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ABSTRACT

The possibility of optimal thermal management of a number of temperature-dependent and heat-loaded elements of radio
electronic equipment with calculated power dissipation is considered. Studies have been carried out in a uniform temperature field
using a set of thermoelectric cooling devices and defined geometry of thermocouple branches. The correlation for determining the
relative operating current depending on the relative temperature drop for a given supply voltage, thermal load and geometry of
thermoelements branches has been obtained; the range of valid values of the relative operating current has been determined. A
comparative analysis of the basic parameters, reliability indices and dynamic characteristics of a group of thermoelectric devices
included in the complex for different supply voltages and heat loads has been made. The possibility of selecting supply voltages of
thermoelectric devices complex with regard to limiting factors for mass-size, power, dynamic and reliability characteristics to ensure
the optimum thermal mode of a number of thermo-dependent elements of radio electronic equipment has been shown. With
increasing supply voltage of thermoelectric devices complex with mixed electrical connection in uniform temperature field at given
thermal load and geometry of thermoelements branches the following results are achieved. Steady-state time increases, the number of
thermoelements increases, the cooling coefficient decreases, the amount of consumed energy increases, the heat dissipation capacity
of the heat sink increases, and the functional dependence of the probability of failure-free operation on the total supply voltage has a
maximum.
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INTRODUCTION a decrease in the other. The design challenge is to
find a compromise that achieves acceptable
performance relative to the target function. The
management of a thermoelectric system for thermal
management of apparatuses falls within the range of
these objectives. The resulting reliability of a
thermally loaded element and its thermal mode
support system is directly determined by the
reliability performance of the thermoelectric system.

This makes the problem of management of
thermoelectric systems of equipment thermal modes
with regard to their reliability and dynamic
indicators relevant.

The thermoelectric method of thermal
management of heat-loaded elements of radio
electronic equipment is the most acceptable due to
the absence of moving components of coolers and
their solid-state nature. These circumstances ensure
small size, high performance and reliability of
thermoelectric coolers (TEC). At the same time, the
increasingly stringent requirements for on-board
equipment place new demands on its thermal
management systems as well. This applies first to
such  fundamental indicators as reliability,
responsiveness and controllability. Reliability and
responsiveness are antagonistic concepts, as LITERATURE REVIEW

demanding an increase in one automatically leads to Ensuring thermal condition of on board-system

[1]. Increased requirements to and dimensions make

© Zaykov V., Mescheryakov V., Zhuraviov Yu., 2022 thermoelectric coolers [2], the main operational
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advantages of which are increased climatic and
mechanical conditions of application and ease of
control [3], have no alternative. Increasing demands
on the dynamics and reliability of thermally loaded
equipment [4, 5] result in the need for higher
thermal mode systems [6, 7]. In [8] analysis of
influence of thermal loading on reliability indicators
of fuel injection equipment is given, however
influence of design parameters was not discussed. In
[9] results of investigation of influence of design
parameters of fuel injection equipment on reliability
indexes are presented. In [10] an analysis of relation
between current operation modes of the cooler and
reliability indices is made, which allowed to choose
optimal operation conditions by this criterion. At the
same time, the control function requires knowledge
of dynamic characteristics, which were not
considered in the noted sources [11]. However,
increasing the dynamic characteristics leads to
decreasing the reliability performance, which is a
fundamental problem [12]. For thermoelectric
coolers, this is reflected in the fact that the linear
thermal expansion of thermocouple and substrate
materials leads to cracking of junction sites [13].
Conducted research in [14] showed the relationship
of dynamic performance with the design of TEC, in
[15] with the number of thermocouples, in [16] with
the current modes of the product. In [17, 18], an
analysis of the possibility of controlling TECs by
complex criteria, including both reliability and
dynamics indices, is presented. However, all these
studies were conducted for a separate thermoelectric
cooler without taking into account their mutual
influence. An urgent task is the task of controlling a
thermal mode support system that includes
thermoelectric coolers connected in parallel and in
series.

PURPOSE AND OBJECTIVES OF THE
RESEARCH

The aim of the work is to improve the quality of
thermal management of a set of thermoelectric
cooling devices with mixed electrical connection in
a uniform temperature field.

To achieve this goal it is necessary to solve the
following tasks:

1. To develop a mathematical model of
thermoelectric system of thermal modes provision
with regard for reliability indicators and functioning
dynamics.

2. To analyze developed model to identify
optimal characteristics of thermoelectric cooler
model.

DISTRIBUTED THERMOELECTRIC
COOLER MODEL

The design features of radio electronic
equipment include a dispersed arrangement of heat-
loaded elements with different dissipation power.
Therefore, in order to provide a given thermal mode
of a number of heat-loaded elements, it is possible to
use a group system of arrangement of TEC located
on one heat sink. In this case, different supply
voltages can be used for a group of TECs connected
electrically in parallel. In doing so, the most rational
ones can be identified, taking into account a number
of limiting factors in terms of mass, energy, dynamic
and reliability characteristics. For a group of TECs
connected electrically in series, selects the mode

Qpmax » for one TEC in combination with different

modes of operation of a group of TECs connected in
parallel.

To solve the problem we shall use the known
relations [19].

The number of thermocouples in a TEC can be
determined from the expression:

_ Qo 1
" 12, ,R(2B-B%*-0) @

where Qq is the heat load, W; |0 =— Iis

maximum operating current, A; e is average value
of coefficient of thermal EMF of thermocouple
branch, V/K; T, is temperature of the heat-

I
Ki R=—
oS
resistance of thermocouple branch. Ohm; | and S
are, respectively, the height and the cross-sectional

absorbing junction, is electrical

area of the thermocouple branch; & is average value
of electrical conductivity of the thermocouple
branch, Sm/cm; B =1/, is relative operating

current; | is value of operating current, A;

0_T-To

max

is relative temperature difference; T is

temperature of fuel junction, K; ATy = O,SETO2 is

maximum temperature difference, K; 7 is average
value of thermoelectric efficiency of the
thermocouple branch, 1/K.
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The power consumption of the TEC can be
determined from the expression [19]:

W=2n|§mRB(B+ATﬂ J @)
To
The voltage drop U can be written as
AT
U :2n|maxR(B+ _I_max G)j. 3)
0

The cooling factor can be determined from the
expression:

)

W (4)

The relative failure rate %0 can be calculated

using the formula [19]:

2
5 (B+A:_max @j
Z =nB%(@+c) 0 K

T (5)
(1+ATmaX @J
To
where C:% is the relative heat load; KT is
Nl hax

reduced temperature coefficient [19]; A =3.108

is nominal failure rate, 1/hour.
The probability of failure-free operation P can
be written as

P =exp(-At), (6)

where t is the designed lifetime, h.
The time of reaching the steady-state operation
mode 7 can be determined from the expression [20]:

> m;iC; + myC
D0 Ba(2-By)

ATmaX] 2B-B?-0
0

 (7)

T =

R= K[1+ 2B

where mMyCy is product of mass and heat capacity of

the cooling object. In our case mycy — O (object is
absent).
2. M;C; is the total value of products of heat
[

capacity and mass of structural and technological
elements (KTE) at the heat-absorbing junction of the

module at a given geometry of thermocouple
branches (relations 1/S):

2
_ ImaxHRH .

=— ;
ImaxKRK

K= gI_S is heat transfer coefficient, W/(cmK).

The indices H and K correspond to the start and
end of the cooling process.

For an electrical connection in series, the
condition must be fulfilled

I =By lmaxn = B Imaxk - (8)
Hereinafter we shall consider the mixed
electrical connection of TEC in the complex

consisting of six TEC, three of which are connected
electrically in series with heat loads Q=3 W, 1.0
W, 05W.

The electrical diagram of the mixed connection
of the TEC complex is shown in Fig. 1.

1-00=15 2-00=10W:3-0,=50W

4 - L)u 30W; 5- Q'U 1L,OW;: 6 - g)n 05w
Fig. 1. Connection diagram of thermoelectric

coolers:
1- Qp=15W; 2 — Qp=10W; 3 — Qy=10W,

4— Qu=3W; 5- Qp=1.0W; 6 — Qy=0.5W.
TEC 1, 2, 3 are connected electrically in series
and TEC 4, 5, 6 are connected in parallel
Source: compiled by the authors

Let's consider the electrical connection of a
group of TECs in series.

Results of calculations of basic parameters,
reliability indices and dynamic characteristics of the
group of fuel and energy units in series electrical

connection of TEC in uniform temperature field T,
=260K with different thermal load Qu= 5.0, 10.0,

15.0 W at fixed geometry of thermoelement
branches (ratio 1/S) are given in Table 1.
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Table 1. Series electrical connection of TECs (TEC 1. 2, 3).
Mode Qnax (B;=1),©=05,1/S=45E=0,216,7=7,6s, T - T, =5K

Qy, W n, pcs W, W UV | oF,W/K | NNW-s Al 29 21108 Uh P
15.0 53.5 69.3 6.2 16.9 527 54.7 164 0.9837
10.0 35.7 46.2 4.2 11.2 351 36.5 110 0.9891
5.0 17.8 23.0 2.1 5.6 175 18.2 54.6 0.9946

Y 300 107 138.5 125 33.7 1054 109.4 328 0.9677

Source: compiled by the authors
With growth of thermal load Q, at a given The optimum operating current By

temperature difference AT =40K for a group of
TEC (1, 2, 3) with series connection: the number of
thermoelements N, voltage drop U , required heat
dissipation capacity of the radiator ofF , power

consumption W , relative failure rate /I/ﬂo, amount

of energy N consumed increase, probability of no-
failure operation P decreases.

At the same time the value of operation current
| =11.1A, cooling factor E=0.216, time to the
steady-state operation 7 =7.6 s remain constant and
do not depend on the value of thermal load Q.

Let's consider a group of TECs with parallel
electrical connection in a cascade.

corresponding to the maximum values A, of the

A
value S—Bzo for different drops in temperature

AT can be determined from the condition:

Using relations (1) and (3) we can write the A
expression for the supply voltage U of the TEC: 1 //“\ <
13 B \\
AT /
2Qo((B +7Tmax @J - / R
U = 0 1 10 / ]
lnax(2B-B2-0) ’l l/ N
or 08 B .
07 I I \—\r— \201{
2B-B%-0 S TS
A = T , ’ ’ / // N 30K
B+—=10 N i
To i A .
2 o3 / — T 0K
where A=—QO 02 ’I / / /
maXx el J—— 60K
Fig. 2 shows the dependence of the value A on Im/ U/ e T PR B
the relative operating current B for different
= = 2
tempt_erature drops AT at T =300K, 173 45 The Fig. 2. Dependence of the value A:& of the
functional dependence A= f(B) has a maximum max

for different temperature drops AT . With increasing
temperature difference AT the value A decreases.
The geometric location of the points corresponding

to the maximum values Ay, Of is indicated by a
dotted line.

group of TECs with parallel electric connection
on the relative operating current B for different
temperature drops AT at T =300K; I/S =45

Source: compiled by the authors
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Fig. 3 shows the dependence By, = f(®) of

the optimum relative operating current Bopt on the
relative temperature drop © .

As the relative temperature drop ® increases,
the optimum relative operating current Bopt

increases at, ® -1 By —>1.0.

B Amax
1.0
0.9

0.8

0,7

0.6

03
0.2 0

0.1

01 02 03 04 05 06 07 08 09 10 Q

Fig. 3. Dependence of optimum relative operating
2Qy

max

temperature difference ® at T =300K; 1/S =4.5

Source: compiled by the authors

on relative

current Byy and Apgy =

Fig. 3 shows the dependence Ay, = f(®) of

Anax  on  the
temperature drop ®. With increasing relative
temperature difference ® the value A, decreases

andat ® >1.0 A —0.

the maximum value relative

2Qg

max
determine the minimum value of the supply voltage
Uminof a group of TECs with parallel electric
connection at a given geometry of thermocouple
branches (ratio I/S =4.5) for different thermal load

Using the relation A=

it is possible to

different temperature gradients AT and heat loads
Qo-

As the thermal load Q increases, the value of

the minimum supply voltage U, increases for
different temperature differences AT . By evaluating
the valueU i, , it is possible to select the supply

voltage value U 2U;;, for the group of TECs with
parallel electrical connection.

uv
13

12

10,0
9,0

8,0

™ O =I5
6.0
50
4,0

30

2,0

7

005 01 05 020

e
e
2
Py
e
tn

Aﬁi(f}'
AJHI].\':O,484

Fig. 4. Dependence of the minimum voltage drop
U nin of @ parallel-coupled TEC complex on the
value A for different heat loads Q,
at 1/S=4.5; AT =40K

Source: compiled by the authors

Using relations (1) and (3) it is possible to
determine the relative operating current B for the
parallel electric connection of TEC in the complex at

a given supply voltage U , heat load Q, and relative
temperature drop © with fixed geometry of
thermocouple branches 1/S :

Q: 4@(1+ A ATmaXJ
2 2-A T
Umin:i- B=——|1-11- 20 , (9)
Amax I max 2 (2-A)
Fig. 4 shows the dependence of the minimum
supply voltage Ui, of a group of parallel- )
connected TEC units on the value A.. for where A:&
Ul ax
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Analysis of relation (9) shows that in the
absence of a heat load Q; =0, A— 0, expression
(9) can be written as

B=1-v1-0. (10)

The range of valid values relative to the
operating current B can be determined according to
(9) from the condition:

20| 1+ A Tmax
To
0 J<1 @
(2-A)

The maximum value of the value A, can be
determined from the expression:

Anax =2 1+Mﬂ® 1- 1_& (12)
To AT ?
1+ —M&X @
To

As the relative temperature difference ©
increases, the value A, decreases (Fig. 3). With a

given value A= , the relative operating
max

current B can be determined for different

temperature differences AT (Fig. 5). As the value

A increases from A=0 to Ay,,the relative

operating current B increases and reaches its
maximum value.

B

1.0 + AT=60K

02 04 06 08 10 12 14 16 18 20 A

Fig. 5. Dependence of the relative operating
current B of a group of TECs with parallel
electric connection on the value A for different
temperature differences AT at T =300K;
1/S=45

Source: compiled by the authors

From relation (9) it can be written:
2U .
A&naxlmax

The value A of the minimum supply voltage
decreases Ui, with increasing magnitude. As the

thermal load Qg increases, the minimum supply

(13)

Umin =

voltage U i, increases with a fixed value of A.

It should be noted that if the cooling system
consists M of independent elements (TEC) and the
probability of failure of the i-th element is equal to

R(t), then the total probability of failure of the
system is [19]:

M

Pe(®) =R Po(t)-..-R()-..- P ) =11R (1) (14)
1=

The total refrigeration factor Ey for a mixed

electrical connection of the TEC unit can be
determined from the expression:

M
2. Qoi 2 Qoi

Er =W =w=s ' (15)
Wi XWi+IsUy
i1 i-1

where |y is the value of the operating current
depending on the selected current mode of operation
of the TEC in series; U, is the set supply voltage
for the three TECs in parallel connection.

Power supply of the complex with mixed
electrical connection of TECs is provided by the
value of the current of the selected current mode of
operation by the group of TECs with series electrical
connection, and the group of TECs connected in
parallel by the value of the current, determined by
the relation (9) for the given supply voltage.

We will use a system of equations to determine
the main parameters, reliability indices and dynamic
characteristics of the part of the TEC complex with
electrical connection in parallel:

BZZBl+ Bz+83
Bf—BL(Z—A1)+®(1+A1AT—nJ:O

0
B§—BZ(2—A2)+®(1+A2A—T4]:0 '

To

B32—B3(2—A3)+®(1+A3AT—T4]:0
0
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where By is the relative operating current of a part
of a series-connected TEC complex operating in
Qomax - 1-6- Bx=0.956. By, B,, B3 are respectively,
the relative operating currents of the three parallel

circuits.
2Qu; . 2Q 2Q
Aﬂ. — 01 : A2 — 02 03 ’
U4|max U4|max U4|max

 Ag =

where Qp1,Qq2, Qo3 are, respectively, the heat load
of the corresponding parallel circuit. The geometry
of thermocouple branches is the same and is chosen
tobe 1/S=4.5; U, is the supply voltage is given
and can take design values; ® =0.5 is the relative

difference is the same in all chains in a uniform
temperature field.

MODEL ANALYSIS OF THE
THERMOELECTRIC COOLER COMPLEX

Results of calculations of basic parameters,
reliability indices, dynamic characteristics of the
whole complex of thermoelectric coolers with
parallel electric connection in uniform temperature

field Tp=260K with different thermal load Qy=0.5,
1.0, 3.0 W at fixed geometry of thermoelements
branches (ratio 1/S=4.5), using different supply
voltages, are presented in Table 2.

A graphical method can be used to determine
the relative operating current B in each parallel
circuit (TEC from a group with parallel electrical
connection).

Fig. 6 shows the dependence of the supply
voltage U of a group of TECs in parallel connection
on the relative operating current B for different
thermal loads Q, in a uniform temperature field
Tp=260 K.

The functional dependence U = f(B) has a
minimum:

1. Upin =1.10V at By, =0.8 for Q, =3.0W;

2. Upin =0.75V at By, =0.8 for Q,=2.0W;
3. Upjp =0.35V at Bqy =0.8 for Q, =1.0W;

4. Upin =0.15V at By =0.8 for Q, =0.5W.

When selecting the supply voltage U for a
group of TECs with parallel electric connection, the
condition U >U,;;, must be observed.

As the supply voltage U increases for a group
of parallel-connected TECs for different thermal

loads Q, in a uniform temperature field Tp=260K:

uvwv

60 — +— — —

50 — — — —

4.0

30 — — — —

PN

01 02 03 04 05 06 07 08 09 10 B

1-Q-30W  2-Q0-20W  3-Qu-10W  4-Qp-05W

Fig. 6. Dependence of the supply voltage U of a
group of parallel-connected TECs on the relative
operating current B for different heat loads
Q, at T =300K; 1/S=4.5; AT =40K

Source: compiled by the authors

— the magnitude of the operating current |
decreases (Fig. 7). As the thermal load Q, increases,

the operating current | increases at a fixed supply
voltage U ;

I A

6,0
5,0

4,0

AW

3,0
2,0

1,0

2 3 4 5 6 7 8 9 10 11 12

U,V

1-Q0=30 W 2-Qo=20W:3-Qo=10W; 4-00=0,5W

Fig. 7. Dependence of the operating current | of
the TEC from the group with parallel electric
connection on the supply voltage U for different
thermal loads Q, at T =300K; | /S =4.5;

AT =40K

Source: compiled by the authors
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Table 2. Parallel connection of a group of TEC's in a complex.

T =300K,©=0.5,1/S =45 T -T, =5K

Qy.W| B I,A|npcs| A [WW | E |TS|aFRWK [N, Ws| o /1'1%1)8 P
U=12v
3.0 | 060 | 6.6 | 157 | 0.45 8.0 0375|105 22 84.0 210 6.2 |0.99938
20 | 043 | 48 | 204 | 0.298 | 5.77 | 0.347 | 148 | 1.55 85.0 0.66 2.0 10.99980
10 | 035 | 3.8 | 23.8 | 0.15 47 10216 234 | 1.14 110 0.32 0.96 | 0.99990
050 | 0.31 | 35 | 26.0 | 0.075| 4.3 0.12 |31.0] 1.0 133 0.24 | 0.71 ]0.999930
4.5 - 13.9 | 65.5 - 17.0 | 0.265 | 31.0| 4.3 327 2.66 8.0 10.99920
U=15
3.0 048 | 5.3 23.4 | 0.36 80 |0376|134| 22 197 1.2 3.6 |0.99964
20 |0.392| 439 | 27.2 | 0.238 | 6.58 | 0.304 | 17.1 1.7 113 0.605 | 1.82 ]0.99982
10 | 033 | 37 | 302|012 | 56 | 0.18 | 257 1.3 144 0.35 1.06 |0.99989
05 | 031 | 34 | 320 | 006 | 52 | 110 |333| 1.1 173 0.28 0.83 |0.99992
4.5 - 12.4 | 85.6 - 18.8 | 0.24 |33.3| 4.6 424 1.83 5.5 10.99945
U=2.0v
3.0 041 | 455 35 0.27 9.1 0.33 |16.0 2.4 146 0.95 2.8 10.99972
20 10.362| 405 | 38.1 |0.179 | 8.05 | 0.248 | 20.0 2.0 162 0.606 | 1,82 |0.99982
1.0 0.32 | 3,60 42 0.09 7.2 0.14 |27.3 1.6 196 0.42 1.25 10.99987
0.5 0.31 | 3.40 43 10.045| 6.8 0.07 | 34.2 15 231 0.32 1.0 (0.99990
4.5 - 115 | 120 - 23.1 | 0.195 | 34.2 5.5 573 1.69 5.07 ]0.99949
U =30V
3.0 0.36 | 4.0 | 58.0 0.18 |121| 0.25 21.3 | 3.0 | 258 | 0.91 274 10.99973
20 10335 | 36 | 608 | 0.119 |11.3| 0.177 244 | 2.7 | 275 | 0,70 2.10 [0.99979
1.0 031 | 35 | 640 | 006 |105| 0.10 333 | 23 | 350 | 0.55 1.7 10.99983
0.5 030 | 33 | 63.0 | 0.03 | 9.8 0.05 415 | 20 | 405 | 0.52 1.6 |0,99984
4.5 - 10.8 | 184 - 32.4| 0.139 415 | 7.3 | 1013 | 2.0 6.0 10.99940
U=4.0v
3.0 10342 | 3.80 | 80.0 | 0.135 | 15.2| 0.20 25 3.6 | 372 1.0 3.0 1]0,99970
20 10324 | 363 | 824 | 0.089 | 144 | 0.14 27 3.3 | 393 (0,824 | 247 |0.99975
1.0 0.31 | 3.42 | 86.0 | 0.045 | 13.7 | 0.073 36 29 | 496 | 0,70 2.1 10,99979
0.15 | 0.30 | 3.33 | 89.0 {0.0225 | 13,6 | 0.040 44 2.8 | 602 | 0.65 1.95 {0.99980
4.5 - 10.6 | 255 - 42.5| 0.106 44 9.4 | 1470 | 2.3 6.9 10.99931
U =6.0v
3.0 10.324| 3.60 125 0.09 |21.7] 0.14 289 | 49| 627 1.25 3.7 10.99962
20 ]0.313| 35 |126.5|0.0595|20,9|0.0956 | 314 |46 | 657 1.10 3.3 10.99967
1.0 ]0.303| 3.40 | 130 0.03 |20.2| 0.05 40.7 | 42| 822 0.98 2.9 10.99971
0.15 |10.298| 3.3 131 | 0.015 | 19.8 | 0.025 482 | 41| 954 0.93 2.8 10.99972
4.5 - 10.3 | 385 - 61.7 | 0.073 48.2 |13.2| 2403 3.2 9.6 ]0.99905
U =9.0v
3.0 10313 | 35 191 0.06 |31.4| 0.096 33.3 6.9 | 1046 | 1.66 5.0 10.99950
20 10306 | 34 193 0.04 |30.7| 0.065 354 | 65| 1086 | 1.52 4.6 (0.99954
1.0 | 0.30 | 3.35 198 0.02 |30.2| 0.033 45.2 6.2 | 1365 | 1.43 4.3 10.99957
05 ]0.296 | 3.29 | 203 0.01 |30.3| 0.017 52.9 16.15] 1603 | 1.40 4.2 10.99958
4.5 - 10/1 | 592 - 191.9| 0.049 529 |19/3| 4014 | 45 13.5 | 0.9987
U =12.0v
3.0 | 0.308 | 3.42 | 256 | 0.045 |40.5| 0.074 342 |87 1385 | 2.0 6.9 ]0.99938
2.0 | 0308 | 3.39 | 260 | 0.030 |40.6| 0.049 38.0 |82 1543 | 1.97 5.9 ]0.99941
1.0 | 0.298 | 3.30 | 266.4 | 0.015 |39.8| 0.025 453 | 82| 1803 | 1.88 5.6 ]0.99944
0.5 |0.2953| 3.28 | 265.2 | 0.0075 | 39.1| 0.013 52.3 | 7.9 | 2045 | 1.80 5.4 10.99946
4.5 - 10.0 | 788 - 119.4| 0.038 52.3 [24.8| 5233 | 5.68 | 17.0 | 0,9983
Source: compiled by the authors
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— the number of thermocouples N increases (Fig.
8). As the heat load Q, increases, the number of
thermocouples N decreases at a fixed supply voltage
U;

n, pes

anwe

280

220

200

160

140

120

100

80

60

40

- N
® =
S =3

20

1 2 3 4 5 6 7 8 9 10 1 12 UV

1-Qu-30W  2-Q-20W  3-Qu-l0W  4-Qp-05W

Fig. 8. Dependence of the number of
thermoelectric cells N of the group with parallel
electric connection on the supply voltage U for

different heat loads Q,
at T =300K; I/S =4.5; AT =40K
Source: compiled by the authors
— the cooling factor E decreases (Fig. 9). As the
heat load Q, increases, the cooling factor E increases

at a fixed supply voltage U ;
E

0.4

Z]? &

001N 12 gy

I-Qo-30W  2-Q-20W 3-QeolO0W  4-Que05W

Fig. 9. Dependence of the cooling factor E of the
TEC from the group with parallel electric
connection on the supply voltage U for different
heat loads Q, at T =300K; I/S =4.5; AT =40K

Source: compiled by the authors

— the ramp-up time 7 increases (Fig. 10). As the
heat load Q, increases, the ramp-up time 7 at a

fixed supply voltage decreases U ;
)
50
40 -
30

20 -

10 -

1020 3 4 5
1-0=30W

6 7 8

2-0,=20W

9 10 11 12 U,V

== L0W 4-0p=05W

Fig. 10. Dependence of the steady-state operation

time 7 of the TEC from the group with parallel

electric connection on the supply voltage U for
different loads Q, at T =300K; /S =4.5;

AT =40K

Source: compiled by the authors

— the required heat dissipation capacity of the
heat sink ofF increases (Figure 11). With increasing
thermal load Q,, the amount of energy N expended

decreases at a fixed supply voltage U ;

oF, wK

.

1 2 3 4 5 6 7 8 9 10 1 12 U.v

[-00=30W  2-Qu=20W  3-0=10W 4-0=05W

Fig. 11. Dependence of heat dissipation capacity of
the heat sink oF of the TEC from the group with
parallel electric connection on supply voltage U
for different heat loads Q, at
T =300K; I/S =4.5; AT =40K

Source: compiled by the authors
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— the amount of energy consumed N increases
(Fig. 12). As the heat load Q, increases, the amount

of energy expended N decreases at a fixed supply
voltage U ;

N, W:s
2200
2000 4
1800 3
1600 2
1400 1
1200
1000
800
600
100
200
1 2 3 4 5 ] 7 8 9 10 1 12 Uwv
1-Qu-3,0W 2-Qu-20W 3-Q-10W 4-Q-05W

Fig. 12. Dependence of the amount of energy
expended N by a TECs from a group with
parallel electric connection on the supply voltage
U for different heat loads Q, at T =300K;

/S =45; AT =40K

Source: compiled by the authors

— the functional dependence of the relative
failure rate 4/4y = f(U) on the supply voltage U

has a minimum for different thermal loadsQ, (Fig.
13).

Mo
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g 8 10 11 12 UV

1-Qu-30W 3-Qu-10W  4-Qu-05W
Fig. 13. Dependence of the relative failure rate
A/ 2q from the group with parallel electrical
connection on the supply voltage U for different
thermal loads Q, at T =300K; /S =4.5;

AT =40K

Source: compiled by the authors

As the thermal load Q, increases, the relative
failure rate A/4q increases with a fixed supply

voltage U ;
— the functional dependence of the probability of
failure-free operation P=f(U) on the supply

voltage U has a maximum for different thermal load
Q, (Fig. 14). As the thermal load Q, increases, the

failure probability Q, decreases at a fixed supply
voltage U .

P

10
0,9998
0,9996
0,9994
0,9992
0,9990
0,9988
0,9986
0,9984
0,9982

0,9980

1 2 3 4 5 6 7 8 9

2052200

0 11 12 Uv

1-0:=30T 3-0=10F  4-0=05T

Fig. 14. Dependence of the probability of no-failure
operation P of the TEC from the group with parallel
electric connection on the supply voltage U for
different heat loads Q, at
T =300K; T =4.5; AT =40K

Source: compiled by the authors

Thus, at a given supply voltage U for each TEC
of the group with parallel electric connection, as the
thermal load Q, increases in a uniform temperature

field Ty=260K:

— increases: relative operating current B,
operating current magnitude |, power consumption
W, cooling factor E, required heat dissipation
capacity of the heat sink oF , relative failure rate

Mg

— decreases number of thermocouples N, power
consumption N , probability of no-failure operation
P, time to steady-state operation 7 .

To facilitate comparative analysis, the basic
parameters, reliability indexes and dynamic
characteristics of a group of three electrically
connected in parallel TECs, arranged in a uniform
temperature field, are shown in Table 3.
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Table 3. Basic parameters for a group of parallel-connected TECs in a uniform temperature field
T =300K,Qy=4.5W,1/S=45T -T. =5K, AT =40K

uyv | Npes | ww E oS INWs | gF WK | LA | Vi 2108 P
1/h
1.2 65.5 170 | 0.265 | 31.0 327 4.3 13.9 2.66 8.0 | 0.99920
1.5 85.6 18.8 0.24 33.0 424 4.6 12.4 1.83 55 |0.99945
2.0 120 23.1 0.20 34.0 573 5.5 11.5 1.70 5.1 ]0.99949
3.0 184 324 0.14 42.0 1010 7.3 10.8 2.0 6.0 | 0.99940
4.0 255 42.5 0.11 44.0 1470 9.4 10.6 2.3 6.9 | 0.99981
6.0 385 61.7 | 0.073 | 48.0 | 2400 13.2 10.3 3.2 9.6 | 0.99905
9.0 592 92.0 0.05 53.0 | 4000 19.3 10.1 4.5 13.5 | 0.9987
12.0 788 1194 | 0.04 52.0 | 5200 24.8 10.0 5.7 17.0 | 0.9983
Source: compiled by the authors
As the supply voltage U of a group of parallel- — the required heat dissipation capacity of the
connected TECs increases with a thermal load Q,= heat sink oF increases (Fig. 16, item 1);
4.5 W, thermocouple branch geometry Q,=4.5ina  — the amount of consumed energy N increases
uniform temperature field Ty=260K: (Fig. 16, item 2);
— the number of thermocouples N increases
(Fig. 15, item 1); “F‘::' e 1
— cooling coefficient E decreases (Fig. 15, »
item 2); 20 |ono 2
— steady-state operation time 7 increases (Fig. 8
15, item 3), 16 4000
14
. pes z s 112 3000
0.3 8,0 2000
T00 028 50 6,0
0,26 4.0 1000
600 0,24 45 2,0
022 3 1.2 3 4 5 6 7 8 9 10 11 12 u.v
500 0.2 40
et 1 —aF =fiU);2—N=fU)
400 016 35
014 Figure 16: Dependence of heat dissipation
300 0,12 30 capacity of the heat sink af , amount of energy
01 expended N by the group of TEC with parallel
200 0,08 1 25 electric connection on supply voltage U ina
o uniform temperature field at 1/S =45, Q,=4.5W,
0,04 20
002 T —T.=5K, AT =40K
12 3 & s 6 7 8 8 n0on o2 UV Source: compiled by the authors
l-n=fiU); 2-E=fiU); 3-7=fl1) — the functional dependence of relative failure

rate A/Ag=f(U) on supply voltage has a

Fig. 15. The dependence of the number of maximum at U =2.0 V (Fig. 17, item 1):

thermocouples N, refrigeration coefficient E, . .
time to steady state operation of a group of TECs ; R ]:[h.? functlonal_ depender]:ce of the phrobablhty
with parallel electric connection on the supply ~ ©F no-failure operation P=1f(U) on the SUpply
voltage U in a uniform temperature field at voltage U has a maximum at U =2.0 V (Fig. 17,

|/S=45; Q=45W; T —T,=5K; AT =40k 'eM2).
Source: compiled by the authors
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/ \2\ 0.9994
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- | \ l / — 10,9990
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0,9988
3.0 // \
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ﬁ . \ 0.9986
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Fig. 17. Relative failure rate 4/ 4, and
probability of failure P for a group of parallel-
connected TECs versus supply voltage U at
T =300K; 1/S=4.5; Q,=4.5W; AT =40K,
A9=310%1/h; t=10*h

Source: compiled by the authors

DISCUSSION OF RESEARCH RESULTS

The results of calculations of the basic
parameters, reliability indicators and dynamic
characteristics of the TEC complex with mixed
electrical connection (three TEC connected in series,
the other three in parallel) in a uniform temperature

field Tp=260K and thermal load Qs =34.5W, are
given in Table 4.

As the supply voltage U of a mixed electrical
connection TEC complex increases in a uniform
temperature field Ty=260K at a thermal load

Qp=345W and a branch

thermocouples 1/S =4.5:

— the time to reach steady-state operation 7
increases (Fig. 18, item 1);

— number of thermocouples N increases (Fig.
18, item 2);

— cooling factor E decreases (Fig. 18, item 3);

geometry  of

E f;,OéJcs T,S
0,22 3 52
0,21 600 50
0,20 i 48
0,19 -500 46
0,18 44
0,17 -400 42
0,16 40
0,15 ~300 38
0,14 36
0,13 200 34
2

0,12 32
0,11 100 ! 30
0,10 1

T T

10 11 12 13 14 15 186 17 18 19 20 21 22 [y
I-t=f(U); 2-n=f(U); 3-E=f(U);

Fig. 18. Dependence of refrigerating factor E,
number of thermocouples N, time of steady-state
operation of TEC complex with mixed electrical

connection on total supply voltage U at

T =300K; /S =45; Q,=4.5W; AT =40K;
Qos =34.5W

Source: compiled by the authors

— increases the energy N input (Fig. 19,
item 1);
— the heat dissipation capacity of the heat sink

aF increases (Fig. 19, item 2);

Table 4. Main relevant parameters of the TEC complex in mixed electrical connection
T =300K, AT =40K,1/S=4.5T —T, =5K, Qy, =34.5W, I, =11.1A

No- UV |WW [U_V | E [ 7S] aFWK|NWs[NPES[ i | Al0"[ P
= — 1
1 1.2 155.4 13.7 0.222 | 310 38.0 1380 172 112.1 | 336.3 0.96693
2 15 157.3 14.0 0.219 | 33.0 38.4 1478 192 111.2 | 333.6 0.96719
3 2.0 161.6 14.5 0.213 | 36.0 39.2 1662 226 111.1 | 333.4 | 0.967219
4 3.0 171.0 155 0.202 | 415 41.1 2067 291 111.4 | 334.1 0.96714
5 4.0 181.0 16.5 0.191 | 441 43.1 2524 362 111.7 | 335.2 0.96704
6 6.0 200.0 18.5 0.173 | 48.2 46.9 3457 492 112.6 | 337.7 | 0.96680
7 9.0 230.0 21.5 0.150 | 52.9 53.0 5068 700 113.9 | 341.7 | 0.96640
Source: compiled by the authors
326 Digital control of ISSN 2617-4316 (Print)

technical and social systems

ISSN 2663-7723 (Online)




Zaykov V. P., Mescheryakov V. |, Zhuravlov Yu. I. / Applied Aspects of Information Technology

2022; Vol.5 No.4: 315-330

oF, WK N Ws

52

50 6000
48

46 5000
44

42 4000
40

38 3000 2
36

34 2000

32 1

30 1000

"o 1 12 13 14 15 16 17 18 18 20 21 22 o V
1 - N=f(Us) 2—oF =f(Us
Fig. 19. Dependence of heat dissipation capacity
of the heat sink aF , the amount of energy expended
N by the mixed electrical connection of the TEC
complex on the total supply voltageU at T =300K;
|/S =45; Q,=45W; AT =40K;

Qox =34.5W
Source: compiled by the authors
— functional dependence of relative failure rate
A9 =T (Ug) on total supply voltage Uy has a

minimum at Ug=145V ( (4/4g)min =111.1
(Fig. 20, item 1);
— the functional dependence of the probability

of no-failure operation P = f (Uy) on the total
supply voltage Uy has a maximum at Ug=14.5V,
Pax =0.96722 (Fig.20, item 2).

CONCLUSIONS

A mathematical model of a thermal mode
support system based on a set of thermoelectric
coolers (3 TECs connected electrically in series and
the other three connected in parallel) has been
developed. The cooling system is designed to

A/Ao P
15 16088
14 |o s A T
E\“-‘\~_“!r’ N
/
1“3 f\_of’ //
//
| + /1
112 9,984 1 \ //
/
111 [0 I~
110 oo

10 11 12 13 14 15 16 17 18 19 20 21 22 Us V

1-2%0-fiUs) 2-P =f(Uo

Fig. 20. Dependence of relative failure rate A/Aq ,

probability P of no-failure operation of mixed
electrical connection TEC complex on total supply

voltage U at T =300K; 1/S =4.5;
Q, =45W; AT =40K; Qqs =34.5W

Source: compiled by the authors

uniform temperature field with different thermal
load at fixed geometry of thermoelement branches.

2. Relations for determining a relative
operating current at given supply voltage and
temperature difference and thermal load for a group
of thermoelements with parallel electric connection
have been obtained.

3. The comparative analysis of the main
parameters, reliability indices and dynamic
characteristics of the complex of fuel injection
equipment with mixed electric connection depending
on supply voltage of the group of fuel injection
equipment with parallel electric connection is
carried out.

Analysis of the research results showed the
possibility of selecting the optimum supply voltage,
taking into account the requirements for mass-
dimensional, energy, dynamic characteristics of the

control thermal ~conditions of a number of  fyel-electric power unit complex and increasing its
temperature-dependent  elements  of electronic  rg|japility indicators.
equipment in the
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AHOTANIA

PO3IMISIHYTO MOJKIIMBICTH ONTHMAJIBbHOTO YIPABIIHHS TEIUIOBUM PEKHMOM PSIy TEPMO3AICKHHX Ta TEIIOHABAHTAKCHUX
€JIEMEHTIB PaJioeNeKTPOHHOI amapaTypy 3 PO3paxyHKOBOIO TOTY)KHICTIO PO3CitOBaHHSA. J{OCTiKEHHS MTPOBEICHO B PIBHOMIpHOMY
TEMIIepaTypHOMY TI0JIi 3 BUKOPHCTAHHSIM KOMIUIEKCY TEPMOEJIEKTPUYHHX OXOJIO/DKYBAJIBHUX NPHUCTPOIB Ta MEBHOIO IE€OMETPIEI0
riok TepmoeneMeHTiB. OTpUMaHO CIiBBIIHOIICHHS JUIsi BU3HAYEHHS BiTHOCHOIO POOOYOro CTPyMy 3aJISKHO BiJl BIJHOCHOTO
nepernay TeMIepaTypH Ulsl 3aaHoi HAIpYTU Mepernany Ui 3aaHoi HAaIpYTu JKUBICHHS, TEIJIOBOTO HABAaHTAXKEHHS Ta TeoMeTpii
I'iJIOK TePMOEJIEMEHTIB, BU3HAYEHO 00JIaCTh MIMCHHUX 3HAYeHb BiHOCHOIO poOodoro crpymy. IIpoBeneHO HOpIBHSJIBHHN aHaIi3
OCHOBHHX IapaMeTpiB, MOKA3HHUKIB HAAIHHOCTI Ta JUHAMIYHUX XapaKTEePUCTHK TPYNU TEPMOEICKTPUYHHX MPUCTPOIB, IO BXOMATH
JI0 KOMIUIEKCY JUIsl Pi3HMX HANpyr JKUBJICHHS Ta TEIUIOBOTO HaBaHTaKeHHs. [Toka3aHO MOXJIMBICTH BHOOpPY HAmpyr JKHUBJICHHS
KOMIIIEKCY TEPMOEJICKTPHYHHX HPHCTPOIB 3 ypaxyBaHHSAM OOMEXKyBalbHHX (DAKTOPIiB 3a MacoraGapuTHHMH, CHEPreTHYHHMH,
JMHAMIYHUMHE Ta HaJiHHUMH XapaKTepUCTHKAMHU Ui 3a0€3MEeYCHHS ONTHMAIBHOTO TEIUIOBOTO PEKMMY HH3KH TEPMO3AJICKHHX
CIIEMEHTIB paJIi0CICKTPOHHOT amapartypu. 3i 3pOCTaHHSAM HAINpPYrd JKUBJICHHS KOMIUIGKCY TEPMOCIEKTPUYHUX IPUCTPOIB 31
3MIIIaHUM €JIEKTPUYHUM 3'€THAHHSAM Y pIBHOMIPHOMY TEMIIEpaTypHOMY II0JIi TIPH 3aJaHOMY TEIUIOBOMY HaBaHTa)KEHHI Ta T€OMETpii
TUIOK TEPMOENIEMEHTIB OCATAIOThCS HACTYIHI Pe3ynbTaTd. 30UTBIIYEThCS Yac BUXOAY Ha CTALllOHAPHUI pPEXHM, 301IBLIYETHCS
KUTBKICTh TEPMOEIEMEHTOM, 3MEHINYEThCS XOJOAMIBHUN KOe(IIieHT, 30UIbIIYETHCS KUTBKICTh BUTPAaYeHOI €HEeprii, 301IbIIyeThCs
TEIJIOBI/IBIIHA 3/1aTHICTH pajiaTopa, QYHKI[IOHATbHA 3aJEKHICTh WMOBIPHOCTI OE3BiIMOBHOI POOOTH Bij 3arajbHOI HANPYrH Mae
MaKCHUMYM.

Ki11040Bi ciioBa: TepMOEGNEKTPUIHUI OXOJIO/DKYBay; TEIUIOBUH PEXKM; MOJENI 3B’SI3KY; MOKA3HUKU HAAiHHOCTI; ANHAMIYHI
XapaKTePUCTUKH
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