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ABSTRACT

The work is a continuation of studies of the dynamic characteristics of thermoelectric coolers aimed at analyzing the influence
of temperature differences, current operating modes, design parameters of the device and physical parameters of the material of
thermoelements for a time constant. The article analyzes the effect of the heat sink capacity of the radiator on the dynamic
characteristics, energy and reliability indicators of a single-stage thermoelectric cooler. A dynamic model of a thermoelectric cooler
has been developed taking into account the weight and size parameters of the radiator, which relate the main energy indicators of the
cooler with the heat removal capacity of the radiator, operating currents, the value of the heat load and the relative temperature
difference. The analysis of the dynamic model shows that with an increase in the heat-removing capacity of the radiator at a given
thermal load and various current modes, the main parameters of the cooler change. The required number of thermoelements, power
consumption, time to reach a stationary mode, and relative failure rate are reduced. With an increase in the relative operating current,
the time to reach the stationary mode of operation decreases for different values of the heat sink capacity of the radiator. It is shown
that the minimum time to reach the stationary operating mode is provided in the maximum refrigerating capacity mode. The studies
were carried out at different values of the heat sink capacity of the radiator in the operating range of temperature drops and the
geometry of thermoelements. The possibility of minimizing the heat-dissipating surface of the radiator at various current operating
modes and the relationship with the main parameters, reliability indicators and the time to reach the stationary operating mode are
shown. Comparative analysis of weight and size characteristics, main parameters, reliability indicators and dynamics of functioning
with rational design makes it possible to choose compromise solutions, taking into account the weight of each of the limiting factors.
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INTRODUCTION

The defining requirements for the systems for
ensuring the thermal modes of the transmitting and
receiving elements of onboard information systems
are  reliability  indicators  and dynamic
characteristics. The presence of a heat sink radiator
significantly affects the mass and dimensional
characteristics of the thermoelectric cooling device
(TEC). With natural convective heat exchange of the
radiator with the environment, the mass and
dimensions of the this radiator often significantly
prevail over the mass and dimensions of the TEC. In
addition, with a decrease in the heat dissipation
capacity of the radiator (aF), the cooling coefficient
E decreases. At the same time the following
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parameters increase: the value of the operating
current |, the time to reach the stationary operating
mode 1, the relative value of the failure rate A/Ao,
and, consequently, the probability of failure-free
operation P of the entire device decreases. Due to
the improvement of the technology for the
manufacture of TEC, it was possible to reduce their
size and mass per unit of cooling capacity. This has
led to an increase in the density of heat flows on the
heat-generating surface of the TEC and the question
of minimizing the heat-removing surface of the
radiator, especially in the case of natural convection,
arises more acutely [1]. The working range of
variation of the heat sink capacity is within
»>aF >aF, . Therefore, during the rational design

of the TEC one should inextricably connect it with
the characteristics of the heat sink radiator.
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1. ANALYSIS OF LITERARY DATA AND
PROBLEM SETTING

Systems for ensuring thermal modes of radio
electronic equipment are their integral part, since the
functioning of heat-loaded elements is impossible
without removing excess heat [2].

The variety of design versions of the
equipment, the released density of thermal energy,
the dynamic characteristics of heat flows and
requirements for reliability exclude the creation of
universal means of ensuring thermal modes [3].
Thermoelectric coolers are most commonly used for
heat-loaded elements with impulse heat generation
or absorption. Their main advantages are small
dimensions, high reliability and speed performance
in comparison with compression devices [4-11].
From the point of view of reliability theory, the heat-
loaded element and thermoelectric cooler are
connected in series. Therefore, the requirements for
coolant reliability indicators should not be lower
than the parameters of the element [12-17]. The
tightening of operational requirements for electronic
equipment has led to the need of study not only
static, but also dynamic characteristics of
thermoelectric coolers and their impact on reliability
indicators [18-20]. Two design parameters influence
the reliability indicators of thermoelectric modules.
These parameters include the geometry of
thermoelectric modules and the structure, which is
the subject of the studies presented in [21-23]. It is
known that the cyclic test mode of thermoelectric
coolers is used for reliability tests, since the time
between failures (MTBF) is reduced by one order of
magnitude [24-26]. The inclusion of the cooler in the
feedback loop of the temperature maintenance
circuit of the impulse heat-loaded elements makes it
relevant to increase the dynamic characteristics of
the cooler, which are directly related to its reliability
indicators. The work [27] is devoted to the analysis
of the connection between the reliability indicators
and the dynamic characteristics of thermoelectric
coolers. In this work the issues of reducing the time
to reach the stationary mode depending on
temperature drops and current operating modes are
considered, since the reliability indicators and
dynamic characteristics are in direct contradiction.
The work [28] presents further studies in the
direction of improving the dynamic characteristics
of thermoelectric coolers and related reliability. This
work analyzes the dependencies of the influence of
structural parameters of thermoelements. The
influence of the thermoelement material on the
dynamic characteristics and reliability indicators are
presented in [29, 30], where the possibility of the
effective influence of the physical parameters of the

thermoelectric material on the reliability and
dynamics of the thermoelectric cooler is shown. At
the same time, the influence on the reliability
indicators and dynamic characteristics of such a
mandatory component as a heat sink radiator
remained unexplored. Its mass and overall
dimensions directly affect the system for providing
thermal modes of on-board equipment.

2. PURPOSE AND OBJECTIVES OF THE
STUDY

The purpose of the work is to study the effect of
heat sink radiator parameters on the dynamics and
reliability indicators of single-stage cooling devices.

In order to achieve the goal, it is necessary to
solve the following tasks:
—to develop a dynamic model of the combination of
a thermoelectric cooling device with a heat sink
radiator;
— to analyze the dynamic characteristics and
reliability indicators for the main current modes of
thermoelectric coolers, taking into account the
influence of the heat-removing radiator.

3. DYNAMIC MODEL OF A
THERMOELECTRIC COOLER
CONSIDERING A HEAT SINK RADIATOR

The ratio for determining the heat dissipation
capacity of a radiator (aF) can be recorded as:

oF =Q/(T-T) (1)

where: o — is the heat transfer coefficient, W/m?-K:
F — radiator surface area, m?;
Q = Qo(1+1/E) — the heat output of the TEC,;
Qo is the amount of heat load, W;
Refrigerating coefficient, relative units:
2B-B* -0

AT,
2B| B+ " @
TO

where: B =I/lmax— relative operating current;

I —is the value of the operating current, A;

Imax = €To /R — maximum operating current, A;

To — is the temperature of the heat-absorbing
junction of the TEC, K;

T — the temperature of the heat-generating joint of
the TEC, K;

T. — the temperature of the medium, K;

® = T/ATmax— relative temperature drop, rel. units;
ATmax=0,5Z T/ — maximum temperature drop, K;

E=

Z _ is the efficiency of the thermoelectric material
in the module, 1/K;

R = 1/(cS) - electrical
thermoelectric branch, Ohm;

resistance of the
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€, o — respectively, thermoelectric coefficient, V/K

and electrical conductivity, S/cm of thermoelectric
branch.
Expression (1) can be represented as:

Q{BZ+ZB(1+AT’“Z‘X®]—®}
aF = L @
(2B-B*-0)AT,, (0-0,)

or

AT
B’+2B|1+—"™ @ |-©
K _aFAT T,

Q, (2B-B*-0)AT,, (0-0,)

. )

since, as aF — o K — o ogF — oo K — oo, it is
expedient to consider in next studies the value
a=1lK= QO/(OLFATmax);

(2B-B*-0©)AT,, (0-06,)

BZ+ZB(1+AT"“X @J—@ )

0

1 Q,

K aFAT,

where: ©; = (Te— To)/ATmax; T— Te = ATmax(®— O,).

In some cases of the design of the system
“object-TEC-heat sink™, there are unified series of
TEC and heat sinks (aF) at the disposal of the
developer. In this case, it is necessary for a given
values of aF of heat-dissipating radiators, as well as
heat load Qo and thermoelectric efficiency of
modules Z (ATmax) to choose a TEC design that
provides the specified conditions for the system
operation. For this case, one can use the relation (4)

O’B(2- B) — O[2B(1- aATmax/To) — B2 + ©, +a]+
+aB(2+B) +BO. (2-B) = 0.

Analysis of expression (3), (4) shows that if the
temperature of the heat-generating junctions T is
close to the ambient temperature T, a large finning
surface is required to remove thermal power. aF —
o a — 0. If the temperature difference (T -T.) is
sufficiently large, then the cooling coefficient E will
noticeably decrease. This will result in the increase
of the heat flow at the heat-generating joints, which
requires an increase in the surface of the radiator.
Determination of the maximum of the function a =
f(®) at the optimal relative temperature difference
Oopt allows us to find the minimum heat-removing
surface of the radiator aFmin.

From the condition da/(d®) = 0, we obtain the
ratio for determining the optimal relative
temperature drop @y cOrresponding to the minimum
heat-removing capacity of the radiator oFmn for
various current operating modes.

(®)

ATmax
e’ [1—ZBT]—ZG)W(BZ+ZB)+(ZB+BZ+G)C)(BZ+ZB)—(6)

onr
0

—[1—215;ATman(zE;—BZ)@c =0;
TO

In this case, the relative value of the failure rate
Mo can be determined in accordance with [2] from
the relation

2
B + A-I-I'I'IBX ]

o
Ao =nB*(©+C)—T—~
1+ ATmax
T0

where: Ao =3-1021/ h is the nominal failure rate;

n —number of thermoelements, pcs;
Qo
nl’_ R

Kri — is a significant coefficient of reduced
temperature [2].

KTl ; (7)

C= — relative heat load;

The probability of failure-free operation P of
the TEC can be determined from the expression

P =exp (-\t), (8)
where t is the assigned resource, h.

The time to reach the stationary operating mode
T can be determined from the expression in
accordance with [3]

m.C.
Z ik In YBH(Z*BH)
AT 2B, -B2 -0
K |1+2B, —ma KooK
TO

(9)

T=

where: Zmici =175-10* J/K — is the total value of
I

the product of heat capacity and mass of constituent
structural and technological elements (STE) for a
given geometry of thermoelectric branches I/S =
10cm-1;

_ IriaxHRH

V=" —,
ImaxKRK

where: Imaxx, Rk — respectively, the maximum
operating current, A and the electrical resistance of
the thermoelectric branch, Ohm, at the end of the
cooling process T;
Bu = V/lmaxu — relative operating current at t = 0;
Bk = l/lmaxx — relative operating current at t,
Imaxii = €6 T/Ry;  Imaxk = €xT/Rx;
€., . — accordingly, the averaged thermoelectric

coefficient of the thermoelectric branch at the
beginning and at the end of the cooling process,
VIK;

Kk= & /(I/S) — heat transfer coefficient, W/K;
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&, — averaged coefficient of thermal conductivity,
W/(cm-K).

The number of thermoelements n can be
determined from the ratio

h= Q (10
| Ric (2B — BE - ©)

max K

Power consumption Wy of TEC can be
determined from the expression:
AT
W, =2nl? RKBK(BK+%®} (11)

max K
0

Voltage drop
Uk = Wi/I. (12)

The cooling coefficient E can be calculated by
the formula:

E = Qo/Wk. (13)

4. ANALYSIS OF THE DYNAMIC MODEL
41 MOde Q()max (B:].)

Let us use relation (4) to consider the functional
dependence a = f(®) at a given heat load Qo = 0,5
B, T.= 300 K in the Qomax mode for different values
of ®..

The functional dependence a = f(®) has a
maximum for different ®., corresponding to the
optimal relative temperature drop @qp (Fig. 1).
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Fig. 1. Dependence of the value a = Qo/(6FATmax)
on the relative temperature difference © of a
single-stage TEC at T = 300 K for different values
of O in the Qomax Mode

Source: compiled by the author

For the Qomax (B=1) mode, relation (6) takes the
form:

@2(1—2%j—6®+3(1+®c)—®0(l—2ATW]:0
0 0

or .(14)

ATmax

@2(1—2 J—6®+3+2®C[1+AT’WJ=O
0 0

With the increase of ©., the optimum relative

temperature difference ®op increases (Fig. 2, Iltem 1)

from Ot =0.5at @, =010 Oy = 1.0 at O, = 1.

v

Oomr 7

0.9

0.8

0.7 7
0.6 —7?
;7//

0.3

N\

0.0 0.1 02 03 04 05 0.6 0.7 08 09 6

Fig. 2. Dependence of the optimal value of the
relative temperature difference @ Of a single-
stage TEC on the O¢value at T =300 K, Qo =0.5

W for different operating modes:
1 — Qomax mode; 2 — mode (Qo/max; 3 — mode
(Qo/1?)max; 4 — mode Amin
Source: compiled by the author

The results of calculations of the main
parameters, reliability indicators and dynamics of
functioning of a single-stage TEC in the Qomax Mode
at T.= 300 K, To= 280 K, ®. = 0,213, Qo = 0,5 W Br;
I/S = 10 cm~ for different temperature T of the heat-
generating junction are given in Table 1.

With an increase in the heat dissipation capacity
of the radiator from aFmin (2 = 0,055) t0 aF —
(@ — 0) at a given heat load Qo = 05 W u
0. = (T~ To)/ATmax = 0,213 in the mode Qomax
(Te=300K, To=280 K) ATmax = 94,1 K:

— the optimal relative temperature difference Oqp (Fig.
1) decreases from @ux = 0573 at aFmin
(a=0,055) to Oqp = 0.213 at aF — oo (a = 0);

— the operating current Imax (Fig. 3, item 1) increases
from Imax = 502 A at oFmn (@ = 0,055) to
Imax =5.32 A at aF — o (a = 0);

— the number of thermoelements n (Fig. 4, item 1)
decreases from n = 4 at aFmin (2 = 0,055) ton =2.2 at
aF — o (a=0);

— power consumption W decreases from W =2.8 W
at aFmin (@ = 0,055) up to W = 1.36 W at oF —
(a=0);
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Table 1. The main parameters, reliability indicators and dynamics of functioning of a single-stage TEC
Mode Qomax (B=1); Tc= 300 K; Qo = 0,5 W Br; To= 280 K; O, = 0,213; ATmax = 94,1 K

(€]
aF, W/K f R-10% | Imaxs n, W, U, 1108,
LK re_l Ohm A |pcs.| W | V E . A a TS | AR 1/h P
. units.
0 300 0,213 10,64 | 5,26 | 2,15|1,36 (0,26 | 0,37 | 5,26 0.0 |251] 217 6,5 0,99935
0,4 305 0,266 10,75 | 5,24 | 2.30 | 1,48 10,28 | 0,34 | 5,24 |0,0133| 2,93 | 2,33 7,0 |0,99930
0,21 310 0,319 11,0 |5,17|250|1,63|0,32|0,31| 517 | 0,025 | 3,46 | 2,53 7,6 |0,99924
0,125 320 0,425 111 (514 30| 2,0 |0,39|0,25| 514 | 0,043 |461| 3,0 9,0 |0,99910
0,10 330 0,53 11,36 | 5,08 | 3,6 |2,52]0.50|0,20| 5,08 | 0,053 | 6,0 | 3,7 11,0 | 0,9989
min/0,097 | 337,3 | opt/0,61 | 11,50 | 5,02 | 4,0 {2.80|0,56|0.18| 5,02 | 0,055 | 6,77 | 4,1 12,3 |0,99877
Source: compiled by the author
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Fig. 3. Dependence of the relative operating
current Bk on the transient time 7 of a single-
stage TECat T=300K,1/S=10cm™, Qo=0,5W,
AT = 40K for different operating modes:

1 — Qomax mode; 2 — mode (Qo/max; 3 — mode
(Qo/1?)max; 4 — mode Amin (the dotted line indicates

the time of reaching the stationary mode)
Source: compiled by the author

— the voltage drop U decreases from U = 0.56 V at
oFmin (@ = 0,055) up to U = 0.26 V at aF — o
(a=0);

— the refrigerating coefficient E (Fig. 5, item 1)
increases from E = 0.18 at aFmin (a = 0,055) to
E=0.37 at aF — o0 (a =0);

— the time of reaching the stationary mode 1 (Fig. 6,
item 1) decreases from t = 6.7 at aFmin (& = 0,055) to
t=245atoF — o (a=0);

0,00 0,01 0,02 0,03 0,04 0,05 0,06 0,07 a

Fig. 4. The dependence of the number of
thermoelements n on a single-stage TEC on the
valueof aat T=300K, I/S=10cm™, Qo=05W,
0. = 0,213 for different operating modes:

1 — Qomax mode; 2 — mode (Qo/Dmax;

3 — mode(Qo/1?)max; 4 — mode Amin (dotted line

indicates points corresponding to aFnmin)
Source: compiled by the author

— the relative failure rate A/A0 (Fig. 7, item 1)
decreases from MA0 = 4.1 at aFmin (a2 = 0.055) to
MA0 =2.2 at oF — o (a=0);

— the probability of failure-free operation P increases
(Fig. 8, item 1) from P = 0.99877 at oFmin
(a=0.055) to P =0.99935 at aF — o (a = 0).
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Fig. 5. Dependence of the cooling coefficient E of
a single-stage TEC on the value of aat T =300 K,
I/S=10cm™, Qo =0,5W, O, = 0,213 for various
operating modes:

1 —Qomax Mode; 2 — mode (Qo/max;

3 — mode(Qo/1?)max; 4 — mode Amin (dotted line

indicates points corresponding to aFmin)
Source: compiled by the author
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Fig. 6. Dependence of the time of reaching the
stationary mode Tt of a single-stage TEC on the
valueofaat T=300K,1/S=10cm™, Qo =0,5W,
0. = 0,213 for various operating modes:

1 — Qomaxmode; 2 — mode (Qo/max;

3 —mode(Qu/1?)max; 4 — Apin mode (dotted line

indicat es points corresponding to aFmin)
Source: compiled by the author
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Fig. 7. Dependence of the relative value of the
failure rate A/A0 of a single-stage TEC on the
valueofaat T=300K, l/S=10cm™, Qo =0,5W,
0. = 0,213 for various operating modes:

1 — Qomax mode; 2 — mode (Qo/l)max;

3 — mode(Qo/1?)max; 4 — Amin mode (dotted line

indicates points corresponding to aFmin)
Source: compiled by the author
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Fig. 8. Dependence of the probability of failure-
free operation P of single-stage TEC on the value
ofaat T=300K,1/S=10cm™?, Qo=05W, O, =
0,213 for different operating modes:
1 — Qomax mode; 2 — mode (Qo/Dmax;
3 — mode(Qo/1?)max; 4 — Amin mode (dotted line

indicates points corresponding to aFmin)
Source: compiled by the author
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4.2. Mode (Qo /1) max (B =0 )

Let us use relation (4) to consider the functional
dependence a = f (®) at a given heat load Qo = 0.5
W, T. = 300 K in the mode (Qo/l) max for different
values of O.

The functional dependence a = f (®) has a
maximum for different ®., corresponding to the
optimal relative temperature drop @op: (Fig. 9).

a
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0.06 / //
0.04

/ / 04 /
0.02 /

0,00

RN

™N

N

\
\
T TN

\
S\

0.0 0.1 02 03 04 05 0.6 0,7 0.8 09 ©

Fig. 9. Dependence of the value a = Qo/(aFATmax)
on the relative temperature drop @ of a single-
stage TEC at T =300 K for different values of O
in the mode (Qo/l) max

Source: compiled by the author

For the mode (Qo/l)max, relation (6) takes the
form:

AT
0 —mx +®(3+

0

max ®
T

0

]2\/_{1+ ma*@] o, =0(15)

With an increase in ®., the optimal relative
temperature drop Oqp increases (Fig. 2, item 2) from
@op[ = 04 at G)c = 0 to G)op[ = 10 at @c =1.

The results of calculations of the main
parameters, reliability indicators and dynamics of
functioning of a single-stage TEC in the mode
(Qo/l)max at Tc = 300 K, To = 280 K, O, = 0.213,
Qo = 05 W; I/S = 10 cm™ for different heat-
generating junction temperature T are shown in
Table 2.

With an increase in the heat dissipation capacity
of the radiator from aFmin (@ = 0.073) to aF —
(@ = 0) at a given heat load Qo = 0.5 W and
©. = 0.213 in the mode (Qo/l) max (T. = 300 K,
To=280 K) ATmax = 94.1 K:

— the optimal relative temperature difference ®opt
(Fig. 9) decreases from gt = 0.55 at oFmin
(2a=0.073) to Ogpt = 0.213 at aF — o« (a = 0);

— the operating current | decreases (Fig. 3, item 2)
from1=3.8 AataFmn(@=0.073)uptol =2.4 Aat
aF — o0 (a=0);

— the number of thermoelements n (Fig. 4, item 2)
decreases from n = 4.4 at aFmin (@ =0.073) ton =3.4
at aF — o (a=0);

— power consumption W decreases from W = 1.79
W at aFmin (@ = 0.073) to W = 0.5 W at aF —
(a=0);

— the voltage drop U decreases from U = 0.47 V at
aFmin (@=0.073) upto U=0.2 V at aF — o (a =0);
— the refrigerating coefficient E (Fig. 5, item 2)
increases from E = 0.28 at aFmin (@ = 0.073) up to
E=1.0atoaF — o (a=0);

— the time of reaching the stationary mode 1 (Fig. 6,
item 2) decreases from t = 7.5 at aFmi, (2 = 0.073) to
t=3.9 ataF — o (a=0);

— the failure rate Mo decreases (Fig. 7, item 2) from
Mo = 1.41 at aFmin (@ = 0.073) to MAO = 0.129 at
aF — oo (a=0);

— the probability of failure-free operation P increases
(Fig. 8, item 2) from P = 0.99958 aFmin (a = 0.073)
to P =0.999961 at aF — o (a = 0).

Table 2. The main parameters, reliability indicators and dynamics of functioning of a single-stage TEC
Mode (Qo/Dmax ; Tc =300 K; Qo= 0.5W; To =280 K; ©c = 0.213; ATmax = 94.1 K

O, rel. R10% | Imax, | N, | W, | U, 2108,
aF, WK | T, K ] E LA a T,5 | A/ o P
units Ohm A |pcs| W |V 1/h
) 300 0,213 10,64 | 526 |34 | 05 |0,20|1,01(2,43 0,0 3,9 10,129 0,388 |0,999961
0,225 305 0,266 10,75 | 5,24 | 3,4 |0,625/0,23|0,80(2,70| 0,024 | 4,3 0,216|0,647|0,999935
0,127 310 0,319 11,0 | 5,17 |3,46|0,773|0,26|0,65(2,92| 0,042 |(4,85|0,333| 1,0 | 0,99990
0082 320 0,425 11,1 | 5,14 |3,76|1,143|0,34|0,44(3,35| 0,065 6,0 0,687 | 2,06 | 0,99980
min/0,073|331,8| opt/0,55 11,2 | 5,12 |4,43| 1,79 |0,47|0,28| 3,8 |max/0,073| 7,5 | 1,41 | 4,24 | 0,99958

Source: compiled by the author
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4.3. Mode (Qo/l )max (B = ©)

Let us use relation (4) to consider the functional
dependence a = f(®) at a given heat load Qo = 0,5 W
, Te= 300 K in the mode (Qo/l?)mx for different
values of @..

The functional dependence a = f(®) has a
maximum for different ®. , corresponding to the
optimal relative temperature drop ®op: (Fig. 10).

a | RN

o | €0

0.10 \

0.08 / \\
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0,02 / " \\
/ 0.6 /—"-\§

0.00 . L .

0.0 0,1 02 03 04 05 06 07 0.8 09 ®

Fig. 10. Dependence of the value a = Qo/(aFATmax)
on the relative temperature difference ® of a
single-stage TEC at T = 300 K for different values
of @ in the mode (Qo/1?)max
Source: compiled by the author

For the mode (Qu/lI?)mx(B = @), relation (6)

takes the form:

[ ]
e’ [1+ 2%} 20, —|1+20, (1+ AT&J = 0. (16)
To L To )]

With an increase in ®, , the optimal relative
temperature drop Qopt increases (Fig. 2, item 3)
from ®opt = 038 at ®C = O tO @opt = 10 at ®C = 1

The results of calculations of the main
parameters, reliability indicators and dynamics of
functioning of a single-stage TEC in the mode
(Qo/1?)max at Tc = 300 K, To = 280 K, ©; = 0.213, Qo
=0.5W; I/S = 10 cm™* for different temperature T of
the heat-generating junction are given in Table. 3.

With an increase in the heat sink capacity of the
radiator from aFmin (@ = 0.079) to aF — « (a — 0)
at a given heat load Qo = 0.5 W and O, =
(Te-To)/ATmax = 0.213 in the mode (Qo/1%)max
(Tc=300 K, To=280 K) ATmax = 94.1 K:

— the optimal relative temperature difference ®opt
(Fig. 10) decreases from g = 0.531 at oFmin
(2a=0.079) to Ogpt = 0,213 pu aF — © (a — 0) ;

— the operating current | (Fig. 3, item 3) decreases
from1=2.72 A at aFmin (@ =0.079) to I =1.12 A at
aF — oo (a=0);

— the number of thermoelements n increases (Fig. 4,
item 3) from n = 6.9 at aFmin (@ = 0.079) to n = 10.1
at aF — oo (a = 0);

— power consumption W decreases from W = 1.51 W
at aFmin (2 = 0.079) to W = 0.36 W at aF —
(a=0);

— the voltage drop U decreases from U = 0.56 V at
aFmin (@ = 0.079) up to U = 0.32 V at aF — «©
(a=0);

— the refrigerating coefficient E (Fig. 5, item 3)
increases from E = 0.33 at aFmin (@ = 0.079) to
E=1.39 at aF — o (a = 0);

— the time of reaching the stationary mode Tt
decreases (Fig. 6, item 3) from t = 10.3 s at aFmin
(2a=0.079) to t=8.9 at aF — o« (a = 0);

— the relative failure rate A/Ao decreases (Fig. 7, item
3) from Mio = 0.55 at aFmin (@ = 0.079) to
Mo =0.0124 at aF — o« (a = 0);

— the probability of failure-free operation P (Fig. 8,
item 3) increases from P = 0.99983 at aFnmin
(2a=0.079) to P =0.9999963 at aF — o (a = 0).

Table 3. The main parameters, reliability indicators and dynamics of functioning of a single-stage TEC

Mode (Qo/19)max ; Te = 300 K; Qo = 0.5 W; To = 280 K; @ = 0.213; ATmax= 94,1 K

arwic [ 7| 1 R e WU s e | P
units Ohm A |pcs| W |V 1/h
0 300 | 0,213 10,64 | 5,26 |10,1| 0,36 |0,32|1,39|1,12| 0,0 | 8,94 |0,0124| 0,037 | 0,9999963
0,20 305 | 0,266 10,75 | 5,24 | 8,7 | 0,49 |0,35/1,03|1,39/0,027| 8,98 | 0,03 | 0,091 | 0,9999909
0,113 | 310 | 0,319 11,0 | 517 |78 | 0,63 |0,38/0,80|1,65|0,047| 9,16 | 0,064 | 0,193 | 0,999981
0,0745 | 320 | 0,425 11,1 | 5,24 | 7,0 |0,989|0,45|0,51|2,18|0,071| 9,6 | 0,225 | 0,68 | 0,999932
min/0,067 | 330 |om1/0,531| 11,2 | 5,12 |6,85| 1,51 |0,56|0,33|2,72|0,079| 10,3 | 0,55 | 1,66 0,99983
Source: compiled by the author
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4.4. Mode Amin (B =1n0)

Let us use relation (4) to consider the functional
dependence a = f (®) at a given heat load Qo = 0.5
W, T. =300 K in the Amin mode for different values
of Oc.

The functional dependence a = f (®) has a
maximum for different ®., corresponding to the
optimal relative temperature drop @op: (Fig. 11).

For the Amin mode, relation (6) takes the form:

AT
o’ | m+2—m 1420’ (27 -1) -
®op177 [’7+ TO J+ ®opt77 ( n ) (17)
—(277—1)[277—1“72@6+q[n+2MJ®c =0.
TO
a | L~
@ =0 / \
0,10 /' \\
0.08 / \
B
02
0,06 / ‘/ \‘\
0,04 N
04 / \
0,02 /
0.6 /T~
0,00 0.8

0.0 0,1 02 03 04 0.5 06 0.7 0.8 09 O

Fig. 11. Dependence of the value a = Qo/(aFATmax)
on the relative temperature difference ® of a
single-stage TEC at T = 300 K for different values

of Q. in the mode Anmin
Source: compiled by the author

With an increase in ®., the optimal relative
temperature difference Oop increases (Fig. 2, item 4)
from @y = 0.33 at ®. = 0 to Gopt = 1.0 at . = 1.0.

The results of calculations of the main
parameters, reliability indicators and dynamics of
functioning of a single-stage TEC in the Amin mode at
Tc =300 K, To =280 K, ®: = 0.213, Qo = 0.5 W,
I/S = 10cm™ for different temperature T of the heat-
generating junction are given in Table. 4.

With an increase in the heat dissipation capacity
of the radiator from aFmin (@ = 0.068) to aF —
(a — 0) at a given heat load Qo = 0.5 W and O, =
(Te—To)/ATmax = 0.213 in the Amin mode (T = 300 K,
To =280 K) ATmax = 94.1 K:

— the optimal relative temperature difference ®opt
(Fig. 11) decreases from O = 0.50 at oFmin
(2a=10.068) to Ogpt = 0.213 at aF — o« (a = 0);

— the operating current | (Fig. 3, item 4) decreases
from I = 2.05 A at oFmin (@ = 0.068) to | = 0.83 A at
aF — o (a=0);

— the number of thermoelements n increases (Fig. 4,
item 4) from n = 12.2 at oFmin (@ = 0.068) to
n=22.2 at aF — oo (a = 0);

— power consumption W decreases from W = 1.63 W
at aFmin (2 = 0.068) to W = 047 W at aF — «©
(a=0);

— the voltage drop U decreases from U = 0.8 V at
aFmin (@ = 0.068) up to U = 0.56 V at aF —
(a=0);

— the refrigerating coefficient E (Fig. 5, item 4)
increases from E = 0.31 at

aFmin (2 =0.068) to E=1.07 at aF — oo (a = 0);

— the relative failure rate A/Ao decreases (Fig. 7, item
4) from Mio = 03 at aFmn (@ = 0.068) to
Mo =0.0073 at aF — o (a = 0);

— the probability of failure-free operation P (Fig. 8,
item 4) increases from P = 0.999910 at oFmin
(a=10.068) to P =0.9999980 at aF — oo (a = 0).

Table 4. The main parameters, reliability indicators and dynamics of functioning of a single-stage TEC
Mode Amin; Te=300 K; Qo =0.5W; To =280 K; O = 0.213; ATmax = 94.1 K

oF wiic |7 x| O T R0 e WU s Los | MO b
units Ohm| A |pcs| W | V 1/h
0 300 0,21 10,64 15,26 22,2(0,47|0,56|1,07| 0,83 0,0 14,2 10,0073 0,022 | 0,999998
0,223 |305| 0,266 |10,75|5,24|18,0(/0,62|0,59|0,81| 1,05 0,024 14,1 | 0,019 | 0,056 |0,9999944
0,129 | 310 0,32 11,0 |5,17|16,0(0,79|0,63|0,63| 1,25 0,041 |14,28| 0,04 | 0,12 | 0,999988
0,086 |320| 0,425 11,1 |5,14)13,2|1,22|0,72{0,41| 1,70 0,062 141 | 0,24 | 0,42 | 0,999958
min/0,078| 327 | on1/0,513 | 11,2 |5,12|12,2|1,63(0,80|0,31| 2,05 |max/0,068| 14,2 | 0,30 | 0,90 | 0,999910
Source: compiled by the author
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— the time of reaching the stationary mode t (Fig. 6,
item 4) practically does not change;

A comparative analysis of the main parameters,
reliability indicators and functioning dynamics for
various typical current operating modes is given
below.

Fig. 12 presents functional dependence of the
maximum values amax = f (B) pos. 1 of a single-stage
TEC, corresponding to the minimum heat dissipation
capacity of the radiator aFmin = f (B) pos. 2 for
various characteristic current modes of operation.
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Fig. 12. Dependence of the value of amax (1) and
the minimum heat-removing capacity of the
radiator aFnmin (2) of a single-stage TEC on the
relative operating current B at T = 300 K,
I/S=10cm™, Qo=05W, ®:=0.213
Source: compiled by the author

The functional dependence amax = f (B) has a
maximum at B = 0.53 (Fig. 12, item 2), which
corresponds to the mode (Qo/1?)max. The functional
dependence aFmin=f (B) has a minimum at B = 0.53
(Fig. 12, item 1), which also corresponds to the
mode (Qo/1%)max.

The absolute minimum of the heat dissipation
capacity of the radiator aFmin can be achieved in the
mode (Qo/1%)max.

Fig. 13 shows the dependence of the time of
reaching the stationary mode 1t on the relative
operating current B for the maximum values amax
amax(0Fmin) (Fig. 13, pos. 1) and a — 0 (aF — )
(Fig. 13, pos. 2) at ©. = 0.213.

With an increase in the relative operating
current B, the time to reach the stationary mode t
decreases and reaches its minimum values. It varies
from t = 6.8s for amax = f (B), and reaches 1 = 2.5s
for a —» 0 (aF — o) in the Qomax Mode, which
corresponds to the absolute minimum.
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Fig. 13. Dependence of the time of reaching the
stationary mode 7 of a single-stage TEC on the
relative operating current B for different current
modes at T =300 K,I/S=10cm™; Qo = 0.5 W; O
= 0213, 1- Amax (aFmin); 2—a—0 ((lF—)OO)

Source: compiled by the author

The range of values of 1, enclosed between
curves 1 and 2, corresponds to values of 1 in the
range from aFmin to aF — oo.

Fig. 14 shows the dependence of the
refrigerating coefficient E on the relative operating
current B for amax(aFmin) (Fig. 14, pos. 1) and a — 0
(aF—0o0) (Fig. 13, pos. 2).

The functional dependence E = f (B) has a
maximum at B = 0.53 for amax(aFmin) (Fig. 14, pos.
1) and B = 0.21 for and a — 0 (aF—) (Fig. 12,
pos. 2), which corresponds to the mode (Qo/1?)max at
0. =0.213.

The range of values of E, enclosed between
curves 1 and 2, corresponds to the values of aF in
the range from oFmin t0 aF—00.

Fig. 15 presents the dependence of the relative
value of the failure rate A/Ao of a single-stage TEC
on the relative operating current B for the maximum
values amax(aFmin) (Fig. 15, item 1) and ¢ — 0
(aF—o) (Fig. 15, item 2).

With an increase in the relative operating
current B, the relative value of the failure rate A/Ao
increases and reaches its minimum values for amax =
f BV = 41, and for a — 0 (aF — o)
Mo = 2.17 in Qomax Mode.

The range of Mio values, enclosed between
curves 1 and 2, corresponds to AAo values in the
range from oFmin to aF — oo.
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Fig. 14. Dependence of the refrigerating
coefficient E of a single-stage TEC on the relative
operating current B for different current modes
atT=300K; AT=94.1K; I/S=10cm™;
Qo=0.5W,; ©.=0.213:
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Source: compiled by the author
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Fig. 15. Dependence of the relative value of the
failure rate A/A, of a single-stage TEC on the
relative operating current B for various current
modes at T=300 K, AT =94.1 K, I/S=10cm™,
Qo=05W, O.=0.213, ) = 3-10%1/h:
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Source: compiled by the author

Fig. 16 shows the dependence of the optimal
values of the relative temperature difference ®op
corresponding to amax (oFmin) on the relative
operating current B for different @..

With an increase in the relative operating
current B, the value of the optimal relative
temperature drop ®qp increases for different ®.. The
maximum value of @qy corresponds to the Qomax
mode, the minimum — to the Amin mode at a given ©..
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Fig. 16. Dependence of the optimal relative
temperature difference @ Of a single-stage
TEC on the relative operating currentBat T =
300 K; AT=94.1K;1/S=10cm™; Qo=0.5W
and different values of ©. for different operating
modes: 1 - Qomax Mode; 2 - mode (Qo/max;

3 - mode (Qo/1?)max; 4 - mode Amin

Source: compiled by the author

5. DISCUSSION OF THE RESULTS OF THE
ANALYSIS OF HEAT SINK EFFECT ON THE
DYNAMICS AND RELIABILITY OF
SINGLE-STAGE COOLING DEVICES
OPERATION

A comparative analysis of the main parameters,
reliability indicators and functioning dynamics for
various typical current operating modes is given
below.

Fig. 12 shows the functional dependence of the
maximum values amax = f (B) pos. 1 of a single-stage
TEC, corresponding to the minimum heat dissipation
capacity of the radiator aFmin = f (B) pos. 2 for
various characteristic current modes of operation.

The functional dependence amax = f (B) has a
maximum at B = 0.53 (Fig. 12, item 2), which
corresponds to the mode (Qo/1%)max. The functional
dependence aFmin = f (B) has a minimum at B = 0.53
(Fig. 12, item 1), which also corresponds to the
mode (Qo/1%)max.
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The absolute minimum of the heat dissipation
capacity of the radiator aFmin can be achieved in the
mode (QO/lz)max-

In Fig. 13 shows the dependence of the time of
reaching the stationary mode t on the relative
operating current B for the maximum values amax
(oFmin) (Fig. 13, pos. 1) and a — 0 (aF — o)
(Fig. 13, pos. 2) at ©. = 0.213.

With an increase in the relative operating
current B, the time to reach the stationary mode t
decreases and reaches its minimum values. It drops
fromt=6.8s foramx=f(B)tot=2.5sfora— 0
(aF — o) in the Qomax Mode, which corresponds to
the absolute minimum.

The range of values of 1, enclosed between
curves 1 and 2, corresponds to values of T in the
range from oFmin to aF — oo,

Fig. 14 shows the dependence of the
refrigerating coefficient E on the relative operating
current B for amax (aFmin) (Fig. 14, pos. 1) anda — 0
(aF — o) (Fig. 13, pos. 2).

The functional dependence E = f (B) has a
maximum at B = 0.53 for amax (aFmin) (Fig. 14,
pos. 1) and B = 0.21 for a — 0 (aF — o) (Fig. 12,
pos. 2), which corresponds to the mode (Qo/I?)max at
Oc = 0.213.

The range of values of E, enclosed between
curves 1 and 2, corresponds to the values of aF in
the range from oFmin to aF — oo.

Fig. 15 shows the dependence of the relative
value of the failure rate A/Ao Of a single-stage TEC
on the relative operating current B for the maximum
values amax (aFmin) (Fig. 15, pos. 1) and a — 0
(aF — o) (Fig. 15, pos. 2).

With an increase in the relative operating
current B, the relative value of the failure rate A/Ag
increases and reaches its minimum values for amax =
f (B) Mo =4.1, and for a — 0 (aF — o0) Mo = 2.17
in Qomax Mode.

The range of Mio values, enclosed between
curves 1 and 2, corresponds to A/ values in the
range from aFmin to oF — oo.

Fig. 16 shows the dependence of the optimal
values of the relative temperature difference ®gpt,
and the corresponding amax (oFmin) On the relative
operating current B  for different @..

With an increase in the relative operating current B,
the value of the optimal relative temperature drop
Oopt increases for different ®.. The maximum value
of @qp corresponds to the Qomax Mode, the minimum
— to the Amin mode at a given O.

CONCLUSIONS

A physical model of the relationship between
the main parameters, reliability indicators and the
dynamics of functioning of a single-stage TEC has
been developed. We take into account the effect of
the heat-removing capacity of the radiator in the
range from oF — o to aFmin, temperature drops AT
from 10 to 60 K at a given heat load Qo = 0.5 W.

Relationships are obtained to determine the
optimal relative temperature difference Qg
corresponding to the maximum value amax Or the
minimum heat dissipation capacity of the radiator
oFmin . These relationships were made in the range
of different current operating modes and relative
temperature drops with the environment ®. at a
given value of the heat load Qo and the efficiency of
the initial thermoelectric materials in the module
Z (ATmax).

With an increase in the relative operating
current B, the time to reach the stationary operating
mode t decreases for different values of the heat sink
capacity oF. The minimum time for reaching the
stationary operating mode is provided in the Qomax
mode for different values of the heat sink capacity of
the radiator.

The possibility of reducing the weight and size
characteristics of the cooling device in 2-3 times by
minimizing the heat sink in relation with the main
parameters, indicators of reliability and the
dynamics of the TEC operation is shown, which is
especially important when creating or modernizing

on-board information systems with heat-loaded
elements.
Comparative analysis of weight and size

characteristics, main  parameters,  reliability
indicators and dynamics of functioning with rational
design makes it possible to choose compromise
solutions, taking into account the weight of each of
the limiting factors.
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AHOTANTIA

Bu3Haua bHUMU BHMOTaMH JI0 CHCTEM 3a0€3MCUECHHS TEIUIOBHX PEXUMIB NPUIIMaIbHO-TIEPEAAIOYHX CJIEMEHTIB OOPTOBUX
iH(pOpMALIITHUX CHCTEM SIBISIFOTHCS TIOKa3HUKH HAZIHHOCTI 1 AMHAMIUHI XapakTepucTuku. PoboTa mpeacraBiisie COO00 MPOIOBKECHHS
JOCI/UKEHb JWHAMIYHUX XapaKTePHCTHK TEPMOENEKTPHYHNX OXOJIOKYBadiB, HANpaBICHMX Ha aHali3 BIUIMBY IepenasiiB
TeMIIepaTypH, CTPyMOBHUX PEKHMIB, KOHCTPYKTHBHHX ITapaMeTpPiB MIPUCTPOIO i (i3MIHMX MapaMeTpiB MaTepialry TepMOEIEMEHTIB Ha
cTaiy 9acy. B crarTi npoaHanizoBaHO BIUIMB TEIUIOBIIBIAHOI CIIPOMOKHOCTI pajiaTopy Ha JUHAMIYHI XapaKTepHCTHKH, €HepreTHIHi
1 TOKa3HUKH HAAIHHOCTI OTHOKACKaHOTO TEPMOEIEKTPHIHOTO 0X0JI0/KyBada. Po3pobieHa fuHaMiYHa MOJIENh TEPMOCIEKTPHYHOTO
OXOJIOPKYyBauya 3 ypaxyBaHHSIM Macora0apHTHUX IIapaMeTpiB pagiatopy, SKi 3B’S3yIOTh OCHOBHI €HEPTreTHYHI IOKa3HUKU
OXOJIOMPKYBaua 3 TEIUIOBIABIAHOIO CHPOMOJKHICTIO paniaTopy, poOOYMMH CTpyMaMH, BEIHYMHOIO TEIJIOBOI'O HABaHTaKEHHA 1
BIJTHOCHUM II€penazioM TeMIlepaTyp. AHali3 TUHAMI4HOI MOJEINi MOKa3aB, 10 3 POCTOM TEIUIOBIABIAHOI CPOMOKHOCTI paxiaTopy
IpU 3aJaHOMY TEIUIOBOMY HAaBAHTKEHHI 1 PI3HUX CTPYMOBHX pPEXHMaxX 3MIHIOIOTHCS OCHOBHI IOKa3sHMKH OXOJOIKyBada.
3MeHIIyeThesl HeoOXifHa KUIBKICTh TEPMOCNIEMEHTIB, CIO)KHBAaHAa ITOTYXHICTh, Yac BUXOJY Ha CTAILllOHAPHUH PEXHM, BiJHOCHA
IHTEHCHBHICTH BiZIMOB. 3 POCTOM BIHOCHOTO POOOYOro CTpyMy 9ac BHXOAY Ha CTaIllOHApHUH PEXUM POOOTH 3MEHIIYETHCS JUIS
pI3HHMX 3HaYeHb TEIIOBIJBIIHOI CIIPOMOXKHOCTI pamiaTopy. Iloka3aHo, mo MiHIMaJIBHHI Yac BHXOAY Ha CTaIliOHApPHUH PEXHUM
poboTn 3abe3neduyeTbCs B PEXHMMI MaKCHMalbHOI XOJOJONPOAYKTUBHOCTI. JOCHIIKEHHS IpOBEAEHI HPH PIi3HUX 3HAYCHHSX
TEIUIOBIJBIIHOT CIIPOMOXKHOCTI pajiaTopy B poOOYOMY Jiama3oHi IeperajiB TeMIepaTtyp i reoMerpii TepmoeneMeHTiB. [lokazana
MOJKJIMBICTD MiHIMi3alii TEIJIOBIABIIHOI MOBEPXHI pamiaTopy MpH Pi3HHX CTPYMOBHX PEXHMax POOOTH i 3B'I30K 3 OCHOBHUMH
nmapameTpaMu, MOKa3HUKaMHU HaIiHOCTI 1 4acoM BUXOXy Ha CTalioOHapHUH pexuM poboTu. [lopiBHAIBHUIT aHANi3 MacorabapuTHHUX
XapaKTEePUCTHK, OCHOBHUX IapaMeTpiB, MOKAa3HUKIB HAAIHHOCTI 1 AMHAMIKH (YHKIIOHYBaHHS MPH PalliOHAJBHOMY HPOEKTYBaHHS
JTa€ MOXITMBICTH BHOOPY KOMIPOMICHHX PillleHb 3 ypaxyBaHHSIM 3HAUyHIOCTi KOKHOTO 3 0OMEXYBaJIbHUX (aKTOPiB.

Kniouogi cnosa: TepMOCIEKTPUYHUNA OXOJIO/KYBay; AUHAMIYHI XapaKTEPUCTHKH, TEIIOBIIBIIHA CIIPOMOXHICTH paniatopy;
IMOKa3HUKH HaIiAHOCTI
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AHHOTALIMA

Omnpenensomumy TpeOOBaHUSIMU K CUCTEMaM 00ECTIeueHHs TeIUIOBBIX PEXUMOB MPUEMO-TIEPEAAIOIINX JIEMEHTOB OOPTOBBIX
MH()OPMAIIMOHHBIX CHUCTEM SIBIIIOTCS IOKa3aTeNH HaJeXHOCTH M JHHAMHYECKHE XapaKTepHCTHKH. Pabota mperncraBiseT coOoi
MIPOJOIDKEHNE HCCIeJOBAaHUH JHHAMHUYECKHX XapaKTePUCTHK TEPMOUICKTPHUIECKUX OXJIAAUTENeH, HallpaBICHHBIX Ha aHaIU3
BIMSIHASL TEpenajoB TEMIEpaTyphl, TOKOBBIX PEXKHMOB pabOTHI, KOHCTPYKTHBHBIX ITapaMETPOB YCTPOWCTBA M (H3MYECKHX
IapaMeTpoB MaTephaja TEPMOIJIEMEHTOB Ha IOCTOSIHHYIO BpEMEHH. B cTaThe NpOaHANM3MPOBAHO BIMSHHE TEIIOOTBOASIICH
CIOCOOHOCTH pajguaTopa Ha JUHAMHYECKUE XapaKTCPHCTHUKH, JHEPreTHYeCKHE M HaJe)KHOCTHBIC IOKAa3aTelH OJHOKACKaJHOTO
TEPMO3JIEKTpUYECKOro oxjagurend. PaspaboraHa [guHaMuyeckas MOJENb TEPMOIIEKTPUYECKOTO OXJAgUTeNsi C  Y4eToM
MaccorabapHTHBIX MapaMeTPOB paguaTopa, KOTOpHIE CBSA3BIBAIOT OCHOBHBIC JHEPreTHYECKHE I[OKa3aTesll OXJIAJAUTeNs C
TEMJIOOTBOAIICH CIOCOOHOCTBIO pasuaTopa, paboYMMH TOKaMHM, BEIMYHMHOM TEIJIOBOM HAarpy3kod M OTHOCHTENBHBIM IMEpenagom
TemIeparyp. AHaIN3 JUHAMUYECKOH MOJIENH ITOKa3hIBaeT, 9YTO C POCTOM TEIUIOOTBOMAIIEH CIIOCOOHOCTH paguaTopa IpH 3aJaHHOI
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TEIJIOBOI Harpy3Ke U pa3iIMYHbIX TOKOBBIX PEKUMaX M3MEHSIOTCS OCHOBHBIE IIOKA3aTeNN OXJIAAUTEN. Y MEHbIIaeTCsl He00X0quMoe
KOJIMYECTBO TEPMODJIEMEHTOB, ITOTpedIsieMast MOITHOCTh, BPeMsI BEIX0/Ia Ha CTAIIMOHAPHBINA PEXUM, OTHOCHTEIbHAs HHTCHCHBHOCTD
oTka30B. C pOCTOM OTHOCHTEIHFHOTO Pabodero Toka BpeMs BBIXOJa Ha CTAI[OHAPHBIA PEeXXUM PaOOTHl YMEHBIIACTCS IS Pa3IHIHBIX
3HAUCHUH TEIUIOOTBOAAIIEH CIIOCOOHOCTH paguaTtopa. [lokazaHo, YTO MHHHMaIbHOE BpeMs BBIXOJA Ha CTAllOHAPHBIH DPEXUM
paboThl obecreunBaeTcsl B PEKUME MaKCHMaIbHOH XOJOZONPOHM3BOJUTENBHOCTH. lccleqoBaHusl MPOBEICHBI NPU Pa3IUUHBIX
3HAYEHMSAX TEIUIOOTBOMAIICH CIIOCOOHOCTH paauaTopa B paboyeM [Mana3oHe IepenajoB TEMIEpaTyp M T'eOMeTpHU
TepMO3JIeMEHTOB. [lokazaHa BO3MOXKHOCTh MMHHMH3ALHUK TETJIOOTBOASIIEH NMOBEPXHOCTU PagMaTopa NpU PAa3IUYHBIX TOKOBBIX
pexuMax paboThl U CBSI3b C OCHOBHBIMHU ITapaMeTPaMH, MOKA3aTeNIIMU HAJISKHOCTH U BPEMEHEM BBIXOJa Ha CTAI[MOHAPHBIA PEXUM
pabotel. CpaBHHTENBHBIM aHaNMM3 MaccorabapHTHBIX XapaKTEPHCTHK, OCHOBHBIX IIapaMeTpOB, IIOKa3aTeledl HaJe}HOCTH U
JIMHAMUKY (QYHKIIMOHMPOBAHMS IPH PalOHATFHOM IPOEKTHPOBAHUM IaeT BO3MOXKHOCTH BBIOOpPAa KOMIIPOMHCCHBIX PEIICHHH C
Y4ETOM BECOMOCTH Ka)XKJJOTO U3 OTPaHHINTEIEHBIX (PaKTOpOB.

KnrodeBble cioBa: TEpMODIEKTPUUSCKUI OXJIAIHUTENb; NUHAMHYECKHE XapaKTEPHCTHKH, TEIUIOOTBOJMIAs CIOCOOHOCTH
paguaTopa; MoKa3aTesld HaJeKHOCTH
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