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THEORY

L.I.Anatychuk, acad. National Academy
of Sciences of Ukraine,
0.J.Luste, Doctor Phys.-math. Sciences,
R.R.Kobylianskyi, Candidate Phys.-math. Sciences

Institute of Thermoelectricity of the NAS and MES of Ukraine,
1, Nauky str, Chernivtsi, 58029, Ukraine; e-mail: anatych@gmail.com
Yurii Fedkovych Chenivtsi National University, 2, Kotsiubynskyi str.,
Chernivtsi, 58012, Ukraine; e-mail: anatych@gmail.com

INFORMATION-ENERGY THEORY OF MEDICAL PURPOSE
THERMOELECTRIC TEMPERATURE AND HEAT FLUX SENSORS

In this paper, temperature and heat flux sensors are analyzed as the source of measurement
information. The concept of informativeness of sensors and measuring devices is used. The
informativeness of microcalorimeters, temperature and heat flux sensors is determined. Bibl. 14,
Fig. 3.

Key words: information-energy theory, informativeness, entropy error value, energy sensitivity
threshold of measuring instruments, thermoelectric temperature and heat flux sensor.

Introduction

In [1 — 5], general means for the description of measuring instruments as information sources
were formulated and quality parameter of measuring instrument, i.e. informativeness Q(¢) = dI(¢)/dt,
was introduced which shows how much measuring information /(f) can be obtained from the
instrument per unit time. For an arbitrary measuring instrument with entropy error distribution A(W)
on the scale of measuring instrument averaged during measurement time T, the expression for
calculation of informativeness is given by [5]:

Q=1 {log I5 fo)}' (1)

Among microcalorimeter sensors, medical purpose temperature and heat flux sensors, the

increasing attention of researchers and developers is attracted by high-voltage thermopiles with
integration density of elements 10* sm™ [1,2]. They found application as miniature sources of
electricity with increased voltage output of milliwatt and microwatt power range, as well as miniature
coolers with reduced supply currents 10° — 10" A. Unlike standard thermoelectric modules that are
practically not used in measuring equipment because of their low volt-watt sensitivity and
unsatisfactory matching with the resistance of standard electrical measuring equipment, multi-element
thermopiles have considerable application possibilities in microcalorimeters, heat meters and medical
thermometers.

These possibilities need to be studied from the standpoint of modern information-energy theory
of measuring instruments [3].
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In [5], this approach was used to determine the informativeness of eddy thermoelements and
measuring instruments on their basis, and multi-element thermopiles were considered in [6 — 14].

The purpose of this work is further development of physical foundations of informativeness
theory of miniature multi-element sensors on the basis of information-energy theory of measuring
instruments, namely selection of physical model, calculation of informativeness dependence on the
number of thermopile elements and thermopile optimization for the number of elements.

The basics of informativeness theory of measuring instruments.

An exhaustive characteristic of measurement process can be only provided by full description
of the law of probability distribution of measurement error as a random variable. A more concise
description is the value of boundary error according to given value of confidence probability. Claude
Shannon in his information theory proposed an integral characteristic of the error distribution law. It is
a cumulative function of all points of the curve of the distribution law, that is, its entropy. The entropy
of the error distribution law, the so-called conditional entropy H (X/X,), that can be calculated by the
law of error probability distribution around instrument reading X, will be a concise characteristic of
misinformation or the measure of uncertainty which will remain after getting of X,. For this
distribution of the probability of different values of errors occurring in these measurements, the value
of unconditional entropy H (X) can characterize the a priori-initial uncertainty of the measured
variable, which we have prior to measurement, and which is determined by the law of distribution of
the probability of different values of this variable. The above two statements imply that the amount of
information g = H(X) — H (X/X,).

Thus, the exceptional advantage of entropy as a single numerical average-weighted
characteristic of distribution law is its simple and unambiguous relation to the amount of information
or misinformation which is present in the study of physical variable or introduced by noises.

Theory of probability employs numerical characteristics of various error distribution laws.
When there is a statistical description of a random variable, then operations with such variables are
mathematically cumbersome, so the numerical coefficients are often used to characterize the
distribution, which are called moments. This is related to the fact that among the numerical
characteristics of random variables we are interested in the location of this variable on the numerical
axis, that is, systematic component of the variable (average value), since it determines the location of
the area on the axis, in which the values of random variable are grouped. Such value is called its first
moment or mathematical expectation. It is designated as M [X]. A moment is designated as a sum of
products of all possible values of our discrete random variable on the probability of these values:

M [x] = Zx,P,. , P; is probability of x; value. For continuous values this mathematical expectation:
i=1

M [X]= Ix'p(x)dx , p(x) is the density of probability distribution of x. Having calculated

90
mathematical expectation, one can find random deviations for each deviation result: Ai = x; — M[x].
Proceeding from this, it is possible to remove the systematic component from the data array,
therefore distinguishing the initial moments (without excluding the systematic component) and the
central moments (excluding but taking into account the systematic component).
For information theory, Shannon proposed another system of criteria describing distribution
laws. To characterize component systems, in this case, as before, use is made of the first initial

moment, that is, the value of mathematical expectation. To characterize the centered random
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component, instead of all higher order moments, use is made of the moment which is written as:
+00
H(x) = I p(x)In p(x)dx — entropy )

Thus, entropy is a functional of the law of distribution of random variables and takes into
account the peculiarities of this law.

Shannon showed that the misinformation effect of random error caused by noise or interference
when transmitting a signal is determined by the entropy of noise as a random variable. He proved that
if the noise in probabilistic values does not depend on the signal transmitted, then regardless of the
noise signal statistics, a certain H value can be attributed to the noise, which characterizes its
misinformation effect.

This provision is proved by the theorem in which it is stated that the amount of transmitted
information g = H per noise entropy value is equal to:

g=H(x)~H(A). 3)

Hence, the amount of information is less than the entropy of transmitted signal by the noise
entropy value. If, in addition to the above information transmission channel, there is another parallel
channel, then in order to eliminate the errors caused by the noise with the value H(A), this additional
channel should be used to transmit additional amount of information the value of which Ag must be
not less than H(A). This additional information can be encoded and used to correct all the errors due to
noise, with the exception of a small part of them.

The use of fundamental provisions of information theory for characterization of
measurement process.

The accuracy of measurements is characterized by the numerical value of the measured or
possible errors, and to describe them, the concepts of the absolute and reduced errors are used. If a
measuring instrument has measurement range from x, to x,, then the measured variable has values that
are within this range. The measurement error of this instrument is =A. In so doing, it is assumed that
this error does not depend on current value x of our measured variable. If we get the value x, (in the
range from x; to x,), it can be written so that this reading is the value of our variable +A, and the
reduced error: v =£A/(x; — x1).

These actions from the point of view of information theory have a different meaning. In this
case, the probability of getting readings less than x; and more than x, is equal to zero, and the
probability of getting readings in the range from x; to x; is equal to unity. If it is assumed that the
density of probability distribution of different values of the measured variable along the entire
instrument scale is the same, then our knowledge on the measured variable can be presented as a plot.

As long as full probability to obtain reading in the range from x; to x, is equals to 1,
under our curve there must be an area that is conditionally equal to unity (normalization requirement)
With an equally probable probability density distribution, this results in the fact that
P(x) = 1/(xp— xy).
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Fig. 1. Narrowing of error interval in the process of measurement

After the measurements we get x, . However, due to the error of any instrument we can write the
result only in the form of x, readings £A. Then our value of the variable under study lies in the range
of x,+ A, x,— A, that is, in the band of width 2A.

Conclusion: from the point of view of information theory, the result of our measurements lies
only in the fact that before the measurements the range of uncertainty should extend from x; to x; and
be characterized by probability density P(x) = 1/(x, — x;), and after the measurements the uncertainty
should reduce to the value 2A along the x axis and be characterized by much higher probability density
equal to 1/2A. Therefore, to obtain information on the variable of interest for us, we must reduce the
uncertainty of its value. In that case the amount of information will be:

q=H(x)-H(x/x,). )

As long as in the above example we deal with the uniform distribution of probability density,
the value of the initial H can be written as:

+00 Xy 1 1
H(x)= —J. p(x)log p(x)dx = J. log dx =log(x, —x,) .

Xy =X Xy =X

X

The part of H that will be written after readout:

X, +A

1 1
H(x/x,)=— | —log—=10g2A
IA 28 C2A

Then,

g=H(x)-H(x/x,)=log(x, — x,) —log2A = log xzz_Axl =—log 24 . 5

Xy =X

Replacement of division operation by the operation of calculating the initial variable and that
which remained after measuring the uncertainties in the form of certain H values is the basic approach
in the information theory of measurements.
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Measurement as narrowing of the uncertainty interval.

When measuring physical variable by the natural scales, as shown earlier, the entire range of
possible values of reference points was divided into a number of intervals. In so doing, the uncertainty
of our variable with respect to the measured variable is determined by the fact that we do not know in
which of the intervals our value is.

As a result of measurement, we established the interval between the reference points where our
variable is located, that is, we reduced the uncertainty from the number of intervals to the width of one
interval. Therefore, unlike metrology, from the standpoint of the information theory the result of
measurement lies in the selection of given interval from the number of possible interval values. Thus,
if the probability is falling of the measured variable into any of the intervals equal to each other, the
uncertainty of our initial situation is equal to H(x) = log n, n is the number of intervals. And a result of
measurements, the amount of information that eliminates this uncertainty is ¢ = log n.

Hence it follows that measurement is a comparison of the measured variable to one way or
another constructed scale of possible values of the measured variable, and the result of measurement
lies in the selection of one interval from the totality of intervals of the entire scale.

The concept of the entropy value of the error.

The laws of probability distribution in different measuring instruments are largely different.
This variety creates the basic difficulties in the determination of the effective value of the error that
ambiguously characterized the absolute value of uncertainty interval. That is, the uncertainty that was
left after instrument readout. Let us consider this problem on the basis of the distribution of the error
laws for the uniform and nonuniform distributions.

a) Ap(X) 6) AP(X) 3) A p(x)
A
X . X 5
-A X, +A - ke——0c,0,0, .

Fig.2. Entropy error for different distribution laws

In the case of error probability distribution close to uniform for multiple repetitions of x,
measurements, errors greater than +A and smaller than —A practically do not occur, and in the middle
of this interval (2A) all error values are equally probable. In this case, the absolute value of uncertainty
interval which is left after measurement process is found without information theory. The uncertainty
interval is 2A, and indication of the error +A characterizes the error of the instrument. In most
instruments, the law of probability distribution is expressed by curves (b, c); for (b) it is practically
impossible to specify intervals of uncertainty with increasing the error. A similar flat distribution can
be characterized by the average value of the error, but the value of maximum error cannot be specified,
because in (b) there may be arbitrarily large errors.

If the root-mean-square error o for the normal distribution 6 = 0.5 %, then an error of 0.5 % will
fall on the average for every three measurements. However, every 22 tests we will encounter an error
of the value 29, i.e. 1 %, and once per 370 and 15000 test we will encounter an error equal to 3 and 46

ISSN 1607-8829 Journal of Thermoelectricity Ne4, 2017 9
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(1.5 % and 2 %). In this case, to determine the interval of uncertainty, we must attribute some A to the
width of the error. This conditional value may be equal to the average probable error A = 0.6745¢, or
2/3 o. In this case, if the law of the error distribution is indeed normal, then half of the errors that will
occur to us will be less than this value, and the other half will make the errors that are larger than 2/3
o. In that event it is indicated that the defining error is selected with a confidence probability 0.5,
which testifies that any error that has occurred must be less that selected under the normal distribution
law. If the band width is changed and chosen equal to 6, 26 or 36, then under the normal distribution
law it will correspond to confidence probability 0.67, 0.95 or 0.997. Without the information theory it
is impossible to choose a well-grounded width of reliably identified measurement band.

Mathematical definition of the concept of entropy value of the error.

Solution of this problem was proposed by Shannon: the misinformation effect of noise or error
depends on its distribution law and due to this it can be clearly indicated by calculating conditions
H(x/x,) of this distribution law. However, studying the misinformation effect of noises with different
laws of probability distribution of their amplitudes, he noticed that there is no unique correspondence
between the noise power and its misinformation (the value of its entropy), as long as at the same noise
power its misinformation is different and depends on the distribution law. With a certain root-mean-
square value (equivalent to full noise power) the greatest misinformation effect () is produced by
noises with the normal law of probability distribution. Under any other law of probability distribution
the noise entropy with the same root-mean-square value is always smaller. Thus, under arbitrary law
of probability distribution the misinformation effect of noise is determined not by the whole power
thereof, but only by its certain part which Shannon called the entropy power of noise. When studying
the informative ability of different instruments, one tries to make some simplifications, because to
operate all the time with complete information on the laws of distribution is very difficult. In some
cases, it is more convenient to operate not with the entropy power of the error, but with the entropy
value of the error itself, since this value also determines the misinformation effect. To understand the
concept of the entropy value of the error, we will consider the entropy for the example of the uniform
and normal laws of probability distribution of these errors.

H(ij — [ p(x)imp(x)de ©.

n —o0

The probability density p(x) for the uniform law can be written as:

p(x)=0 for x <—-A, x>+A,

p(x)=i for x>—A, x <+A, (]x‘<A),

+A
1 1
ol X |= —I —In—-adx =I[n2A
2A 0 2A
For the uniform distribution law it is seen that the entropy of the error is equal to logarithmic

uncertainty interval, or one can say that uncertainty interval is the value which is under the logarithm
sign in the expression for H.

10 Journal of Thermoelectricity Ne4, 2017 ISSN 1607-8829
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According to theory of random errors, the value of uncertainty interval can be expressed
through the value of root-mean-square error. For the uniform distribution law, dispersion, that is,

0

o’ = J. x’ p(x)dx | and within the uniform distribution:

—00

A
For the uniform distribution law © = ﬁ and A = \/g -G, then the entropy

H(ij = In2\3o.

X

If the error of measuring instrument is distributed around x, by the normal law for which
1 -5
p(x)= e’
\2mno

In this case, for the normal distribution law the values of conditional entropy:

© 2 ©

H(i]= jp(x)(lnmc+;?)dx=ln 27w;|';p(x)dx+2%$2__[ox2p(x)dx,

n —00

As long as the integral of p(x)dx =1, and, by the definition of the concept of dispersion, the

X
second plus is equal to o7, then we can write H[—J =In\J2nc + ln\f = ln( 2mec ) .
X

n

This expression differs from that obtained earlier which is sharply bounded by the width 2A
only by the expression under logarithm. Whence it follows that in terms of unbounded distribution in
the form of a smooth curve (b) it yields exactly the same amount of information as the sharply
bounded uniform distribution (a). In this case, 2A= 2nec, or in other words, the effective uncertainty
interval caused by the smooth distribution curve is fully equivalent in the amount of introduced
misinformation uncertainty caused by the uniform error band with the width 2A = 2nec. If the
instrument with a uniform distribution (a) from the information standpoint is comprehensively
characterized by the error £A, equal to A =d/2, then the instrument with error distribution by the
normal law is exactly as much characterized by the effective value of the error:

The above approach to the determination of the effective value of the error (in the entropy
sense) can be used with any integral laws of error distribution, just as the concept of the effective
value of electric current is used in any form of the curve of this current.

The shape of the signal is characterized by the form coefficient K which is equal to the ratio of
the effective value to the average rectification of the value of the alternating current (form factor).

ISSN 1607-8829 Journal of Thermoelectricity Ne4, 2017 11
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Therefore, the entropy value of the error is the value of error with the uniform distribution law
which has such a misinformation effect as the error with the given distribution law.

This definition reduces to the following.

If the error with the normal distribution law has conditional entropy, the effective uncertainty
interval, irrespective of the distribution law, will be:

24 =exp H(i] . ®)
xn
and the entropy value of the error which is defined as half the uncertainty interval, will be
1 X
A=t—expH| — 9)
2 X,

Thus, as a result of the introduction of the concept of entropy value of the error, we gained an
opportunity to always replace any error with an arbitrary distribution law by the error with a uniform
distribution and sharply bounded edges and the same entropy value. This will allow replacing the real
error band of some distribution with smooth drops by the sharply bounded band with a uniform
probability distribution, equivalent to it in the informative sense.

Brillouin’s negentropy principle of information.

Since 1951 — 1956 Brillouin has published a number of works relating information theory to
thermodynamics. For information storage we have to use ordered physical systems (strokes, electric
pulses, magnetized spots, etc). These information media have one common property: they gradually
lose the information stored in them due to interdiffusion of materials, demagnetization, etc. Therefore,
the information entered into the system always decreases at a certain rate, in the extreme case it
remains constant, but never increases.

When ordering is introduced into the system, it consumes energy, so the ordered system has a
certain store of energy and can do the work. Moreover, due to insufficient isolation of the system from
the environment this store of energy will be inevitably spent. In terms of thermodynamics, the
possibility of implementation of work by the system is characterized by its negative entropy
(negentropy). According to the 2™ principle of thermodynamics, the increase in entropy can be
positive, it can only grow and never decreases. Accordingly, negentropy can only decrease, it
decreases as the work progresses.

The properties of information, as understood in the theory of information, and the properties of
thermodynamic entropy are identical. The formulae which describe these two concepts are also
identical.

The Boltzmann-Planck formula:

S=k-In-P.
The formula of information theory:

qg=K-InN

S is entropy; P is the number of elementary states of the system; £ is the Boltzmann constant; ¢
is information; N is the number of possible system states; K is coefficient that depends on the selection
of system of units. If K=k, the information will be formally determined by the Boltzmann-Planck
unit.
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Entropy is related to probability, and it is possible to artificially create a closed isolated system
with a very improbable structure. If this system is left as such, it will evolve to a more probable
structure. On this basis, we conclude that probability has a natural tendency to increase, just like
entropy.

Entropy can be interpreted in two ways: like a measure of disorder in the physical system or like
a measure of lack of information on the structure of the system. The main conclusion made by
Brillouin is that information can only be obtained as a result of energy expenditure, so any experiment
yielding us information on the physical system or any physical measurements of the system
parameters can be performed as a result of an increase in the entropy of the system or its environment.
In so doing, the average entropy increase according to the 2™ law of thermodynamics is always greater
than the information obtained.

Initial boundary certainty of measured variable.

In our attempt to more precisely determine the value of the measured variable we at some stage
will encounter the impossibility of further refining it.This is most clearly observed when measuring
discrete variables. For the majority of physical variables this limitation is not very obvious, since most
physical variables are perceived not as discrete, but as continuous (analog). However, the continuity of
measured physical properties is some kind of abstraction or approximation to real natural
phenomena.Therefore, physically possible degree of certainty is finite and determined either by its
own discreteness or fluctuations caused by principal discreteness of energy and substance. This limit
of certainty in the microworld is known as the Heisenberg uncertainty principle.The energy of
thermodynamic fluctuations, of both molecular phenomena and electric current phenomena in a closed
circuit, is determined by the Nyquist equation. According to this equation, the average power of

thermodynamic fluctuation l_)s =4-k-0-Af, where k is the Boltzmann constant; 0 is temperature; Af

is frequency band where these fluctuations are considered. If n readings are taken during the time of
measurement of some variable, then the power of thermodynamic fluctuations of the averaged result

: . : 5 _4k-0-A
will be reduced in inverse proportion to the number of averaged results, that is, P, = T .
However, such a reduction of the average power of fluctuations will take place till the readings
that are averaged will be independent of each other. According to sampling theorem, the number of
independent readings of the function that has boundary value Af during z: n =2 - Af- t.
Hence, the boundary reduction of thermodynamic fluctuations due to increase in the number of

readings can be achieved:

P, = (10).

For electrical measuring instrument with the input resistance r, if external voltage is applied, the
effective value of the noise voltage can be determined as:

N N s an,

JO2 20 . o
The root-mean-square error: 5S E = Wk where P is power; t is time.
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Probability distribution of thermal noise is subject to the Gaussian law (normal distribution
law), so the entropy value of the error introduced by these values will be determined by K for the
normal distribution law (K=2.07). That is, the entropy value of the error due to fluctuations

Te 2K9

=2,07 8 =
¥s ) 2 Pt

(12).
Thus, even when measurement is performed at the absolute temperature 0, if measuring
instrument does not introduce losses, then measurement error of continuous value cannot be less than

Y, which is defined by the noise energy ratio W, depending on the temperature and energy (P-f)

consumed by the device from the object of measurement. Relation (12) for minimum possible error

v, was obtained only due to the fact that the noise is subject to the normal distribution law and based

on the law of thermodynamics. Thus, this relation is valid for any measuring devices. The meaning of
this relation is that the input certainty (negentropy) of any physical variable for a certain 7 # 0 K is

finite and limited by the found error value v, .

The energy threshold of sensitivity and logarithmic indicator of relative quality of
measuring devices.

The threshold of sensitivity of measuring device is defined as such a value of measured variable
x = A whereby measurement error y =1, or 100 %, so even an ideal device in which due to design
improvement the loss of information is reduced to zero, and the loss of accuracy a& =vy/y, =1, will
have the threshold of sensitivity determined by the error caused by noise.

Since at normal temperature (T) W, =3.5-10""J, then with the energy exchange between
measuring device and measured object equal to this value or less than it, no measurement is possible.
Thus, this energy value is the quantum of the energy of exchange between the device and the object
which determines the price for obtaining the result of measurement. This concept belongs to Brillouin.
Based on this understanding of energy expenditure, he introduced the concept of entropy price of
measurement, defining it as the least possible amount of negentropy necessary in observation to
answer the first binary question with the probability of correct and incorrect answers 50 %. However,
such definition of this concept is somewhat simplified, since it is based on the acceptance for a priori
probability distribution of the discrete law error. However, this assumption leads Brillouin to the value
of entropy price of measurement 0.95-107J/degree, which at a temperature of 293K corresponds to
the energy threshold value W, =0.28-10°J. Taking into account that thermodynamic noise obeys the
normal distribution law, it is natural to assume that error distribution laws also obey this law, so in

/ e
conformity with the value of entropy coefficient for the normal law K = 7 and with regard to the

fact that according to sampling theorem the average fluctuation power during time ¢:
—  2k0O
P =—
t
This expression includes 240, rather than 440 taken by Brillouin, so the resulting value of the

exchange energy 3.5-107%J is % times larger than the energy price value obtained by Brillouin.
n

Due to the logarithmic coincidence between information and energy, the entropy and energy
price of each subsequent unit of information increases. So, if one single unit of energy is required to
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receive one decimal unit, then the exchange of one hundred units of energy is required to obtain two
units of information and 10.000 units of energy — to obtain three units of information.

Conclusion: instead of such concepts as information and energy of the measurement value, it is
necessary to use the term the energy threshold of sensitivity of given measuring instrument, which
more accurately reflects the essence of this concept. Then, for an ideal instrument in which all errors
are eliminated, except for the error of measured value fluctuation, the energy threshold of sensitivity
will be equal to W,,=3.5-107"J, and for actual measuring instruments the real sensitivity threshold will
be greater than the ideal in conformity with:

W,
New

C=

Energy threshold of sensitivity.

Energy threshold of sensitivity is a generalized indicator of measuring devices with the help of

/4
which one can unambiguously determine such characteristics as energy efficiency: M,, =—, loss of

C

/ C 1. C
accuracy: &= W , loss of information: Ag = E lgW. On the other hand, the energy threshold of

sensitivity is a cumulative characteristic of accuracy, sensitivity, consumption and response speed of
measuring instruments, since it can be expressed through individual indicators of measuring

. Y
instruments as follows: taking into account that the error Y, = P; , the loss of accuracy & =—,
s

1

and the energy efficiency M,, = —5 , we can get the following general expression:
X

1 v w W ,
w==5=",—=",C=y"Pt 13).
n wz ’YZ ,Y2Pt C y ( )

This expression is generalized and is a record of the law that the energy threshold of sensitivity
of the measuring instrument is the product of the quadratic error on the power consumption and the
time of establishment of the measurement error. In the event that the instrument is characterized only
by the zero error, the energy threshold of sensitivity (C) will be just the energy which is consumed
from the object during the measurement when the measured variable is equal to the sensitivity
threshold of the device.

The concept of the energy threshold of sensitivity can be easily extended to galvanometer or
other non-equilibrium indicators and expressed through C in 7, or U:

CzAfrt
oAt (14).
r

Here, r is resistance of the zero-indicator circuit. The most valuable property of this
characteristic is the fundamental limitation of its numerical values, which cannot be less than the noise
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power of 3.5 10 — 20 J, i.e. no improvement can help to reduce C. It is also specific that all information
characteristics of measuring instruments, such as energy efficiency, loss of accuracy and loss of
information, are just functions of the correlation between the actual values of the energy threshold and its
boundary value C, which is equal to W,. In this connection, it was expedient to introduce a visual relative
characteristic that must be expressed in relative units or percentages and show us the degree of approach
of real measuring instruments to the limit of their absolute perfection. Such a characteristic is M.
However, since real instruments have the energy sensitivity threshold in the best case 10" — 10"*], and

W - -
the power W,=3.5 10%° J, then M= CS ~107" -10" and its expression in percentages is not

illustrative, since its value is very small. Therefore, in order to characterize the relative perfection of
measuring instruments, a more convenient indicator is introduced, namely the energy quality factor,

lgC
lgw,

The value of the logarithmic indicator will vary from zero to 100 % for real instruments, and it

which is its logarithmic designation: pC =

can be used to evaluate the perfection of these instruments.

Physical model of a thermopile.

The paper uses a particular case of the general model of thermoelectric measuring instrument
proposed in [5], specified for multi-element sensors. In this model, heat flux W that comes to the
sensor is converted into its output voltage U and then — to signal S at the output of the recorder. The
specificity of multi-element thermopiles is taken into consideration, namely contact noise between the
elements and thermal conductivity along the multi-element thermal insulation. Conversion coefficients

(W — U —> 9), noise and response time of not only the sensor, but also the recorder are taken into
account. For this purpose the sensor and the recorder are considered as aperiodic links of the dynamic
system.

Investigation procedure. The methods of the theory of dynamic systems are used according to
which the transfer function of measuring device F(p), the functions of sensor F; and recorder F, are of

theform  F(p)=F(p)F(p), where F(p)=—2—,  FE(p)=—ir_, (15)
+1 T.p+1

t r

A, is volt-watt sensitivity of thermopile, K, is recorder amplification coefficient, [1, [1[J, are
time constants of the sensor and recorder, p is the Laplace transformation argument.

Results of investigations. For the above model of multi-element thermopiles with a series
connection of n elements with regard to (10) from the general expression for informativeness (9) we
get its dependence on the number of elements #:

D

T, 471
Qn) = 2log

7,1 '
n x/27re[Al (1+1}?]u0 +kcn]

n

(16)

»

where D is a dynamic measurement range, 7, is electric resistance of thermopile element, R is

recorder resistance, u, is absolute error of measuring the electric voltage by recorder, k, is total noise
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power of one thermopile element reduced to thermal input. The specific feature of this dependence

. . . . k
(Fig.1) is the presence of asymmetric maximum at n = . 17

zuo

The presence of this maximum is due to two competing factors. The first one is that with a small

number of thermopile elements the main contribution to entropy error A(W) is from the recording
device, as long as in this case the output voltage of sensor U is close to the absolute error of the
recorder u,. Therefore, increasing the number of thermopile elements increases the output voltage U

and leads to informativeness increase. However, at n ~10” - 10°, another factor of maximum becomes
apparent, namely the essential thermal and contact noise of thermopile elements the power of which is
proportional to the number of elements.

The asymmetry of the revealed informativeness maximum is of practical importance. It
indicates a significantly greater loss of informativeness with a deviation from the optimum towards
smaller number of elements than with the use of thermopiles with a number of elements larger than the
optimal.

n 2000.1

Fig.3. Dependences of informativeness of multi-element thermopiles on the number of elements:

A=1V/W, k. =0.1nw—-03nw.

Conclusion

1.  Physical foundations of information—energy description of multi-element thermopiles as
temperature and heat flux sensors have been developed, namely the physical model of a
thermopile in the form of aperiodic linear dynamic system, the method of informativeness
calculation as a function of thermopile elements, thermopile optimization for the number of
elements.

2. An asymmetric maximum of informativeness as a function of the number of elements has been
determined. The optimal number of thermopile elements has been determined depending on the
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volt-watt sensitivity of thermopile element and the element noise power for the given resolving
power of recording device.

References

1.

10.

11.

12.

13.

Demchuk B.N. (1994). Tiny thermoelectric batteries for thermogenerators. J.
Thermoelectricity, 1, 47-50.

Anatychuk L.I., Demchuk B.N. (1998). Miniature thermoelectric batteries. J.
Thermoelectricity, 2, 48-54.

Novitskii P.V. (1968). Osnovy informatsionnoi teorii izmeritelnykh ustroistv [The basics of
information theory of measuring devices]. Leningrad, Energiia [in Russian].

Anatychuk L.I., Luste O.J. (1981). Mikrokalorimetriia [Microcalorimetry].  Lviv, Vyshcha
shkola [in Russian].

Luste O.J. (2002). K teorii termoelektricheskikh mikrokalorimetrov [On theory of
thermoelectric microcalorimeters]. Termoelekrichestvo - J.Thermoelectricity, 4, 11-18 [in
Russian].

Anatychuk L.I. (1979). Termoelementy i termoelektricheskiye ustroistva: spravochnik
[Thermoelements and thermoelectric devices: handbook]. Kyiv: Naukova dumka [in Russian].
Gischuk V.S., Kobylianskyi R.R., Cherkez R.G. (2014). Bahatokanalnyi prylad dlia
vymiriuvannia temperatury i hustyny teplovykh potokiv [Multi-channel device for temperature
and heat flow density measurement]. Naukovyi visnyk Chernivetskoho universitetu: zbirnyk
naukovykh prats. Fizyka. Elektronika - Scientific Bulletin of Chernivtsi University: Collection of
Scientific Papers. Physics. Electronics. (Vol.3, issue 1, pp.96-100) [in Ukrainian].

Anatychuk L.I., Kobylianskyi R.R., Konstantynovich LA. (2014). Hraduiuvannia
termoelektrychnykh sensoriv teplovoho potoku [Calibration of thermoelectric heat flow
sensors]. Trudy XV Mizhnarodnoi naukovo-praktychnoi konferentsii “Suchasni informatsiini ta
elektronni tekhnilogii” — Proc. of International scientific and practical conference “Modern
information and electronic technologies” (Ukraine, Odessa, May 26-30, 2014). (Vol.2, pp.30-
31) [in Ukrainian].

Kobylianskyi R.R., Boichuk V.V. (2015). Vykorystannia termoelektrychnykh teplomiriv u
medychnii diagnostytsi [Use of thermoelectric heat flow meters in medical diagnostics].
Naukovyi visnyk Chernivetskoho universitetu: zbirnyk naukovykh prats. Fizyka. Elektronika -
Scientific Bulletin of Chernivtsi University: Collection of Scientific Papers.  Physics.
Electronics. (Vol. 4, issue 1, pp.90-96) [in Ukrainian].

Anatychuk L.I., Ivaschuk O.I., Kobylianskyi R.R., Postevka 1.D., Bodiaka V.Yu., Huschul I.Ya.
(2016). Termoelektrychnyi prylad dlia vymiriuvannia temperatury I hustyny teplovoho potoku
"ALTEC-10008" [Thermoelectric device for temperature and heat flux density measurement].
Termoelektryka — J. Thermoelectricity, 1, 76-84 [in Ukrainian].

Kobylianskyi R.R. (2016). Kompiuterne modeliuvannia pokaziv termoelektrychnoho sensora
medychnoho pryznachennia [Computer simulation of medical-purpose thermoelectric sensor
readings). Termoelektryka —J. Thermoelectricity, 4, 69-77 [in Ukrainian].

Anatychuk L.I., Kobylianskyi R.R., Konstantynovych [.A., Lysko V.V., Puhantseva O.V.,
Rozver Yu.Yu., Tiumentsev V.A. (2016). Stend dlia hraduiuvannia termoelektrychnykh
peretvoriuvachiv teplovoho potoku [Calibration bench for thermoelectric heat flux sensors].
Termoelektryka — J. Thermoelectricity, 5, 71-79 [in Ukrainian].

Anatychuk L.I., Kobylianskyi R.R., Konstantynovych L.A., Kuz R.V., Manik O.M., Nitsovich
0.V., et al. (2016). Tekhnologiia vyhotovlennia termoelektrychnykh mikrobatarei [Technology

18

Journal of Thermoelectricity Ne4, 2017 ISSN 1607-8829



L.1 Anatychuk, O.J.Luste, R.R.Kobylianskyi
Information-energy theory of medical purpose thermoelectric temperature and heat flux sensors

for manufacturing thermoelectric microthermopiles]. Termoelektryka — J. Thermoelectricity, 6, 49-
54 [in Ukrainian].

14.  Anatychuk L.I., Yuryk O.E., Kobylianskyi R.R., Roi 1.V., Fishchenko Ya.V., Slobodianiuk
N.P., et al. (2017). Termoelektrychnyi prylad dlia diagnostyky zapalnykh protsesiv ta
nevrolohichnykh proiaviv osteokhondrozu khrebta liudyny [Thermoelectric device for the
diagnosis of inflammatory processes and neurological manifestations of vertebral
osteochondrosis]. Termoelektryka — J. Thermoelectricity, 3. [in Ukrainian].

Submitted 21.08.2017

Anarnuyk JLL., ax. HAH Ykpainu,
Jlycere O.51., ooxm. ¢iz.-mam. nayx.,
Koonasiuebkmii P.P., xano. ¢iz.-mam. nayx

IacturyT TepmoenexTprkn HAH 1 MOH Vkpaiau, Byn. Haykwy, 1,
UYepnitt, 58029, Yxpaina, e-mail: anatych@gmail.com;
YepHiBenbKuii HaioOHATBHUN yHiBepcuTeT iMeHi HOpist denpkoBuya,
ByJ1. Korrobuncekoro 2, YepHisiy, 58012, Ykpaina
e-mail: anatych(@gmail.com

THO®OPMAIIMHO-EHEPTETUYHA TEOPISA TEPMOEJEKTPUYHHUX
CEHCOPIB TEMIIEPATYPH I TEIIJIOBOT'O
ITOTOKY MEJUYHOTI'O ITPU3HAYEHHA

Y pobomi npoananizoeano cencopu memnepamypu i meniogoco HNOMOKY AK Odcepend
BUMIpI0GANbHOT  IHopmayii.  Buxopucmano  nowsmms  iHghopmamueHocmi — ceHcopis i
BUMIDIOBATIbHUX — npucmpois. Busnaueno ingopmamusnicme  Mmikpoxanopumempis, 0asauie
memnepamypu i meniogozo nomoxy.. bion. 14, Puc. 3.

KumouoBi cnoBa: iHpopMmauiliHO-eHepreTHYHa Teopis, iHPOPMATHUBHICTh, EHTPOIIHHE 3HAYECHHS
MOXUOKH, EHEPreTHYHHH TMOpIr YYyTIMBOCTI BUMIPIOBATHHUX TPHIIAIIB, TEPMOCICKTPHIHIHA
CEHCOp TEeMIIEPaTypH 1 TEIJIOBOTO MOTOKY.

Anareiuyk JI.W., ax. HAH Ykpauno,
Jlycre O.51., 0okm. ¢hiz.-mam. nayx,
Koobusinckuii P.P., kano. ¢uz.-mam. nayx

WuctutyT TepMmosnekTpruaectBa HAH 1 MOH VYkpawnnsr, yir. Haykw, 1,
Uepnosuel, 58029, YkpavHa, e-mail: anatych@gmail.com;
YepHOBUILIKIH HAIIMOHATBHBIN yHUBepcuTeT nMeHH f0pusa denpkoBrya,
yi1. Korroounckoro 2, UepHogiipl, 58012, YkpanHa
e-mail: anatych(@gmail.com

ISSN 1607-8829 Journal of Thermoelectricity Ne4, 2017 19



L.I Anatychuk, O.J.Luste, R.R.Kobylianskyi
Information-energy theory of medical purpose thermoelectric temperature and heat flux sensors

NHOOPMAIIMOHHO-OHEPTETHYECKAS TEOPUSA
TEPMO2JIEKTPUYECKHUX CEHCOPOB TEMIIEPATYPBI U
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B pabome npoananusuposanvi cencopvl memnepamypvi U menio8020 NOMOKA KAK UCMOYHUKU
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OPTIMIZATION OF MATERIALS BASED ON ZINC
ANTIMONIDE FOR THERMOCOUPLE THERMOELEMENTS

This paper offers a theoretical approach to the optimization of thermoelectric materials, based not only
on the experimental data "in pure form", but also on certain model approximations of physical
mechanisms for the formation of the kinetic coefficients of material. From amongst the characteristics
required to determine the thermoelectric figure of merit of material, only the thermoEMF, the electrical
conductivity, and part of the thermal conductivity due to free charge carriers are analyzed. The lattice
component of material thermal conductivity is considered to be known and inversely proportional to
temperature. In the process, several model approaches to the description of free charge carrier
scattering in material are considered and analyzed. The efficiency of the developed approach is
illustrated by the example of optimization of thermoelectric material for thermocouple thermoelements
based on zinc antimonide. It is shown that with the provision of a proper concentration of free
charge carriers in this material, its thermoelectric figure of merit can be brought to 0.39 instead of
0.2—-0.35 at 300K and to 1.21 instead of 0.95 at 600K. Bibl. 11, Fig. 3.

Key words: optimization, thermoelectric figure of merit, charge carrier concentration, temperature
and concentration dependence of figure of merit, mean free path of charge carriers, mobility,
impurities, shielding, band spectrum nonparabolicity.

Introduction

By now previous authors [1,2] have developed an approach to the optimization of
thermoelectric materials for generators and refrigerators, based on the use of experimentally
determined dependences of the kinetic coefficients of these materials on the concentration of charge
carriers and temperature. Being mathematically approximated, these dependences are initial for
computer optimization of materials in accordance with the modes and conditions of their application in
specific thermoelectric devices, including for creation of the so-called functionally-graded materials in
which the calculated and practically implemented inhomogeneous distribution of doping impurities
along the length of thermoelectric leg allows increasing the efficiency of thermoelectric energy
conversion, including through the use of the Thomson effect and the volumetric Seebeck and Peltier
effects. Very fruitful in the computer design of similar materials and devices is the use of the
mathematical theory of optimal control. However, the present author is of the opinion that in addition
to obvious advantages, this approach is not devoid of shortcomings. The most essential of them is the
form of approximation models which is not based on some physical representations, hence is fairly
arbitrary. Having a rather complicated form with respect to the estimated parameters, these models,
although they describe with satisfactory accuracy the experimental data, cost much time for
construction and processing. In addition, the amount of experimental data should be sufficiently large,
which requires additional time to collect them and then transform into the form suitable for further
processing. Moreover, the obtained models, being formally-statistical, rather than physical, cannot be
extended beyond the limits of the experimentally investigated region of concentrations and
temperatures. Therefore, the purpose of this paper is development of an approach that lacks the
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mentioned drawback and its approbation by the example of a material for thermocouple
thermoelements based on zinc antimonide. Zinc antimonide was chosen because of the increased
interest in it, as environmentally friendly and such that has no deficit components, and, consequently,
because of the need to increase its thermoelectric figure of merit [3].

Construction of model dependences of the kinetic coefficients of thermoelectric
materials and their application to material optimization for thermocouple
thermoelements based on ZnSb.

We begin the construction of the desired model dependences from thermoEMF, since this is the
simplest case. For a parabolic band spectrum, isotropic or anisotropic in the one-valley approximation,
or even in the approximation of several equivalent valleys, the form of this dependence in the impurity
region is well known [4]. Therefore, we make the first model assumption concerning the value of
scattering coefficient7. Namely, considering that in the temperature range relevant for zinc
antimonide application, the scattering of charge carriers occurs with energy-independent mean free
path and with regard to band spectrum parabolicity, we assume that » =— 0.5. Under this assumption,
the general formula for thermoEMF becomes:

u:k_{zFl_(“)_n} 1)

e| F(n)

where k, — the Boltzmann constant, e —electron charge, 77 — reduced chemical potential of charge

carrier gas, [, (77) — the Fermi integrals determined as follows:

K x"dx
F S [P 2

() !exp(x—n)+l @)
The reduced chemical potential 77 in the impurity region is found from the equation:

81N \/2m mym; (kBT)3/2 £, (n) 1-0

3
h’n,

, 3)

where N — the number of equivalent ellipsoids, m, ,m,,m; — effective masses in the directions of

the principal ellipsoid axes, 7 — absolute temperature, s —the Planck constant, n, —volumetric

concentration of charge carriers.

Thus, relation (1) with regard to (2) and (3) completely determines the model temperature and
concentration dependence of thermoEMF, provided we also consider valid the second model
assumption that tensor components of the effective mass of charge carriers are temperature-
independent.

We will also write a model expression for the Lorentz number, since it is necessary to determine
the concentration and temperature dependences of a part of the thermal conductivity of thermoelectric

) :(k_gjz{%}(n) . 4Ff(n)}_ @

e) | F(n) F(n)

material due to free charge carriers:

Ly(
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This expression, as well as the expression for thermoEMF (1), is a particular case of a more general
expression [4], following from the above model assumption with respect to scattering coefficient.

We now turn to the construction of a model expression for the electrical conductivity ¢ of
thermoelectric material. In so doing, as in the case of thermoEMF, we proceed from the most general
formula:

c=neb, (5)

where b — charge carrier mobility, other designations were explained above. Under the stipulated
assumption concerning scattering coefficient for charge carrier mobility, we suppose that in direction
“1” the following expression holds:

el \Jm;+m, +m,F,(n)

b = ) (6)
' 33k, Tm,F,, (n)

Similar expressions are valid for mobilities in directions “2” and “3”:

B el,\jm, +m, +m3F0(n)

3/3k,Tm,F, (n) 0

2

b - el;\/m, +m, +m3E)(n) ‘ )
33k, TmyF,, ()

It is clear from these expressions that if the effective masses of charge carriers are assumed to
be known and independent of temperature or charge carrier concentration, then simulation of the
temperature and concentration dependences of the mobility tensor components reduces to simulation

of corresponding dependences for the mean free paths /,, /,, [; of charge carriers. Now we turn to
this simulation.

Since in the temperature range relevant for practical applications, as is traditionally believed, the
scattering of charge carriers by acoustic phonons dominates, it is logical to assume at the initial stage
of simulation that this path is determined mainly by the temperature and depends on it according to the
following law:

T
11,2,3 (T) = 11,2,3 (To )70 : )

It is this temperature dependence of the mean free path of charge carriers that determines the
known "three - halves power law", which for zinc antimonide in the temperature range relevant for
practical applications is considered to be performed fairly well. Then, using the values of the
components of effective mass tensor given in [5] for zinc antimonide, namely:

m, =0.363m,,m, =0.434m,,m, = 0.225m,, as well as the value of charge carrier concentration
equal to n, = 10" cm™ and the value of mobility in direction “1” at 300K b, =50 cm®/(V-s) [6], we

get that the mean free path of charge carriers /; (300) =31.73 nm. However, if we assume that the

above length does not depend on charge carrier concentration and use this assumption to determine the
thermoelectric figure of merit of zinc antimonide at 300K in the concentration range

n, =10" +10" cm?, it turns out that its maximum value in this range will be ZT = 0.67, as will be

discussed below. Such a great value is not observed in reality. Note also that in the course of

24 Journal of Thermoelectricity Ne4, 2017 ISSN 1607-8829



P.V.Gorskyi
Optimization of materials based on zinc antimonide for thermocouple thermoelements

simulation we always assume that the lattice thermal conductivity of zinc antimonide in direction "1"
at 300 K is W / (m'K), it is inversely proportional to temperature and does not depend on the
concentration of free charge carriers [7].

Suppose now that even at high temperatures, two scattering mechanisms operate in zinc
antimonide, namely by phonons and ionized impurities, and they are independent of each other. Then,
at scattering with an energy-independent cross section, the mean free path due to scattering by
impurities with an unshielded potential is, with an acceptable accuracy, equal to the mean distance
between them, i.e. if impurities are assumed to be singly charged, and, consequently, the final
dependence of the mean free path of carriers on the concentration of charge carriers and temperature is
given by:

/ ( ): lph(TO)(TO/T)n(;IB
)= e Xy ey

In this formula, /, (T 0)—mean free path due to “pure” scattering by phonons, say, at 7, =300 K.

(10)

Under our conditions, it turns out that if we determine / oh (To ) from the previously found carrier mean

free path at 300K and n, = 10" cm™ and use this model to determine the thermoelectric figure of

merit of material at 300K, its maximum value in the above carrier concentration range will
be ZT =0.12. In contrast to the value obtained in the previous model, this value is, on the contrary,
too small in comparison with that observed in the experiment. This situation forces us to abandon the
additive model of charge carrier scattering and move to a multiplicative model that seems to be fully
justified from the physical point of view, because, for example, the increase in charge carrier
concentration increases the part of the deformation potential due to all-round compression. And this
means that the mechanisms of scattering are not independent.

Within the framework of the multiplicative model, the mean free path can be represented as:

liss (Tano) =1,; (To’noo)(ﬂ)/T)(”oo/”o )y > (11)

where [, ; (T 0,noo)—mean free paths determined from the experimental data on the electric

conductivity or charge carrier mobility for some fixed values of temperature and concentration of free
charge carriers, say, 7, =300K and 7, =10"°cm®. Analysis of the experimental data given in [6]

shows that, for instance, for silver-doped zinc antimonide we can assume with a reasonable degree of

accuracy ¥ = 0.08552.

Let us justify the multiplicative model (11). For this purpose we use the following physical
model. Since the concentration of doping impurities is significant, we will assume that even at high
temperatures the scattering of charge carriers occurs mainly on these impurities. Moreover,
considering impurities as singly charged, we will assume that the concentration of impurities is equal
to the concentration of charge carriers. If the assumption is true that scattering coefficient » = —0.5, it
means that cross-section of charge carriers on impurities does not depend on energy. However, to
assume that the impact distance is equal to half the mean distance between the impurities, as is done in
the derivation of the Conwell-Weisskopf formula, would be incorrect, since at a significant
concentration of charge carriers the Coulomb impurity potential is shielded. Taking this into account,
scattering cross-section can be approximately determined as:

o, =, (11)
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where 7, —the Debye shielding length.

The solution of the Poisson equation for the electrostatic potential of carrier gas in thermoelectric
material leads to the following final expression for the mean free path of charge carriers in it:

ezF—l/z (T])

[, .= ,
v 2n8T,2.380kTE/2 (n)

(12)

where &, — vacuum permittivity, &,,, —components of tensor of “effective” dielectric constant of

thermoelectric material.

On a formal level, expression (12) differs from that which would be obtained from the Brooks-
Herring formula at low energies by the numerical coefficient. However, this is of no fundamental
importance, since we estimate the "effective" permittivity of thermoelectric material from the
requirement that the mobility of charge carriers should coincide in the corresponding direction with
the experimentally observed value, for example, at 300 K.

Analysis of expression (12) with regard to (3) shows that in the range of carrier concentrations
from 1016 to 1019 cm®, their mean free path in the temperature range of relevance for zinc
antimonide practically does not depend on the concentration of charge carriers, hence, of impurities,
provided we assume that the "effective" permittivity of a thermoelectric material does not depend on
this concentration. Thus, taking the semi-empirical relation (11) as the expression for the mean free
path of the charge carriers means that we consider the "effective dielectric constant" to be independent

of temperature, but weakly dependent on the concentration of the charge carriers in accordance with

the law SE e ngosssz' This dependence reflects, though purely empirically, the influence of free

charge carriers, and, consequently, impurities introduced by doping, on the initial "matrix" of the
thermoelectric material. Experimental data on the mobility of charge carriers in silver-doped zinc
antimonide show that, for example, for direction "1", the following relation holds:

e/ =7.01-(n, /10

)008552

(13)

The results of calculations of the thermoelectric figure of merit of silver-doped zinc antimonide
depending on impurity concentration at temperatures 300, 400 and 600K are presented in Figs. 1 and
2a, b.

8¢ 3 ] |
1 10 100 4, 10"sm’

Fig.1. Dependences of chemical potential of charge carriers on the concentration
of singly charged doping impurities at temperatures: 1)300K; 2)400K; 3)600K
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Fig.2. Dependences of thermoelectric figure of merit of zinc

antimonide on the concentration of singly charged doping impurities.
a) without regard to the influence of this concentration on charge carrier
mobility at temperatures: 1)300K; 2)400K; 3)600K;
b) with regard to the influence of this concentration on charge carrier
mobility at temperatures: 1)300K; 2)400K; 3)600K

From Fig. 1 it is seen that in the entire range of charge carrier concentrations and temperatures
considered, charge carrier gas in silver-doped zinc antimonide is nondegenerate or weakly degenerate,
since reduced chemical potential is mainly negative and linearly or almost linearly depends on the
logarithm of charge carrier concentration.

It can be seen from Fig. 2a that if the influence of the concentration of doping impurities on the
mobility of charge carriers is not taken into account, then in the concentration range considered at 300
and 400 K there are maxima of thermoelectric figure of merit, though weakly expressed, and at 600 K
this maximum does not exist. Therefore, the maximum thermoelectric figure of merit Z7 of silver-
doped zinc antimonide at 300K is 0.67 and is reached at impurity concentration equal to
5.5x 1018 sm™, at 400 K this maximum is 1.06 and is reached at impurity concentration equal
to 7.1 x 1018 sm™. At 600K at the end of the interval, i.e. at impurity concentration of 10"°cm™, the
value of ZT' equal to 1.253 is achieved. The shift in the maximum of thermoelectric figure of merit
towards high impurity concentrations with a rise in temperature is attributable to the fact that with
increasing concentration of impurities, hence, of charge carriers, the rate of thermoEMF increase
decreases with temperature.

ISSN 1607-8829 Journal of Thermoelectricity Ne4, 2017 27



P.V.Gorskyi
Optimization of materials based on zinc antimonide for thermocouple thermoelements

However, from Fig. 2b it can be seen that if we take into account the decrease in charge carrier
mobility with increase in impurity concentration, as is the case in reality, and attribute this decrease to
increase in dielectric permittivity of thermoelectric material in doping, the maxima of thermoelectric
figure of merit decrease with each temperature. Namely, the maximum thermoelectric figure of merit
ZT of silver-doped zinc antimonide at 300 K becomes 0.39 and is reached at impurity concentration
equal to 61018 sm™, at 400 K this maximum becomes equal to 0.61 and is reached at impurity
concentration equal to 7.1 x 1018 sm™. At 600 K at the end of the interval, i.e. at impurity
concentration of 1019 sm™, a value of 1.21 is achieved.

Concerning the comparison of these results with the experimental data of [3], we note that the
maximum values of Z7 attained in it for zinc antimonide obtained in the course of investigating the
possibilities of its optimization were 0.35 at 300 — 350 K, 0.47 at 400 K, and 0.95 at 600 K, which
implies that the possibilities of increasing the thermoelectric figure of merit of this material are not yet
exhausted.

At the same time, taking into account the nonparabolicity of zinc antimonide band spectrum, it
also makes sense to consider the mechanism related to this nonparabolicity of the influence of
impurity concentration on charge carrier mobility, hence, on the thermoelectric figure of merit of
material. The physical reason for this influence is as follows. In the presence of nonparabolicity, the
effective mass of charge carriers grows with increase of their concentration, hence of impurity
concentration. And this should directly lead to a decrease in mobility in accordance with the general
relations (6) — (8). Besides, the dependence of effective mass on charge carrier concentration by virtue
of relation (3) should influence the concentration dependence of carrier gas chemical potential, hence,
the thermoEMF.

Analysis shows that if the effective dielectric permittivity of thermoelectric material is
considered to be independent of impurity concentration and equal to 7.01, then for a satisfactory

explanation of experimental data on the mobility of charge carriers in silver-doped zinc antimonide,

their effective mass should increase with concentration by the law m” oc ny'®. The results of

calculations of the thermoelectric figure of merit of this material in the previously specified range of
concentrations and temperature on the assumption of the validity of this law are given in Fig. 3a, b.

n ZT
) ! 4

I 10 100, 10"sm® 0 02 04 06 08, 10"sm’

a) b)

Fig. 3, a) Dependences of chemical potential of charge carriers
in the presence of band spectrum nonparabolicity on the concentration
of singly charged doping impurities at temperatures: 1)300K; 2)400K; 3)600K
b) Dependences of thermoelectric figure of merit of zinc antimonide on the concentration
of singly charged doping impurities with regard to band spectrum nonparabolicity
at temperatures: 1)300K; 2)400K; 3)600K
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Fig. 3a shows that in the presence of nonparabolicity, the degree of degeneracy of the carrier
gas decreases, since for an equal concentration of charge carriers, an increase in the effective mass
should reduce their chemical potential. And it means that the mean free path of charge carriers under
the assumption of constant material permittivity is independent of charge carrier concentration.
Consequently, the dependence of the mobility of charge carriers on their concentration, and,
consequently, on the concentration of impurities, is almost entirely due to the dependence of the
effective mass on this concentration. On the other hand, the removal of the degeneracy of the carrier
gas leads to a sharp increase in the thermoEMF, especially at high temperatures. It is these
circumstances that determine the concentration dependence of the thermoelectric figure of merit of
zinc antimonide presented in Fig. 3b. In this case, in the considered range of charge carrier
concentrations, hence, of impurities, the thermoelectric figure of merit Z7 of zinc antimonide
increases all the time, reaching at the end of the range at temperatures 300, 400 and 600K,
respectively, the values equal to 1.44, 2.01 and 3.09, respectively. Thus, a significant nonparabolicity
of the band spectrum, be it realized in zinc antimonide in the concentration range of charge carriers,
and hence impurities, from 1016 to 1019 sm™, would be a powerful factor of increasing its
thermoelectric figure of merit.

In conclusion, we consider the question of which degree of band spectrum nonparabolicity is
needed to achieve the above-mentioned high values of thermoelectric figure of merit of material. Since
we assume that the effective mass of charge carriers depends on their concentration by the power law,
it is clear that the energy of charge carriers depends on their quasi-momentum by the analogous law.

Suppose that power exponent in this law is equal to v, i.e. 8(k)oc k" . Then, by definition,

m” oc k'~ . However, on the other hand, we always have n, oc k. Therefore, m" o n(()v_z)/ * . Hence,

for the implementation of the required dependence of effective mass on charge carrier concentration,
the exponent v should be equal to 2.498.

Fig. 4 in relative units shows the required law as compared to the parabolic law, on the one
hand, and the law described by the Fivaz model, on the other. The width of allowed hole band is

considered by convention to be equal to 2A .

S(k)/A,
2&( )

T

15

0Ci 1 2 kik,

Fig. 4.Band spectra of charge carriers in the alloys of the Zn-Cd-Sb system:
1) necessary to achieve high thermoelectric figure of merit of alloys; 2) traditional parabolic;
3) described by the Fivaz model
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It is seen from the figure that at low values of charge carrier concentration, i.e. low

k/ k, values, the highest thermoelectric figure of merit is ensured by the law of the form

6‘(k) oc k***, and at high values of charge carrier concentration — the law described by the Fivaz
model. Traditional parabolic law at low charge carrier concentrations in terms of increasing the
thermoelectric figure of merit is as good as the law described by the Fivaz model, but is inferior to the
law 8(k) o k**® . Here, however, it is necessary to explain in more detail the meaning of the concepts
of "high" and "low" charge carrier concentrations. In this case, we mean not so much the absolute
number of charge carriers per unit volume as the corresponding degree of filling of the allowed band
at absolute zero of temperature. Analysis shows that the law 5(k) o k**® is efficient at such charge

carrier concentrations whereby the allowed band is filled not more than by 18% of its width. Exactly
such concentrations are low. Therefore, taking into account that the widths of the allowed valence
bands in zinc and cadmium antimonides reach 15 eV [8], it should be assumed that in the impurity
region, the charge carrier concentrations attained in these compounds are definitely low. Therefore,
the law g(k)oc k2'498, if it were implemented, for these compounds would be the best. On the
contrary, the law described by the Fivaz model becomes efficient when the degree of band filling is
increased. Therefore, it manifests itself in crystals with narrow allowed minibands in which the Fermi
surface is not closed, as in cadmium and zinc antimonides, but transient or open [9].

Conclusion

1.  Theoretical calculations based on the simulation of the temperature and concentration
dependences of the mean free path of charge carriers have been used to optimize the
thermoelectric material based on zinc antimonide for the concentration of charge
carriers.

2. It has been found that if the band spectrum of zinc antimonide is considered parabolic,
then at temperatures 300, 400 and 600K its thermoelectric figure of merit Z7 can be
brought to the values of 0.39, 0.61 and 1.21, respectively, at charge carrier
concentrations of 6:10'%, 7.1-10"® and 10" sm™, respectively.

3. By simulation of the concentration dependence of the effective mass of charge carriers
under the condition that the mean free path is independent of their concentration, it has
been established that the experimental data on the mobility of charge carriers in zinc
antimonide can be satisfactorily explained not only by the slow dependence of the
"effective" dielectric constant of the material on the concentration of charge carriers,
but also by the band spectrum nonparabolicity of the latter, which is of the form

g(k)oc k**® . However, if such a nonparabolicity were implemented in zinc antimonide,

then at charge carrier concentration equal to 1019 sm™, its thermoelectric figure of merit
could be brought to 1.44, 2.01 and 3.09 at temperatures of 300, 400 and 600 K,
respectively.
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ONITUMIBALIA MATEPIAJIIB HA OCHOBI AHTUMOHIAY
HUHKY IJ TEPMOITIAPHUX TEPMOEJIEMEHTIB

Y emammi 3anpononosanuii meopemuunuil nioxio 0o onmumizayii mepmoereKmpudHUx Mamepianis,
WO IPYHMYEMbCS He MINbKU HA eKCNEPUMEHMANLHUX OAHUX «V YUCmoMy 6udiy, aie U Ha NeBHUX
MOOETbHUX 8UCIABAX NPO I3UYHI MeXAHIZMU OPMYBANHsL KIHemuuHUX Koepiyicnmie mamepiany. I3
YUCTIA XAPAKMEPUCMUK, HEOOXIOHUX OISl BUSHAYEHHS MEPMOeTeKMPULHOI 00OpOmMHOCmI Mamepiany,
ananizyromocsa minoku mepmoI/[C, enekmponpogionicme i yacmuna menionposioHocmi, oOyMosieHa
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BIMbHUMU HOCIAMU 3apsdy. Pewemounas yacmuna menionpogioHoCmi MAamepiany B6adcacmvCsl
sidomol 1l obeprero nponopyitinit memnepamypi. Ilpu yvomy poszensoaiomocs t piGHAIOMbCS MIdC
€o0010  KilbKa MOOENbHUX NIOX00i8 00 ONUCY PO3CIOBAHHA BLIbHUX HOCII8 3apsady 6 Mamepiali.
Egpexmusnicmo po3pobiaenozo nioxody imlocmpyemucsi Ha RPUKIA0l ORMUMI3ayii mepmoeneKmpuiHo20
mamepiany 01 MepMONapHUX MmepmoeneMeHmie Ha OCHOBI anmumonioy yumky. Tloxaszane, wo npu
3a0e3neYeHHl  HANeHCHOI KOHYeHmpayii GIIbHUX HOCI8 3apsdy 6 YboMy Mamepian oo
mepmoenexmpuyna egexmuenicmo 21 mooce 6ymu doeedeno 0o 0.39 zamicmv 0.2-0.35 npu 300
O u 0o 1.21 samicms 0.95 npu 600 JO. Bion. 9, Puc. 4.

KarouoBi cioBa: ontuMizariisi, TepMOEIEKTpHYHA JOOPOTHICTD, TEPMOETICKTPHUIHA €(PEKTHBHICTE,
KOHIICHTpAIlisl HOCIiB 3apsay, TemIeparypHa W KOHIICHTpAIliiiHa 3aJIe)KHICTh JA0OPOTHOCTI,
OBKMHA  BUTBHOTO MpoOiry HOCIIB  3apsmy, pyXJIWBICTh, [OMIIIKH, €KpaHyBaHHS,
HenapaboJIMIHOCTh 30HHOTO CIIEKTpa.

T'opcknii I1.B., ookm. pus.-mam. nayk

WncTtutyT TepMoanekTpuuecTna, yi. Hayku, 1, YepHosiel, 58029, Ykpanna
e-mail: anatych(@gmail.com

ONITUMMU3ALIUA MATEPUAJIOB HA OCHOBE AHTUMOHUIA
HOUHKA JJISA TEPMOIIAPHBIX TEPMOJ3JIEMEHTOB

B cmambve npeonosicen meopemureckuii nOOX00 K ONMUMUBAYUY MEPMOIICKIMPUYECKUX MAMEPUATIOS,
OCHOBLIBAIOWULICSL HE MOALKO HA  IKCNEPUMEHMAWIbHLIX OAHHbIX «8 HUCHOM 6Ude», HO U HA
ONPEeOeneHHblX  MOOCIbHBIX — NPEOCMAGNICHUAX O  (QUUYECKUX — MeXaHusmMax — QopMuposanus
KUHemu4eckux Ko3gguyuenmos mamepuana. M3 uucia xapakmepucmux, HeoOX0OUMbIX Ol
onpeoenenusi  MePMOINEKMPUHECKOU  00OPOMHOCU — MAMEPUANA, — AHATUSUPYIOMCSL  MOTbKO
mepmo3/[C, 21ekmponpo8oOHOCHb U YACMb MENIONPOBOOHOCHIU, O00YCI0GIEHHAS CB0O0OHLIMU
Hocumenamu 3apsoa. Pewemounas wacme menionpogooHoCmu Mamepuana cHumaemcs U36eCmMHoU u
06pamHo NponopyUOHANLHOU memnepamype. Ilpu smom paccmampusaromcsi U CPAGHUBAIOMCSL
MedxcO0y coboU  HeCKONbKO MOOENbHbIX N00X0008 K ONUCAHUIO DPACCesHUs C80DOOHbIX HOocumenel
sapsaoa 6 mamepuane. DhdexmueHocms paspadomanHo2o nooxo0a WIIHOCHPUPYemcst Ha npumepe
ONMUMUBAYUL TNEPMOINEKMPUHECKO20 MAMEPUALA OJISL MEPMONAPHBIX MEPMOIIEMEHMOE8 HA OCHOBE
anmumonuoa yuuxa. Iloxkasano, umo npu obecneyenuu Haonexcauelrl KOHYEHMpayuu c6000O0HbIX
HOCumenell 3apsa0a 6 dMoM Mamepuane e2o mepmodnexmpuyeckasn s¢pgexmusnocmos L1 moxcem
ovimb 006edena 0o 0.39 emecmo 0.2-0.35 npu 300K u 0o 1.21 emecmo 0.95 npu 600K. bubn. 9,
puc. 4.

KaioueBbie cJIoBa: ONTUMH3AIHS, TEPMODIEKTPHUYECKAs JTOOPOTHOCTh, TEPMOIJIEKTPUYUECKAsS
3 PEeKTUBHOCTh, KOHLIEHTPAIMsI HOCHTENEH 3apsja, TeMmIeparypHass M KOHIEHTpalMOHHas
3aBUCHMOCTh JIOOPOTHOCTH, JJIHHA CBOOOJHOTO Mpobera HOCHTENEH 3apsaa, MOJABUKHOCTH,
MIPUMECH, YKPaHUPOBAHKE, HEMTAPAOOIMYHOCTh 30HHOTO CIIEKTpa.
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PECULIARITIES OF ELECTRONIC STRUCTURE AND INTERATOMIC
INTERACTION IN ZnSh CRYSTALS

A complex approach has been developed for calculating the electronic structure parameters of
hybrid orbitals corresponding to nonequivalent interatomic distances in low-symmetry AIIBYV,
AIIBVI, AIIIBV crystals (binary compounds). On the basis of quantum-mechanical and quantum-
statistical approaches, calculations of the Fermi energy, effective charges, effective radii, as well
as redistribution of electron density and dissociation energy of nonequivalent hybrid orbitals
(NHO) have been performed. The obtained results can be used in the development of technological
modes for the production of new materials based on n- and p-type ZnSh, which possess high
sensitivity, stability, and characteristics identity, especially necessary for thermal converters of
metrological application. Bibl. 8, Fig. 3, Table 1.

Key words: nonequivalent hybrid orbitals, effective charges, effective radii, dissociation energy.

Introduction

The present work contributes to further research on the nature of chemical bonding in low-
symmetry ZnSb crystals, begun in [1 — 5], using the approach we developed [6]. It is not by chance
that ZnSbh was chosen as the object of research. This is a promising material for use in thermoelectric
devices. A detailed review of the works devoted to the study of physical properties, crystal structure
and production technology is given in [7]. This material has high values of thermoelectric figure of
merit. Its anisotropic properties are also of interest. However, this material is of the greatest interest
from the point of view of constructing theoretical models for the synthesis of new artificial
composite materials with predetermined properties. Specific features of this material, together with a
high level of knowledge, allow the construction of various theoretical models by solving the inverse
problems [8] reflecting the nature of the substance at all stages of the study and describing the
dependence of the properties of the investigated material on the composition, crystal structure, and
energy spectrum parameters.

However, it should also be noted that a number of issues related to the technology of obtaining
high-quality materials based on zinc antimonide remain open and contradictory. Thus, the zinc-
antimony state diagram given in [7] and being the most reasonable compromise between the
available literature data does not explain the nature of phase transformations in this system both
between solid phases and in the melting region. The thermodynamic constants of zinc antimonides
are almost unexplored.
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In this connection, it is particularly important and relevant to pursue research that makes it
possible to quantitatively describe the interrelation between the macroscopic properties of material
under study and their microscopic characteristics in terms of chemical bond nature. The combination
of the principles of two different approaches — theoretical and experimental — is not a mechanical
summation of any concepts or methods of calculation. The theoretical comprehension of numerous
empirical dependencies is associated with a revision of the system of established views on the
problem of interatomic interaction, with the appearance of qualitatively new, nonstandard concepts
that not only do not result from the consistent development of various directions of existing theories,
but also deny some of them. Therefore, the way to solving the problem lies through the analysis
of empirical material and quantum-mechanical description of the relationship between the
properties of elements and the compounds formed by them.

Quantum-mechanical models of electronic structure of ZnSb

In [6], analysis of empirical information on the properties of elements and electronic structure of the
compounds formed by them was carried out in terms of ionic radii R,

Phenomenological equations were constructed relating the value R, to the number of electrons » in
the orbitals of atoms. The simplest relations were obtained by postulating the linear dependence of the
number of electrons in the outer shell of the atom on the logarithm of its Fermi radius. The relationship
between the slope of rectilinear dependences tgo = AlgR,/An and electronegativities excludes the
possibility of arbitrary variation in compared values.

A good agreement of the experimental data set is given by the dependence postulated in [6]:

IgR} =IgR], - xtga, (1)

where R, is the radius of the atom in the unexcited state, and x is the valence.

As long as equation (1) describes the change in R, of atoms 4 and B with a change in the number of
electrons in the orbitals of each, then assuming the equality of the absolute values of charges of the
interacting atoms, the dependence (1) takes on the form of a system of equations:

lgR;=1g R:?A —xtgo, (2)
IgR,; =1gR,, +xtgo, 3)
dl = R;AX + R;Bx (4)

In terms of the quantum-mechanical approach, the system of equations (2) — (4) formally considers
the geometric conditions for the contact of spherical electron clouds with different density levels at the
boundary. Therefore, additional criteria are needed that allow the system (2) — (4) to be translated into the
language of quantum chemistry. For this purpose it is necessary to analyze the dependence of interatomic
distances on the effective charges: d; = f(z). It turned out that at any point of this dependence, apart from
d\= d i, the density of states at the ion boundary is different. To determine effective charges and effective
radii in the bonds with d) <d,;,, formation of (4-B) bond is accompanied by electron drift to other
directions of interatomic interaction, i.e. the bond becomes of donor nature. In so doing, the removal of
electrons (+Agq) or their localization (—Aq) in this bond direction equally changes the values of charges that
this pair has at d| = d,.

With such an approach, system (2) — (4) goes over to system:

d,=R7 +R; )
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1g R;ﬁ = 1g Rl(t)A - (ZminA + %j tga’A (6)
1g R;g = lg RSB - [Zming + %) tgaB (7)

Function d, =f(z,), calculated in the crystallochemical approach (x,=x3), is correct from the
quantum-mechanical standpoint only at d= d,.;,, but this is enough for system (5)—(7) to be solved at
known d,.

Effective charges and effective radii of NHO atoms in ZnSb crystals

The specific feature of chemical bond in Zn crystals is the fact that each Zn atom in its
immediate surrounding has three Sh atoms and one Zn atom, and each Sh atom has three nearest Zn
atoms and one Sh atom. There are five NHO altogether, which differ both in the interatomic distances
and in the composition of components.

To solve the formulated problem, system (5) — (7) was written for each i-th NHO, and then the
inverse problem was solved to find R?... R s, Ag using known interatomic distances di(1 <i <5).
In so doing, the accuracy of calculations was restricted by the accuracy of experimental methods of
finding interatomic distances. The error of such an approach for all NHO (1 <i <5) did not exceed
0.01 %.

The values of R%;,, R, tga, and tgas, required for the calculations were found by the method
of [6]. As a result of calculations, the following numerical values were obtained:

R, =137 A, R, =145 A,
tgoz, = 0.135; tgas, = 0.074. (8)

Then, in the present paper the diagram d, = f (zi;) was constructed. Fig. 1 shows a dependence
of interatomic distances d; of bonds ¢; (Zn, — Sb.,) (in angstroms) on the effective charges x in the
range of -4 <i < 4. The minimum on this dependence is realized at dy,;, = 2.7233 A, which exceeds the
real interatomic distances along @, (Zn — Sb), @, (Zn — Sb) and is less than d; for the bonds ¢3 (Zn — Sb).
The results of calculations of the effective radii R,;, interatomic distances d;, redistribution of
electronic density Ag are given in the table.

r

8

(&

54 32-101234 5 X

Fig. 1. Diagram of dependence d; = f (x) of Zn,Sb,.. system

Table 1
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Effective charges, effective radii and dissociation energies of nonequivalent
hybrid orbitals in ZnSb crystals

R, A0.D, % 1 (Zn-Sb) @ (Zn-Sh) s (Zn-Sh) s (Sh-Sb) s (Zn-Zn)
ds"(A) 2.64 2.64 2.76 2.80 2.82
d"(A) 2.6455 2.644 2.766 2.7943 2.8203
R”(A) 0.98 0.975 1.021 - 1.41
R”(A) 1.664 1.669 1.745 1.3975 -
R” | RY 0.589 0.585 0.585 - -

Ag bond g, 0.0874 0.0279 -0.0169 0.0345 0.029
D, (eV) 1.5544 1.5526 1.4808 2.3327 1.1955

Thus, as a result of taking into account the quantum-mechanical interpretation of the empirical
material by combining the principles of different approaches- theoretical and experimental- in a
uniform quantitative method for calculating the electronic structure of substance, the dependence of
the NHO bond energies on their lengths and electron configurations of atoms in ZnSh crystals was
obtained. In contrast to [6], in this paper the construction of the working formula is carried out with
regard to the elements of the similarity theory, and the expression for the binding energy of NHO in
ZnSb crystals takes on the form:

G (Rl?A +R3B) C,d, 1
(tga,+1gay)\ d;—R, R, d,

J

) _
DA—B -

; ©

where ROMA(B) and tgoy are coefficients of Eqgs. (2) — (4) for atoms 4 and B, and R, and R,z are
effective radii of their ions in (4 — B) bond of length di(1 <i < 5); C; and C, are constants:

C; is a coefficient which reflects the correlation between dimensional and energy characteristics of
interatomic interaction, such as ionization potentials, screening effects, electronegativity with effective
radii and interatomic distances. In the case of using non-system units, when the distance is measured
in angstroms, C; is measured in volts.

C, is a coefficient which depends on the type of crystalline structure, chemical bond and reflects
quantitatively the correlation between coefficients tga, and tgop from equations (2) — (4) and the
values d; and (R../R.,s) — with regard to similarity theory elements, coefficient C, is selected
dimensionless.

When solving a self-consistent variational problem, as a first approximation, coefficients C; and
C, were chosen equal. The results of calculations of binding energies of individual NHO for C,= C, =1
are also given in the table.

With a view to expand the possibilities of calculations using formula (9), Figs. 2—-3 present the
dependences of Dy, as a function of C, and C,. A characteristic feature of both dependences is that
with increasing C; and C,, the numerical value of D;increases, which may reflect the dependence of D,
on the crystal structure of the substance, the nature of the chemical bond, the degrees of doping, the
presence of polymorphous and phase transformations.
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Fig. 2. Dependence of dissociation energy D; of nonequivalent chemical bonds
on the values of coefficient C,
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Fig. 3. Dependence of dissociation energy D; of nonequivalent chemical bonds
on the values of coefficient C,

Of particular interest, in our opinion, is the region in the vicinity C, = 0.75, where the sign of
the charge carriers is inversed. Such an approach can not only give an answer to the question of why
this occurs, but it can also indicate a sequence of technological methods for obtaining ZnSb crystals
with a certain type of conductivity and the necessary set of physicochemical properties.
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Discussion of the results

Analysis of the results obtained in the present study showed that the semi-empirical
relationships presented in this paper can be used not only for calculating the binding energies of
individual NHO in ZnSb crystals, but also for developing technological modes for the production of
new thermoelectric materials based on ZnSh with a certain type of conductivity and a set of
physicochemical properties.

The possibilities of a uniform physical interpretation of the above equations make it possible to
use the achievements in describing the interrelation of the individual characteristics of atoms in the
study of interatomic interactions in compounds differing in stoichiometry, structure, type of chemical
bonds, and physicochemical properties.

Conclusion

1. On the basis of quantum-mechanical approach a method of using nonequivalent hybrid orbitals
has been developed for the calculation of interatomic interaction in ZnSb crystals.

2. Calculations have been made of charge redistribution in the nonequivalent hybrid orbitals
characterizing formation of a donor or acceptor bond.

3. A method has been developed and calculations have been performed of the dissociation energy
of nonequivalent chemical bonds in ZnSb crystals.

4. The results obtained in this paper agree with the results of chemical bond calculation by
microscopic theory methods and can be used in the development of technological conditions for
synthesis of new thermoelectric materials based on n- and p-type ZnSbh.
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OCOBJIUBOCTI EJIEKTPOHHOI BY10BH 1 MI'KATOMHOI1
B3AEMO/IIi B KPUCTAJIAX ZnSh

Pospobneno xomnnexcnuil nioxio 0na pospaxyHkie napamempie eneKmpoHHOi 0y008u 2iOPUOHUX
opoimanei, wjo 8IONOBIOAIOMb HECKBIGAICHMHUM MINCAMOMHUM GIOCMAHAM Y HUZLKOCUMEMPUYHUX
kpucmanax A"BY, A"B" A"™B" (Ginapmux cnonyx). Ha ocnosi xeammosomexaniunozo ma
K6AHMOBOCMACMUYHO20 NIOX00I8 NPO6edeHo po3paxyHKu enepeii Depmi, epexmusnux 3apsoie,
ehexkmugHux padiycig, a mMakodc nNepepo3nodily eneKMpOHHOI 2ycmuHu, eHepeii Ooucoyiayii
Heexgiganenmuux 2iopuonux opoimaneu (HI'O) ZnSb. Ompumani pezynomamu modxcyme Oymu
BUKOPUCMAHI NPU PO3POOYI MEXHONIOSTUHUX PEHCUMIB 00EPHCAHHA HOBUX Mamepianie Ha ocHosi ZnSh
n- ma p- muny, wo 60A00II0Mb BUCOKOIO YYMIUGICIIO, CMADUIbHICMIO Ma  [OeHMUYHICIIO
Xapaxkmepucmux, ocobauso HeoOXIOHUX 011 MEPMONEPemaeoprO8aie Mempoio2iyHO20 NPUSHAUEHHS.
bion.8, Puc. 3, Tabn. 1.

KurouoBi ciioBa: HeekBiBasieHTHI riOpuaHi opOuTai, eexTuBHI 3apsian, epeKTUBHI palycH, eHepris
JCOIianii.
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OCOBEHHOCTH 2JIEKTPOHHOI'O CTPOEHUA U MEXKATOMHOI'O
B3AVMOJIEMCTBUS B KPUCTAJIAX ZnSh

Paspaboman xomniexchuiii noOxo0 051 pacuemos napamempos 3NeKmMpOHHO20 CIMPOEHUS. 2UOPUOHBIX
opbumarneii,  COOMBEMCMBYIOWUX — HEIKBUBALCHMHBIM — MENCAMOMHBIM — DACCMOAHUAM 6
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nuskocuvmempuunvy - kpucmaniax A'B', A"B". A"™BY (Gunapueix coeoumnenuii). Ha ocnose
KBAHMOBOMUXAHUYECKO20 U KEAHMOBOCAMUCIUYECKO20 NOOX0008 NPOedeHbl pAaciemvl IHepeUuu
Depmu, s¢hpexmuenbix  3apsa0os, dpghexmusHvIX paduycos, a maxxice nepepacnpedeseHs
INEKMPOHHOU NIOMHOCTNU, IHEP2UU OUCCOYUAYUU HEIKEUBATEHMHBIX 2ubpuonblx opoumaneii (HIO)
ZnSb. Ilonyuennvie pezyivmanivl Mo2ym Oblnb UCHOIb308AHbL NPU PA3PAOONKE MEXHONOSUUECKUX
PexcUMo8 Nonyuenus HOBbIX Mamepuanos Ha ochoge ZnSb n- p muna, obnadaioujux GbiCOKOU
YYBCMBUMETLHOCTIbIO,  CIMAOUTBHOCHIBIO U UOEHMUYHOCHIBIO  XAPAKMEPUCUK, — OCODEHHO
Heobx00UMbIX OJis1 MepMOonpeodpazoeameneti Memposocudecko2o HasHaverus. buon.8, Puc.3, Tabn. 1.
Ki1ioueBble €j10Ba: HEOKBUBAJICHTHBIE THOPUIHEIE opOuTaiy, 3pdexTrBHEBIC 3apsabl, YQ(eKTHBHBIC
PaanyChl, SHEPTHs JUCCOLHALIUH.
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DESIGN OF THERMOELECTRIC CASCADE

MODULES FOR SOLID FUEL TEG

This paper presents the results of computer design of generator thermocouple cascade modules
made of materials based on Bi,Te;-PbTe-TAGS to be used in solid fuel thermoelectric generators.
Computer methods based on the optimal control theory were used to determine optimal conditions
whereby the maximum power of modules and thermoelectric conversion efficiency is achieved. The
comparative energy characteristics of such modules are given in the operating temperature range
30 — 500 °C. The design was performed with regard to the temperature dependences of material
parameters, thermal and electrical losses on the contacts and interconnects of stages. Bibl. 15,
Fig. 1, Table 2.

Key words: thermoelectric generator, cascade modules, computer design, optimal control theory,
physical model, efficiency.

Introduction

Solid fuel heaters, running on firewood and pressed briquettes, are widely used for indoor
heating and cooling, especially in rural areas and remote areas of residence. Such heaters become
increasingly popular as a result of an increase in the cost of gas and liquid organic fuels. Promising is
also their use as heat sources for thermoelectric generators (TEG). In addition to undeniable
advantages in terms of cost-effectiveness, the use of heated surfaces of solid fuel furnaces in the TEG
design allows creating universal thermoelectric combined heat and power systems that, in comparison
with similar thermoelectric systems, working on diesel, gasoline or gas fuel, have a simpler and, at the
same time, more reliable construction, are safer and easier to operate [1].

Nowadays, thermoelectric generators whose operation is based on the use of heat from solid
fuel heaters are serially produced by a number of foreign enterprises. In particular, the Russian
companies Kryotherm and Termofor created thermoelectric power heaters with an electric power of
25 and 50 W designed for lighting, powering low-power household appliances, charging laptop
batteriess, mobile phoness,navigators, and heating rooms up to 50 m* [2, 3]. Analogues of Russian
power heaters are the developments of the Chinese firm Thermonamic Electronics (Jiangxi) Corp.,
Ltd. with a power of 15 W, 30 W, 45 W [4]. Research on the creation and refinement of existing
constructions of solid fuel TEG is pursued in virtually all leading countries of the world, so they are
represented by a large number of patents and other scientific literature.

The common weak point of most solid fuel thermoelectric generators is the use as a
thermoelectric converter of thermoelectric modules made of materials based on bismuth telluride with
the limiting hot temperature 300 °C. However, the temperature of surfaces of solid fuel heat sources
on which TEG is installed can be significantly higher, which will reduce service life and, as a result,
lead to a rapid generator failure. In this connection, the research aimed at development of
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thermoelectric modules with higher operating temperatures and, accordingly, higher efficiency,
becomes currently central.

Particularly promising in this respect, in our opinion, is the use of two-stage thermoelectric
generator modules optimized for the hot temperature level 500 °C [5].

The purpose of this work is to design a cascade module for thermoelectric generators working
from the heat of heated surfaces of solid fuel furnaces wherein thermoelements of the low-temperature
stage are made of traditional materials based on BiTe, and the high-temperature stage employs the
most efficient for temperature range 300°C — 600 °C PbTe materials for n-type legs and GeTe-AgSbTe
(TAGS) compounds for p-type legs.

Physical model of a cascade thermoelectric module and its mathematical
description

Physical model for designing a two-stage generator module for TEG is shown in Fig. 1.
Numbering of stages is from the cold to hot stage, electrically connected in series.

4 .
0,

5T RANER LR

()]

Fig. 1. Physical model of a two-stage module: 1 — low-temperature stage,

2 — high-temperature stage, 3 — thermoelement legs of the low-temperature stage
of materials based on n- and p-type BiTe; 4 — thermoelement legs of the
high-temperature stage of materials based on n-type PbTe and p-type TAGS;
5 —heat-conducting electrically insulating plates; 6 —connecting plates

Thermocouple elements of the cold stage are made of classical materials based on n-type BiTe. In
the hot stage for p-type legs use is made of PbTe, and for p-type legs — GeTe-AgSbTe (TAGS) alloy. The
thermocouples of each stage are connected electrically in series and thermally in parallel.

The approximate methods of calculation of cascade thermocouple modules for generators are
described in monographs [6 — 8]. The main requirement for the design of cascade generator modules is
optimal thermal and electric matching of stages [8]. The most precise optimization of stages is achieved
by methods of optimal control theory [9, 10]. In [11], such methods were used for designing two-stage
modules of BiTe and PbTe — TAGS, however, the method of calculation of the optimal design of
modules did not take into account thermal and electrical losses in the connecting and insulating plates.
Under conditions of high temperatures the impact of thermal resistances of the insulating and
connecting plates, as well as electrical resistances of contacts and interconnects in thermoelements on
module efficiency is rather significant [9]. Therefore, let us write the basic relations for the design and
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optimization of construction of a two-stage generator module with regard to thermal and electrical
losses on thermoelement junctions.

Optimization of thermoelectric module lies in the achievement of maximum efficiency, the
expression for which is written as

Qh_Qc
= —— 5 1
L) @

where Q,, O, are external heat fluxes on the cold and hot modules surfaces, respectively. To maximum

value of 1 corresponds minimum of functional
2
J = (Ingf —Ing}), 2)
k=1

where q1k= Qlk/nkl, q0k= on/nkl, k = 1,2 are specific (related to current strength /) heat fluxes on the
junctions of thermocouples of -th stage, n; is the number of thermocouples in the k-th stage, Oy, O\*
are heat fluxes on the cold and hot surfaces of 4-th stage which satisfy the conditions of thermal
matching on the surfaces of each stage, namely Q' =—0,, 0> = 0,', 0, =-0,.

To calculate heat fluxes ¢, g,*, which appear in (2), a system of differential equations of
nonequilibrium thermodynamics is used that can be represented as

aT oy " (T)j " Ji”

o ) L) d

PR ; N y Lk =1,2,03)
dg _ (o;"(T)) JkT+0ck"’(T)1k"’Q+ Ji'"
dx () ) e

n.p

where x = x/[ is dimensionless coordinate, / is leg height, 0 < x < 1, j,"¥ = Il/s;"* is specific current
density in the legs of thermoelements of k-th stage. Characteristics of thermoelectric materials, namely
the Seebeck coefficient o, electric conductivity o and thermal conductivity Kk are temperature

dependent. The boundary conditions for system (3) are of the form
0) =THO)=T0). T =TI ()=T,(), k=12, "
T,(0)=T +38T, T,(1) =T7,-8T;, T, (0) =T (1)+ 3T,

The losses in temperature difference on the insulating and connecting plates are found by the

formulae:
1 R 1 R
6T:T O_T:_l cercer+ con_con 5
l l ( ) ‘ qo [ 1 1 J ( K(,'(’r KL'(}” ]
Ji i
. ' R,1,/2 R,I
6T2 — T2 (0) _ Tl' (1) —_ 4o + 4q, cer" cer concon_ | (5)
1 1 1 1 KL’(’T" KL'()"
e B ke
Ja 2 S A
2
87‘3 — T;, _ T2 (1) —_ q, Rcerlcer + Rcanlcon .
( 1 1 j K(Jer K('()r[
I —+— '
Jr )2

where R, R.,, are specific thermal resistances of insulating and connecting plates, /..., /.., — the
thicknesses of insulating and connecting plates, K..,, K.,, — fill factors of insulating and connecting
plates the values of which must be preset in order to take into account the losses in temperature
difference on the insulating and connecting plates in the design of a generator module.
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Specific heat fluxes ¢,*, go* on the hot and cold junctions of thermocouples are related to heat
fluxes at the boundaries of thermoelement legs by relationships

.n,p
qlk = Z|:q1’:’p (1) + Jkl rO :| + 6Icom

o , k=12, (6)

k _ n,p jI:I,p
qO _Z qk (0)_Tr0 _qcom

n,p

which take into account the Joule heat release on the contact resistances ry and connecting plates. To
calculate the specific Joule heat which is released in connecting plate g.,,, one can use the following

2r, 1 2
qcom = ‘ [Kcom __j ’ (7)

expression [12]

[ 3

com

Heat fluxes ¢, ¢o* depend on the parameters of specific current density in stages ji"*. The
problem of optimization of thermoelectric generator module is to find such optimal values of current
density j;"* for each stage which impart minimum to functional J (2).

Such problem is solved by methods of optimal control theory [13], according to which to find
the optimal values of current density j;"*, we get the following recurrence relations:

Ik
] [ S k=12, 8
T (2];‘—8J/8jkjnp ®)
where
1 .
ey
Ilk :W2‘I|O+J. ]i ‘ (\VlT_W2‘I)dx:
1 0 zk k=12,
I :jﬂ(n %O Tjdx,
0 Ok Ky

np

oJ ryl 1 1
-n,p =T _k+_k :
(") 1\qy 4

The temperature at the boundary of stages 77(1) must satisfy the condition
@ () _ M,
2w (0)=2 v ©
n,p np

and the temperature 75(0) — the equality (5). In optimal control theory, functions ¥, *"”(x), ¥, (x),
which appear in relations (8) and (9), are called pulses and are solutions of the linear boundary
problem conjugate to problem (3) — (4) of finding phase variables T;""(x), gi"*(x) [13].

The solution of the problem of optimization of a cascade thermoelectric module is realized by
the method of successive approximations. As a result, for given temperatures of generator surfaces 7,
and T}, the temperature dependences of material parameters of thermoelement legs o(7), o(7) and
k(7) and parameters which characterize contacts, insulating and connecting plates, the optimal values

? in the legs of thermoelements and the corresponding distributions of

of current density j;"
temperature 7(x) and heat flux ¢(x) are determined, which provides the minimum value of Jyux

functional.
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The resulting data are then used to calculate the optimal design of thermoelectric generator
module, which must provide the present values of generated power W and voltage U on the external
load. In the case of a series electrical connection of stages and thermoelements in stages, the value of
current in the thermocouple legs is defined as I = W/U. Then, at given values of thermoelement leg
height / and current /, the optimal cross-sectional areas of legs are found from conditions of electric
matching of stages

(—f"S") |22 )~ g, k=12 (10)
), I ),
Maximum module efficiency is calculated by the formula

n=1-exp(J). (11

Thermal power on the hot surface of module, necessary for the generation of preset electric power W,
is determined as

0, = (12)

w
n
Optimal number of thermocouples n; anda n, in the low-temperature and high-temperature stages,
respectively, is found from the conditions of their thermal matching

0, 2_%2”2, %lnl =q§n2. (13)

Such a problem of designing thermoelectric generator modules with maximum efficiency is
solved by computer methods. For this purpose, the appropriate computer tools have been developed at
the Institute of Thermoelectricity [14].

Results of design of a two-stage module for TEG

The above described method was used for the calculation of optimal design parameters of a two-
stage module for thermoelectric solid fuel generators with the operating temperature range
30°C — 500 °C. It was assumed that thermoelements of the low-temperature stage are made of
materials based on BiTe, and the high-temperature stage employs PbTe materials for n-type legs and
Gele-AgSbTe (TAGS) compounds for p-type legs. The experimental temperature dependences of
characteristics a(7), o(7) i k(7) of these materials that were approximated by polynomials were used
for the calculations and given in [15]. The design of the module was performed to obtain power
W =20 W and voltage U=6 V on the external load. Other parameter values of insulating and
connecting plates, necessary for the calculations, are given in Table 1.

Table 1
Input data for the design of cascade module for TEG
Parameter Designation Value
Contact resistance ¥ 107 Q-sm?
Height of thermoelement legs L 0.55 sm
Thickness of insulating plates Leor 0.063 sm
Thickness of connecting plates Leon 0.025 sm
Thermal conductivity of material of insulating plates Keer 0.24 W/(sm'K)
Thermal conductivity of material of connecting plates Keon 4 W/(sm-K)
Electric conductivity of material of connecting plates Ocon 58.1-10* Q" -sm™
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Table 2 shows the obtained values of design parameters of a two-stage module from BiTe and
PbTe and TAGS materials for TEG.

Table 2
Calculated values of design parameters of a two-stage module
Parameter Designation Value
The number of thermoelements of the
n; 82 couples

low-temperature stage
The number of thermoelements of the

. n; 64 couples
high-temperature stage
Cross-sectional f the low-

ross-sectional area of the low S, 0.4x0.4 s
temperature stage legs
Cross-sectional f the high-

ross-sectional area of the hig s, 0.36x0.36 s
temperature stage legs

According to the calculation results, the expected efficiency value of such a module in the
operating temperature range 30 °C — 500 °C can reach 12 %. The required amount of heat from
combustion of solid fuel is about 160 W. Accordingly, thermal energy of power 140 W must be
removed from the heat releasing surface of module in order to assure the necessary operating
temperature range.

Thus, the efficiency of a two-stage module exceeds by a factor of 1.5 — 2 the efficiency of
traditional single-stage modules of materials based on BiTe. Practical application of such modules in
solid fuel generators can significantly improve the efficiency of heat into electricity conversion.

Conclusion

1. Technique for computer design of cascade thermoelectric generator modules by methods of
optimal control theory is improved. The effect of thermal and electrical losses in the insulating
and connecting plates is additionally taken into account.

2. The optimal values of design parameters of a two-stage thermoelectric module of power 20 W
of materials based on BiTe in the low-temperature stage and PbTe and TAGS in the high-
temperature stage were calculated. The expected value of module efficiency 12 % was obtained.
Practical application of such a module in solid fuel generators will help to improve the
efficiency of thermal into electric energy conversion by a factor of 1.5 — 2.
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INPOEKTYBAHHSA TEPMOEJIEKTPUYHUX KACKAJHUX
MOAYJIIB JUIA TETI' HA TBEPJTOMY ITAJIUBI

Hageoeno pezynomamu xomn iomepro2o npoexmysants 2eHepamopHuxX mepmonapHux KackaoHux
mooynie 3 mamepianié Ha ocHoei Bi,Te;-PbTe-TAGS 0ns 6uxopucmants 6 mepmoeieKmpuiHux
2eHepamopax Ha meepOomy naaugi. Lllnsaxom 3acmocy8aHHs KOMN IOMepHUX memoodis, ujo
IPYHMYIOMbCA HA Meopii ONMUMANbHO20 KepYBAHHs SUSHAYEHO ONMUMANbHI YMOSBU, 34 AKUX
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00CA2AEMBCA MAKCUMATLHA NOMYdicHicmb mooyiaie ma KK/ mepmoenekmpuuno2o nepemeopeHusi.
Hooano nopieHsnbHi eHepeemuyni XAPAKMePUCMUKY MAaxKux MoOyaié y OIanazoHi poooyux
memnepamyp 30 — 500 °C. IlpoexmyeanHs 30iUCHEHO 3 YPAXY8AHHAM MeMNePamypHUxX
3anedHCHOCmel napamempie mamepianie, meniogux i eleKmpudHux empam Ha KOHMAKmax i
Komymayiax kackadis. bion. 15, Puc. 1, Tabxn. 2.

Knio4oBi cjioBa: TepMOECNEKTPUYIHUI T'eHepaTop, KacKaJHi MOMYJ, KOMITIOTEpPHE NPOEKTYBAaHHS, TEOpis
ONTUMAJBHOTO KepyBaHH:, (hi3WIHA MOJENb, €()EKTHBHICTb.
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ITPOEKTUPOBAHUE TEPMOJJIEKTPUYECKHUX KACKAJHbBIX
MOJYJEH JJIA TAI HA TBEPJIOM TOILIUBE

Ilpusedenvl pe3ynvmamvl KOMNLIOMEPHO2O NPOEKMUPOBAHUST 2€HEPAMOPHBIX MEPMONAPHBIX
KackaoHuvlx mooyneu u3 mamepuanog Ha ocuose Bi)Te;-PbTe-TAGS 0ns ucnonvszosanus 6
MEPMOINEKMPUYECKUX 2eHepamopax Ha meepoom monauee. Ilymem npumeneHuss KOMIbIOMEPHbIX
Memo0os, KOmOopble OCHOBLIGAIOMCA HA Meopuu ONMUMAILHO20 YHPABNEHUs, ONpedeieHbl
ONMUMAbHBLE YCIOBUSL, NPU KOMOPLIX OOCMULACMCST MAKCUMATbHASL MOWHOCHb Mooyiael u KITJ[
mepmosdnekmpuyeckoeo npeobpazosanus. Ilpedcmasnenvt cpasHumenvhvle dHepeemuuecKue
Xapaxkmepucmuku maxkux Mmooyieu 6 ouanazoHe pabouux memnepamyp 30 — 500 °C.
IIpoexmuposanue ocyuecmeneno ¢ y4emom mMemMnepamypHuix 3a8UCUMOCHE NapaAMempos
MAmMepuanos, meniosulx U INEKMPUYecKuUx nomepv HA KOHMAKMAX U KOMMYMAYUIX KACKAOO08.
bubn. 15, Puc. 1, Tabn. 2.

KaioueBble cjioBa: TEpMORJIEKTPUUECKHI T€HEpaTop, KacKaJHble MOJYJH, KOMIIBIOTEpHOE
MPOEKTUPOBAHKE, TEOPHS ONTUMAIILHOTO YIPABICHUs, GU3HYECKas MOJIEIb, 3PPEKTUBHOCTS.
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A. IV.Prybyla

L.I. Anatychuk

LIMITING POSSIBILITIES OF THERMOELECTRIC
LIQUID-LIQUID HEAT PUMPS

The paper presents the results of calculations of the limiting possibilities of thermoelectric liquid-
liquid heat pumps, in particular, for their use as a high-performance heater for a space-purpose
water purifying device. Bibl. 9, Fig. 2.

Key words: thermoelectric heat pump, efficiency, distiller.

Introduction

General characterization of the problem. The use of thermoelectric heat pumps (THP) in air
conditioning systems is due to their unique properties [1 —5]: environmental friendliness (such
equipment does not contain toxic refrigerants); reliability (resistance to mechanical influences, long
service life); independence from orientation in space (the possibility of work in the absence of gravity)
[6, 7].

An example of efficient use of thermoelectric heat pumps is systems of water recovery from
liquid biowaste aboard manned spacecrafts (urine, atmospheric condensate, sanitary and hygienic
water). Testing their efficiency on NASA stand has shown that in the most important characteristics,
such as specific energy consumption, dimensions, weight and quality of the distillate obtained, water
purifying devices with a thermoelectric heat pump outperform known space-purpose analogs [4, 5].

However, new, higher demands are put on such devices due to the possibilities of their new
applications (manned missions of mastering Mars and other planets). This mainly concerns the
reduction of their weight, dimensions, as well as energy costs for the operation of thermoelectric heat
pump. The task of further improving the quality of such devices is very complicated, since the achieved
values of their efficiency are close to the limit.

The purpose of our work is to determine the limiting possibilities of thermoelectric liquid-liquid heat
pump in order to understand further steps to improve its efficiency.

Physical model of THP

To determine the limiting possibilities of thermoelectric heat pump, its simplified physical model is
used (Fig. 1). It comprises heat exchangers 1 assuring passage of heat flux (O, through the hot side of
thermoelectric modules, thermoelectric modules 3, heat exchangers 2 assuring passage of heat flux Q.
through the cold side of thermoelectric modules and a system of hydraulically bound channels 4 providing
for circulation of liquid in the thermoelectric heat pump.
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Fig. 1. The simplest physical model of thermoelectric heat pump

In the simplest case this model represents series-connected hot 1 and cold 2 heat exchangers with
thermoelectric modules arranged between them. In so doing, in order to determine maximum possible values
of the efficiency of thermoelectric heat pump, we neglect the losses of energy on pumping of heat carrier in
the heat exchangers and the losses of temperature difference in them.

To assure optimal operation of thermoelectric modules, each of them has individual power supply.

Mathematical and computer description of the model

To describe heat and electric current fluxes, we will use the laws of conservation of energy

divE =0 (D
and electric charge
divj =0, )
where
E=g+U], (3)
G=xVT+alj, 4)
j=—cVU—-ocaVT. (5)

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

potential, T is temperature, o, o, k are the Seebeck coefficient, electric conductivity and thermal

conductivity.
With regard to (3) — (5), one can obtain
E=—(x+0*cT +aUc)VT - (ocT +Us)VU. (6)
Then the laws of conservation (1), (2) will acquire the form:
~V[(x+0’cT +aUc)VT |- V[(asT +Us)VU] =0, (7)
-V(caVT)-V(cVU)=0. (8)

Nonlinear differential equations of second order in partial derivatives (7) and (8) determine the
distribution of temperature 7 and potential U in thermoelements.
An equation describing the process of heat transport in the walls of heat exchangers in the
steady-state case is written as follows:
Vik -V ) =0, 9)
where £, is thermal conductivity of heat exchanger walls, V7| is temperature gradient, O, is heat flux.

The processes of heat-and-mass transfer of heat carriers in heat exchanger channels in the
steady-state case are described by equations [8]

A
-Ap—f,—vy|+F =0, 10
V(A4p¥) =0, (11)
- pA ;3
pAC YV -VT, =V - 4k,VT, + f, d_|v| +0,+ 0, (12)
h
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where p is pressure, p is heat carrier density, 4 is cross-section of the tube, F is the sum of all

forces, C, is heat carrier heat capacity, 7> is temperature, v is velocity vector, k; is heat carrier thermal
conductivity, fp is the Darcy coefficient, d = 44/Z is effective diameter, Z is perimeter of tube wall, O,
is heat which is released due to viscous friction [W/m] per unit length of heat exchanger, Q,,.; is heat
flux coming from the heat carrier to the tube walls [W/m]

Qwan:h'Z'(Tl_Tz)’ (13)
where /4 is heat exchange coefficient which is found from equation
Nu -k
h=—2=, 14
7 (14)

Here, Nu is the Nusselt number found from equation:

(fd](Re—IOOO)Pr
Nu=—3 : (15)

1+ 12.7(];}2 {Pr§ - lj

where Pr = C, Wk, is the Prandtl number, p is dynamic viscosity, Re = pvd/u is the Reynolds number,
3000 < Re < 6-10°, 0.5 < Pr < 2000.
The Darcy coefficient f, is found with the use of the Churchill equation for the entire spectrum

of the Reynolds number and all the values of e/d (e is roughness of wall surface)

A =8[i12+(A+B)_1‘5} : (16)

Re

0.9 16 %
where A=|-2457-In (iJ +027(e/d)|| 32(37530) '
Re Re

Solving Egs.(7) —(12), we obtain the distributions of temperatures, electric potential (for

thermoelements), velocities and pressure (for heat carrier).
The above differential equations with the respective limiting conditions were solved using Comsol
Multiphysics package of applied programs.

Computer simulation results

Below are given the results of calculations of the parameters of thermoelectric pump with
respect to physical model shown in Fig.1. The optimal number of thermoelectric modules N was
determined to assure the required cooling capacity Oy, as well as the optimal supply current /,,, of each
module to assure the highest integral coefficient of performance £"".

The initial data for calculations:

cooling capacity — 600 W;

heat carrier temperature at inlet to hot heat transfer loop — 36 °C;

heat carrier temperature at inlet to cold heat transfer loop — 31 °C;

heat carrier flow rate in each loop — 22 ml/s.

Thus, as a result of the simulation, the number of thermoelectric modules was determined to
provide the required cooling capacity Qp = 600 W, which is 110 pieces. In so doing, all thermoelectric
modules work at optimal power supply which provides for achievement of the highest value of
integral coefficient of performance of thermoelectric heat pump at the level of €™ =2.5.
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Fig. 2.Dependence of cumulative cooling capacity and integral coefficient of performance
of thermoelectric heat pump on the number of thermoelectric modules

Comparison of the results obtained to the results of previous investigations of thermoelectric heat

pump [9] testifies that the limit value of coefficient of performance of THP exceeds the level reached for
today (e = 1.85) by 26 %. This allows us to conclude that there is a need for further research on THP in
order to bring its efficiency closer to the maximum possible values.

Conclusion

1.

The dependence of cooling capacity of thermoelectric heat pump on the number of
thermoelectric modules each working at optimal supply current was calculated. To achieve
cooling capacity O = 600 W, it is necessary to have 110 thermoelectric modules.

It was established that the limit values of the integral coefficient of performance of
thermoelectric heat pump, provided optimal electric current is supplied to each of thermoelectric
modules and cooling capacity Qp= 600 W is achieved, are £"'=2.5.

Comparison of the results obtained to the results of previous investigations of thermoelectric
heat pump testifies that the limit value of coefficient of performance of THP exceeds the level
reached for today by 26 %.

References

1.

Rozver Yu.Yu. (2003). Termoelektrychnyi kondytsioner dlia transportnykh zasobiv
[Thermoelectric air-conditioner for vehicles]. Termoelektryka — J. Thermoelectricity, 2, 52 — 56
[in Ukrainian].

Anatychuk L.I., Vikhor L.N., Rozver Yu.Yu. (2004). Issledovaniie kharakteristik
termoelektricheskogo okhladitelia potokov zhidkosti ili gaza [Investigation on performance of
thermoelectric cooler of liquid or gas flows]. Termoelektryka - J. Thermoelectricity, 1, 73 — 80 [in
Russian].

Anatychuk L.I., Sudzuki N., Rozver Yu.Yu. (2005). Termoelektrychnyi kondytsioner dlia
prymishchen [Indoor thermoelectric air-conditioner]. Termoelektryka - J. Thermoelectricity, 3,
53 — 56 [in Ukrainian].

Rifert V.G., Usenko V.I., Barabash P.A., et al. (2011). Razrabotka i ispytaniie sistemy
regeneratsii vody iz zhidkikh otkhodov zhiznedeiatelnosti na bortu pilotiruiemykh kosmicheskikh
apparatov s ispolzovaniiem termoelektricheskogo teplovogo nasosa [Development and test of

54

Journal of Thermoelectricity Ne4, 2017 ISSN 1607-8829



L.I.Anatychuk, A.V.Prybyla
Limiting possibilities of thermoelectric liquid-liquid heat pumps

water regeneration system from liquid biowaste on board of manned spacecrafts with the use of
thermoelectric heat pump]. Termoelektryka - J. Thermoelectricity, 2, 63 — 74 [in Russian].

5. Anatychuk L.I., Barabash P.A., Rifert V.G., Rozver Yu.Yu., Usenko V.I., Cherkez R.G. (2013).
Termoelektricheskii teplovoi nasos kak sredstvo povysheniia effektivnosti system ochistki vody
pri kosmicheskikh polyotakh [Thermoelectric heat pump as a means of improving efficiency of
water purification systems on space missions]. Termoelektryka - J. Thermoelectricity, 6, 78 — 83
[in Russian].

6. Anatychuk L.I. (2001). Ratsionalnyie oblasti issledovanii i primenenii termoelektrichestva
[Rational fields of investigations and applications of thermoelectricity]. Termoelektrichestvo —
J.Thermoelectricity, 3 — 14 [in Russian].

7. Anatychuk L.I. (2007). Sovremennoie sostoianiie i nekotoryie perspectivy termoelektrichestva
[Current status and some prospects of thermoelectricity]. Termoelektrichestvo —
J.Thermoelectricity, 2, 7 — 20 [in Russian].

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

9. Anatychuk L.I., Rozver Yu.Yu., Prybyla A.V. (2017). Eksperymentalne doslidzhennia
termoelektrychnoho tepolovoho nasosa ridyna-ridyna [Experimental study of thermoelectric
liquid-liquid heat pump]. Termoelektryka - J. Thermoelectricity, 3, 33 — 39 [in Ukrainian].

Submitted 04.08.2017

Anaruayk JLL ax. HAH Yipainu,'*
Mpu6una A.B. kanoudam Gis.-mam. nayk'>

IactutyT Tepmoenexktpukun HAH 1 MOH VYkpainu, Byn. Haykw, 1,
Uepnirti, 58029, Ykpaina, e-mail: anatych@gmail.com
UYepHiBelpkuii HallioHATBHWH yHiBepcuTeTiM. FOpis DenproBuya,
ByJ1. Korroouncekoro 2, YepHisii, 58000, Ykpaina,
e-mail: anatych@gmail.com

PO 'PAHMYHI MOKJIMBOCTI TEPMOEJEKTPUUHUX
TEIJIOBUX HACOCIB PIMHA-PIITHA

YV po6bomi nasoosmuvcs pezynomamu po3paxyHKi6 epaHutHUX MOACTUGOCHEN MEPMOETEKMPUYHUX
MENNIOBUX HACOCI8 PIOUHA-PIOURA, 30KpeMa OIS iX GUKOPUCTNAHHS Y AKOCH 8UCOKOCHEeKMUBHO20
HagpisHuKa 0151 NPUAAdy OYUCMKU 800U KOCMIYHO20 npusHauents. bion. 9, Puc. 2.

Ki104yoBi ciioBa: TepMOENEKTPHYIHN TETUIOBUI HACOC, €PEKTUBHICTD, JUCTHIISTOP.

AHaTBIYYK JLW."? ax. HAH Yxpaunwi,
Mpu6sraa A.B."* kano.us.-mam. nayx

HucTutyT TepMOdiekTpruecTBa, yi. Haykn, 1, HepHosusl, 58029, Ykpauna
e-mail: anatych(@gmail.com
YepHoBHULIKKI HaMOHANBHBIN yHUBepcuTeT uM. FOpus denpkoBuya,
yi1. Korrobuncrkoro 2, UepHosips, 58000, YkparHa
e-mail: anatych@gmail.com

ISSN 1607-8829 Journal of Thermoelectricity Ne4, 2017 55



L.I.Anatychuk, A.V.Prybyla
Limiting possibilities of thermoelectric liquid-liquid heat pumps

O INPEAEJIBHBIX BO3MOXHOCTAX TEPMOJJIEKTPHYECKHUX
TEIIVIOBBIX HACOCOB KUJIKOCTbh- KUAKOCTb

B pabome  npusoosmcs  pezyrbmamel  pacuemog — NPEOeNbHbIX  8O3MONICHOCHEU
MePMOIIEKMPUUECKUX MENNI0BbIX HACOCO8 HCUOKOCMb-HCUOKOCMb, 6 YACMHOCMU OJIsL HUX
UCNOIb308AHUE 8 KAYecmse 8blCOK03IPhexmusnozo Hazpesameinsi 011 npubopa OYUCHKU BOObL
Kocmuyecko2o Hasnavenus. bubn. 9, Puc. 2.

KiroueBbie cjioBa: TePMOIIICKTPUYCCKHUI TEINIOBOH HACOC, 3)(PEKTHBHOCTb, TUCTUILISATOP.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Rozver Yu.Yu. (2003). Termoelektrychnyi kondytsioner dlia transportnykh zasobiv
[Thermoelectric air-conditioner for vehicles]. Termoelektryka — J. Thermoelectricity, 2, 52 — 56
[in Ukrainian].

Anatychuk L.I., Vikhor L.N., Rozver YuYu. (2004). Issledovaniie kharakteristik
termoelektricheskogo okhladitelia potokov zhidkosti ili gaza [Investigation on performance of
thermoelectric cooler of liquid or gas flows]. Termoelektryka - J.Thermoelectricity, 1, 73 — 80 [in
Russian].

Anatychuk L.I., Sudzuki N., Rozver Yu.Yu. (2005). Termoelektrychnyi kondytsioner dlia
prymishchen [Indoor thermoelectric air-conditioner]. Termoelektryka - J.Thermoelectricity, 3,
53 — 56 [in Ukrainian].

Rifert V.G., Usenko V.I., Barabash P.A., et al. (2011). Razrabotka i ispytaniie sistemy
regeneratsii vody iz zhidkikh otkhodov zhiznedeiatelnosti na bortu pilotiruiemykh kosmicheskikh
apparatov s ispolzovaniiem termoelektricheskogo teplovogo nasosa [Development and test of
water regeneration system from liquid biowaste on board of manned spacecrafts with the use of
thermoelectric heat pump]. Termoelektryka - J. Thermoelectricity, 2, 63 — 74 [in Russian].
Anatychuk L.I., Barabash P.A., Rifert V.G., Rozver Yu.Yu., Usenko V.I., Cherkez R.G. (2013).
Termoelektricheskii teplovoi nasos kak sredstvo povysheniia effektivnosti system ochistki vody
pri kosmicheskikh polyotakh [Thermoelectric heat pump as a means of improving efficiency of
water purification systems on space missions]. Termoelektryka - J. Thermoelectricity, 6, 78 — 83
[in Russian].

Anatychuk L.I. (2001). Ratsionalnyie oblasti issledovanii i primenenii termoelektrichestva
[Rational fields of investigations and applications of thermoelectricity]. Termoelektrichestvo —
J.Thermoelectricity, 3 — 14 [in Russian].

Anatychuk L.I. (2007). Sovremennoie sostoianiie i nekotoryie perspectivy termoelektrichestva
[Current status and some prospects of thermoelectricity]. Termoelektrichestvo —
J.Thermoelectricity, 2, 7 — 20 [in Russian].

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

Anatychuk L.I., Rozver Yu.Yu., Prybyla A.V. (2017). Eksperymentalne doslidzhennia
termoelektrychnoho tepolovoho nasosa ridyna-ridyna [Experimental study of thermoelectric
liquid-liquid heat pump]. Termoelektryka - J.Thermoelectricity, 3, 33 — 39 [in Ukrainian].

Submitted 04.08.2017

56

Journal of Thermoelectricity Ne4, 2017 ISSN 1607-8829



THERMOELECTRIC PRODUCTS

P.D.Mykytiuk, Candidate Phys.-math. Sciences

-3 Institute of Thermoelectricity of the NAS and MES of Ukraine, 1, Nauky str,

Y / Chernivtsi, 58029, Ukraine; e-mail: anatych@gmail.com

Yurii Fedkovych Chenivtsi National University, 2, Kotsiubynskyi str.,
Chernivtsi, 58012, Ukraine; e-mail: anatych(@gmail.com

P.D.Mykytiuk ON THE STABILITY OF PARAMETERS OF
THERMOELECTRIC CONVERTERS

The results of experimental studies of the change with time in the main parameters and
characteristics of thermoelectric converters are presented.

The results of the studies confirmed the high stability of thermal converters after 20 and more
years of their storage and can be used in assessing the reliability criteria of different types of
thermoelectric converters. Bibl. 9, Fig. 2, Tables 2.

Key words: thermocouple, heater, thermal converters, sensitivity, stability, reliability.

Introduction

The sphere of application of metrological-purpose thermoelectric converters is constantly
expanding due to their unique properties [1 — 2].

Studies in the field of semiconductor physics, electromagnetic fields of lightning and static
discharges, as well as nuclear, seismic, ballistic, some biological processes, contact processes of
electric welding are often accompanied by the emergence of single electrical signals. A large area of
occurrence of such signals causes a wide dynamic range of their values. The voltage range of single
pulses encountered in the measurement practice ranges from a few microvolts to hundreds of kilovolts,
and the range of duration ranges from a fraction of a second to several seconds.

Determination of the energy of single and rarely encountered electrical pulses is relevant in
radar, telemetry, electrical and radio communication, digital technology, automatic control and
regulation, and so on [3, 4].

One of the most effective means for recording the integral parameters of single current pulses
are pulsed thermoelectric converters [5 — 8].

The pulsed thermoelectric converters, created at the Institute of Thermoelectricity, are
optimized for the study of pulsed processes by the method of replacing the investigated element of the
circuit by a thermal converter (integrator). Such pulsed thermoelectric converters are characterized by
high sensitivity (10/50 V/J), small dimensions and improved reliability. The reliability of pulsed
thermoelectric converters in many cases becomes a decisive criterion for their application, since the
price of failure can be too high.

Using the modern theory of reliability of thermoelectric devices created at the Institute of
Thermoelectricity [9], it is possible to calculate the reliability of pulsed thermoelectric converters.
However, no theoretical assessment method can compare in the completeness and reliability of the
information obtained with the results of actual verification of the main parameters of pulsed
thermoelectric converters after a considerable period of time from the moment of their manufacture.

Therefore, it is relevant to study actual changes with time in the main parameters of pulsed
thermoelectric converters in order to evaluate their stability and reliability.
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The purpose of the work is to analyze the change in parameters of thermal converters with a
storage life of 20 years or more to evaluate their operating stability.

Method of studying the main parameters of pulsed thermoelectric converters

For the object of investigation, 94 pulsed thermoelectric converters of different types were
taken, that had been manufactured in the Special Design and Technological Bureau “Phonon” in the
period from 1987 to 1990 and at the Institute of Thermoelectricity in 1991.

The investigated pulsed thermoelectric converters were manufactured in conformity with
Technical Specifications TY AINOXK 3.369.018.TY I'K-1987 by the technology developed in the
Special Design and Technological Bureau “Phonon”. These pulsed thermoelectric converters were
selected at random from different lots of thermal converters as the samples of external appearance, as
was required by the state standards that regulated the output of such products.

It should be noted that pulsed thermoelectric converters with not the best electric parameters
were selected as the samples of external appearance, since the appearance and quality of pulsed
thermoelectric converters labeling were decisive in this case.

In Technical Specifications TY AKX 3.369.018. TY I'K-1987 the main characteristics and
parameters of pulsed thermoelectric converters of different ratings are determined (heater resistance
Ry, thermocouple resistance Ry, volt-joule sensitivity Sy, thermocouple thermoEMF Er, capacity
between the heater and thermocouple, C) and their nominal values are set. Also provided is a complete
list of all types of electrical, mechanical, climatic tests according to the results of which the quality of
pulsed thermoelectric converters was evaluated.

The above mentioned Ry, Ry, Er, Sp, C were selected as the main characteristics in the study of
experimental lot of pulsed thermoelectric converters in the amount of 94 pcs. It is the assessment of
the deviation of their values from the nominal values established by the technical specifications that
will determine the level of stability of the pulsed thermoelectric converters which had been stored
from 21 to 25 years.

The method chosen for studying the specified parameters and characteristics is based on the
preliminary direct measurement of the heater and thermocouple resistances with the meter
L C R MCP BR2820. This approach allows estimating the state of pulsed thermoelectric converters
already at the initial research step.

The next research step lies in passing through the heater of an electric current pulse with known
energy and registering the thermoEMF value of thermocouple. This allows one to determine the volt-
joule sensitivity of pulsed thermoelectric converters Sy which is found by the formula

S, =+, (1)

where E7 is amplitude value of the output signal (thermoEMF) when pulsed thermoelectric converters
input is exposed to current pulse, Q is pulse energy. For such investigation a measuring circuit was
used which is shown in Fig. 1.

To determine the volt-joule sensitivity of a pulsed thermoelectric converter at given energy
(Q =150 pl), pulse generator is transferred into manual start mode. The necessary pulse duration is set
(t=10"s). Voltage 5 — 10 V is applied from the power supply unit to power amplifier. Current pulses
are fed to the bank of resistors, on which the pre-measured resistance is set, the value of which is
equivalent to the resistance of the heater. Then, pulse generator is transferred to the mode of
generation of rectangular pulses that can be observed on the oscilloscope. By the formula
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==, )

where Uy is voltage supplied to the heater, tis pulse duration, voltage Uy is determined which
corresponds to energy O = 150 uJ at known t and Ry.

L] [2]
4 s H 7|

L8 ]

Fig. 1. Structural circuit for measuring parameters of pulsed thermoelectric converters
1 — pulse generator; 2 — R, (equivalent resistance); 3 — power supply unit,
4 — power amplifier; 5 — measuring pad with investigated pulsed thermoelectric converter;
6 — Ry, (limiting resistance); 7, 8 — memory oscilloscope.

The next research stage is to use limiting resistance Ry, and oscilloscope in order to set the
necessary voltage Uy which is supplied to the equivalent resistance R.q.. The pulse generator is
transferred to the manual start mode, and the measuring pad switches to the position of the converter.
Through the pulsed thermoelectric converter using the T5-63 generator the energy pulse of given value
is triggered. The oscilloscope connected to the output of pulsed thermoelectric converter registers the
output signal — thermocouple thermoEMF Er. Further, formula (1) is used to calculate the volt-joule
sensitivity Sp.

The final step in the chosen research method is direct measurement of the capacity between the
heater and the thermocouple with the help of a high-frequency meter L C R MCP BR2820.

Results of experimental investigations of pulsed thermoelectric converters

As structural elements of the measuring circuit shown in Fig. 1 there were selected serial,
checked in the established order electrical measuring instruments: oscilloscope Fluke 199C, meter
L CR MCP BR2820, pulse generator G5-63, etc. However, due to the lack of a standard power

amplifier, the power amplifier was created and manufactured on the IRF 3808 transistor.
. ' : ———n

Fig. 2. The picture of a bench for measuring parameters of pulsed thermoelectric converters

Investigations of pulsed thermoelectric converters were performed on a bench the appearance of
which is shown in Fig. 2.
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Parameters of investigated pulsed thermoelectric converters averaged by the number of each of
thermal converter ratings are given in Tables 1 and 2.

Table 1
Averaged parameters of pulsed thermal converters
Averaged values
Y Rated
car ate n, pes RH, Q RT, Q C, pF
made value
specs fact Specs fact specs fact
0101 42 04-0.6 0.543 20.73 1.7
1987 0104 11 08-1.2 1.104 10-200 27.1 1.57
0116 2 811 10.578 20.2 1.55
0101 6 04-0.6 0.584 31.23 1.67
5
1988 0104 27 0.8-1.2 1.091 10 -200 19.66 1.57
0119 2 15-17 15.867 16.16 1.6
1989 0116 2 8—-11 10.117 36.3 1.6
10-200
1991 0101 2 04-0.6 0.6 19.91 1.65
Table 2
Averaged electrical characteristics of pulsed thermal converters
Averaged values
Year Rated
n, pcs Ermin, mV, Er, mV Somin, V/J, So, V/1
made value
specs Fact Specs fact
0101 42 1.64 11
1987 0104 11 227 15
0116 2 4.25 29
0101 6 1.7 11
1988 0104 27 0.1 2.04 10 14
0119 2 4.05 27
1989 0116 2 3.5 23
1991 0101 2 1.7 11

where 7 is the number of integral thermal converters.

From Tables 1 and 2 it is seen that heater resistance value Ry, thermocouple resistance value Ry,
capacity C and volt-joule sensitivity Sy are within the limits established by specifications.

The above data shows that even after 20 — 25 years of storage, the values of the parameters of
the investigated pulsed thermoelectric converters did not deviate from their nominal values specified
in the Technical Specifications, while Technical Specifications TY AIOX 3.369.018. TY I'K-1987
allow deviation of the parameters by up to 15 % of their rated values.

Considerable part of the investigated pulsed thermoelectric converters fully meets the
requirements of technical specifications, which points to the high stability of parameters of pulsed
thermoelectric converters and their reliability.

Constructions of different types of thermal converters, both single-element type TP-2 and TP-4,
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pulsed type TI, and multi-element differential type DTPT, are developed using unified structural
elements and base members, which provide high reliability and resistance of thermal converters to
mechanical and climatic effects. While well-developed perfect technique for manufacturing
thermocouples and thermopiles for thermal converters with the use of highly effective thermoelectric
materials, which little degrade over time, provide stability and characteristics identity of thermal
converters created at the Institute of Thermoelectricity.

In view of the foregoing, the results of the work can be used to select and evaluate the reliability
criteria of pulsed thermoelectric converters and other types of thermal converters created at the
Institute of Thermoelectricity.

Conclusion

1. Semiconductor thermoelectric converters of pulsed type, created in the Scientific Design and
Technological Bureau “Phonon” and at the Institute of Thermoelectricity are characterized by
high reliability, maintain stability of their parameters even after 20 — 25 years of storage and are
one of the most efficient means in the investigation of single or rarely encountered electric
current pulses.

2. In order to determine the critical uptimes of the investigated pulsed thermoelectric converters, it
is expedient to continue their research until complete failure
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MODEL STUDIES OF DEGRADATION MECHANISMS OF THERMOELECTRIC
MATERIALS AND NEAR-CONTACT STRUCTURES

Analysis of current status and prospects of physical and computer models of degradation of
thermoelectric materials and near-contact structures is carried out. Classification of available
computer technologies is developed, the relevant lines of their use for the research and
development of reliable thermoelectric modules are considered. Bibl. 102, Fig. 16.

Key words: reliability, degradation, thermoelectric materials

Introduction

The rapid improvement of computer technology and software opens up new possibilities for the
study of physical processes in thermoelectric materials, instruments and devices. Computer
technologies find expanding applications in thermoelectricity [1]. However, their available arsenal is
much wider than the methods that have already found application in this field, such as finite-element
methods and program complexes on their basis [2, 3].

Numerical experiment has become of the main research tools [4]. Development and use of
modern computer technologies is one of the topical problems of simulation in thermoelectricity.

One of classifications of computer simulation methods is given in [5], which deals with:

- finite-difference methods [6, 7],

- finite-element methods [8 — 11],

- finite-volume methods [12, 13],

- particle simulation method [5, 14, 15].

When solving the main problems of thermoelectricity [16], namely electric energy generation,
cooling/heating and creation of sensors, one has to study several fields of different nature on the basis
of the law of thermoelectric induction [1], consider nonlinear models, optimize models for many
parameters and investigate reliability [17]. For such a complex analysis, solely numerical methods and
modern computer technologies on their basis can be used.

The purpose of this work is to analyze modern numerical methods and computer technologies
on their basis, to identify promising methods of simulation and numerical analysis for solving
thermoelectricity problems.
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General classification of methods of simulation of thermoelectric devices and materials

The main methods of simulation of physical fields are grid methods. They are mostly used for
computer simulation of macro objects. For a complete and comprehensive analysis of thermoelectric
materials and devices based on them, universal and integrated methods of computer simulation are
required.

Fig. 1 gives a general approach to computer simulation of thermoelectric objects of any
complexity at different stages of research, which clearly illustrates the relationship of characteristic
lengths and times considered in computer models of physical processes.

4 Thermoelectricity: from macro to nano Continuous

medium ’
T gl

Properties of complex
constructions and processes

Time, s |=

Meso level
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material structure
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us N
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processes planes, etc.
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Fig. 1. Computer simulation in thermoelectricity from macro to nano.

General principles of constructing physical models on different levels can be found in [18]. The
hierarchy of multi-scale modelling, simulation methods that are used in thermoelectricity [19] on the
basis of object-oriented programming [20], with different characteristic times and lengths are given in
Fig. 2.

Today, the ab initio simulation of particle system is possible, when the number of particles does
not exceed 100. Works [21 — 23] are devoted to application of Green’s functions, as well as other
nanodevice modelling methods [21 — 23]. A review of quantum and classical methods of molecular
dynamics can be found in [24 — 26]. Classical Monte Carlo methods are described in [27 — 28], a
review of quantum Monte Carlo methods is given in [29].

Deterministic simulation of semiconductors on the basis of the Boltzmann equation is described
in monographs [30 — 32]. Phenomenological models of thermoelectric devices are dealt with in a lot of
works, such as [16, 33].
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Fig. 2. Hierarchy of simulation methods.

Structural-functional simulation

Traditionally, computer simulation methods are divided into two large groups presented in
Fig. 3.

Computer simulation in thermoelectricity

/ \

Structural-functional
simulation

Simulation modelling

Fig. 3. The main groups of computer simulation methods in thermoelectricity.
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The first group is structural-functional simulation of objects described by means of systems of
differential or integro-differential equations.
Classification of structural-functional simulation methods is presented in Fig. 4.

Structural-functional

simulation

[_ Variational problem ]

[ Differential problem Reduction to
| \ differential problem

[ Analytical methods J Numerical methods|

The Ritz method ]

(Finilc—diﬂ'crcncc nwllmds] FEM based on the Galerkin [ Finite-volume method ]
; method and weighted errors

Finite-element method in
the variational formulation

Fig. 4. Classification of structural-functional simulation methods.

The second group — simulation modelling methods for many-body systems will be considered
below.

In the majority of cases, thermoelectric models reduce to differential equations (integro-
differential). Also, the problem can be stated in the variational formulation of search for functional
optimum, which in turn reduces to system of differential equations (if possible). With the aid of
analytical methods one can solve a narrow class of problems that are mostly artificial and labour-
intensive.

Numerical methods are characterized by universality, making it possible to solve problems for
which analytical solution is impossible or too laborious. Finite-difference methods are most common,
and to this group of methods one can refer the majority of known numerical methods. Finite-element
methods are widely used for solving the problems of simulation of physical fields in geometric areas
of arbitrary shape. Fig. 4 shows only the best known, namely the Ritz method and the Galerkin
method. Finite-volume method is used rarely, mostly in fluid dynamics and sometimes it is not singled
out as a separate group.

Finite-difference methods (FDM)

Finite-difference method is the simplest interpolation method, most studied and known. Its
principle lies in the replacement of infinitesimal values in the differential equation by the finite
differences between the desired functions and variables.

The basic idea of the method is that the desired continuous function is replaced by a set of
approximate values at some points of the domain — nodes. The set of nodes forms a grid. To take into
account the boundary conditions, a system of linear/nonlinear (in the case of coefficients depending on
independent variables) algebraic equations is formed for the values of function at the grid nodes. The
created system is solved by one of the numerical methods of solving systems of equations (Gauss,
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relaxation, simple iteration, rotational methods, Jacobi, Seidel, runoff, etc.) [34]. The stability of such
schemes is discussed in [35].

In the case of models of thermoelectric devices, in particular, generators based on thermocouple
thermoelement [36], several numerical solution procedures were used: precise, iterative and averaging
methods. Single-dimensional stationary equations for heat flux and electrical current were used. As an
example of thermoelement, the authors chose a thermocouple thermoelement in the temperature range
of 0+ 900 K. The results of simulation agree with classical analytical theory of thermocouple element
[37]. FDM were also used to study the model of thermoelectric cooler [38], for the optimization of
charge carrier concentration of single-valley semiconductor [39]. On the basis of FDM, studied were
roll-type thermoelectric generator [40], the models of microprobe for measuring potential in non-
isothermal semiconductor [41] and the models of thermoelectric cooler [42, 43]. A program for
solving phenomenological equations describing the Seebeck, Hall, Nernst, Peltier, Ettinshausen and
Righi-Leduc effects for objects of different geometric shape was developed [44]. FDM were used to
study sectional thermoelements [45 — 46].

Finite-difference methods are used almost in all theoretical studies as an auxiliary and basic
tool.

Finite-element methods (FEM)

Principle of method

Finite-element analysis became the main research method in many physical and engineering
problems, including thermoelectricity. The properties of thermoelectric devices are in many respects
dependent on the geometrical shape of device components. For simulation of physical fields of various
complexity, FEM analysis provides a versatile and well-developed approach for solving applied
problems of thermoelectric instrument making.
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Fig. 5. General diagram of problem solution by finite element methods.
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General diagram of the algorithm of solving the problem of physical field simulation by finite-
element method consists of the following stages [11]:

- discretization of solution domain;

- selection of solution interpolation on the finite element;

- formation of basic functions;

- calculation of differential problem error with the use of approximate solution in the form of
TOWS;

- formation of stiffness matrices for elements, orthogonalization of error;

- assembly of stiffness matrices according to elements;

- account of boundary conditions;

- solving a system of algebraic equations [47, 48].

Fig. 5 shows a general diagram of simulation of thermoelectric devices by means of FEM
algorithms.

Generation of finite-element grid is discussed in [49]. A review of the Delaunay triangulation
methods is done in [50]. The Rappert algorithm, specially developed for FEM, is dealt in [51]. The
possibilities of constructing finite-element grid for any geometrical area, in case 2D-triangles/3D-
tetrahedrons are chosen as elements, are discussed in [52]. The technological aspects of using vector
finite elements for solving the Maxwell equations are dealt in [53].

Finite-element methods have proven themselves as a universal tool for the study of physical
objects and are most developed and most versatile.

Use of FEM for research on thermoelectric models

Finite element methods are widely used for research on thermoelectric models. In [54], FEM is
considered with one-dimensional elements without regard to contact resistance with few iterations
because of low power of computer technology of that time, whereas in [55], three-dimensional
stationary and non-stationary simulation of single-stage and multi-stage Peltier cooler by means of
program complex ANSYS 9.0 is considered. Even under such conditions, in [54], a comparative
analysis of FEM with averaging methods is carried out. The authors of the work conclude that FEM is
more precise and gives better optimization. It can be argued that FEM is the most versatile, precise
and promising simulation method for thermoelectricity. In 2009, a new ANSYS 12 version was
created, which includes a separate thermoelectric module, the package also included new modules,
creation of model geometry became much easier, and a number of new improvements appeared. In
particular, in [56], for simulation of thermoelectric ice makers for domestic refrigerators use was made
of ANSYS FLUENT module, destined for solving the problems of computational fluid and gas
dynamics. High efficiency and precision of this module enabled one to take into account the effects
that had been ignored before, and to simulate the device as a whole. The experimental data are in good
agreement with the model. Examples of using a new version of ANSYS package can be found on the
WEB-site [57], including the thermoelectric module.

Fig. 6. Cooler model.
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FEM has found application in many fields, such as mechanics of deformable solids, heat
exchange, fluid dynamics and electromagnetic fields, and thermoelectricity in recent years as well. By
the example of the Peltier cooler and on the basis of classical equations of thermoelectricity, a finite-
element diagram was built to find the temperature distribution and electric potential distribution
profile [55]. The authors emphasize that ANSYS makes it possible to simulate conjugate fields and
that ANSYS has already filled the gap that had been thermoelectric simulation. Fig. 6 shows a model
of the cooler. Simulation of thermoelectric devices requires taking into account not only
electromagnetic and temperature fields, but also the effects of thermal elasticity and piezoelectric
effect caused by them. Ref. [58] is devoted to simulation of thermoelectric field in SP-100 device and
minimization of all kinds of deformation with the aid of FEM and ANSY'S program complex.

Fig. 7. Finite-element grid for contact.

Ref. [59] is a review of functionally graded materials (FGM) — another promising line for
improving the thermoelectric figure of merit. The author emphasizes the need for numerical simulation
of FGM properties and their optimization. The experimental data are in a very good agreement with
the model given by the phenomenological heat balance equations. Emphasis is made on the need to
take into account the volumetric Peltier, Thomson effects and on the possibility of approximation of
the Seebeck coefficients using splines. Splines were also used for calculation by collocation method
(one of the types of FEM) of the thermoEMF of various thermoelectric devices [60]. The author points
to high precision of FEM and the consistency of theoretical calculations with the experiment.
Therefore, for solving the problems of thermoelectricity in the case of phenomenological formulation
of the problem it is necessary to use finite-difference methods and finite-element methods.

Ref.[61] considers a micro matrix thermoelement simulated with the use of 3D FEM. Based on
the laws of conservation of energy and charge, an algorithm for solving is built to find temperature
profile. With the help of FEM a matrix-type thermoelement is studied, each of its legs being separated
from the others by glass, and, finally, an unclear conclusion is made that thermal conductivity of such
structure is lower, but power output is not increased.

Another application of three-dimensional FEM and ANSYS is discussed in [62], where the
subject of investigation is one-coil Peltier thermoelement based on Bi,Te;. The contact effect is
investigated. The authors make a comparative analysis of 3D-model and one-dimensional model. The
contact area of cooled surface in the former case is smaller, and the results of simulation coincide with
one-dimensional simulation. Thus, reduction of contact area of even uniform voltage distribution
yields no gain in cooling temperature. Only uniform current distribution along contact area provides a
rise of cooling temperature by 21 %. The authors emphasize that technical implementation of this
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condition requires the use of matrix structure of point contacts, and this can achieve arbitrary potential
distribution in each cell and assure maximum cooling of some areas.

Fig. 7 shows a finite-element grid of contact model. This work once again confirms the
necessity of using exactly three-dimensional modeling for an adequate, most complete description and
taking into account thermoelectric effects.

The widespread use of ANSYS has shadowed other finite-element software. Comsol
Multiphysics, in contrast to ANSYS, makes possible simulation and study without a detailed
knowledge of FEM features. An intuitive interface gives the researcher the ability to focus on the
physical task without thinking of algorithmic-programming problems. Relative nonoccurrence of
Comsol Multiphysics resulted in the absence of articles, manuals and descriptions of this software
package, with the exception of Institute of Thermoelectricity, where systematic research has been
pursued on rectangular spiral anisotropic thermoelement [62], short-circuited thermoelements [63]
with the help of FEM and Comsol Multiphysics software package for several years already. On the
basis of simulation results, the theory of zone-inhomogeneous thermoelement was developed [3].

The possibilities of Comsol Multiphysics for thermoelectricity are described in [64], where 4
examples are given of using FEM for different thermoelectric devices — cooler and generator. For
simulation of temperature and electrical fields, the PDE (partial differential equation) form of
thermoelectricity equations is used. The article describes various possibilities of FEM for simulation
of thermoelectric objects, as well the possibility of creating both stationary and non-stationary models
of different geometry and fields of different nature. Examples of using object-oriented programming
and FEM for creating the models of thermoelectric generators and heat exchangers are given in [65, 66].

The use of FEM in microelectronics, the study of thermoelectric effects in MEMS is dealt with
in [67 — 70], a specialized module more4ANSY'S based on algorithms was developed [71]. FEM was
also used for simulation of technological processes, specifically for powder sintering technology [72].

Although simulation and use of computer technologies based on FEM is widely used in
thermoelectricity, it is non-systematic or auxiliary, rather than the main research method. In addition,
there is no specialized software today for simulation of thermoelectric effects and devices.

Thus, the use of finite-element methods and computer technologies on their basis opens up wide
opportunities for research on new properties of thermoelectric materials, models, technologies. FEM is
one of the main simulation methods which has proven itself well, and is one of the most promising
computer simulation methods for thermoelectric instrument making.

Finite-volume methods

Finite-volume method is widely used in fluid dynamics. In thermoelectricity, for cells with an
arbitrary number of faces (edges) the algebraic relations are formed, sometimes strongly non-linear
and more similar to hydraulic formulae. Unlike FEM and FED, they have no node governing medium
parameters, with preference given to parameters on edges and faces.

The presence of three-dimensional effects necessitates the use of finite-volume method, the
algorithm of which can be divided into the following stages [36].

1. Definition of control equations:

V(X*VT)zpjz—Tj{g—;VT+(Voc)T}=O, (1)
VJ=0, 2
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j:—S{V(MJerJraVT} (3)
e
g=aolJ—aVT, (4)
a=a(T),x=%(T),5=8(T),p=p(T), (5)
with the boundary conditions
T=T,.q=q,
0d = 4o (6)
V=V,,J=Jo.

To find a stationary solution, it is proposed to consider a non-stationary system of differential

equations
1 oT
——=V(yVT T,U),
S VG (1Y)
— ,.—=| oa
f(T.U)=pJ —TJ[G—TVTJr(VOL)T} (7)
La_Uz_vj,
Yy Of

where yr and vy, are parameters.

2. Discretization of domain. The area of parallelepiped is divided into cubes.

3. Replacement of differential equations in partial derivatives by algebraic equations.

4. Algorithm of solving a system of algebraic equations.

Derived variables are replaced by finite differences and boundary conditions are also taken into
account. Separately, a difference scheme is constructed at the boundary of the domain, which leads to
a system of nonlinear algebraic equations of triple-diagonal form. In so doing, it is desirable to use the
implicit methods of solving a system of differential equations, which in this case give absolute
convergence, in contrast to the explicit Adams or Runge-Kutta methods [7]. It is concluded that 3D
modeling by the finite volume method enables one to establish new effects and reproduce the true
picture of the process, in contrast to classical methods of numerical solution of differential equations.

It may be deduced that finite-volume methods hold much promise, but are not adapted yet to
thermoelectricity by simulation methods. There is a need in development of specialized algorithms and
software for solving the problems of thermoelectricity.

Simulation modelling

Simulation modelling is a study of a mathematical model in the form of algorithms that
reproduce the functioning of the system by successively executing a large number of elementary
operations. Classification of simulation modelling methods for many-body systems is given in Fig. 8.
Another way to improve the properties of thermoelectric devices is to improve the parameters of
materials and to devise new ones. Monte Carlo and molecular dynamics methods are used to simulate
the properties of materials [73, 74].

The stages of multilevel design of new materials based on computer simulation are shown in
Fig. 8. Such an integrated approach makes it possible to design new materials with given properties.
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Fig. 8. Classification of simulation modelling methods.

Traditionally, simulation methods are divided into main groups depending on the size of the
simulated system. Methods of molecular dynamics, Brownian molecular dynamics, hybrid methods,
and hydrodynamic simulation can be denoted by one term - particle simulation.

Monte Carlo methods. General properties and classification

There is no single definition of Monte Carlo methods, but it can be argued that Monte Carlo
methods are numerical procedures for solving mathematical problems (systems of algebraic,
differential, integral equations) and direct statistical modelling (physical, chemical, biological,
economic, social processes) by means of obtaining and transforming random numbers.

The first work in which Monte Carlo method was systematically taught was published in
1949 by Metropolis and Ulam [75], where Monte Carlo method was used to solve linear integral
equations. Works on Monte Carlo methods began to be actively published after the International
Geneva Conference on the Peaceful Uses of Atomic Energy. One of the first was the article by
Vladimirov and Sobol [76]. Monograph [77] is the first systematic work devoted to the consideration
of the statistical theory of non-ideal systems, based on the study of many-particle systems.

Monte Carlo methods are divided into classical and quantum ones. There is also a diffusion
Monte-Carlo method [78].

The classical Monte Carlo methods for the system of particles are based on the stochastic search
of points in phase space with a prevalent sampling of those domains that make a significant
contribution to the integral

(d)=—[4(R)p(H (R)). ®

where A4 is system state function, H(R) is system Hamiltonian, R = (ry,...,ry) specifies one state of
the system, r;, i = 1,N specifies all degrees of freedom of one particle, p is distribution function,

Z = I p(H (R))dR is statistical sum. In accordance with the distribution function, a chain of states is
Q

generated in the phase space along which the integral (8) is calculated. When the number of elements
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in the chain tends to infinity, one can obtain the exact mean. In the case of finite number of chain
elements, the integral (8) can be obtained more precisely than by the usual integration techniques.

Quantum Monte-Carlo methods are used for simulation of quantum many-body system, for
instance, for solving the Boltzmann equation for phonon system [79]. The group of these methods is
mainly used for integration of multi-dimensional integrals that arise when solving the Schrédinger
equation —

ih%(p(R,r)zlfl(p(R,r). ©)

Various aspects of using quantum Monte-Carlo methods are considered in [31, 80].

Simulation of thermoelectric nanodevices and materials

Recently, the theme of nanotechnology has become very popular, including in thermoelectricity
[81 — 83], and Monte Carlo methods are one of the tools for simulation and studying the properties of
such devices and materials.

As noted above, another approach to simulation of thermoelectric objects are statistical
methods, or Monte Carlo methods. In [84], Monte Carlo algorithm is proposed for simulation of
thermoelectric properties of nanocomposites. Both two-dimensional and three-dimensional models for
studying phonon transport are considered. Three-dimensional simulation gave high figures of effective
thermal conductivity. The authors note that randomly placed nanoparticles provide thermal
conductivity very close to the case when the particles are arranged periodically. Three-dimensional
simulation reveals new effects and determines other thermoelectric properties. Monte-Carlo method is
also used to calculate the nonlinear Peltier coefficient [85] for /nGaAs. Numerical values agree well
with the analytical expressions. Monte Carlo method is one of the powerful means for solving the
Boltzmann equation.

In [86], a comparative analysis is given for two models: approximation of relaxation time for
the kinetic Boltzmann equation and solution of this equation by means of spherical harmonics. As a
result of research with regard to effective mass anisotropy, it is concluded that in the model of electron
gas scattering on ionized impurities the influence of effective mass anisotropy on the value of the
Seebeck coefficient is insignificant. Even with relaxation time increase, the figure of merit of material
is not increased either.

Several works are dedicated to theoretical research of thermoelectric effects of molecular
electronics [87 — 90]; the possibility of creating nanostructured thermoelectric devices [91] and new
materials [92] is investigated; new thermoelectric effects [93, 94]; the outlook for development of
nanotechnologies in thermoelectricity is considered, in particular, research is performed on the
thermoelectric properties of nanocontact of two nanotubes of Bi,Te; and Sb,Te; [95]. In [96],
irreversible effects in thermoelectric nanomaterials are simulated by the example of quantum dot
lattice.

In [90], the thermoelectric effect in molecular compounds is considered. The metal contact-
molecule-metal contact model is investigated. Based on the analytical presentation and numerical
simulation, it is shown that the thermoelectric potential gives important information about the
mechanisms of electron motion control, including weak electron-electron interaction and thermal
dissipation. It is shown that at high temperatures, the Fermi energy position relative to the molecular
states can be deduced from the thermoelectric potential. The thermoelectric power does not depend on
the material of which the contacts are made.
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Monte Carlo methods are attractive for computer simulation in thermoelectricity. Their use
leads to a better understanding of the origin of thermoelectric phenomena, which opens up possibilities
for creation and prediction of properties of new thermoelectric materials.

Particle simulation method

Particle simulation — a relatively new and little developed method compared to the FEM — was
practically not used in thermoelectricity. Particle method simulates the constituents of the physical
object. Description of particle models in a cell for thermoelectric effects is given in [97] for the
simplest geometries (two wires). As thermoelectric materials, metals are selected. Thermoelectric
phenomena are considered as an ensemble of particles, namely electron gas. In the equilibrium state,
the distribution satisfies the Fermi-Dirac law. The Seebeck, Peltier and Thomson effects are
considered. The computational model and the developed program are absent. One-dimensional
Hubbard model [98, 99] is investigated in several papers based on the Kubo formalism. The basic
kinetic coefficients are calculated, namely electric conductivity, thermal conductivity and the Seebeck
coefficient. Although particle simulation is mainly used to study the physical and chemical properties
of continuous media, it also finds its application for solving mechanical problems of strong inelastic
deformation and fracture [100]. This paper is a review of simulation of high-speed destruction of
solids by the particle method. Specific problems are considered: penetration of obstacles by a striker
which is deformed, destruction of a layer under the action of a spherical stretching wave, spalling
failure in case of a plane impact interaction of plates (Fig. 9). The main provisions of this method are
given. In the case of particle simulation, it is not necessary to consider physical particles (electrons,
ions, molecules), but virtual macroparticles whose interaction is described by certain potential can be
considered [101]. Each particle has its specific features. The use of the particle method does not
require the description of a complex theory, many effects appear automatically. This is a significant
advantage of simulation modelling. But the particle method requires high power computers, since a
great many particles are necessary for adequate simulation (~10%). Implementation of such simulation
program already requires multiprocessor mainframes. Research on deformations is a promising
direction for studying the reliability of thermoelectric devices.

Fig. 9. Three-dimensional model of spalling failure of the body. Comprises 100 min particles.
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The subject of review in [102] is nanoscale heat transfer. The thermal conductivity of many
solid interfaces has been studied experimentally, but the range of observed properties is much smaller
than theoretically predicted. The rapid development of microelectronics according to Moore’s law has
led to the necessity of studying the properties of nanomaterials. The microelectronic devices are too
large for direct simulation at the atomic level, so the main simulation method is the Boltzmann kinetic
equation [103].

§f+§Z.BU+QﬁF(XJ)=§f :
ot o0x m Op ot

coll

(10)
where F (x,¢) is field of external forces, f'(x,p,f) is density distribution function in one-particle phase

. . . . 0 . :
space, p is pulse, x is coordinate, m is mass, g is repulsive term.

coll
Particle simulation method is another promising computer simulation method that opens up the
possibilities for revealing new thermoelectric effects and for creating materials with given properties.

Simulation of failure rate of thermoelectric modules in generation mode

As an effective example of using FEM and Comsol Multiphysics software package, we give the
results of studying failure rate of thermoelectric modules of 3 types TECI 7107, TECI 12715 and
TECI 12704 in the temperature range of 80 — 280 °C.
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Fig. 10. Temperature dependence of failure rate according to reliability theory.
1—type TECI 7107 and TEC1 12715, 2 —type TECI 12704

Temperature dependence of failure rate M, according to reliability theory, satisfies with
confidence probability P = 0.9 the Arrhenius law with Curie points for solder melting temperature. For
three types of modules these dependences are given in Fig. 10.

With regard to the above temperature dependence of failure rate, the dependences of electrical
power drop and efficiency of modules on the number of hours worked were obtained (Fig.11 — 16).

76 Journal of Thermoelectricity Ne4, 2017 ISSN 1607-8829



L.I Anatychuk, O.J.Luste
Model studies of degradation mechanisms of thermoelectric materials and near-contact structures

WIW,
12

1.0 ] T,= 120 °C
™

0.8 \ T, = 160 °C

0.6

\n =p00°C
0.4 \
0.2
0
0 500 1000 1500 2000 2500

Time, hours

Fig. 11. The electrical power of modules TECI1 7107 versus the number of hours worked.
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Fig. 12. The efficiency of modules TEC1 7107 versus the number of hours worked.
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Fig. 13. The electrical power of modules TEC1 12704 versus the number of hours worked.
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Fig. 15. The electrical power of modules TECI 12715 versus the number of hours worked.
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Fig. 16. The efficiency of modules TEC1 12715 versus the number of hours worked.
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Conclusion

1.

Computer technologies and computational experiments are the main tool for theoretical study of
thermoelectric models.

It is shown that finite element methods are the most developed and universal procedures for the
creation and research on phenomenological models of thermoelements and thermoelectric
devices.

It is necessary to develop the algorithms of finite element method for thermoelectric effects, in
particular, vector finite element method and specialized software for simulation of
thermoelectric devices.

Finite volume method is a promising tool for simulation of physical fields, but it is not used in
thermoelectricity today. It is necessary to develop the algorithms of finite volume method and
the software which implement this method.

Particle simulation method and other statistical simulation methods are promising for the study,
modeling and detection of new thermoelectric effects and investigation of already known ones.
Particle method, Monte Carlo and molecular dynamics methods open up the opportunities for
the design of new thermoelectric materials with given properties. It is necessary to develop the
algorithms, the appropriate software and models which implement particle method. Large
computational difficulties in the case of using particle method necessitate the use of algorithms
of parallel computations.

The main conclusion is that all of the described models of thermoelectric modules are
deterministic, and that the possibilities of computer simulation of random failures of
thermoelectric modules have not been considered yet. All computers are equipped with
generators of pseudorandom numbers, which is a powerful means of studying random processes
by the deterministic non-random computers. The operation algorithms of generators of pseudo-
random numbers are a trade secret, except for compilers of programs written in high-level
languages. The high efficiency of research on random processes with the help of generators of
pseudo-random numbers has already been proved. It is time to use such computer programs for
the needs of thermoelectricity.
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METHOD FOR COMPENSATION OF THE INFLUENCE OF THE PELTIER
EFFECT WHEN MEASURING THE ELECTRICAL CONDUCTIVITY BY TWO-
PROBE METHOD

This paper describes the method for elimination of the influence of the Peltier effect when measuring the
electrical conductivity of thermoelectric materials by two-probe method by compensation of the Peltier
cooling effect by the heat of electric heater. The results of computer studies of the effectiveness of using
such method and possible errors in this case are presented. The method for determining the Seebeck
coefficient of material based on the Thomson relation is proposed. Bibl. 9, Fig. 6.

Key words: electric conductivity, the Peltier effect, error, thermoelectric material.

Introduction

General characterization of the problem.

An important role in the development and manufacture of thermoelectric power converters, as
well as devices on their basis, is played by quality control of the source thermoelectric material. It is
carried out by determining the thermoelectric parameters of material, namely electrical conductivity,
thermal conductivity, thermoEMF and figure of merit. In so doing, the best in terms of measurement
accuracy are comprehensive measurements of all these parameters on the same sample. Such
measurements can be implemented using the absolute method [1].

The basis for determination of electrical conductivity is two-probe measurement method,
whereby current is passed through sample faces, and electrical potential on its surface is measured by
two probes with a known distance between them [2, 3]. The electrical conductivity is calculated by
the values of current and potential difference between the probes with regard to geometrical
dimensions (sample cross-sectional area and the distance between the probes). This method is generally
accepted for the research on semiconductor material (international standard SEMI MF397-02 “Test
Method for Resistivity of Silicon Bars Using a Two-Point Probe”).

Analysis of the literature.

Refs. [4, 5] are concerned with the main sources of errors of two-probe method for the case of
long rods (ingots) of thermoelectric material:

- inhomogeneity of current density in the ingot due to current supply solely at points of contact
with current leads, rather than uniformly across its surface;

- nonisothermal conditions caused by the influence of the Peltier and Joule effects, and by the
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heat exchange with the environment.

Current density inhomogeneity is controlled by locating the measuring probes possibly far from
the current contacts, where the electric field is most one-dimensional.

It is more difficult to satisfy the isothermality condition of the samples. When current flows, its
violation leads to the appearance on the probes of thermoEMF in addition to potential difference. In
this caseg, nonisothermality is primarily caused by the influence of the Peltier effect at points of
electrical connections of the sample with current contacts. In so doing, potential difference between
the probes due to current flow and thermoEMF due to sample nonisothermality can be quantities of the
same order, which leads to rather rude errors. In order to reduce this error, it is recommended to pass
through a sample an alternating current of sufficiently high frequency, which should prevent the
influence of the Peltier effect [6]. However, in this case there are difficulties in measuring the
alternating current potential difference due to insufficient accuracy of measuring equipment and all
kinds of pickup.

Measurements of the voltage drop at the moment of switching on the current are also used,
when the influence of the Peltier effect will be insignificant due to material heat capacity [7]. In [8], it
was proposed to use the recording of the time dependence of transient process when the current is
disconnected from the sample and the finding of the ohmic component of the voltage Uc as the
difference between the stationary voltage value (Ua + Uc) and thermoEMF Ua. Such methods require
high-speed measuring devices and automation of measuring equipment to eliminate human factor.

The purpose of this work is to study the effectiveness of method for eliminating the influence of
the Peltier effect under steady-state conditions by compensation of the Peltier cooling effect by the
heat of electric heater.

Physical and computer models of the method for compensation of the influence of the
Peltier effect by the heat of electric heater

A physical model of two-probe method for the electrical conductivity measurement with
compensation of the influence of the Peltier effect by the heat of electric heater is shown in Fig. 1. It
comprises a sample of thermoelectric material arranged between the electric heater and the thermostat.
Located on the lateral surface of the sample are two measuring potential probes and two
thermocouples for control of temperature difference between the probes. As the measuring probes,
identical thermocouple legs can be used, in which case two additional potential probes can be dropped.

A constant electric current / is passed through the sample. The direction of the current is chosen
so that the Peltier cooling effect manifests itself on the contact of the sample with the heater, and the
heating effect — on the contact with the thermostat. The equality of temperatures between
thermocouples is achieved by passing the current through the electric heater. Following that, the
voltage drop U between the probes is measured. The electrical conductivity of the sample material is
determined by the formula

11
C=——, (M
UusS
where S is cross-sectional area of the sample, / is the distance between measuring probes.
The physical model takes into account heats Q1 — Q13 which occur in measuring. They include
the Peltier heat on the contacts of the sample with the thermostat and the heater; the Joule heat
released in the sample; the Joule heat released on the contact electric resistances; heat exchange

between the heater and the thermostat due to radiation; heat exchange between the sample and the
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thermostat due to radiation; heat exchange due to thermal conductivity through thermocouple

conductors, current conductors, pressure mechanism, etc.

Fig. 1. Physical model of two-probe method for measuring the electrical conductivity of
thermoelectric material with compensation of the Peltier effect by the heat of electric heater.

1 — sample of thermoelectric material under study, 2 — current conductors,

3 — measuring probes; 4 — thermostat, 5 — electric heater; 6 — contact resistances.

To study the effectiveness of this measurement method, one should find the distributions of
electric potential ¢ and temperature 7 in the sample, which can be done based on the laws of

conservation of electrical charge

divj=0,
and energy
divw =0,
where W is energy flux density
W=q+¢j,
g is heat flux density
q=-«xVT+alj,

j is electric current density

j=-cVo-0caVT.

a, o, k are the Seebeck coefficients, electric conductivity and thermal conductivity.

Substituting (5) and (6) into (4), we obtain

2)

3)

4)

)

(6)

94 Journal of Thermoelectricity Ne4, 2017

ISSN 1607-8829



L.1 Anatychuk, V.V.Lysko
Method for compensation of the influence of the Peltier effect when measuring the electrical conductivity ...

W=—(k+0a’cT +0ac@)VT —(acT +c@)Ve. (7)

After taking into account (6), (7) in (2), (3), the laws of conservation of electric charge and
energy will take on the form:

{—V((K+O{26T+OL(pG)VT)—V((OLGT+(pG)V(P)=0,

(®)
-V(6Vo)-V(caVT)=0.

Having solved the system (8) with the corresponding boundary conditions, we obtain the
distributions of the electric potential and temperature in the sample. For the calculations, computer
methods of object-oriented simulation were used, in particular, COMSOL Multiphysics software
package [9].

Results of computer calculations of the electric potential and temperature
distributions in the sample. Measurement errors.

To test the effectiveness of the proposed method for eliminating the influence of the Peltier
effect, computer calculations of the distributions of temperature and electric potential in the sample
were carried out. A sample of thermoelectric material based on Bi-Te of diameter 6 and length 12 mm
was considered. Measuring probes are arranged on the lateral surface of the sample at a distance of 5
mm from each other and symmetrically with respect to the sample ends.

Fig. 2 shows a dependence of temperature difference between measuring probes on the value of
current passed through the sample, for the case when a reference heater is switched off. The electrical
conductivity measurement error can reach 40 %.

0 f———r—

0.0 0.2 0.4 0.6 0.8 1.0 LA

Fig. 2. Dependence of temperature difference between measuring
probes on the value of current passed through the sample.
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Fig. 3. Dependence of electric heater power necessary for compensation
of the Peltier effect influence on the value of current passed through the sample.

To eliminate this error, the cooling influence of the Peltier effect is compensated by the heat of
electric heater. Dependence of the necessary heater power on the value of current passed through the
sample is shown in Fig. 3. The distributions of electric potential and temperature along the sample for
different values of current through the sample are shown in Fig. 4.
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a) b)

Fig. 4. Distributions of electric potential (a) and temperature (b)
along the sample when using the Peltier heat compensation by the heat
of reference heater for different values of current passed through the sample.
1-1=014;2-1=024;3-1=0.54;,4—1=14;

An important factor that influences the accuracy of measurements when using the Peltier effect
compensation by the heat of reference heater is the accuracy of temperature equalization between the
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probes. Fig. 5 shows the dependence of the electrical conductivity measurement error on the value of
current through the sample for different levels of temperature equalization between the probes. As is
seen, to reach a decrease in measurement error below 1 — 1.5 %, it is necessary to assure temperature
equality between the probes at a level at least 0.05 — 0.1 K.

oo, %
12 -
3

0.0 0.2 0.4 0.6 0.8 1.0 LA

Fig. 5. Dependence of the electrical conductivity measurement error on the value
of current passed through the sample for different values of temperature
equalization accuracy between the probes: 1 — 0.01K; 2 —0.02K; 3 — 0.05K.
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Fig. 6. Dependence of the Seebeck coefficient measurement error on the value
of current passed through the sample for different thermostat temperature values.
1-Ty,=300K; 2—Ty=500K; 3—T,= 700K
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The method for compensation of the influence of the Peltier effect considered above allows also
determination of the Seebeck coefficient of the sample based on the Thomson relation

QO ,=allT =W, 9)
oc:%. (10)

The accuracy of this method for determination of the Seebeck coefficient will be governed by
the ratio of heat flows in the sample and the heat exchange of the sample and the reference heater with
the thermostat. The dependences of thermoEMF measurement error on current through the sample for
different values of thermostat temperatures are presented in Fig. 6. It is seen that for a rather wide
temperature interval and the range of currents used the accuracy of thermoEMF measurement by this
method can be 1 — 2 %. Therefore, this method can be useful as another independent method for
determination of the Seebeck coefficient jointly with the electrical conductivity measurements.

Conclusion

1.  The possibility of eliminating the influence of the Peltier effect through compensation of the
Peltier cooling effect by the heat of electric heater was considered. The effectiveness of using
this method was proved by means of computer simulation. It was established that to achieve a
decrease in measurement error below 1 — 1.5 %, it is necessary to ensure temperature equality
between the probes at a level at least 0.05 — 0.1 K.

2. It is shown that the method of compensation of the influence of the Peltier effect by the heat of
electric heater also allows determination of the Seebeck coefficient of the sample based on the
Thomson relation. The accuracy of thermoEMF measurement using this method is at the level
of 1 —2 % for the temperature range from room temperature to 700 K.
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