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ABSTRACT

A possibility of optimal thermal management of a number of temperature-dependent and heat-laden elements of radio
electronic equipment with different power dissipation in an uneven temperature field using a set of thermoelectric cooling devices
with mixed electrical connection and fixed geometry of thermocouple branches has been considered. Ratios for determining the
relative operating current corresponding to the minimum supply voltage at a given thermal load for different temperature gradients
and thermocouple branch geometries are derived. The possibility of selecting a supply voltage for a group of thermoelectric coolers
with parallel electric connection using both analytical and graphical methods of solving a system of algebraic equations of first and
second orders is shown. The basic parameters, reliability indices and dynamic characteristics of a thermoelectric cooler complex with
mixed electrical connection when a group of thermoelectric coolers with series electrical connection operates at maximum cooling
capacity and supply voltage variation of a group of coolers with parallel electrical connection are evaluated. Analysis of the research
results showed the possibility of selecting the optimum supply voltage for a group of thermoelectric coolers with parallel electric
connection in the interrelation of energy, mass-dimensional and dynamic characteristics, taking into account the reliability indicators
of the complex as a whole. It is shown that by reducing the supply voltage of a group of thermoelectric coolers with parallel electric
connection included in the complex, the energy, mass-size and dynamic characteristics are improved, and the reliability of the
complex with mixed electric connection in an uneven temperature field is increased.
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INTRODUCTION The design features of radio-electronic
equipment include a dispersed arrangement of heat-
loaded elements with different power dissipation.
Therefore, in order to provide a given thermal mode
of a number of heat-loaded and heat-dependent
elements of radio electronic equipment, a group
system of TEC layout with mixed electrical
connection, located on one heat sink can be used. In
this case, for a group of TEC connected electrically
in parallel, different supply voltages can be used,
finding the optimal ones taking into account a
number of limiting factors for mass-size, power,
dynamic and reliability characteristics.

For a group of TECs connected electrically in

One of the most acceptable ways of providing
thermal modes and components of radio electronic
equipment is thermoelectric, as the most effective in
a wide range of operating temperatures from 140K
to 350K. Thermoelectric cooling devices (TEC)
allow controlling heat flow by simply changing the
operating current value. The main advantages of
thermoelectric cooling are the high reliability and
small overall dimensions of the TEC, the ease of
control and the speed of operation. These advantages
inherently result from the solid-state nature of these
coolers.
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and consequently, the value of the operating current
for the mixed electrical connection: at different

cooling level Ty, the value of thermal load Q, at
the geometry of the thermocouple branches
I/S =4.5, which is the subject of this paper.

LITERARY REVIEW

The generation of heat is an integral part of the
operation of electronic equipment, facilitated by
transients when components are in active mode. This
leads to the need to dissipate excess heat - thermal
management systems, as the reliability of operation
is directly dependent on the temperature [1].
Thermoelectric thermal management systems are
superior to all other types of coolers in terms of their
mass-size, climatic and mechanical characteristics
[2, 3]. However, the requirements for modern
thermally loaded elements are increasing rapidly [4,
5], which leads to the need to improve the dynamic
performance and reliability of thermal mode
systems. According to thermal model the heat
loaded element and its thermal mode support system
are included in series, which leads to necessity of
increasing its dynamic characteristics and reliability
indexes [6, 7]. The study of influence of thermal
load of fuel injection equipment on reliability
indicators is devoted to work [8], however, the
influence of design parameters was not considered in
it. In [9] the results of analysis on reliability indices,
and in [10] the current modes of operation are
presented, which allowed to propose optimal
conditions of TDP operation. The inclusion of TEC
in the control loop extends the intellectual
capabilities of thermal mode support systems, but
the dynamic characteristics important for control
have not even been considered [11]. The importance
of this problem in relation to reliability in thermal
devices is that as switching frequency increases,
reliability performance decreases [12]. The
difference in the linear temperature expansions of
the substrate material and thermocouple branches
leads to junction cracking [13]. The importance of
the task of including TEC in the control circuit has
led to a series of works related to the study of the
relationship of dynamic characteristics and
reliability indicators with the design [14], the
number of thermocouples [15], current operating
modes [16]. In works [17, 18] possibilities of
optimization of reliability and dynamics indices of
fuel injection equipment by complex criteria
including these indices are substantiated. At the
same time, the conducted researches concern the use
of single TEC for thermal mode support systems.
The task of controlling the thermal mode support

system of several TECs for distributed heat-loaded
elements in an uneven temperature field remains
relevant.

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
an uneven 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.

DEVELOPMENT OF A MODEL OF THE
THERMOELECTRIC DEVICE COMPLEX

To solve the first problem, we will use the
known relations [19].
The number of thermoelectric elements N in

TEC for a given heat load Q, and temperature drop
AT can be determined from the relation:

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

where Qg is the heat load value, W, or dissipation

. . eT, .
power of the cooling object; 15 :?0 is
maximum operating current, A; e is the averaged
value of coefficient of thermoelectric EMF of the

thermocouple branch at the end of the cooling
process, VIK; T, — is temperature of heat-absorbing

L I . )

junction, K; R=——is electrical resistance of the
oS

thermocouple branch at the end of the cooling

process, Ohm; | and S are, respectively, height and

cross-sectional area of the thermocouple branch; &
— is average conductivity value of the thermocouple
branch, Sm/cm; By =1/l is relative
operating current at the end of the cooling process;
T-Ty
AT hax

is

| is value of operating current, A; ©® =
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the relative temperature difference; is temperature of
the fuel junction, K; AT ax :O,SETO2 is maximum

temperature difference, K; 7z is average value of
thermoelectric raw materials in the module, 1/K.

The power consumption W of the TEU can be
represented as:

W=2n|§,aXRB(B+ATrﬂ®j. @)
0

Voltage drop U -

UK = (3)

The cooling factor E can be calculated from
the expression:

(4)

The relative failure rate of a single stage TEC
%0 can be determined from the expression [19]:

2
AT
Bk + @
A 2 To
—:nBK(®+C) 2 KT, (5)
o AT max
1+ ——0
To
where ¢ = (30 is the relative heat load; Ky is
nlaxR

reduced temperature coefficient [19]; Ay = 3-1078

is nominal failure rate, 1/hour.
The probability of no-failure operation P of
the TEC can be determined from the expression:

P=exp(-4t), (6)

where t is the designed lifetime, h.

The expression for the time of reaching the
steady-state operation 7 mode can be represented as
[20]:

MCq + X, M; C;

_ T Be-B)
T= e In 5 (7)
K(1+ 2By max) 2Bk ~Bk ~©

0

where myCy is the product of mass and heat capacity

of the cooling object - 0:
> mic; is the total value of products of heat
i

capacity and mass of structural and technological
elements at heat-absorbing junction of the module at
given geometry of thermocouple branches (relations
1/S);

2
_ ImaxHRH .

=L :

I max K RK
Ry is the electrical resistance of the thermocouple
branch at the beginning of the cooling process, Ohm;

BH:

is relative operating current at the
ImaxH

beginning of the cooling process at 7 =0;

eyT . . .
| maxH :RH— is the maximum operating current

H
at the start of the cooling process, A.
Assuming equal currents at the start and end of
the cooling process:

I =By Imaxk = By ImaxH - (8)

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

1-Q=50W
4-Qe=30W

2-Q~10W
5-Q=1L0W

3-Q15 W
6-0Q=05W

Fig. 1. Connection diagram of thermoelectric
coolers:

1- Qu=5W; 2 — Qp=10W; 3 - Q= 15W;
4-— QO =3W; 5- QO =10W; 6 — QO =0,5W

Source: compiled by the authors

ISSN 2663-0176 (Print)
ISSN 2663-7731 (Online)

Information technologies in energy
engineering and manufacturing

311



Zaykov V. Z., Mescheryakov V. I., Zhuravlov Yu. I. / Herald of Advanced Information Technology

2022; Vol.5 No.4: 309-324

In the following, we will consider the mixed
electrical connection of the TECs in a complex
consisting of six TECs, three of which are connected
electrically in series with a thermal load Qq=15W,

10W, 5W, with a corresponding cooling temperature
level Ty=295K, Ty=290K, T,=280K. The
remaining three are connected in parallel in a
common circuit with a typical load Qy=3.0W,
1.0w, 0.5W at the corresponding temperature
cooling level Ty=270K, Ty=160K, T,=250K at
fixed thermocouple geometry (ratio |1/S =4.5).

The results of calculations of the basic
parameters, reliability indicators and dynamic
characteristics of a group of TEC with series
electrical connection, one of which operates in the
mode of Qumax . are given in Table 1.

Consider a group of TEC units consisting of
three chillers that are part of a complex, connected
electrically in parallel and operating in an uneven
temperature field and with different thermal load Q.
For this purpose, we will determine the minimum
voltage value.

Using relations (1) and (3), it is possible to
write down the expression for the supply voltage U
of the TEC depending on the relative operating
current B for a given temperature drop AT and the
thermal load value Qg:

AT hax
2Q0[(B + < @]

0

U = ) (9)
| 2B~ B2 -0
either as a criterion
Ul (B + A-_I;_max @J
K=—max _ —~. (10
2Q, (2B-B--0)

which makes it possible to determine the optimum
relative operating current B, corresponding to the
minimum of the criterion K, or the supply voltage
Upnin at a given thermal load Qg for different

temperature drops AT and the geometry of the
thermocouple branches (ratio 1/S).

Fig. 2 shows the dependence of TEC group
Ul max

2Qq
B for different relative temperature drops ©® .

value K = on the relative operating current

4.0

3.0

10K
1.0 = SK

0.1 02 03 04 05 06 0.7 08 09 1.0 B

Fig. 2. Dependence K = Ulﬂ of TEC value
2Qq
and relative operating current B for different
temperature differences AT at
T =300K, I/S =4,5. The dotted line represents
the geometric location of the points
corresponding to the minimum of Ky

Source: compiled by the authors

Table 1. Calculation results for the main parameters when connecting the TEC in series
(T =300K,1/S=45,1,=11.7A, T - T, =5K)

To. | Qo. B ® n, W, | U, E T N, ofF, 2,/}{0 2-.108 P
K |wW pes |w |V W-s |W/K 1/h
280 | 5.0 10 | 0213 | 9.7 | 136 | 1.16 | 037 | 2.7 | 36.3 3.7 9.8 29.4 0.9971
290 | 100 | 0975 | 0.10 | 158 | 219 | 1.87 | 0.457 | 1.2 | 26.0 6.4 14.4 43.2 0.9957
295 | 150 | 0.967 | 0.848 | 21.9 | 30/2 | 258 | 050 | 0.6 | 19.0 9.0 19.2 57.5 0.9943
- 30.0 - - 474 | 65.7 | 5.6 046 | 2.7 | 813 19.1 | 434 130.2 0.9870
Source: compiled by the authors
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The functional dependence K = f(B) has a
minimum for different temperature drops As the
relative temperature drop ® increases, the supply
voltage U increases.

The optimum relative operating current By
corresponding to the minimum supply voltage U iq
for a given thermal load Q, and branch geometry of
the thermocouple 1/S can be determined from the

condition 2—: =0.The formula for the optimum

operating current By, corresponding to  the
minimum supply voltage U, at a given thermal

load Qg can be written as follows:.

[1_2ATTmaX@J %®(2+®)(2_%®]
Bopt = I 0 1+ [1+—2 - (12)
(2_ Tmax ®j [1_2ATmax ®J
0 To

Fig. 3 shows the relationship between the
optimum relative operating current B,y and the

relative temperature difference ® corresponding to
the current operating mode U iy, -

Bep

1.0 -.,_______‘__

LER]
0.8
0.7
0.6
0.5
04
0.3
0,2

1
01 02 03 04 05 08 07 0E 09 Lo (=]

Fig. 3. Dependence of optimum operating current
Bopt Of asingle stage TEC on the relative

temperature difference ® for current operation
(ij at T =300K, /S = 45
min

0
Source: compiled by the authors

It should be noted that the functional
dependence By, = f(®©)=0.5 has a minimum at,

Bopt =0.96.

Fig. 4 shows the dependence of the minimum
supply voltage U i, on the thermal load value Qg
for different temperature drops AT .

Umin,V
AT=60K
20
15
AT=S0K
10
AT=40K
50 AT=30K
AT=20K
AT=10K
AT=5K
2 1 6 510 14 16 18 20 Qo,W

Fig. 4. Dependence of the minimum supply
voltage U i, of a group of parallel-connected
TECs on the heat load Q, for different
temperature differentials AT at
T=300K,1/S=45
Source: compiled by the authors

As the temperature drop AT increases, the
minimum supply voltage U i, increases for a given
thermal load U i, . By evaluating the value U i,
, It is possible to select the supply voltage
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U2>U,,, for the group of TECs in parallel

electrical connection.

Using expressions (9) or (10) it is possible to
determine the relative operating current B for a
group of TEC in parallel at a given supply voltage

U and a given thermal load Q, and the relative

temperature drop ® at a fixed geometry of the
thermocouple branches 1 /S :

KB? — B(2K -1) +®(K +ATTﬂ] =0, (12
Ul max

2Q
Analysis of relation (12) shows that in the

where K =

absence of a heat load Qy >0, B—>o,
expression (12) can be written as:
B=1-1-0 . (13)
At®—>0 B—0.
Thus, with a given value K =U|max it is
0

possible to determine the relative operating current
B for various temperature differences AT .

Fig. 5 shows the dependence of the value K on
the relative operating current B for different
temperature  differences AT . The dotted line
indicates the geometric location of the points

corresponding to the minimum of Ky, .

As the temperature drop AT increases, the
value K at a given relative operating current B
increases.

We use a system of equations to determine the
basic  parameters, reliability —and dynamic
characteristics of the part of the complex TEC with
parallel electrical connection:

Iz = Il + IZ + |3
K,B} —51(2K1—1)+®1(K1+ATTW]=0
0
(14)

K,BZ —B,(2K, —1) +®2(K2 + ATTmaX ] -0

0
K4B2 —B3(2K3—1)+®3(K3+AT|_”‘3XJ=O

0

k=UI max
200
13 /}1\?
& f‘--..____i
12 =5 i
’ 1
. 4 1
11 /’ 1
’ .‘
’
10 3 .
’ 1
y
2.0 £ 1
7 )
ea / !
80 g\‘&"{’ I

7.0

6.0

Ylmax of single stage
Qo
TEC magnitude on relative operating current B
for different relative temperature drops ® at
T =300K,1/S=45

Source: compiled by the authors

Fig. 5. Dependence K =

where |y is the magnitude of the operating current
of the part of the TEC complex with series electrical
connection, A; l4,15,13 is respectively, the
operating currents in the three parallel circuits, A;
Qo1 Qo2 Qo3 is the value of thermal load of
the corresponding parallel chain; 1/S is geometry
of thermoelement branches is the same in all chains
I/S=45; U is the supply voltage of the part of the
TEC complex with parallel electric connection;
0,,0,,0; are respectively, relative temperature

differences in the different circuits of the part of the
TEC complex with parallel electric connection.

ANALYSIS OF THE COMPLEX MODEL IN
AN UNEVEN TEMPERATURE FIELD

Results of calculations of basic parameters,
reliability indices and dynamic characteristics of a
part of the complex TEC with parallel electric
connection in the uneven temperature field with

different thermal load T, at the fixed geometry of
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thermoelement branches 1/S=4.5 for different

supply voltages U , are given in Table 2.

A graphical method can be used to determine
the relative operating current B in each parallel
circuit.

Fig. 6 shows the dependence of the supply
voltage U of a group of TECs in parallel with the
relative operating current B for different thermal
loads Qg and cooling levels Ty in a non-uniform

temperature field.

2 | J S SENEE T LIS N (SN S Ui NSn. -

0.1 02 03 08 09 10 B

04 05 06 0.7

1-To=270K Q:=30W 2-Ts=260K Q:=1.0W
3-Ts

=250K Q.=05W

Fig. 6. Dependence of the supply voltage U of a
group of parallel-coupled TECs on the relative
operating current B for different levels T of

cooling and thermal load Q, at
T =300K,1/S=45:
1-Tp=270K; Qg =3.0W; 2-Ty=260K;
Qp=1.0W; 3-Ty=250K; Qq=0.5W

Source: compiled by the authors
The functional dependence U = f(B) has a
minimum:
1) U in =0.75V at By, =0.7 for Qg =3.0W,
Tp=270K;
2) U nin =0.3V at By, =087 for Qg =1.0W,
To=260K;
3) U pin =0.35V at By, =0.9 for Qg =0.5W,
To=250K.

When selecting the supply voltage U for each

TEC from the group with parallel electric
connection, the condition must be observed
U2>U.in-

As the supply voltage U increases for each
TEC from the group with parallel electric connection

for different thermal load Qg and cooling level T,

in an uneven temperature field:
— the value of the operating current | decreases
(Fig. 7);

LA

4.0

Qo =0,5W AT=50K

Qo= LOW AT=40K

Qo =3.0W AT=30K

Fig. 7. Dependence of the operating current | of
a TEC from a group with parallel electric
connection on the supply voltage U for different
thermal loads Qg on the cooling level T, at

T =300K, I/S =45

Source: compiled by the authors

— the number of thermocouples N increases (Fig. 8);

—the cooling factor E is reduced (Fig. 9);

— the steady-state time 7 increases (Fig. 10);

— the required heat dissipation capacity a F of
the radiator is increased (Fig. 11);

— the amount of energy expended N increases
(Fig. 12);

— the relative failure rate A/A
(Fig. 13);

— the probability of failure-free operation P
decreases (Fig. 14).

For a group of TECs with parallel electric
connection, we will determine the main parameters,
reliability indicators and dynamic characteristics in
an uneven temperature field with different thermal
loads for different supply voltages. The data for the
calculations are shown in Table 3.

increases
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Table 2. Uneven temperature field. Parallel connection of a group of TEU complexes
T =300K,1/S=45

Qo C) B n [ W E T N aF A | To | Mo | 2108 P

U =1.0v

30 /0346 | 0365 | 416 |19.7)416 | 072 | 99 | 41 1.4 1053|270 | 0.29 | 0.87 | 0.999913

1.0 | 050 | 0361 | 4.05 [19.2] 405 | 0.25 20 82 1.0 [0.18 | 260 | 0.30 | 0.91 | 0.999909

05 | 068 | 0493 | 54 |150| 54 | 0.093 | 25.0 | 134 1.2 10.092] 250 | 0.92 | 2.8 0.99972

4.5 - - 136 |53.9] 136 | 0.33 | 25.0 | 257 3.6 - - 151 | 4.53 | 0.99955

U =1.2v

30 | 0346 | 0317 | 36 | 263 | 435|069 | 119 | 520 | 15 | 044 | 270 | 0.21 | 0.64 | 0.999936

1.0 | 050 | 035 | 39 | 237 | 47 | 021|220 103 | 11 | 0.15 | 260 | 0.32 | 0.96 | 0.999904

05| 068 | 048 | 525 | 184 | 6.3 | 008 | 26.8 | 169 | 1.4 | 0.076 | 250 | 1.03 | 3.1 | 0.99969

4.5 - - 12.75 1684 | 154 | 0.29 | 26.8 | 324 | 4.0 - - 1.56 | 4.7 | 0.99953

U =15V

30 [ 0346 | 028 | 3.2 | 359 | 48 | 062 | 142 | 69 16 | 035 | 270 | 0.17 | 0.52 | 0.999948

1.0 | 050 |0335| 38 | 304 | 57 | 018 | 244 | 138 | 1.3 | 0.12 | 260 | 0.35 | 1.05 | 0.999895

05 | 068 | 047 | 51 | 234 | 7.7 [ 0065|290 | 224 | 16 | 0.06 | 250 | 1.2 3.6 | 0.99964

45 - - 121 1 89.7 | 182 | 025 | 29.0 | 431 | 45 - - 1.72 | 5.2 | 0.99948

U=17v

3.0 {0346 | 0267 | 3.0 | 420 | 52 | 058 | 155 | 80 16 | 031 | 270 | 0.16 | 0.49 | 0.999951

1.0 | 050 | 0.33 | 3.7 | 347 | 63 | 0.16 | 256 | 160 | 1.45 | 0.105 | 260 | 0.38 | 1.12 | 0.999888

05068 | 046 | 51 | 265 | 86 | 0.06 | 30.1 | 259 | 1.8 | 0.054| 250 | 1.3 | 3.9 | 0.99961

4.5 - - 11.8 | 103.2 | 20.1 | 0.22 | 30.1 | 499 | 4.9 - - 1.84 | 5.52 | 0.99945

U =2.0v

30 0346|1025 | 29 | 512 | 57 | 052 | 172 ]99.0 | 1.75 | 0.26 | 270 | 0.16 | 0.47 | 0.999953

10 | 050 | 032 | 36 | 412 | 72 | 014|272 | 19 | 1.6 | 0.09 | 260 | 0.41 | 1.24 | 0.999876

05 ] 068 | 046 | 50 | 308 | 98 | 0.05 | 315 | 310 | 21 | 0.046 | 250 | 1.45 | 4.35 | 0.99957

45 - - 115 11232 | 22.7 | 0.20 | 31.5 | 605 | 545 - - 2.0 6.0 | 0.99940

U =3.0v

30 | 0346|023 | 26 | 826 | 78 | 038 | 215 | 168 | 22 | 0.175| 270 | 0.17 | 0.50 | 0.999950

10 | 050 | 031 | 35 | 633 | 105 | 0.095| 313 | 328 | 23 | 0.06 | 260 | 1.05 | 3.2 | 0.99968

05 | 068 | 045 | 49 | 478 | 147 | 0.034 | 355 | 522 | 3.0 | 0.03 | 250 | 2.05 | 6.2 | 0.99938

4.5 - - 11.0 | 193.7 | 330 | 0.14 | 355 ]1018 | 7.5 - - 33 | 98 0.9990

U =6.0v

30 {0346 | 021 | 24 |[1738 | 142 | 021 | 28.7 | 406 | 34 | 0.09 | 270 | 0.24 | 0.71 | 0.999929

1.0 | 050 | 0.30 | 34 | 130 | 20.3 | 0.05 | 384 | 780 | 43 | 0.03 | 260 | 0.98 | 2.95 | 0.99970

05 | 068 | 044 | 48 | 974 | 29.0 | 0.017 | 422 | 1222 | 59 | 0.015] 250 | 3.9 | 11.6 | 0.99884

4.5 - - 10.6 | 401.2 | 63.5 | 0.070 | 42.2 | 2408 | 13.6 - - 51 | 154 | 0.9985

U =9.0v

3.0 10346 | 0.20 | 2.3 262 | 203 | 0.15 | 329 | 669 | 47 | 0.06 | 270 | 0.32 | 0.96 | 0.99990

10 | 050 | 0.30 | 3.35 | 196.4 | 30.2 | 0.0383 | 424 | 1278 | 6.2 | 0.02 | 260 | 14 | 4.2 | 0.99958

05 ) 068 | 044 | 48 |149.1| 438 | 0.011 | 46.3 | 2028 | 89 | 0.01 | 250 | 5.7 | 17.2 | 0.9983

4.5 - - 10.5 | 607.5 | 94.3 | 0.05 | 46.3 | 3975 | 19.8 - - 7.4 | 22.3 | 0.9978

U =12.0v

30 /0346 | 020 | 23 |3598| 272 | 011 | 36.2 | 984 | 6.0 | 0.044 | 270 | 0.41 | 1.22 | 0.99988

1.0 | 050 | 030 | 33 | 246 | 375 | 0.027 | 446 | 1672 | 7.7 | 0.015 | 260 | 1.74 | 5.2 | 0.99948

05| 068 | 044 | 478 | 180.7 | 529 | 0.01 | 48.0 | 2539 | 10.7 | 0.0076 | 250 | 6.9 | 20.7 | 0.9978

4.5 - - 10.4 | 786.5 | 117.6 | 0.04 | 48.0 | 5195 | 244 - - 9.0 | 27.0 | 0.9973

Source: compiled by the authors
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Table 3. Results of calculations of main parameters and indices for group of TEC in non-uniform
temperature field

T =300K,1/S =45, Q,=4.5W

No. | UV | N, W, E 7,8 N, | aF, lg, | Ao | A10° P
pcs w W-s W/K A 1/h
1 1.0 53.9 13.6 0.33 25.0 257 3.6 13.6 151 4.53 0.99955
2 1.2 68.4 154 0.29 27.0 324 4.0 12.7 1.56 4.7 0.99953
3 15 89.7 18.2 0.25 29.0 431 4.5 121 1.72 5.2 0.99948
4 1.7 103.2 | 20.1 0.22 30.0 499 4.9 11.8 1.84 5.52 0.99945
5 2.0 123.2 | 22.7 0.20 32.0 605 5.45 115 2.0 6.0 0.99940
6 3.0 193.7 | 33.0 0.14 36.0 | 1018 7.5 11.0 3.3 98 0.9990
7 6.0 401 63.5 0.07 42.0 | 2404 | 13.6 10.6 5.1 15.4 0.9985
8 9.0 607 94.3 0.05 46.0 | 3975 | 19.8 10.5 7.4 22.3 0.9978
9 12.0 787 1176 | 0.04 48.0 | 5195 24.4 104 9.0 27.0 0.9973
Source: compiled by the authors
n, pcs
E
500
1,0
0,9
400

oo

200

100

Fig. 8. Dependence of nu_mber of thermocc_)uples Fig. 9. Dependence of the cooling factor E of the

N from the group with parallel electric . .
(i | ltage U for diff ¢ TEC from the group with parallel electric

corr:nec Iolnl ondsupp y \(/jo agl? | orl ITreren connection on the supply voltage U for different

thermal load Qg and cooling level AT at heat load Qg and cooling levels T at
ST :_300}|<alb/sh= 4;15 T =300K, I/S=45
ource: compied by the authors Source: compiled by the authors
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Source: compiled by the authors .
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Fig. 14. Relation of the probability of no-failure
operation P of the TEC from the group with
parallel electric connection to the supply voltage
U for different thermal load Qg and cooling

level Ty at T =300K, 1/S =45

Source: compiled by the authors

As the supply voltage U increases for a group
of TECs with parallel electric connection in an

uneven temperature field with total heat load Q

=4.5W and thermocouple branch geometry 1/S
=4.5:

— the cooling coefficient E decreases (Fig. 15,
item 1);

— the number of thermoelements N increases

(Fig. 15, item 2);

— steady-state operation time 7 increases (Fig.
15, item 3);

— the operating current |
item 1);

— the required heat dissipation capability aF of
the heat sink increases (Fig. 16, item 2)

— the amount of energy expended N increases
(Fig. 16, item 3);

— the relative failure rate A/4, increases (Fig.
17, item 1);

— the probability of no-failure operation P

decreases (Fig.17, item 2).

decreases (Fig. 16,

The results of calculations of the main
parameters, reliability indicators and dynamic
characteristics of the complex with mixed electrical
connection of TEC (three connected in series and
three in parallel) in an uneven temperature field are
given in Table 4.

As the supply voltage U of a group of TECs
with parallel electric connection of a TEC complex

with a total heat load Qg =34.5W and thermocouple

branch  geometry I/S=4.5 in an

temperature field increases:

— the cooling coefficient E decreases (Fig. 18,
item 1);

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

— time to reach steady-state operation 7
increases (Fig. 18, item 3);

irregular

increases

Table 4. Mixed electrical connection of the TEC complex.
T =300K; I/S=45; T —-T,=5K; Qg =34.5W

No. |[U_V | W, E |UgV | N 75,5 | aFs, | Ng, | A/ Apy | #10° Py
w pes W/K | Ws h
1 1.0 79.3 | 0.435 6.6 101.3 | 25.0 22.7 338 44.9 134.7 | 0.98662
2 1.2 81.1 | 0.425 6.8 1158 | 26.8 23.1 405 45.0 135 | 0.98659
3 1.5 839 | 0411 7.1 137.1 | 29.0 23.6 512 45.12 | 135.4 | 0.98655
4 1.7 85.8 | 0.402 7.3 150.6 | 30.0 24.0 580 45.2 135.7 | 0.98652
5 2.0 88.4 0.39 7.6 1706 | 315 24.6 686 45.4 136.2 | 0.98647
6 3.0 98.7 0.35 8.6 241.1 | 36.0 26.7 1100 46.7 140.5 | 0.9861
7 6.0 129.2 | 0.267 | 11.6 449 42.0 32.7 2490 48.5 145.5 | 0.98555
8 9.0 160.0 | 0.216 | 14.6 655 46.0 38.9 | 4056 50.8 152.4 | 0.9849
9 120 | 183.3 | 0.19 17.6 834 48.0 43.5 5276 52.4 157.2 | 0.9844
Source: compiled by the authors
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Fig. 15. Dependence of refrigerating factor E,
ramp-up time 7, number of thermocouples N in
the group of TECs with parallel electric
connection on supply voltage U at
T =300K, /S =45, Q,=4.5W

1-E=fU),2-n=f(U),3-z=f()
Source: compiled by the authors
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Fig. 16. Dependence of operating current | , heat
dissipation capacity aF of the heatsink and
amount of energy expended N by the TEC
group with parallel electric connection as a

function of supply voltage U at
T =300K, 1/S =45,
Qg =4.5W

Source: compiled by the authors

— increases energy N consumption (Fig. 19,
item 1);

— the required heat dissipation capacity of the
heat sink oF increases (Fig. 19, item 2);

— the relative failure rate A/4q increases (Fig.
20, item 1);

— the probability of failure-free operation P
decreases (Fig. 20, item 2).

0 0.990

1 2 3 4 8 L] il L L]

w u 12 UV

1 - A= flU); 2-P=f(l)

Fig. 17. Dependence of the relative failure rate
A/ and the probability P of no-failure
operation for the parallel electric connection on
the supply voltage U at T =300K, 1/S =4.5;

=4.5W; A, =3~10_8:I/h; t=10%h

Source: compiled by the authors

CONCLUSIONS

A thermophysical model of thermal mode
support system has been developed on the basis of
the complex of thermoelectric elements with mixed
electrical connection to control the thermal mode of
a number of heat-dependent elements of radio-
electronic equipment in an uneven temperature field

with  different load Qg at geometry of

thermoelement branches 1/S =4.5.

The relations for determining the relative
operating current B depending on supply voltage
U , temperature differential AT , heat load Qq fora

group of TECs with parallel electric connection in
an uneven temperature field at fixed geometry of

thermocouple branches 1/S =4.5 are obtained.
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Fig. 18. Dependence of refrigerating factor E,
number of thermocouples N, time to reach
steady-state mode of the TEC complex with

mixed electrical connection on the supply voltage
U of the TEC group with parallel electrical

connection in an uneven temperature field at
T =300K, I/S =4.5, Q,=34.5W.
1-E=fU),2-n=fU),3—z=fU)

Source: compiled by the authors
N, s
aF, W/K

1-N=f{U};

2—aF =f{U)

Fig. 19. Dependence of the amount of energy
input N , required heat dissipation capacity of
the heat sink aF of the mixed electrical
connection TEC complex on the supply voltage
U of the TEC group with parallel electrical
connection in an uneven temperature field at

T =300K, /S =45, Qu=34.5W.
1-N = fU), 2—oF = f(U)

Source: compiled by the authors
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Fig. 20. Dependence of the relative failure rate
A/ Ay and the probability P of no-failure

operation of a mixed electrical coupled TEC
complex on the supply voltage U of a group of
TECs with parallel electrical coupling in a non-
uniform temperature field at

T =300K, 1/S =4.5, Qg =4.5W,
Ao =3-10"81/h, t =10*h

Source: compiled by the authors

A comparative analysis of the main parameters,
reliability indices and dynamic characteristics of a
complex of fuel injection equipment with mixed
electrical connection in an uneven temperature field
depending on the supply voltage of a group of fuel
injection equipment with parallel electrical
connection has been carried out.

Analysis of the research results showed the
possibility of selecting the optimum supply voltage
for the group of fuel injection equipment with
parallel electric connection in the relationship of
energy, mass-dimensional and dynamic
characteristics, taking into account the reliability
indicators of the complex as a whole.

It should be noted that as the supply voltage U
decreases, the power, mass-dimensional and
dynamic characteristics of a group of TEC with
parallel electrical connection improve, and the
reliability of a complex with mixed electrical
connection in an uneven temperature field increases.
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AHOTALIS

PO3rnsHyTO MOJKIIMBICTH ONTHMAIIBHOTO YIPABIISTHHS TEIUIOBUM PEKHMOM DSy TEPMO3AISKHHX 1 TEIMJIOHABAaHTKEHUX
€JIEMEHTIB Pa/iOCNeKTPOHHOI amapaTypu 3 pI3HOI0 MOTYKHICTIO PO3CISIHHS Yy HEpIBHOMIPHOMY TeMIepaTypHOMY HOJi 3
BUKOPUCTAHHSIM KOMITJIEKCY TEPMOEIEKTPUYHHUX OXOJIOMKYIOUUX MPUCTPOIB 31 3MillIaHUM eJISKTPUYHHUM 3’€THAHHAM i (iKCOBAHOIO
TEOMETPI€I0 TUIOK TepMoeseMeHTiB. OnepkaHi CMiBBiIHOIICHHS I BU3HAYCHHS BiTHOCHOTO POOOYOro CTPyMY, SIKHI BiMOBimae
MiHIMaJIbHOMY 3HA4YEHHIO HANpPYyTH JKUBICHHSA TPH 3aJaHOMY TEIUIOBOMY HAaBaHTAXXCHHI IJISI Pi3HUX TEPenajiB TemIeparyp i
reoMeTpii TUIOK TepMoeneMeHTiB. [loka3aHO MOXJIHMBICTE BHOOpY HANpYrH SKUBIEHHS [UIi TPYNH TEPMOEIEKTPHYHHUX
OXOJIO/KYBAYiB 3 MapajelbHUM eJICKTPHYHUM 3’ €JHAHHSM 3 BUKOPHCTAHHSM SIK aHAIITHYHOTO TaK i rpadivHOro MeTo 1y BUpilICHHS
CHCTEMH aNTeOpaidHuX PiBHSAHB MEPIIOTo i Apyroro mopsaky. [IpuBeneHa olliHKa OCHOBHHX MapaMeTpiB, MOKA3HUKIB HAIIMHOCTI 1
JTUHAMIYHUX XapaKTEPUCTHK KOMIUIEKCY TEPMOENEKTPUYHUX OXOJIOMKYBAYiB 3 MOCTIZOBHUM €IEKTPUYHHUM 3’€THAHHIM B PEIKHUMI
MaKCHMaJIbHOT XOJIOJIONPOAYKTUBHOCTI 1 Bapialli€lo HANpyTd >KUBJICHHS TPYIH OXOJIO/DKYBA4iB 3 MapasieIbHUM EJNCKTPUYHUM
3’€HaHHAM. AHali3 pe3y/lbTaTiB JOCHI/UKCHHS II0Ka3aB  MOJIIMBICTb BHOOPY ONTHMAJIbHOI HANpYr¥ >KHUBJICHHA TPYNH
TEPMOENCKTPUYHHUX OXOJIO/KYBAUiB 3 MapajelbHUM eNCKTPUYHUM 3’€THAHHAM y B3a€MO3B’ 3Ky €HEPreTHYHNX, MacorabapuTHHX B
JMHAMIYHUX XapaKTePUCTHK 3 BpaxyBaHHIM IOKAa3HHKIB HaJAIffHOCTI KOMIUIEKCY B 1inoMy. [Toka3aHo, 1o 3i 3MEHIICHHSIM HalpyrH
JKUBJICHHS TPYIH 3 TapajielbHUM eICKTPHYHUM 3’ €THAHHSM, SIKi BXO/SATh B KOMILIEKC, TIOKPAIYIOTHCS CHEPreTHYHI, MacorabapHTHi
1 ITUHAMIYHI XapaKTePUCTHKH, ITiBUIIYIOTHCS MOKAa3HUKH HAIIHHOCTI KOMIUIEKCY 31 3MIIIaHUM EJIEKTPUYHUM 3’€THAHHSIM Yy
HEpIBHOMIPHOMY TEMIIEPaTypHOMY ITOJIi
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