with an equivalent EMF equal to:
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EZEl/”l +E,|ry (8)
1/n,+1/r,

and equivalent internal resistance equal to:

r=172_ )
n+n

It follows from formula (11) that for a p-type leg, the following should be substituted into it:

E, =a,AT, (10)
E,=a,AT, (11)
and for an n- type leg one should substitute:
E, =a,AT, (12)
E, =-a,AT, (13)

where «,, is thermoEMF of metal.

and, moreover, for legs of both types one should substitute:

/
n :psa_zs (14)

r, = .
27 4025 +62)

Therefore, the expression for the effective figure of merit of the thermoelectric leg will take the

following final form:

2
_ ap;’
Ze_Ls_”pr;l(“gzﬂ ) . (16)
y {x;lx,jl +2p,, [4K;1_(5 +52)+ 1] ]}[4ps (5+52)+ pm]
|_4KS_1 (5 +65° )+ K;,l J{pspml +2p0. |_4ps (5 +67 )+ pmﬂ

Now we proceed to the calculation of maximum efficiency of thermoelement in the mode of
electric energy generation. The geometrical dimensions of leg without coating will be assumed to be
equal to a=1.4 mm, /=1, 2 or 3 mm, the coating thickness b, and, therefore, parameter 6=b/a will be

considered to be variable, and material parameters will be considered to be temperature independent
and equal to the following values: a, =160 uV/K, p, =7.143-10"° Ohm'm, p, =7.5-10"° Ohm-m,
k, =1.7W/(mK), &, =90W/(mK), electrical contact resistivity p,, =102 Ohm-m? and thermal
contact resistance will be neglected. To calculate maximum efficiency Nmax, the following formula will

be used [10]:
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- 1+0.5Z,(T, +T,) -1
Mmax = Th TC ' \/ . 6( T C) P (17)
T,  J1+052,(T, +T,)+T,/T,

where 7, and 7, are the temperatures of the hot and cold thermoelement sides, respectively, Z, — the

effective thermoelectric figure of merit of a coated leg. The results of calculating the efficiency

between the extreme temperatures 300 and 500 K are given in Figs. 3, 4.

N,%

f T T T T 1

0 10 20 30 40 hum

Fig. 3. Dependence of the efficiency on the thickness of the nickel coating of the leg based
on Bi-Te in a wide range of thicknesses, with regard to the effect of the coating
on the thermal EMF of the leg I - for a leg height of 3 mm; 2 — for a leg height of 2 mm,
3 — for a leg height of 1 mm

N,%

0 02 04 06 08ppum

Fig. 4. Dependence of the efficiency on the thickness of the nickel coating of the leg
based on Bi-Te in the range of thicknesses at which it is possible to maintain the efficiency
of the thermoelement at a level of at least 4%:

1 — for a leg height of 3 mm; 2 — for a leg height of 2 mm;

3 — for a leg height of 1 mm
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It can be seen from the figures that, taking into account the effect of the metal coating on the
thermal EMF of the leg, the efficiency of the thermoelement is a sharply monotonically decreasing
function of the coating thickness. If we disregard the effect of thermal contact resistance, then it turns
out that in order to maintain the efficiency of a thermoelement at a level of at least 5 %, a coating with
a thickness of no more than 0.9 um should be produced at a leg height of 2 - 3 mm.

However, the presence of thermal contact resistance to a certain extent neutralizes the
negative effect of heat flux shunting the legs. This is illustrated in Fig. 3. At the same time, based on
the results of our thermal contact resistance calculations, we believe that the maximum value of the

contact resistance can be about p.=0.8 K-cm*/W.

750%

% 1 2 3 4 ppm

Fig. 5. Dependence of the efficiency on the thickness of nickel coating of the leg,
with regard to thermal contact resistances in a wide range of thicknesses.

The numbering of the curves is the same as in Fig. 4

We can see that the effect of thermal contact resistances slows down the drop in the efficiency
of the thermocouple with the increase in the thickness of the nickel coating of the legs. Thus, if the
assessment of thermal contact resistances is done correctly, it can be assumed that the efficiency of the
thermocouple in the case of covering the lateral surface of the leg based on Bi-Te with a nickel and
anti-sublimation layer 5 pm thick will remain at a level of 5.3-5.4 %.

Let us compare these results with those of [11] where, among other things, the influence of the
presence of electrically conductive nickel layers on the isothermal faces of a zone-inhomogeneous
thermoelement based on Bi-Te on its efficiency was studied. It is shown that the efficiency of such a
thermoelement is a monotonically increasing function of the coating thickness, which quickly reaches
saturation when the ratio of coating thickness to the linear size of the thermoelement coil is about 0.06.
The efficiency value in this case reaches about 5.1 %, which, as follows from Fig. 3, is close to our
results for a nickel anti-sublimation layer thickness of about 5 um. However, a strict comparison of
these results is not correct, because the equivalent electrical circuits of a thermocouple thermoelement
with a protective conductive layer on each leg and a zone-inhomogeneous thermoelement, in which
the conductive layer electrically connects the n-and p-regions, are fundamentally different from each

other.
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Conclusions

1.

Without taking into account eddy currents in the “thermoelectric leg — anti-sublimation
protective metal coating” system and the temperature dependences of thermoelectric parameters
of thermoelectric material and metal, the thermoelectric figure of merit of a leg with a
completely protected lateral surface is calculated.

It is shown that in the absence of thermal contact resistances, the maximum efficiency of a
thermoelement with fully protected legs will remain at a level of about 5 % if, at a leg height of
2 - 3 mm, the coating thickness does not exceed 0.9 - 1 pm.

In the presence of thermal contact resistances of about 0.8 Kcm?/W, the maximum efficiency of
a thermoelement with fully protected legs will remain at a level of about 5.3 % if, at a leg height

of 1 - 3 mm, the coating thickness does not exceed 5 um.
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AHAJITUYHUA PO3PAXYHOK BILITUBY
METAJIEBOI'O IIOKPUTTA TEPMOEJIEKTPUYHHUX I'IVIOK
HA KK I'EHEPATOPHOI'O TEPMOEJIEMEHTA

Busnaueno enaus 3axucrnoeo memanegozo noxkpumms 6iyHOi NOGEPXHI MEPMOENCKMPUUHUX 2IIOK
na KKJ[ eenepamopnoco mepmoeremenma. Ilpu yvomy @paxoeano, wjo memaneée NOKPUMMIS
WYHIMYE MEPMOENEKMPUUHY 2IIKY AK 30 eeKMPUYHUM CMPYMOM, MAK i 3a MenioeumM NnomoKoM.
Teopemuuni po3paxynxu 3pobneno 6e3 6paxy8aHHs GUXPOBUX MEPMOCNeKMPUUHUX CIMPYMIE Y
cucmemi  «MepPMOENeKMPUYHULL  Mamepialr — 3aXUCHe HOKpUMMmsy |  MeMnepamypHux
3ANENHCHOCMEN XAPAKMEPUCMUK MEMALy I MepMOeleKmpuyHo20 mamepiany O0isl napu «meuypuo
sicmymy — HiKkeavby. Bpaxosano enniugy memanegozo noxpummsi na egpexmueny mepmoEPC zinku.
Tlokazano, wo npu epaxyeanni eniugy memanego2o nokpumms na mepmoEPC zcinku KK/[ € pizxo
MOHOMOHHO CRAOHOIO (DYHKYIEIO MOBWUHU MEMAIe8020 NOKpummsl, max wo 05 oocsenenns KK/
mepmoenemMenma Ha pieHi 6au3zbko 5% moswuna nokpumms nogunHa ckiadamu He oOinvuie 0.5
MM 3a eucomu 2iaku 1 mm, oausovko 0.9 mxm 3a eucomu 2inku 2 Mm i 6auzexo 1 Mkm 3a eucomu
einku 3 mm. Ilpu yvomy esadcacmvcs, wo erekmpudHuil KOHMAKMHUU Onip CKAA0ae OauU3bKO
10°0Om-cr®, a mennosuii kowmaxmuuii onip 6iocymuili. OOHAK 3G  HASAGHOCMI MENI08020
konmakmuoz2o onopy ua pieni 0.8 K-cm’/Bm KKJ] mepmoenemenma 36epicacmvcs Ha pieHi
oauzvko 5.3% nasimo 3a moswgunyu nokpumms 5 mxm. bion. 11, puc. 5.

Kuro4oBi ciioBa: nadilinicmes mepmoenemenma, mepmoeieKmpudta 2iika, memaese nOKpUmmis,
wiynm, mepmoenekmpuyHa oobpomuicme, egexmuena mepmoEPC, moswuna noxpumms,
maxcumanvruti KKJ[ mepmoenemenma.
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RESEARCH OF THE THERMOELECTRIC MATERIAL Lu;..VNiSh:
MODELING OF PROPERTIES

The result of modeling the crystal and electronic structures, thermodynamic and kinetic properties
of LuixViNiSbh is establishing the nature of the gemerated energy states. It is shown that the
semiconductor solid solution Luj..V:NiSb is a promising thermoelectric material, and at a
temperature of T=620 K and a concentration of Lug.ooV.01NiSh, the thermoelectric factor Z values
reach the maximum values of ZT = 0.62. It was established that the impurity atoms of V (3d°4s°),
introduced into the structure of the LuNiSb compound, simultaneously occupy the crystallographic
positions 4a of Lu atoms (5d'6s°) and 4c of Ni atoms (3d°4s?) in different ratios, generating in the
band gap & impurity donor ep” and acceptor i energy states. The ratio of concentrations of
donors and acceptors determines the location of the Fermi level ¢r and the mechanisms of
electrical conductivity. Bibl. 28, Fig. 6.

Key words: clectronic structure, figure of merit of thermoelectric material, resistivity,

thermopower coefficient

Introduction

One of the most studied thermoelectric materials, which have a high efficiency of converting

thermal energy into electrical energy, are semiconductor solid substitution solutions based on half-
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Research of the thermoelectric material Lu,..V.NiSb: modeling of properties

Heusler phases, in particular, MNiSn (M — Ti, Zr, Hf) and RNiSb (R — Y, Gd— Lu) [1, 2], which
crystallize in the MgAgAs structural type (space group F43m ) [3]. Therefore, one of the subjects of
the research presented below is the modeling of the thermodynamic, structural, energy and kinetic
properties of the semiconductor thermoelectric material Lu:.VxNiSh, obtained by doping the base
semiconductor p-LuNiSh with V atoms (3d°4s*), introduced into the structure by replacing Lu atoms
in the 4a position (5d'6s*). Modeling of the dynamics of the crystal and electronic structures,
thermodynamic and kinetic properties of the Lu;-«VxNiSh semiconductor will allow us to understand
the mechanism of generation in the band gap &, of energy states that determine its properties. In
practice, this is realized by choosing alloying conditions: the type and concentration of the impurity,
the method of introduction, and modes of homogenizing annealing. This is the essence of optimizing
the values of the specific electrical conductivity o(7), thermopower coefficient a(7) and thermal
conductivity k(7) to the values that will meet the conditions for obtaining the maximum values of
the thermoelectric factor Z (Z = a?-0/x) [2 , 4].

Semiconductor materials, unlike metals or metal alloys, are convenient for optimizing their
characteristics and obtaining maximum values of thermoelectric factor. The fact is that in metals
and metal alloys, the values of thermopower coefficient a(7) are small, and changes in the values
of the coefficient of thermal conductivity k(7) and specific electrical conductivity o(7) due to the
constancy of the Lorentz number cannot significantly change the value of the thermoelectric factor
Z. That is why the optimization of the characteristics by the appropriate doping of semiconductors
allows to achieve the conditions under which the values of the thermoelectric factor Z will be
maximum [4].

In this context, it is extremely important to understand the structural features of the p-
LuNiSh base semiconductor. Since the optimization of characteristics is carried out by doping p-
LuNiSb, in order to achieve the maximum efficiency of the conversion of thermal energy into
electrical energy, it is necessary to choose the type and concentration of the impurity when the
Fermi level €r approaches the zone of continuous energies [2, 4]. And this cannot be done without
comprehensive knowledge of the crystal and electronic structures of a semiconductor and their
transformation during doping.

The study of the structural, kinetic, and magnetic properties of compounds of half-Heusler
phases RNiSh (R — Y, Gd—Lu) [5, 6] established that their crystal structure is unordered. In addition, it
was shown that RNiSh compounds are semiconductors and holes are the main current carriers at all
investigated temperatures. A detailed analysis of the crystal and electronic structures of half-Heusler
RNiSh phases allowed the authors of [7] to establish the nature of disorder in their structure. It was
shown that there are vacancies (Vac) in crystallographic positions 4a of rare earth metal atoms and 4c
of Ni atoms (Fig. 1). In turn, the vacancies in the RNiSb crystal structure are point defects of an

acceptor nature, which generate the corresponding acceptor states £4"“

in the band gap g [7].
Therefore, the nature of the hole-type conductivity of half-Heusler RNiSh phases is understandable, as

indicated by the results of kinetic and galvanomagnetic studies [5 — 7].
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LuNiSb LuNiSb
ideal structure disordered structure

Fig. 1. Models of the crystal structure of the half-Heusler
phase of LuNiSb

Previous studies of semiconductor thermoelectric materials obtained by doping p-RNiSh
(R — Er, Tm, Lu) with Zr or Sc atoms by substituting rare earth metal atoms in the crystallographic
position 4a [8 — 14] made it possible to understand the mechanisms of energy state generation. Thus,
replacing Er (5d°6s°) or Lu atoms with Zr (4d*5s%) atoms or occupying the last vacancies in position
4a generates structural defects of the donor nature (Zr has more d-electrons than Er or Lu) [8 — 10].
At the same time, corresponding donor states appear in the g band gap of Eri.Zr:NiSh or
Lu1xZrNiSh semiconductors. In the case of substitution of R atoms for Sc atoms in position 4a in
semiconductors ErixScxNiSh, TmixScxNiSbh and LuixScxNiSb, defects of a neutral nature are
generated (Er, Tm, Lu and Sc atoms are located in the same group of the Periodic System of
Chemical Elements) [11 — 14]. However, when Sc atoms occupy vacancies in position 4a [7],
defects of the acceptor nature and the corresponding acceptor states £4" disappear, and defects of
the donor nature and donor states are generated. At the same time, at all concentrations of Eri-
WSexNiSh, Tm1-xScxNiShb and Lu;xScxNiSbh, holes remain current carriers, and the Fermi level &r lies
near the valence band ¢y.

The first step in the study of the new semiconductor thermoelectric material Lu;«V:NiSbh is the
modeling of its properties, which is the subject of this work. The difficulty of such modeling lies in
the unpredictability of the behavior of J atoms. First, } atoms can be in different valence states
(from +1 to +5). Secondly, when V" atoms are introduced into the structure of the LuNiSh compound
by substituting Lu atoms in the 4a position, they can occupy other crystallographic positions. After
all, the atomic radius of V' (ry=0.134 nm) is much smaller than that of Lu (rz.= 0.173 nm) and Sb
(rsp=10.159 nm) and is close to the atomic radius of Ni ((rni=0.125 nm). Therefore, changes are
possible in the structure of the semiconductor Lu;.ViNiSh associated with the occupation of

different positions by V' atoms. In particular, /' atoms are able to occupy the 4c position by
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occupying vacancies and/or replacing Ni atoms. The latter will lead to the generation of structural
defects of an acceptor nature. The following results of modeling the properties of the semiconductor

solid solution Lu:xVxNiSh will show the prospects of its use as an effective thermoelectric material.

Research methods

Thermodynamic, structural, energy, and kinetic properties of the new semiconductor solid
solution Lu:+V:NiSh, obtained by doping the p-LuNiSh semiconductor by replacing Lu atoms with V
atoms in the crystallographic position 4a, were simulated. DFT calculations were performed using
the Vienna Ab initio Simulation Package VASP v. 5.4.4 [15] with potentials of the PAW type [16].
The exchange-correlation functional Perdew-Burke-Enzerhoff in the generalized gradient
approximation (GGA) Monkhorst-Pack [17] for the k-grid 11 x 11 x 11 [18] was used. In all
calculations, the plane wave cutoff was set to 400 eV. A supercell approach was used for mixed-
arrangement crystal structures. In this case, lattice symmetry was reduced and all unique
distributions of atoms were generated using a combinatorial approach [19]. The lattice parameters
for such structures were optimized by a variable lattice volume, which was then selected by the
universal equation of state [20]. The electronic kinetic coefficients were calculated using the
Exciting code [21] (FLAPW - Full Potential Linearized Augmented Plane Waves method) by
solving the linearized Boltzmann equation in the approximation of a constant relaxation time [22 —
25]. The modeling of the distribution of the density of electronic states (DOS) was carried out using
the Korringa-Kohn-Rostoker (KKR) method (AkaiKKR software package [26]) in the Coherent
Potential Approximation (CPA) and Local Density Approximation (LDA) for exchange correlation
potential with the Moruzzi-Janak-Williams (MJW) parameterization [27]. The accuracy of

calculating the position of the Fermi level er is = 6 meV.

Modeling of structural and thermodynamic properties of Lu+.xVxNiSb

Based on the assumption that there is a continuous solid solution of the substitution Lu;xVxNiSh,
x=0-1.0, the change in values of the unit cell period a(x) for the ordered variant of the crystal
structure was calculated (Fig. 2, curve 1). In this case, all crystallographic positions are occupied by
atoms corresponding to the MgAgAs structural type [1], and V" atoms replace Lu atoms in position 4a.
Modeling the change in the period of the Lu:<VxNiSb, x = 0—1.0, shows a monotonous decrease in the
values of a(x) (Fig. 2, curve 1). The obtained result is logical, since the substitution of large Lu atoms
(rzu=0.173 nm) with much smaller ¥ atoms (ry= 0.134 nm) in position 4a should lead to a decrease in
the period of the unit cell a(x) Lus«VxNiSh. Such structural changes will lead to the formation of
defects of a donor nature in the crystal structure of the semiconductor, and impurity donor states &p”
will be generated in the band gap &g LusVxNiSbh [28] (V has more d-electrons than Lu).

Modeling of thermodynamic characteristics in the approximation of harmonic oscillations of
atoms for a hypothetical solid solution of Lu;.V:NiSh, x = 0—-1.0, allows us to establish the energetic

feasibility of the existence of such a substitution solid solution. For this purpose, a simulation of the
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change in the values of the mixing enthalpy AHmix(x) Lui-xVxNiSh, x = 0-1.0, was carried out (Fig.,
curve 2). The calculation shows the energetic expediency of the existence of a solid solution of
substitution Lus.VxNiSh only at concentrations x = 0-0.10. This is evidenced by the low values of

the mixing enthalpy AHmix(x). At higher concentrations of V, x > 0.10, delamination occurs (spinoid

phase decay).
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Fig. 2. Modeling of changes in the values of the period
of the elementary cell a(x) (1) and
enthalpy of mixing AHpix(x) (2) Lu <V NiSh

Modeling of the electronic structure of Lus.xVxNiSb

To predict the behavior of the Fermi level er, the band gap &, and the kinetic characteristics of
LuixVxNiSh, the distribution of the density of electronic states (DOS) was first calculated for two
variants of the structure of the LuNiSh compound (Fig. 3). As can be seen from fig. 3, the simulation
results are diametrically opposed. Thus, for the first, ordered version of the structure, when V atoms
replace Lu atoms in position 4a (Fig. 3a), DOS simulation places the Fermi level er near the
conduction band &c. This is typical for semiconductors of the electronic conductivity type [28]. In the
case of a disordered version of the LuNiSh structure (Fig. 3b), when there are vacancies (Vac) in
positions 4a of Lu atoms and 4c¢ of Ni atoms (Fig. 1), the Fermi level ¢r lies near the valence band €.

In this case, the DOS simulation corresponds to hole-type semiconductors [28].
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Fig. 3. Calculation of the distribution of the DOS density of electronic states
for the ordered (a) and disordered (b) versions of the structure
of the LuNiSb compound

Since the replacement of Lu atoms by J atoms generates structural defects of the donor nature,
and in the band gap & of the semiconductor Lu;VxNiSh near the conduction band &c, donor states £n”
appear that form the donor band, then already at a Lu0.99V0.01NiSb concentration, the Fermi level g7 will
approach the edge of the conduction zone ec (Fig. 4). At higher concentrations of J atoms, the
concentration of donor states £p” and the strength of the donor zone will increase, and the Fermi level
er will approach, and later cross the conduction band ec: a dielectric-metal conduction transition will
occur, which is the Anderson transition [28]. The approach of the Fermi level €r to the conduction
band ec will also lead to a change in the sign of the thermopower coefficient a(7, x) from positive (for
p-LuNiSb) to negative, and electrons will become the main current carriers of Lus.VxNiSh. In addition,
the intersection of the Fermi level €r and the edge of the conduction band ec will change the type of
conductivity of the semiconductor from activation (for p-LuNiSh) to metallic [28]: in the experiment
on the temperature dependences of the resistivity In(p(1/7)) Lu:xV:NiSh will disappear activation

areas, and the resistance values p will increase with temperature.
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Fig. 4. Calculation of the distribution of the density of electronic
states of DOS Lu ..V NiSbh

Modeling of the electrokinetic properties of Lu1.xVxNiSb

In fig. 5 shows the results of modeling the temperature dependences of the specific resistance
p(7, x) and the thermopower coefficient o(7,x) Lu:xViNiSb, x <0.10. The result of calculating the
temperature dependences of p(7) and o(7) for p-LuNiSb coincides with that obtained earlier [2, 8, 9] and

Vac

shows a decrease in the resistance values when holes are activated from the acceptor states €4 into the

valence band ey. At the same time, the holes are the main carriers of the current, which is indicated by
the positive values of the thermopower coefficient a(7). This behavior of electrical resistance p(7) is
characteristic of semiconductors, when the number of free current carriers increases due to their thermal
activation from the Fermi level ¢r to the continuous energy zone [28].

Doping p-LuNiSh with V atoms by substituting Lu atoms in the 4a position generates structural
defects of a donor nature in the semiconductor Lu.-«VxNiSh, and corresponding donor states p” appear in
the €, band gap. As can be seen from fig. 5, at the lowest impurity concentration (x =0.01) in the
temperature range 7= 10-170 K, the values of specific electrical resistance p(7) in the semiconductor
Luo.99Vo.0:NiSh increase. At the same time, the main current carriers, as in the case of p-LuNiSh, are

holes, as indicated by the positive values of the thermopower coefficient a(7).
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Such an increase in the values of electrical resistance p(7) is not a manifestation of metallic
conductivity, when the increase in resistance is associated with the action of current carrier scattering
mechanisms. In the case of the semiconductor Luo.9oV0.0:NiSbh, the increase in the values of specific
electrical resistance p(7) at temperatures 7= 10—170 K is of a concentration nature. After all, the basic
semiconductor p-LuNiSh contains acceptor states ea“®, which in Luo.s9oVo0iNiSh with increasing
temperature capture electrons from the generated donor states ep’, which reduces the concentration of
free holes and increases the degree of compensation and the value of electrical resistance p(7). At the
same time, the Fermi level € drifts from the edge of the valence band &y to the middle of the band gap
&g, Which it will cross at a temperature of 7= 65 K. At higher temperatures, 7> 65 K, the sign of the
thermopower coefficient a(7) Luo.o9V0.01NiSh becomes negative, the Fermi level &r now drifts to the
conduction band ec. The extremum on the dependence of the specific resistance p(7) of Luo.99V0.0:NiSb at
a temperature of 7= 170 K and the subsequent decrease in the electrical resistance values (Fig. 5, inset)
is also of a concentration nature. All acceptor states are compensated, but the Fermi level ¢r lies in the
band gap &g near the edge of the conduction band €c and the concentration of free electrons increases

during the ionization of donor states €p”.
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Fig. 5. Modeling of the change in the values of specific electrical resistance p(T,x) (1)
and thermopower coefficient a(T,x) (2) Lu;.V:NiSb
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In the Luo.9sV0.02NiSHb semiconductor, the temperature dependence of the specific resistance
p(7, x) at low temperatures does not include the region of increase in resistance values, which was in
Luo.99Vo.0:NiSh and is associated with a decrease in the concentration of holes during the compensation
of the acceptor states £4"“ by electrons of ionized donor states p”. The simulation shows only a rapid
decrease in the values of the specific resistance p(7, x) from pio x =333.7 pQ-m to the values
p20 k= 11.2 pQ'm and p3o k=4.9 pQ-m. At the same time, the sign of the thermopower coefficient
o7, x) Luo.ssVo.02NiSb remains negative at all the investigated temperatures. This behavior of the
temperature dependences p(7, x) and a(7, x) of Luo.osV0.02NiSh indicates that all acceptor states 4"
are compensated, the Fermi level & is fixed at the donor states £p” and is in the band gap &, near the
edge conduction zones &c.

The results of modeling the kinetic characteristics of Lu:«VxNiSbh at higher concentrations of the
impurity ¥, x>0.03, indicate the appearance of a significant number of structural defects of an
acceptor nature in the semiconductor. This is evidenced by the positive values of the thermopower
coefficient a7, x) at temperatures 7 < 90 K in the semiconductor Luo.97V0.03NiSh and T< 100 K in the
semiconductor Luo.93V0.07NiSh (Fig. 5). We noted above that V atoms (3d°4s?) can occupy different
crystallographic positions in Lu«VxNiSh, in particular, the 4c position of Ni atoms (3d°4s%). The latter will
lead to the generation of structural defects of an acceptor nature (7 has fewer 3d-electrons than Ni) and the
appearance of impurity acceptor states €4 in the band gap. At these temperatures, holes are the main
current carriers.

At higher temperatures 7> Ti, the sign of the thermopower coefficient a(7, x) is inverted from
positive to negative (Fig. 5), and electrons become the main current carriers. The fact that the
inversion of the sign of the thermopower coefficient a(7, x) occurs at temperatures 7i>90-100 K
indicates that in the band gap &g of a semiconductor, the depth of donor states £p” relative to the edge
of the conduction band &c is greater than that of acceptor states of €4 states relative to the valence
band edge 1. Therefore, at low temperatures, acceptors are first ionized, and at higher temperatures,
T>Ti, donors are ionized. Such a change in the sign of the thermopower coefficient a(7, x)
LuixViNiSbh (of the type of main current carriers) shows that at concentrations of V" atoms, x >0.03, the
number of structural defects of the donor nature outweighs the number of defects of the acceptor nature.

Modeling the temperature dependences of the specific electrical resistance p(7, x) Lui-xVxNiSbh,
x>0.03, shows that in the semiconductor Luo.97V0.03NiSh, the resistance values decrease in the
temperature range 7 = 10-160 K, and only increase at higher temperatures (Fig. 5, inset). In the case
of the semiconductor Luo.93V0.07NiSh, a decrease in the values of the specific resistance p(7, x) occurs
at temperatures 7= 10-110 K, after which the resistance increases. This behavior p(7, x) LuixVxNiSb,
x > 0.03, shows that at low temperatures the Fermi level €r is in the band gap &, of the semiconductor,
and at higher temperatures it crosses the edge of the conduction band ec and moves along the band of
continuous energies. A dielectric-metal conduction transition will occur, which is an Anderson

transition [28]. In the case of experimental measurements on the temperature dependence of the
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specific electrical resistance In(p(1/7)) Lu:xVxNiSh, there will be no high-temperature activation areas,

and the resistance values p will increase with temperature.

Modeling of thermoelectric characteristics of Lus.xVxNiSb

An exhaustive characteristic of a thermoelectric material in terms of its efficiency in converting
thermal energy into electrical energy is the value of the thermoelectric factor at different temperatures.
In fig. 6 shows the results of ZT modeling in the temperature range 7= 10-800 K for the
semiconductor solid solution Lu:ViNiSh, x <0.10. Note that the electronic component of thermal
conductivity ke was taken into account when modeling the values of the thermoelectric factor Z.

From fig. 6, we can see that in the semiconductor solid solution Luo.99V0.0:NiSh at a temperature
of T= 620 K, the thermoelectric factor Z are maximal and reach the values of Z7'= 0.62. The values of
the thermoelectric factor obtained by mathematical modeling for Lu:.ViNiSh, x < 0.10, testify to the

prospects of the obtained semiconductor solid solution as a thermoelectric material.
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Fig. 6. Modeling the change in ZT values of Lu;..V.NiSb with increasing temperature:
1-x=001;2-x=0.02; 3—x=0.03; 4—x = 0.04,
5-x=0.056-x=007;7-x=0.10

Conclusion

The result of modeling the crystal and electronic structures, thermodynamic and kinetic
properties of Lu:.VxNiSh is establishing the nature of the generated energy states. It is shown that the
semiconductor solid solution Lu;xVxNiSh is a promising thermoelectric material, and at a temperature
of T=620 K and a concentration of Luo.99V0.0:NiSh, the thermoelectric factor Z values reach the

maximum values of Z7=0.62. It was established that the impurity atoms of V (3d°4s?), introduced
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into the structure of the LuNiSh compound, simultaneously occupy the crystallographic positions 4a of

Lu atoms (5d'6s*) and 4c of Ni atoms (3d*4s?) in different ratios, generating in the band gap &g

impurity donor £p” and acceptor €4 energy states. The ratio of concentrations of donors and acceptors

determines the location of the Fermi level er and the mechanisms of electrical conductivity.
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JOCIIIKEHHSA TEPMOEJIEKTPUYHOI'O MATEPIAJTY
Lu;..V:NiSh: MOJIEJTIOBAHHS BJJACTUBOCTEN
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EFFECT OF LEG THICKNESS AND HEAT CARRIER VELOCITY
ON THE EFFICIENCY OF A PERMEABLE GENERATOR THERMOELEMENT

The paper presents the results of computer research on the influence of leg thickness and gas
pumping velocity for a 3D model of a permeable generator thermoelement on the EMF and
efficiency. The dependences of the energy characteristics of a thermoelement made of materials
based on Bi-Te-Se-Sb are calculated. Bibl. 11, Fig. 3, Table 1.

Key words: permeable thermoelement, computer simulation, electric energy generation, energy

characteristics.

Introduction

The most widespread application of thermoelectric energy converters is based on the use of a
thermocouple element [1,2]. Its energy conversion efficiency is determined by the figure of merit
parameters Z of the materials used. Therefore, the search for materials with the maximum value of the
figure of merit becomes the main task of thermoelectric materials science. However, despite intensive
research in this direction, no significant increase in the figure of merit has been observed over the past
20-30 years [3, 4]. The maximum values of the dimensionless figure of merit of thermoelectric materials
for industrial use remain at the level of 1 + 1.2. Therefore, to improve efficiency, it is necessary to use
new, non-traditional approaches, which consist in the use of other nonconventional variants of physical
models of thermoelements which are the main component of a thermoelectric power converter.

One of them is the use of thermoelements with a developed internal heat exchange surface,
namely permeable thermoelements. In such thermoelements, heat exchange with the heat source and
heat sink occurs not only at the junctions, but also in the legs. Already the first theoretical [5] and
experimental [6] studies for cooling gas flows have shown their promise. They indicate the possibility
of improving the efficiency of energy conversion by a factor of 1.3 + 1.4.

However, such studies were conducted for a model that is difficult for practical implementation.
Therefore, it is necessary to create and study a more realistic 3D model of a permeable thermoelement,

which is the purpose of this paper.
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Physical model and its mathematical description

The physical model of a permeable thermoelement, in which heat exchange with the heat carrier
occurs not only through the connecting plates, but also with the lateral surfaces of the leg, is shown in
Fig. 1. It includes n — and p — type legs (2, 10) covered by adiabatic insulation 1 and 8, which together
form channels 5, 6, 9. Heat carrier 7 flowing through channels 3, 5 and 5, 9, is supplied through
channel 6 with temperature 7,. The legs are made of a homogeneous material based on Bi-Te with a
maximum value of figure of merit Z in the temperature range 20+ 320 C. The temperature
dependence of material parameters should be taken into consideration. Connecting plates ¢ are made
of copper, connecting resistance is 10 Ohm ¢cm? The temperature To of lower connecting plates is
thermostated. The n — and p — type legs are interconnected by a thin layer 14, the thermal conductivity,
electrical conductivity and thickness of which are neglected. The material of the legs is homogeneous
and isotropic with known temperature dependences: electrical conductivity o(7), the Seebeck
coefficient a(7), thermal conductivity k(7). In the thermoelectric medium, the volume effects of
Thomson, Joule-Lenz and the Peltier contact effect are taken into consideration. The temperature of
heat carrier at the inlet to the thermoelement was assumed to be equal to the temperature of hot
junctions. The size of the thermoelement in the direction perpendicular to the plane of the figure is d,
the value of d = a. The planes d = 0 and d = a are adiabatic insulations which form channels 5, 6, 9,

Friction between the heat carrier and the adiabatic insulations 1, 8 is absent.

5 6 7|’"/7 5 8
4 o R
3 T i\\ o
a a S
2 S
[ 10
1= n P
b
| Lm m |
....',4/// =
14—+ s
L ch Tci \
/ T
NG Y
13

Fig. 1. Physical model of a permeable thermoelement:

1 — adiabatic insulation, 2 — n-type legs, 3 - channels, 4 — connecting plate, 5 - channel,
6 - channel, 7 — heat carrier, 8 — adiabatic insulation, 9 — channel, 10 — p-type leg,
11, 12 — connecting plates, 13 — electric contacts, 14 — layer between n- and p-type legs,
15 — channel outputs
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On the lateral surface of legs 2 of connecting plates 4 which are in thermal contact with heat

carrier 4, heat exchange is described by the Newton-Richmann law:
g, =0, (t=T), (1)

where ar is heat exchange coefficient, T is temperature of thermoelement leg, ¢ is temperature of heat
carrier.

The system of equations describing the distribution of temperature and potential in the
thermoelectric medium is described by the fundamental laws of conservation of energy and current

carriers [7]:

VIW =0 (2)
Vi=0 (3)
where W = g + Ui is energy flux density.
Using the generalized Fourier and Ohm’s laws for thermoelectric medium:
G=-kVT+aiT 4)
i =—o(VU +aVT) ®)]

where U is potential, «k is thermal conductivity, a is the Seebeck coefficient, ¢ is electric conductivity,
one can obtain a system of differential equations to find the distribution of temperatures and potentials:
2

O e
VINT +—-TiVa =0;
o (6)

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

To describe the motion of the heat carrier in the channel, the system of the Navier-Stokes
equations and the continuity equation are used, and for the distribution of heat carrier temperature the
thermal conductivity equation is used.

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

dg - - B

—=pF —-VP+ V"3 +—uV(div9),
P =P M 3H (divd) )
divpgzo.

The left side (7) represents the fluid inertia force. The first term on the right side of (7) is the
mass force, the second is the action of surface pressure forces (normal stresses), and the last two terms
are the action of the contiguous components of surface forces (internal friction forces).

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

oT == = T op
oC, (—Z+ (SV)TJ =—(V§)+ ;rijs,j-——

P) poT| \ ot

P (a_p+ (W)PJ +0 ®)
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where p is the density, Cp is the heat capacity, T is the temperature, 9— is the fluid velocity vector, g is

the heat flux density, P is the pressure, 1; is the viscous stress tensor, where 1) is the viscosity, / is the
unit tensor, S’l.j is the strain rate tensor.

Since this problem is considered for the steady-state case, the left side of the first equation in
system (7) is equal to zero. We also neglect the influence of mass forces, then the first term on the left
side of the same equation is also equal to zero. Eq.(8) must also be written for the steady-state case,
and heating of fluid due to internal friction, fluid compression, as well as heating of fluid due to
internal heat sources are neglected. Then the system of Navier-Stokes, continuity and thermal

conductivity equations for this problem will be written in the form:

-VP+uv39 +é uv(divd) =0,
divp3 =0, )
pC, ()T +V§ =0.

Boundary conditions describing the conjugate problem used in this task have the following
form:

— for thermoelectric medium:

7|, =300K
temperature - ) (10)
T, =a(T,~T)
h
potential - Ulp =0 , (11)
U\x3 =U,
— for heat carrier:
selocity 070 (12)
YT, =P =0
h
9550
inlet temperature - t|Z =T ) (13)
h

where 9, is the initial velocity of the heat carrier, Ub is a fixed value of the potential, So is the lateral

surface of the thermoelement.

Implementation of the stated problem in the Comsol Multiphysics software package
To calculate the problem, the Comsol Multiphysics software package was chosen, namely, the
equation in partial derivatives (PDE modes). Where one of the ways to represent the equation is the

coefficient form:
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2 —
eaa—zj+daa—u+§(—c§ﬁ—aﬁ+y)+ﬁ§u+aﬁ:f (14)

ot ot
This equation is used for a thermoelectric medium and reduced to the form 6(—065{) =0. For

this, eq, da, 0, v, B, a are set to zero, and the value c is written in the form of a matrix:

(15)

k+a’ocT+oUa alo+cU
C = .
ao o

Moreover, vector # has also the form of a matrix:

g:(Tj. (16)
U

The Comsol Multiphysics — Non-Isothermal Flow module [11] is used to describe the motion
and heat transfer of a fluid. The module includes the system of Navier-Stokes equations, the continuity
equation and the heat transfer equation for a fluid that changes in time or in a steady-state mode. The

calculation of the given model in the steady-state mode was carried out according to the relations:

p(IN)ii, =V [—PI +u(VI+(VI") —§ u(V 9)1}
V(p3)=0, (17)
pC T +V(NT)=0.

The value of the electric current was calculated through the integral over the cross-sectional

area Sy

= ”IndS,,, (19)

where [, =n I +n I +n_I, is electric current density vector. The values /i I, I: were determined

by the relations:

[ =—-c—-oca—, (20)
Oox Ox

I =—O'a—U—O'0[a—Ta (21)
g y oy

I =—0'8—U—Jaa—T. (22)
1074 1574

The heat carrier flow rate was determined by integrating the velocity v over the cross-sectional

area of the channel Sy::
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G = [[9ds,, (23)

SVI

The electrical power of the thermoelement W =/7-U, heat flux coming to thermoelement
0,=6G6C pAt .

The main parameter characterizing the efficiency of thermoelement work in the mode of electric
energy generation is the efficiency which is determined by the relation:

n= K (24)
o
Results of computer research on the characteristics of air permeable thermoelement
made of materials based on Bi-Te-Se -Sb
The calculation was carried out for materials based on Bi-Te-Se-Sh. Functional dependences of
the material parameters — the Seebeck coefficient a, thermal conductivity k and electric conductivity ¢

on temperature were determined [3].

The simulation of a permeable thermoelement was made in the Comsol Multiphysics program
for the following basic design (Fig. 1): height & =2 mm, length 2 mm, width a =0.5 mm. The
dimensions of the lower interconnect — height ¢ = 0.1 mm, length 2 mm, width a = 0.5 mm; upper —
height d = 0.1 mm, length ¢ =2 mm, width 2 mm. The interconnect material is copper. These slots in
the interconnect, together with the legs, form a system of channels for pumping the heat carrier. The

contact resistance was 2:10°°0Ohmeem?®. Fig. 2 shows the partition of such a construction into finite

elements.
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Fig. 2. Geometric grid.
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An example of temperature distribution in heat carrier and thermoelement material at inlet gas
temperature 600K is shown in Fig. 3.

Surface: Tempera ursf (K)

323

322

Y_\L'x

320

b) temperature distribution in thermoelement material.

Fig. 3. Temperature distributions.

The width of thermoelement legs varied from 0.05 mm to 0.2 mm, and heat carrier velocity at
the inlet to thermoelement varied from 0.001m/s to 0.05 m/s.The heat exchange coefficient - ar,
according to Newton-Richmann law, was 1000 W/(m’:K).

For the above parameters, the average integral characteristics of thermoelement were determined:
air temperature at the thermoelement outlet - 7ur; thermoelement electromotive force - EMF; the value of

the electric current /, 4; air consumption - G; electric power W; efficiency n. The dependences of these
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parameters on leg width a and height 0.002m for different heat carrier velocities J at the thermoelement

inlet are presented in Table. The heat carrier temperature at the thermoelement inlet was 600K.

Dependences of energy parameters on the width of leg and the velocity of heat carrier e

% Vo | fewss EPC, 1 G, woos |7

m | ms | K v A ns w (%)
0.002 [ 0.001 [ 506.80 4.09E-04 1.25E-05 0.000855 0.50929 1.52
0.002 0.01 [ 518.18 4.18E-04 1.32E-05 0.008724 | 0.551344 2.19
0.002 0.03 [ 543.75 4.47E-04 1.49E-05 0.027447 | 0.665821 2.18
0.002 0.05 [ 558.25 4.62E-04 1.59E-05 0.046937 | 0.732695 2.18
0.001 [ 0.001 [ 506.75 6.81E-04 6.71E-06 8.55E-04 4.57042 2.05
0.001 0.01 [ 523.25 7.17E-04 7.31E-06 0.008823 5.24203 1.64
0.001 0.03 [ 471.62 5.71E-04 4.14E-06 0.022122 2.3663 0.54
0.0005 | 0.001 | 474.75 0.001043 2.11E-06 7.75E-04 2.19625 0.11
0.0001 | 0.001 | 511.87 0.005279 9.16E-08 8.67E-04 4.83785 0.177

As can be seen from the table, for a leg width of 0.002 m, the value of efficiency from the rate of
heat carrier supply to the thermoelement reaches saturation with a small maximum at a rate of
0.01 m/s. With a decrease in the thickness of legs (0.001 m), we obtain lower efficiency values at the
same heat carrier velocities. Therefore, to identify maximum efficiency, it is necessary to carry out
multi-parameter optimization of a permeable thermoelement. It is difficult to solve such a problem
using the Comsol Multiphysics software package by parameter selection, since for modern computers

with a clock frequency of 4.7 GHz, the program searches for a solution to a program with one set of
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parameters for 8 hours. Therefore, to solve a multi-parameter optimization problem, it is more

expedient to use the mathematical theory of optimal control developed for a 1D model of a permeable

thermoelement.

Conclusions

I. A 3D model of a permeable generator thermoelement was developed in the Comsol
Multiphysics software package.

2. The temperature distributions in the material of thermoelement legs and heat carrier, potentials
in the thermoelement, air velocities and energy characteristics of a permeable generator
thermoelement made of materials based on Bi-Te-Se-Sb were determined.

3. For multi-parameter optimization of structural and thermophysical parameters of a permeable
thermoelement, it is advisable to use the mathematical theory of optimal control developed for a
1D model of a permeable thermoelement.
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USE OF A THERMOELECTRIC DEVICE TO MAINTAIN OPTIMAL AIR
TEMPERATURE AT THE INTAKE OF A SPARK-IGNITION ENGINE WHEN
OPERATING ON ALCOHOL-CONTAINING GASOLINE

The article deals with the problem associated with increasing the efficiency of operation of a spark
ignition engine. Among the alternative fuels for spark ignition engines, ethanol is regarded
worldwide as an important renewable energy source Adding ethanol to commercial gasoline
reduces harmful air pollutants, greenhouse gases, and production costs. On the other hand, the
use of benzoethanol mixtures as a fuel is associated with a lower saturated vapor pressure, which
makes starting a cold engine quite difficult, and also leads to deterioration in the fuel-economic
and environmental performance of the engine in the warm-up mode. A device with the use of
thermoelectric modules is proposed for maintaining the optimal air temperature at the intake of a
spark-ignition engine when operating on benzoethanol mixtures in the start-up and warm-up
modes of a cold engine. The description of the proposed thermoelectric device, the principle of its
functioning and the results of functional tests are presented. Bibl. 9, Fig 4.

Key words: spark ignition engine, benzoethanol mixture, thermoelectric modules, cold engine

start and warm-up, intake air heating.

Introduction

Transport has become an integral part of modern life and one of the key sectors in terms of
energy consumption. The internal combustion engine (ICE) running on fossil fuel is one of the most
efficient and universal sources of mechanical energy used in cars, construction and agricultural
machinery, stationary power plants, etc. The instability of world prices for fossil fuels, the reduction of
its reserves, problems with transportation force us to look for alternative fuels. The use of alternative
fuels should reduce the environmental damage associated with the use of fossil fuels. The development
of the alternative fuel market should reduce Ukraine's dependence on oil and contribute to economic
growth and reduction of greenhouse gas emissions in transport. Reducing the impact of road transport
on atmospheric air pollution is one of the most important priorities of state policy in the field of road

transport [1].
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Therefore, research on the impact of alternative fuels on the environmental and energy
performance of a vehicle engine, as well as determining recommendations for their use, taking into
account the operating conditions of the vehicle, is an important scientific task that makes it possible to

widely use alternative fuels in the future.

Analysis of previous research

Modern trends in the fuel industry, such as increased environmental requirements for fuel, an
increase in the consumption of high-octane gasoline, an increase in the cost of oil production, a
deterioration in the quality of produced oil and, as a result, an increase in the cost of its processing,
lead to the need to revise traditional approaches to the production of motor fuels. First of all, this
concerns the production of high-octane gasolines and the use of fuels and their components alternative
to petroleum ones.

One of the ways to solve these problems can be the use of alcohol as an additive to traditional
commercial gasoline, and first of all, dehydrated ethyl alcohol (fuel bioethanol) made of biologically
renewable raw materials. The use of alcohol-containing gasoline mixtures has become a global trend
that allows improving the energy efficiency of internal combustion engines, increasing its operational
life, reducing maintenance costs, and most importantly, reducing dependence on fossil fuels [2 — 5].

Along with this, a number of significant drawbacks of the use of alcohol as a motor fuel have
been identified, limiting its maximum concentration in benzoethanol mixtures. Thus, the high latent
heat of evaporation makes it difficult to start a cold engine (at temperatures below 10°C it becomes
practically impossible), the lower heat of combustion compared to the heat of combustion of
petroleum fuels requires an increase in consumption by 25...30 %, the lower temperature of the
exhaust gases leads to an increase in the time for the catalytic converter to reach an effective mode of
conversion of harmful substances in the engine warm-up mode, as a result of which the emission of
harmful substances increases, relatively high electrical conductivity in combination with a high
oxygen content requires protection of parts of the fuel supply system from corrosion, phase instability
of alcohol-containing fuel, unsatisfactory tribological characteristics [6, 7].

To overcome some of the disadvantages of using a benzoethanol mixture as a motor fuel, which
will improve the performance of internal combustion engines, there are basically two possible
approaches. The first is the introduction of a minimum amount of alcohol into commercial gasoline
(up to 20 % in order to avoid problems with the normal operation of the internal combustion engine).
The second is to ensure the heating of the intake air to the optimum temperature and stabilization when
using a benzoethanol mixture (depending on the concentration of alcohol in the mixture) at low
ambient temperatures, in particular, in cold engine start and warm-up modes.

Modern designs of vehicle engine intake systems, through the use of various design solutions,
primarily provide a low concentration of harmful substances in the exhaust gas and high economic
performance under normal operating conditions, in which there are no factors that impede the
implementation of functional or technological processes. As is known, the operational characteristics

of a vehicle engine in different modes of its operation depend not only on the improvement of the
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design of engine systems, but also on operating conditions. Natural and climatic conditions have the
greatest influence on the performance of the vehicle engine. The main characteristic of natural and
climatic conditions, which significantly affects the operational properties of the vehicle, is the ambient
temperature. The ambient air temperature is a determining factor in the formation of the air-fuel
mixture due to the effect on the temperature in the intake manifold of the vehicle engine [8, 9].

The formation of the optimal composition of the air-fuel mixture, the speed and completeness of
its combustion during engine operation in various modes, including at low ambient temperatures, to a
large extent depends on the physicochemical properties of the fuel used, determined by a number of
indicators, including saturated vapor pressure (SVP) characterizing the volatility of the fuel. The value

of SVP can be used to judge the starting properties of the fuel (Fig. 1).
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Fig. 1. Dependence of the SVP of gasoline and alcohol on the ambient air
temperature and the dependence of possible engine start on their SVP:
A — the area where it is possible to start an internal combustion engine,

B — area where start-up is impossible

Presented in Fig. 1, graphical dependences obtained from a fairly large number of sources show
that with an increase in the ethanol content in the benzoethanol blend, the SVP decreases and reaches a
value that makes it impossible to start the engine, especially at low temperatures.

Various methods are used to intensify fuel evaporation at low temperatures, including fuel
preheating, intake manifold heating, intake air heating, increased airflow turbulence, and others.

In this regard, the use of a benzoethanol blend, especially with fairly high ethanol content,
requires the development of various methods and devices in order to ensure the preparation of an air-
fuel mixture of optimal composition and quantity, regardless of climatic conditions and vehicle engine
operating modes.

The results of the conducted analysis indicate the relevance and expediency of research aimed at
creation and use of devices that ensure the improvement of the operating characteristics of a spark-ignition

engine when working on benzoethanol mixtures in the start-up and warm-up modes of a cold engine.
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Research results

Taking into account the requirements for minimizing interference in the engine design, systems
that ensure its operation and modern technological solutions, the authors proposed a system that
ensures automatic maintenance of the optimal air temperature in the intake manifold of the vehicle
engine, which consists of an internal combustion engine, an air cleaner, an intake manifold, a
thermoelectric device (TED), electronic control unit, air temperature sensor in the intake manifold,
load sensor. The thermoelectric device consists of thermoelectric modules, an internal and external

heat sink with fans, and an external heat sink temperature sensor (Fig. 2).
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Fig. 2. Structural schematic of the proposed system, which ensures automatic maintenance
of the optimal air temperature in the intake manifold of the internal combustion engine:
1 — iternal combustion engine, 2 — air cleaner, 3 — intake manifold,
4 — electronic control unit, 5 — thermoelectric module,
6 — external heat sink with a fan and temperature sensor, 7 — internal heat sink with a fan,

8 — air temperature sensor in the intake manifold, 9 — load sensor

The main element of the proposed system is a thermoelectric device consisting of thermoelectric
modules, the principle of operation of which is based on the Peltier effect (TEC1-12706). The most
significant features of thermoelectric modules are: small weight and dimensions, lack of moving parts,
fairly high heating speed with low energy consumption, practically no need in maintenance. The use of
thermoelectric modules often allows obtaining a simple solution to complex technical problems of
thermal energy management and provides significant advantages over alternative technologies.

Functions of the electronic control unit: forms a continuous current and voltage on the
thermoelectric modules, measures and stabilizes the intake air temperature, limits the power consumed
according to the set value, controls the temperature of the external heat sink of the thermoelectric device

and controls its fan, smoothes out pulsations and performs diagnostics of the parts of the proposed system.
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A fan is used to intensify the heat exchange (enhance turbulence) of the air flow in the intake
manifold with the internal heat sink of the thermoelectric modules. In order to prevent a decrease in
the efficiency of the proposed system, the electronic control unit ensures that the fan of the external
heat sink is turned on according to the signal level of the external heat sink temperature sensor.

The principle of operation of the proposed thermoelectric system is as follows: during engine
operation, the electronic control unit receives signals from air temperature sensors in the intake
manifold, the external heat sink, and the load. Depending on the level of these signals, the electronic
control unit, by changing the power of the electric current supplied to the thermoelectric modules,
ensures the required (optimal) temperature of the internal heat sink (the degree of its heating).

The proposed system provides the following modes of operation:

- under conditions of optimal air temperature in the intake manifold (according to the signal
level of the air temperature sensor in the intake manifold), air from the air cleaner through the
intake manifold enters the engine cylinders (the thermoelectric device is turned off);

- under conditions when the air temperature in the intake manifold is less than optimal, the
electronic control unit connects the thermoelectric modules to the on-board network, which
ensures an increase in the temperature of the internal heat sink and, by changing the power of
the electric current, ensures the heating of the air in the intake manifold to optimal values.

At the Department of Engines and Thermal Engineering of the National Transport University, a
working sample of the proposed thermoelectric device was made (Fig. 3) and its functional tests were
carried out in order to assess the possible effectiveness of the proposed device for maintaining the
optimum air temperature at the intake of a spark ignition engine when operating on benzoethanol
mixtures under conditions of low ambient temperatures.

Functional tests of the working sample were carried out at an ambient air temperature of minus
5°C. At the same time, the temperature change at the outlet of the thermoelectric device, the voltage and
the current strength at the thermoelectric module were monitored. Based on the analysis of the literature,
which is devoted to the features of starting a cold engine, the optimal intake temperature in the start-up
and warm-up modes is about +40...60 °C. Taking into account the higher heat capacity of benzoethanol
mixtures compared to commercial gasoline, the final intake temperature was chosen to be about + 60 °C.

According to the results of the research, the following was established. The average value of the
voltage on the thermoelectric module was 12.7 V, the current strength was 4.1 A. Air temperature after
3 min reached 56.8 °C, while there was a decrease in the rate of increase in air temperature (Fig. 4).
This phenomenon is due to a decrease in current power, which is explained by the absence during the
research of TED electronic control unit, in particular, managing controller of thermoelectric module.
This phenomenon is due to a decrease in the current power, which is explained by the absence of an
electronic control unit during the TEC study, in particular, the managing controller of the
thermoelectric module. The absence of a thermoelectric module controller led to a decrease in current

power by almost 12 % compared to the initial value.
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Fig 3. Experimental sample of the proposed thermoelectric device: a) General view of a TED
with a remote temperature sensor and a voltage, currentand power

consumption tester, b) Internal heat sink with a fan
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Fig.4. Change in intake air temperature when using TED
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Based on the results of functional tests, the possibility and expediency of using devices that

ensure the maintenance of the optimum air intake temperature of spark ignition engine in the modes of

starting and warming up a cold engine when operating on benzoethanol mixtures, in particular,

thermoelectric modules, the principle of operation of which is based on the Peltier effect, have been

confirmed. Based on the results of the study, it was established that it is necessary to use a managing

controller for a thermoelectric module, the absence of which leads to a sharp decrease in the efficiency

of the module (according to some data, up to 30 ... 40 %).

Conclusions

1.

Alternative fuels, in particular benzoethanol mixtures, have great potential in solving fuel-
energy and environmental problems associated with fossil fuels.

The possibility of using thermoelectric devices to maintain the optimal air temperature at the
intake of the vehicle engine during operation on benzoethanol mixtures, in particular in the start-
up and warm-up modes of a cold engine, was studied.

The advantages and prospective directions of the use of thermoelectric devices during the
operation of vehicle engines under conditions of low ambient air temperatures are determined. It
has been established that such devices can realize the heating of the intake air to optimal values.
Functional tests of TED indicate the possibility and expediency of using thermoelectric
modules, the principle of operation of which is based on the Peltier effect with a managing
controller to maintain the optimal air temperature at the intake of a spark-ignition engine in the

start-up and warm-up modes during its operation on benzoethanol mixtures.
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BUKOPUCTAHHA TEPMOEJIEKTPUYHOI'O ITPUCTPOIO
JIJIS IITPUMAHHSA OIITUMAJIBHOI TEMIIEPATYPH
HHOBITPSA HA BITYCKY JIBUI'YHA 3 ICKPOBUM
3AITAJVIIOBAHHSAM 3A POBOTH HA CIIMPTOBMICHOMY BEH3UHI

Y cmammi pozenaoacmuvca npobrema, wo nog'sazana 3 niogueHHAM eQeKmueHOCmI eKCayamayii
ogueyna 3 ickposum sananroganuam. Ceped anbmepHAMUGHUX NAAU8, O1A 0BUSYHIB 3 ICKPOBUM
3aNANBAHHAM )Y 8CLOMY CEIMI PO32NA0AEMbCS eMAHON AK BAXCIUBe GIOHOBNIOBAHE 0XCepeno
enepeii. Jlooasanns emanony 00 MOBAPHO2O OeH3UHy 3a0e3neuye 3HUNCEHHS UWKIOIUBUX
3a0pyOHI08aYi8 NOGIMps, NAPHUKOBUX 2A3i8, A MAKOJC YIH HA SUPOOHUYMEO. 3 iHW020 OOKY,

BUKOPUCMAHHA bOeH30emaHoNbHUX CyMl.WEIZ AK NAnuea noe'si3aHo 3 OilbUl HU3LKUM MUCKOM
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Hacudenux napie, wo pooums nNycK X0a100H020 08USYHA 0OCUMb CKIAOHUM, A MAKOIC NPU3E800UNb
00 NOZIpuleHHsT NATUBHO-EKOHOMIYHUX [ eKONO02IYHUX NOKA3HUKIE O0BUSYHA 6 DENCUMI Npozpis).
3anpononosano npucmpiii Wo GUKOPUCMOBYE MEPMOENeKMPUYHT MOOYIL Oasi NIOMPUMAHHSL
ONMUMANILHOT MeMNepamypu nOSIMpsi Ha 6NYCKY OBUSYHA 3 ICKPOBUM 3aNANOEAHHAM Npu pobomi
Ha OEH30eMAHOIHUX CYMIULAX 8 PeXHCUMAax NYcKy i npoepigy xonoo0nozo osuzyna. Haeedeno onuc
3aNPONOHOBAHO20  MEPMOECIEKMPUYHO20 NPUCTIPOIO, NPUHYUN U020  (DYHKYIOHYSAHHA MdA
pe3yabmamu YYHKYioHATbHUX eunpoobysans. bion. 9, puc. 4.

KirouoBi ciioBa: IBUTYH 3 iCKPOBUM 3alaiOBaHHIM, OCH30€TaHOJIbHA CYMIII, TEPMOCICKTPUYIHI

MOJTyJIi, ITYCK 1 MPOTPiB XOJOJHOTO JBHUTYHA, Ii{irPiB MOBITPS HA BITYCKY.
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INCREASING THE SENSITIVITY OF COMPUTER-INTEGRATED THERMAL
IMAGERS IN THE STUDY OF THERMOELECTRIC PHENOMENA
AND REMOTE OBSERVATIONS

The work is devoted to the substantiation of the choice of optical polarizing elements for thermal
imaging remote observations and measurements. A comparative analysis of the main methods of
obtaining polarization images was performed, namely using polarizer rotation, phase plate
rotation, and using combined infrared matrix receivers with micro polarizers. Simplified
mathematical models of signal transformation in the main optical elements of polarimetric thermal
imagers — linear polarizers and phase (quarter-wave) plates - were used for the analysis. The
advantage of wire polarizers compared to polarizers based on reflection is shown. It is also
substantiated that among the various physical effects causing phase delays — birefringence, total
internal reflection and reflection of radiation at the air-metal interface, diffraction on a wire
diffraction grating — the use of the latter effect is most acceptable. Bibl. 21, Figs. 7.

Key words: polarimetric thermal imagers, Stokes vectors, polarizer, quarter-wave plate.

Introduction

Thermoelectric phenomena are widely used in various spheres of human activity. One of the
relevant scientific and applied problems, for instance, is the utilization of waste heat using
thermoelectricity [1]. A complete set of means for technical implementation of energy conversion
processes requires many components, including measurement technologies. To control the quality of
thermoelectric energy converters, computerized methods of absolute measurements using
thermocouples are being developed [2]. More generalized monitoring of physical phenomena related
to thermal contrasts is possible using thermal imagers. Classical thermal imagers allow observing the
thermal radiation contrast of energy brightness (intensity) between the object and the background [3].
With a low radiation contrast of the observation object, the efficiency of using classical thermal
imagers may not be high. In order to increase the radiation contrast of images of objects on a uniform

background, some countries have begun research on the creation of thermal imagers, in which the
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carrier of information is the polarization properties of infrared (IR) radiation of the target and the
background (obstacles) [4, 5, 6]. Such polarimetric thermal imagers (PT) measure the polarization
characteristics of radiation from the object and background, namely: intensity, degree of polarization,
and azimuth and ellipticity of polarization [7, 8]. These characteristics make it possible to measure the
complex refractive index, which combines the optical and electrical parameters of the medium under
study.

The PT optical system consists of an IR polarizer, a quarter-wave retarder, and an IR lens
located in series on the optical axis [9, 10]. A number of monographs and articles [11, 12] are devoted
to the study of such an optical system, where the polarization elements (IR polarizer and quarter-wave
plate) are considered, which perform the appropriate transformations of the optical signal to obtain the
polarization parameters of radiation from the observation object and the background. Also, great
attention is paid to PT calibration [13]. At the same time, there is no information on the study of PT
optical system in order to substantiate the choice of infrared polarizer and phase plate for improving
the operational characteristics of the thermal imager.

The purpose of this work is to research and substantiate the choice of infrared polarizer and
phase plate to match their parameters, which will improve the operational characteristics of

polarimetric thermal imagers.

Physical and mathematical model of the optical-electronic system of the
polarimetric thermal imager

The polarization characteristics of radiation, which change during propagation and reflection,
can be expressed by the Stokes vector, the Jones vector, or the Mueller matrix [14, 15]. The Stokes

vector was proposed to study partially polarized, as well as unpolarized and fully polarized light. The

four parameters of the Stokes vector S = {S0,51,5,,53} describe information about the
polarization state of the observation object. The four-segmentation method of the modulation of the
matrix radiation receiver (MRR) by the polarization state of the radiation for the measurement of the
Stokes vector has become the most widespread [4, 5, 9].

Fig. 1 shows a diagram that explains the operating principle of such a PT based on modulation

[10]. To simplify the study, we will assume that monochromatic radiation is considered. The
investigated partially polarized radiation with amplitude Epp passes through a polarizer, a quarter-

wave plate, which can change the polarization angle 0 and the phase difference & between the

—

components E, and E y of the vector E pp Using mechanical rotation, or continuous periodic
modulation. The infrared MRR forms a group of output radiation values, which are used to obtain four
parameters of the Stokes vector of the polarization image by changing the angles 0 and €.

The Stokes vectors make it possible to obtain the main parameters of radiation polarization:

intensity, degree of polarization, polarization angle, and polarization ellipticity.
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Fig. 1. Operating principle of polarimetric

thermal imager

We will consider the PT optical system, which consists of an IR polarizer, a quarter-wave plate

and an IR lens of a thermal imager located in series on the optical axis (Fig. 2). Let a parallel beam of
natural or partially polarized radiation with amplitudes E,, or Epp, respectively, enter the input of the
optical system. At the output of the polarizer, linearly polarized radiation with the vector Elp is

formed, which is oriented at an angle O relative to the X axis. After passing through a quarter-wave

plate, the optical axis of which is parallel to the surface of the plate and forms the angle & with the
vector E Ip (polarization plane), as a result of birefringence in the plate, ordinary and extraordinary

beams with amplitudes Ey and E, are formed. These beams spread in one direction and have a phase

difference at the exit from the plate
2n
Acp=s=k-Ad=7(n0—ne)d, (1

where d is the thickness of the plate, 1, and N, are the refractive indices for the ordinary and

extraordinary beams, respectively.

Polarizer _, Plate A/4

)
!

E g/ B el 7 Eer
" I -t
Lo E"ol
a) LI b)

Fig. 2. Diagram for radiation polarization study (a)

and its vector model (b)

In modern PTs, three methods of obtaining a polarized image are used: rotation of the
polarizer, rotation of the phase plate, and the use of MRR, each pixel of which has a micro polarizer

with a certain orientation of the polarization axis [16]. The first and second methods have limited use
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due to the presence of a mechanical system for rotating optical elements and the need to use three or
four consecutive frames. Fig. 3 shows different polarization states of optical radiation, which can be

fully described by the four Stokes parameters.

E(Z)“ E’" A
E E
> - \
z 7 v T E,
a b C v
Ap= 4AE,. o y “.;'el

v
&
fary
foll
fary

Fig. 3. State of radiation polarization: a — linearly polarized;
b —natural; ¢ — partially polarized; d — elliptically polarized;
f— circularly polarized

The first Stokes parameter S determines the total optical intensity. The second Stokes
parameter S; determines the preference of the recorded optical signal for horizontal polarization over
vertical polarization. The third Stokes parameter S, determines the preference of the recorded optical
signal with linear polarization oriented along 45° over linear polarization along 135°, which are
measured relative to the horizontal direction. The fourth Stokes parameter S3 characterizes the

superiority of right-circular polarization over left-circular polarization.

The Stokes parameters can be determined with the aid of two orthogonal electric radiation

fields Ey and E,,, which are defined by the equations

E,(t) = Expexplj(2nvt — ¢,)] 1 E, () = Eypexp[j(2mvt — 9))],  (2)

where E,q , Eyo and @, , ¢, are constant amplitudes and initial phases of these fields, respectively;

V is radiation frequency. The electric radiation field that passed through a linear polarizer with the
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polarization axis in the 6 direction and a phase plate with a delay by the angle € = @, — Py, is

determined by equation (3):
E (0, ¢) = E,cosb + Eyexp(je)sin®. 3)

Let us consider the features of using polarizers and phase plates in PT optical systems.

Polarizers for the IR region of the spectrum

A polarizing optical element is any optical element that changes the state of radiation

polarization [15]. Polarizers and phase plates (phase retarders) are polarizing optical elements.

General provisions

A polarizer is an optical element designed to create light regardless of the properties of the
incoming light. The desired state of polarized light can be linear, circular, or elliptically polarized (Fig.
3), and an optical element designed to create one of these states is called a linear, circular or elliptical
polarizer. Polarizers use such optical phenomena as absorption, refraction, birefringence and

diffraction of radiation.

The linear polarizer has two transmission parameters: the basic main transmittance T4 and the
secondary main transmittance T,. The parameter T; is defined as the ratio of the intensity at the
output of the polarizer Ip,max to the intensity at the input [, when the incident beam is linearly
polarized in the oscillation azimuth, which provides the maximum transmittance. Similarly, the

parameter T is determined for the minimum transmittance. Thus

L I i
__ Ipmax __ lpmin
Ty = 225 T, = 2o )
0 ,0
The ratio Ry = Ty /T, is called the main transmittance (extinction coefficient) of the
polarizer. For high-quality polarizers, this coefficient can reach 10°. The average value of the main

transmittances is called the total transmittance

T, =2 )

The parameter Ty is defined as the ratio of the intensity at the output of the polarizer to the

intensity of the input unpolarized beam.

For a perfect polarizer, Malus's law has the form
1
[;4(0) = EIOCOSZG. (6)
For a real polarizer, Malus's law is given by

Ir(e) = 190 + (IO - IgO)COSZG. (7)
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Wire grid polarizers

In the IR region of the spectrum, polarizers in the form of a flat grid formed by parallel wires
(wire grid polarizer, WGP) are widely used [15, 16]. Such a polarizer forms linearly polarized
radiation in a plane perpendicular to the wires. The distance between the wires must be less than the
wavelength. The wire grid is applied to the substrate, the surface of which has an anti-reflection
coating. Radiation that is polarized parallel to the wires is reflected. The grating period of IR
polarizers is usually 0.5 pm or more.

Since reflection and absorption losses reduce the transmittance of wire gratings, an anti-
reflection coating is applied to the substrate. Therefore, its quality and achromacity are important
factors in the production of wire gratings. Commercial wire grating polarizers have a basic
transmittance (20 — 10000) for linear polarization of radiation in transmission mode in the spectral
range from 1.5 pm to millimeter wavelengths.

Typical technical characteristics of wire polarizers are given in Table 1.
Table 1

Technical characteristics of a wire polarizer

Parameters at A =5 pm Technical characteristics
Transmission efficiency, T7, % 90
Transmission of unwanted radiation, T, % 0.4

Degree of polarization,

99
(T —T,)/(Ty + T). %

Extinction ratio, Ty /T, 225

In [17], an IR wire polarizer is considered, which consists of a grating with a period of 400 nm
on a photocurable film 30 pum thick. The grating is made of gold using thermal spraying and film
imprinting in high humidity conditions. The polarizer has a transverse magnetic transmission of more
than 75% in the range of wavelengths (4 — 5.5) pm and an extinction ratio of more than 20 dB in the
range (2.5 — 7.5) um. The maximum extinction ratio is more than 28 dB for a wavelength of 6.5 um.
Such a film polarizer with high transmittance is cheaper compared to conventional IR polarizers.

In [16], the process of manufacturing a wire polarizer for pixels of a micro bolometric (MBM)
MRR is described. A wire grid made of gold is applied to a substrate that has low losses for the
wavelength of the incident wave, that is, the small imaginary and real parts of the refractive index n, k
[18] should have minimum values. The ideal solution to this problem is the mechanical placement of a
gold grid in the air, which is technologically impossible. Therefore, substrates with different refractive

indices were used (Fig. 4).
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Numerical simulation of the propagation of TM and TE fields for various wire grids (period,
metal thickness, substrate materials and wavelengths) was carried out using the theory of diffraction
gratings [19]. If the electric field vector is parallel to the boundary between two media, then we speak
about the TE-polarization of the wave. If the magnetic field vector is parallel to the boundary between
two media, then the radiation is considered to be TM-polarized. The purpose of this simulation is to
find the geometric dimensions of the grating, when the extinction ratio of the TM/TE field at the

polarizer output exceeds 100:1, the TM transmission value exceeds 80 %.

Fig. 4. lllustration of a gold wire grid polarizer on a substrate
with a low refractive index for n and k and different

geometric dimensions [15]

A simplified version of the PT optical system uses a rotating phase plate behind which a fixed
linear polarizer is located, which allows obtaining several consecutive images to determine the Stokes
parameters over the entire field of view. An alternative method is the field of view which is spatially
divided into superpixels, in each of which the Stokes parameters are determined simultaneously. Each
superpixel cell has a separate wire micro polarizer with a certain orientation of the polarization plane.

The key element of the PT optical system is a quarter-wave plate designed for the appropriate
spatial division of the image. Various physical phenomena can be used in such plates: reflection at the
Brewster's angle, birefringence, diffraction of radiation on a wire grating with a small period. Such
subwavelength gratings have an effective refractive index that depends on the polarization of the
incoming radiation. This effect is known as birefringence and can be used to create a wave plate.

In [16], the results of a project at Sandia National Laboratories (Albuquerque, New Mexico,
USA) to develop a long-wavelength infrared micro polarization device for polarimetric imaging are
presented. Information about the polarization state of radiation from the object and the background can
help detect and recognize objects of interest for various remote sensing tasks and for military
applications. While traditional sequential polarimetric images create scenes with polarization
information using a series of acquired images, the use of a MRR, each pixel of which has a polarizer
with a certain orientation of the polarization plane, allows, through processing of pixel signals, to

determine the distribution in the image plane of all four Stokes parameters simultaneously.
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Fig. 5 shows the MRR superpixel model, which consists of four cells with separate micro
polarizers with different orientations of the polarization plane. The orientation of the wires in each cell
is different, which results in each cell forming a polarizer whose optical axis forms angles of 0°, 45°,
90° and 135° with the optical axis of the retarder. Thus, the use of a superpixel allows simultaneous
reception of signals at the output of individual cells for different polarization angles in one frame. The
processing of these signals makes it possible to calculate the components of the Stokes vector, which

determines the polarization characteristics of the radiation of the observation object [16]:
So = 1; 8, = {21(0°,0) — [1(0°,0) +1(90°,0)]3/[1(0°,0) +1(90°,0)];
S = {21(45°,0) — [1(0°,0) +1(90°,0)13/[1(0°,0) + 1(90°,0)];

S, = {21(135° 1/2) — [1(0°,0) + 1(90°,0)]}/[1(0°,0) + 1(90°, 0)].

15 0 5 10 15
N
-+10 § — +10
§ —_—
N
+5 +5
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-10 : -10
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Fig. 5. Model of MBM superpixel model

Commercial IR polarizers are commercially available from some optical companies, such as
Edmund & Tydex. Such polarizers are designed for linear polarization of radiation in the transmission
mode in the spectral range from 1.5 pm to millimetre wavelengths. They are a type of diffraction
grating and are cut into a crystalline or polymer substrate. The polarizer grating is a set of triangular
profile strokes. An aluminium coating is applied to one of the faces of each stroke. Depending on the
material of the substrate, polarizers are made using a diffraction grating technology.

The Edmund Optics company supplies the market with polarizers using a special holographic
technique, owing to which the distance between the wires is micrometers [20]. Compared to

conventional methods, the holographic method creates a finer groove spacing that optimizes
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performance for short wavelengths. Holographic wire polarizers are created from barium fluoride
(BaF?>), zinc selenide (ZnSe), thallium bromo-iodide (KRS-5) and germanium (Ge).
Table 2 shows the characteristics of wire polarizers, and Fig. 6 depicts the appearance of a

polarizer [20].

Table 2
Technical characteristics of wire polarizers
Substrate material ZnSe Ge KRS-5
Spectral range, um (1.5-14) (8—14) (2-30)
Standard aperture, mm D25 x 25 D25 x 25 D34
Frame size for standard
D42 x 8 D42 x 8 -
aperture, mm
65- 70 % with one-sided >50 % with one-sided
Effective transmittance, T; anti-reflection coating anti-reflection coating 60 %
50 % without coating
Transmission of unwanted
o <0.1 % for 10 pm <0.1 % for 10 pm -
polarization, T,
Degree of polarization
>99 % for 10 um >99 % for 10 um
(T = T2)/(Ty = T2)
Edmund

Manufacturer TYDEX TYDEX ]

Optics

For physical and mathematical simulation of wire polarizers, the period of which is much

shorter than the wavelength, the theory of coupled waves is used [16, 19].
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b)

Fig. 6. KRS-5 polarizer (a) and phase plate (b) from
dmund Optics company [18]

Quarter-wave plate

In [16] demonstrated the possibility of manufacturing and using wire polarizers and wire
achromatic phase plates that provide the required extinction ratio and phase delay. Test results of
micro polarization superpixel arrays indicate that each element (polarizer and phase plate) is
manufactured on its own substrate, as it is too sensitive to crosstalk.

This crosstalk is a consequence of diffraction from the periodic structures of micro polarizers
and/or microwave plates. Diffracted light propagates inside the substrate to the next element or into
free space. To reduce the effect of this phenomenon on the temperature and spatial separation, it is
proposed to integrate micro polarizers into the MRR matrix structure during its manufacture. The
birefringent wave plate is manufactured on its own substrate and is compatible with the active zone of
the integrated “micro polarizer-pixel” structure. The wave plate must have a two-sided anti-reflection
coating. This approach significantly complicates the process of manufacturing the optical-electronic

system of PT.
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A quarter-wave plate (retarder) can be made in the form of a rhombic prism or a wave plate. Such
optical elements are often called compensators, for instance, the Babinet-Soleil compensator. Retarders

can be designed for a certain wavelength or for a wide range of the spectrum (achromatic compensators).

Phase retarders based on uniaxial crystals

Changing the phase difference in compensators can be achieved by using anisotropic uniaxial

crystals, in which the optical axis is parallel to the crystal faces:
21
Ap = ¢ = Td(ne —n,). ®)

The optical path difference is due to two parameters: plate thickness d and birefringence
(n, —n,). For positive crystals n, > n,. An extraordinary beam with a refractive index 7, is
polarized parallel to the optical axis, and an ordinary beam with a refractive index N, is polarized
perpendicular to the optical axis.

The slow axis is the direction in the medium with the highest refractive index 1, that is, for a
uniaxial positive medium it will be its optical axis. The fast axis is the direction in the medium with
the smallest refractive index 1.

The most common commercial retarders are quarter-wave and half-wave plates, which provide
a phase difference between Eg and E,, components equal to /2 and TT. A quarter-wave retarder

produces circular polarization when the azimuth of linearly polarized incident light makes an angle of
45° with the fast axis. A half-wave retarder forms linearly polarized light, the plane of polarization of

which is rotated by an angle of 26, when the azimuth of partially polarized incident light is at an angle

of @ relative to the fast axis.

IR achromatic retarder

Fig. 7 shows the diagram of operation of a prismatic retarder, in which there is no deviation of

the beam [13]. In the optical element, there are two total internal reflections (TIR) at points A4, B; and

A,, B, and reflection at the air-metal interface at points C1, C,.

A
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Fig. 7. Infrared achromatic prismatic retarder
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The operating principle of the prism is based on the fact that between the plane-polarized
components E¢ and Ep of the input radiation there are significant phase shifts at TIR points. These

phase changes (phase difference) are calculated by the formulae [13]

Jn2sin2g;—1
b

Oprs = 2arctg ——" 9)
_ nyn?sin?e;—1
Oprp = 2arctg cose, (10)

where &1 is the angle of incidence, and 7 is the refractive index of the prism material (Fig.7).

The linear delay associated with TIR is a net phase shift between the two components E; and

Apr= 6pr,p — 6,,“. (11)

Moreover, phase shifts between E and Ep components are observed during reflection from

metal:
Apmet= 5met,p - 6met,s- (12)
Then the total delay for two TIRs and reflection from the metal is equal to
Ap =240y + Dpet (13)

The refractive indices of optical materials that transmit radiation well in the IR range of the
spectrum are higher than the refractive indices for the visible range. As a rule, for the IR range they are

greater than 2.0, and for the visible range they are within (1.4 — 1.7). The higher refractive indices for
the IR range result in larger phase delays between the E and Ep components for a given angle of

incidence than for the visible range. A prismatic retarder for IR radiation, which has more than two
TIRs, will have large dimensions, which causes certain difficulties in its application.

Prisms are made from homogeneous materials in which there is no birefringence. Zinc
selenide, zinc sulphide, germanium and gallium arsenide satisfy such requirements in the IR range of
the spectrum. For the manufacture of mirror surfaces use gold, silver, copper and aluminium.
Preference is given to gold, which has a high reflection coefficient in the IR range and significant
resistance to corrosion.

The angles of incidence at the entrance and exit of the two prisms were chosen to reduce the

Fresnel reflection losses. Table 3 show the parameters of a retarder made of zinc selenium and a gold
mirror, which provides a change in the optical length by A/4 in the range (8 — 14) um. The

calculation was made or a wavelength of 10 pm [14].
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Table 3
Numerical data of an IR achromatic retarder
o o Extinction
Wavelength A, Refractive index | Refractive index nd Total phase delay
index
ZnSe, N Aun 0, degree
Hm Au, K g
8 2418 4.93 57.6 89.91
10 2.407 7.62 71.5 90.02
12 2.394 10.8 85.2 90.04
14 2.378 14.5 98.6 89.98

The use of a subwavelength wire grating leads to the formation of birefringence, which
provides the desired phase difference, as well as dispersion, which helps to design an achromatic phase
plate [16]. Effective medium theory simulates the subwavelength grating as a thin film with an
effective index determined by the grating materials and the polarization of the incident radiation.

For the production of commercial IR retarders, the Edmund Optics company uses wire gratings
operating in the zero order of diffraction [20]. Compared to multi-order phase plates, zero-order plates
provide increased transmission and lower sensitivity to temperature changes.

These plates are produced with a A/4 or A/2 phase delay over a wide spectral range and are
ideal for a variety of IR instruments.

The characteristics of a commercial phase plate are given in Table 4, and its appearance is
depicted in Fig. 6b.

Table 4
Characteristics of the Edmund Optics phase plate
Delay M4
Spectral range, um 3-9)

Frame diameter, mm 25.4
Aperture, mm 10
Thickness, mm 8

Phase plate material Cadmium thiogalate
Transmittance 0.5

Recommendations for choosing IR polarizer and phase plate
The above studies show the following:
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1. For practical use in PT, wire polarizers (WP) are primarily suitable, which have a number of
advantages compared to polarizers based on Brewster's reflection law, namely:

e have relatively high transmittance;

e form radiation with a high degree of polarization;

e have small dimensions and weight. The main disadvantages of WP are: considerable
chromatic distortion (dispersion); technological complexity of their production, which
determines their high cost.

2. Phase plate (retarder) can be made with the use of:

e Dbirefringence, which is problematic for the spectral region (8 — 14) pm;

e the law of total internal reflection and reflection of radiation at the air-metal interface.
However, such a phase plate has large overall dimensions, which complicates its use in
small-size thermal imagers;

e diffraction of radiation on a wire diffraction grating. Such a diffraction grating of a
certain structure provides a phase delay of 90° in a wide spectral range.

3. A promising direction for the creation of PT is the use of MBM, each pixel of which has a
wire micro polarizer with a certain orientation of the polarization plane. Four adjacent pixels form a
superpixel, which makes it possible to simultaneously determine four parameters of the Stokes vector
without using an optical-mechanical scanning system. The use of MBM with micro polarizers has
significant advantages:
* absence of an optical-mechanical system for scanning (rotating) a polarizer or a phase plate;
e the ability to simultaneously measure all Stokes parameters in one image frame;
e a simplified electronic system for processing signals from MRR pixels to determine the
parameters of the Stokes vector;
¢ small dimensions of the optical system and low power consumption of the PT.
The main disadvantages of PTs that use MBMs with micro polarizers are:
e technological difficulties of manufacturing such MBMs with micro polarizers and the high
cost of such matrices;
e additional image distortions caused by the diffraction of radiation after passing through the

diffraction grating and its propagation inside the substrate to the next element.

Conclusions

A deep understanding of the physical processes of infrared radiation transformation in a
polarimetric thermal imager allows one to study the optical system of the thermal imager and justify
the choice of a polarizer and a phase plate to effectively obtain the polarization characteristics of
radiation from the observation object and the background.

It is expedient to use commercial wire polarizers as an infrared polarizer. To conduct
laboratory studies of the polarization properties of radiation, Brewster's law of reflection from a

germanium plate can be used.
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In polarimetric thermal imagers operating in a wide spectral range, it is necessary to use
commercial retarders based on a wire diffraction grating as an infrared achromatic phase plate. An
infrared prismatic retarder can be used for experimental research.

A promising direction in the creation of a modern polarimetric thermal imager is the use of a
micro bolometric matrix, each pixel of which has a wire micro polarizer with a certain orientation of
the polarization plane. Four adjacent pixels form a superpixel, which makes it possible to
simultaneously determine the four parameters of the Stokes vector without using an optical-
mechanical scanning system.

Further research should be directed to the development of a mathematical model of PT, which
would make it possible to calculate the temperature and spatial separation, to substantiate the methods
of their increase, which is important for environmental monitoring, monitoring of natural resources,

thermal observation systems of wide application [21, 22].
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Poboma npucesuena obrpynmyeannio eubopy NoOAAPUIAYIUHUX ONMUYHUX eleMenmie Ons
MEeNNOBIBIHUX OUCMAHYIUHUX CHOCIMEPENCeHb MA SUMIPIOSab. BUKOHAHO NOPIGHANbHULL AHANI3
OCHOBHUX MemoOi@ OMPUMAHHA HOJAPUZAYILIHUX 300padceHb: 3 O00NOMO20i0 0bepmanHs
noaspuzamopa, obepmanta azo8oi NAACMUNKU | 3 BUKOPUCMAHHAM KOMOIHOBAHUX MAMPUYHUX
npuiMayie  IHPPAUepP8OHO2O  BUNPOMIHIOBAHHS 3 MIKpO noaspuzamopamu. Jia — auanizy
BUKOPUCMAHO CHPOWEH] MAMeMamuyHi Mo0eni Nnepemeopents CUSHALI@ 8 OCHOBHUX ONMUYHUX
eleMeHmax NoAAPUMEMPUYHUX MeNNI0Gi30pie — AIHItHUX noasgpuzamopax ma gasosux (ueepmo-
xeunvosux) naacmunxax. Iloxazama nepeeaca OpomMAHUX NONAPUIAMOPIE  NOPIGHAHO 3
NOAAPUZAMOPAMU HA OCHOBI 8i0bUBanHA. Taxodc 00TPYHMOBAHO, WO ceped pPIisHUX @izuuHux
epexmis, Wo GUKIUKAIOMb (PA306i 3AMPUMKU - NOOBIlHE HPOMEHE3ANOMNEHHS, NOBHE GHYMPIUIHE
8i0OusanHs i 6I0OUBAHHS BUNPOMIHIOBAHHS HA MEMNCI NOBIMpsi-Meman, ou@dpakyis Ha OpOMsHIl
oupaxyiiniv tpamyi — HAUOILW NPUUHAMHUM € BUKOPUCIAHHS OCMAHHb020 ehexmy. Bion. 21,
puc. 7.

KniouoBi ci10Ba: moysipuMeTpHIHI TEIDIOBI30pH, BeKTOpH CTOKCA, MOISIPH3aTOP, YBEPTH-XBIIIHOBA

IIJTaCTUHKa
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THERMOELECTRIC REFRIGERATOR FOR
SLEEPING CAR COMPARTMENTS

In this article, a thermoelectric refrigerator’s design was presented, the cooling unit of which is
integrated into a corner cabinet in the sleeping car compartment of PKP Intercity model 308A.
The design of the cooling unit provides for several execution options. The refrigerator has an
innovative two-level power supply system, which allows reducing energy consumption. The
refrigerator cabinet is divided into two chambers "serving” two adjacent compartments. The
thermoelectric unit of the refrigerator cools both chambers simultaneously. The application of the
invention allows increasing the comfort level of rail transport passengers. Bibl. 11, Fig. 9, Table 1.
Key words: thermoelectric transport refrigerator, two-level power supply system, thermoelectric

unit.

Introduction

The research presented in the article shows the solution that may be used to improve the comfort
of passengers travelling in sleeping cars, as a rule, in the period from April to October. For several
years, a significant warming of the climate has been observed [1]. This leads to higher temperatures
during warm periods (e.g. summer period in Europe). That fact influences the train passengers’ need to
store chilled drinks or food, flowers or temperature-sensitive medicines during the trip. Possibility to
sore these goods will increase the comfort of passengers traveling on longer routes, as well as
contribute to raising the standards of passenger transportation in these compartments. Modern trends
in the development of the use of thermoelectric coolers in transport are described in detail in the
subject literature [2], [3]. Among the new applications, it is worth noting the bar with a thermoelectric
coolers installed on board the Boeing-747 (Fig. 1).

A thermoelectric cooler is considered to be the most rational solution among other coolers used
in vehicles, due to the numerous advantages of this cooling method [4]. One of the advantages of its
implementation in transport means is the possibility to adjust the power supply voltage of the
thermoelectric unit to the voltage applied in networks of railway cars, and the use of modern methods
of two-level temperature regulation in thermoelectric coolers [5]. All this allows avoiding the use of

complex, unreliable and expensive energy systems [4].
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Fig. 1. Thermoelectric cooler in the bar
of the Boeing-747 aircraft [2]

A particularly advantageous place for locating a thermoelectric cooler in a compartment is a
cabinet (ordinary or corner), placed above the sink (Fig. 2).

Fig.2. Triple sleeping compartments for cars 3054b
(left) and 3084 (right)
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A cooler designed in this way, as compared to the solution of installing refrigerators in each
compartment separately, i.e. without a specially allocated place [6], is a rational solution for
compartments, because it does not reduce the usable area, is characterized by a lower cost of

implementation and a lower energy consumption.

General information about sleeping cars manufactured in Poland

The sleeping compartment for a 305Ab car, manufactured at the Zaktady Cegielskiego factory in
Poznan since 2004, as well as sleeping compartments of other models, are equipped, among other
things, with three beds, a wash basin and a single-door cabinet with a wooden housing (Fig. 2). This
cabinet has internal dimensions 49 x 17.5 x 59 mm (width x depth x height), is equipped with a lock
with a ball latch, in the middle of the back wall there is a mirror, on the top wall — a lighting lamp, on
the side wall there is an electric socket for connecting a razor. The interior space of the cabinet is
divided by a horizontal shelf. The conductor, before the start of the trip, usually puts into it, for
example, uncooled mineral water (a 0.5 1 PET bottle for each passenger), a roll or a hygiene kit (towel
+ soap). There is no refrigerator in the compartment, the only refrigerator in the car is located in the
conductor’s compartment and is not available for direct use by passengers. The same applies to
restaurant cars, where the refrigerator is built into the kitchen section [7].

A more modern sleeping car, for which the refrigerator’s design was proposed, is a sleeping car
model 308A. In 2013, the PKP Intercity company signed a contract for the implementation of the
project called «Upgrading of PKP Intercity rolling stock Przemy$l — Szczecin - Stage II».
Modernization of 10 sleeping cars was ordered, and the execution was entrusted to company PESA

from the city of Bydgoszcz. The first car was put on the test tracks in 2015 (Fig. 3).

Fig.3. Sleeping car model 3084

at the railway station Szczecin Gtowny
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Moreover, within the mentioned project the cars manufactured in 1977-1981 were modernized.
This tender also included the installation of new bogies for the cars. New strollers of the type 39AN
were installed that were without pneumatic cushion on flexible springs. In addition, a sliding door was
installed in the car. The sleeping car has 9 public compartments and one compartment for the
conductor. Each compartment has 3 (folding) beds, located horizontally, one above the other [8]. This
is a typical range of the middle-class sleeping compartments. 3 passengers being seating in a space of
about 8 m® deal with a high density which causes an additional increase in temperature in the

compartment. A comparison of selected transport means is presented in Table.

Table
The density of people per cubic meter of the car
Interior
Number of
. dimensions Interior Density,
Transport Type (model) persons in a .
] (approximate), | volume, m*® | persons/m?
means cabin
m
(incl. crew)
Aircraft Boeing 737-700 126 (4) 20x5x1.8 200 0.63
Autocar Setra 500 69 (2) 13.5x2.4x2.8 90.7 0.76
308A Entire car 28 (2) 24.5x2.9x4.2 298.41 0.094
Railway
Triple compartment 3 1.66x1.94x2.5 8.051 0.372

As can be seen from Table 1, the density of people per cubic meter in a fully equipped
compartment of a railway car is more seven times lower for the whole car compared to air or bus
transport and for a single sleeping compartment is almost half that of air or bus transport, which brings
additional advantages, namely: greater safety during the coronavirus pandemic. A smaller number of
people per cubic meter accordingly reduces the probability of infection, for example, with the SARS-
CoV-2 virus or any other virus.

Another fact is in favour of the railway transport: CO> emissions per passenger are only 24 g/km. [9]
This is more than 3 times less than in road transport (102 g/km) and about 10 times less than an air
transport (244 g/km).

The modernization of a railway car 308 A included, among other things, its adaptation for the
transportation of people with disabilities; one special compartment for two people with a toilet was
adapted for wheelchair users. A manual ramp on the side of this compartment enabled a wheelchair

user to enter a railway car 308 A [8].

Description of the refrigerator and the design option choice

The two-chamber thermoelectric refrigerator for a railway car model 305Ab was designed in

several versions, which differed in the location of the unit (on the side or on top of refrigerator) and
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the orientation of the partition (e.g., longitudinal, that is, parallel to the wall separating the two
compartments of the car, or transverse — perpendicular to this wall).

In the first version, the refrigerator is placed in the hole of wall 1 that divides the adjacent
compartments of the railway car, near the outer wall 2 of the car, from which it is separated by an air
duct 3 (Fig. 4a). Inside the refrigerator there is a partition 3-4 mm thick, made of plastic, located along
wall 1. Partition 4 divides the internal space of the refrigerator into two chambers of equal volume.
Access to separate chambers in each compartment of the car is possible due to the doors 5 and 5'.
Walls 6 of the refrigerator contain heat-insulating material inside. The cooling unit consists of a cold
heat sink 7, transitional elements 8 and 9 made of aluminium, a thermoelectric module 10, a hot heat
sink 11 with a cover 12 and a fan 13. The unit and, in particular, heat sink 7, are located symmetrically
in relation to the surface of partition 4, which ensures cooling of both chambers with the same cooling
capacity. On the one hand, partition 4 is placed between the fins of the cold heat sink (as shown in Fig.

4), which provides additional stability of its position and facilitates the assembly of the refrigerator.

Widok A-A 5

11 —L
7 " e
13

sl _%__:/__ i 1 7 [ 1011 | 2
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>< | 4
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Fig.4. Schematic drawing of a two-chamber thermoelectric refrigerator for a car
305A4b [10] with a lateral arrangement of the unit and a longitudinal partition:
1 — intercompartment wall, 2 — outer wall of the car, 3 — air duct, 4 - partition,
5, 5" - doors, 6 — fixed walls of the refrigerator, 7 — cold heat sink, 8, 9 — transition element,
10 - module, 11 — hot heat sink, 12 - cover,
13 - fan, 14 — duct wall

In another version of designed refrigerator, the unit is placed in the upper wall of the body (Fig.
5). The partition 4 is installed perpendicular to wall 1, which divides the compartments of the railway
car; this way two chambers are created. Partition 4 has a thickness of 2-3 mm. The dimensions of the
doors are adapted to the dimensions of the chambers. In this version, heat dissipates from the hot heat
sink into the space above the refrigerator, which is isolated from the compartment of the railway car
and connects to the ventilation channel of the car passing under its ceiling. To increase the useful
capacity of the chambers, the fins of the heat sink 7 are installed in the recess made in the upper wall,

as shown in Fig. 5.
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Widok B-B 3
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T XX

Fig. 5. Schematic drawing of a two-chamber thermoelectric refrigerator
for a car 3054b [10]
with the upper arrangement of the unit and a longitudinal partition.

Positions as in Fig. 4

The corner cabinet in the sleeping compartment of a car 308A has 3 shelves. After removing the
upper shelf (Fig. 6, yellow arrow), the space formed between the ceiling and the lower shelf can be

used as a chamber for thermoelectric refrigerator.

Fig.6. Corner cabinet in a compartment
of a car 3084
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When placing the unit near the partition of the compartment at the level of the luggage shelf, it
is necessary to isolate it from the luggage and thus provide additional protection of the unit. This
problem can be avoided by removing the middle shelf instead of the top one. Then the hot side of the
unit will be placed in the space between the upper shelf and the ceiling of the cabinet.

The corner cabinet after inserting the partition and making the structural changes shown in Fig.
7, has the following internal dimensions:

e width: 260 mm (obtained by adding a replaceable partition);
e height: 340 mm (after removing the middle shelf and raising the upper one);
e depth: 200 mm (averaged from the two bases of the trapezoid).

The cabinet designed in this way can accommodate a 1.5-liter bottle.

By replacing the wall between the compartments with the intercompartment partition, an
increase in the volume of the refrigerating chamber may be obtained. The graphic comparison of two
options is shown in Fig. 7. Due to the very low probability of opening both doors of the refrigerator at
the same time, the proposed solution does not impair the sound isolation between adjacent car

compartments.

1

Fig.7. Comparison of the width of the refrigerating chamber:
a — without a hole in the intercompartment wall of the car, b — with the use of intercompartment partition:
1 - partition, 2 — furniture board, 3 — thermal insulation,

4 — intercompartment partition

In case the thermoelectric unit is located on the upper shelf of the corner cabinet, it is necessary
to reduce the height of the cabinet doors, in order to obtain better air circulation that cools the hot heat
sink of the unit.

Figs. 8 and 9 present fragments of a thermoelectric refrigerator design for the car compartment
of the model 308A. The calculated value of the thermal load of one refrigerating chamber in this
version was 11.5 W. Within the framework of the project [11], the type of thermoelectric module was
chosen, the necessary heat exchange surfaces of heat exchangers were calculated under the accepted

operating conditions of the refrigerator.
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Fig.8. Unit of a two-chamber thermoelectric refrigerator for a car 3084 [11]:
1 — cold side heat exchanger, 2 — hot side heat exchanger, 3 — thermoelectric module; 4 — transition

element, 5 —partition, 6 — fan, 7, 8, 9 — screws, 10 — thermal insulation, 11 — cabinet wall
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Fig. 9. Vertical section of the refrigerator for a car 308A.

Positions as in Fig. 8
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Conclusions

1.

The global trend of increasing travel comfort is observed, especially when traveling using rail
transport over long distances. Therefore, it is important to provide passengers with the
opportunity to use a refrigerator in sleeping compartment.

The use of a thermoelectric cooler may be the rational solution to equip the compartments with
the cooling devices.

The article presents several versions of the design of thermoelectric refrigerator that may be
used to cool products in adjacent compartments of railway car.

The research results may be of interest to producers of thermoelectric refrigerators and railway

cars, who may consider implementation of the proposed solutions.
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