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Pozensanymo modenv 63a€M036°43KY OCHOBHUX
NOKA3HUKIE OUHAMIKU § HAOTUHOCMI 3 8PAXYGAH-
HAM KOHCMPYKMUBHUX eSleMeHMI8 0X0100XHCY-
101020 NPUCMPOI0 0 PIZHUX PeHCUMI8 PoGomu.
Ooepocani cnissionowenns 0036010Mb GU3HA-
YUMU YAC BUX00Y MEPMOEIEKMPULHO20 0X000-
HCYIOU020 NPUCMPOI0 HA CMAUIOHAPHULL PEeHCUM
i memnepamypy menion0ZiIuUHAOU020 CRAIO.
Hoxaszano, wo epaxyeanmns menaodizuunux, Kox-
CMpPYKMUBHUX i eHepzemuuHUX NOKA3HUKIE 003-
80JIS1€ YNPABAAMU UACOM BUX00Y 0X0100X4CY8a1a
8 cmauioHapHuil pexcum

Kanrouosi crosa: mepmoenexmpuunuii 0x0100-
HCY8au, CMAUIOHAPHULL PeHcuM, memnepamypa
menno no2ZIUHANOUO20 CNAl0, NOKA3HUKU HAOTU-
Hnocmi

=, u]

Paccmompena moodenv 63aumoceszu 0CHOBHHIX
noxasameJeii OUHAMUKYU U HAOEHCHOCIU C YHemoMm
KOHCMPYKMUBHBIX ITEMEHMOE 0XIANCOAIOULe20
ycmpoiicmea 0 pasiuMHbLX PEHCUMO8 PAdomubl.
Hoayuennvie coommnowenus no3zeoasrom onpe-
denumv 6pemsi 6bIX00a MEPMOILEKMPUUECKO20
oxJaaxcoaruwezo ycmpoucmea Ha CMayuoOHapHbiil
pexcum u memnepamypy menionoiouarue2o
cnas. Iloxazano, umo yuem mennousuueckux,
KOHCMPYKMUBHLIX U IHEPZeMU1eCKUxX noxKasa-
meJiell n0360Jsiem Ynpasasimo 6pemeHem 6b1x00a
oxsiadumens 6 CMAUUOHAPHLI PEHCUM

Kntouesvie cnosa: mepmoanexmpuueckuil
oxsiadumenv, CMAUUOHAPHLIL PEXHCUM, mMeMmnepa-
mypa mennonoznowarouiezo cnas, noxazamenu
HaoexcHocmu

1. Introduction over the preset temperature range is an interesting task. This

is related to the fact that dynamic indicators for the means

Determining the time that it takes for a thermoelectric
cooling device (TED) to enter a stationary working mode

that enable heat regimes of thermally loaded elements large-
ly define both functional and reliable capabilities of critical




systems. In this case, only the mass and specific heat of an
object are typically accounted for in the process of entering
the mode. At the same time, experience has shown that there
is a need to additionally take into consideration the heat ca-
pacity and mass of structural and technological elements, as
well as current operating mode. In terms of operational con-
trol, of special interest is the current mode, and in terms of
strategic control — the effect of heat capacity on the dynamic
characteristics of a thermoelectric cooling device.

Thus, it is a relevant task to create a controllable dy-
namic system to monitor temperature at a thermally loaded
element.

2. Literature review and problem statement

The issues of enabling thermal modes are integral part of
the development of radio electronic equipment whose elements
operate under thermally loaded modes [1]. Comparative anal-
ysis of compression and solid-state coolers [2] reveals that in
terms of weight and dimensions, performance and reliability,
thermoelectric coolers have a clear advantage [3]. Improved
reliability indicators when designing thermoelectric coolers
are achieved by taking into consideration the influence of
thermal-physical, electrical properties, chemical activity of
the thermoelements’ materials when interacting with external
environment [4]. Creation of new materials with enhanced
thermoelectric efficiency [5] gives rise to new challenges asso-
ciated with the growing influence of contact resistances, heat
conductivity of thermal elements, linear expansion of ther-
moelement contact with electrode. Specification of require-
ments to thermoelectric coolers for cooling capacity, energy
indicators, weight and dimensions, resulted in the variety of
thermoelectric modules [6]. Since such an integrated indicator
as reliability depends on the design and manufacturing tech-
nology, there are developed methods to investigate indicators
of reliability over the entire life cycle, starting at the design
stage all the way to operation of thermoelectric coolers [7].
For the on-board systems, the most important is the influence
of mechanical and thermal loads. The effect of impact and
harmonic mechanical load on the cooler is strengthened by the
fact that lower temperatures lead to the worsening of plasticity
of the thermoelement soldering with the electrode, and to the
increased fragility of a thermoelectric material [8]. Heat load
increases temperature gradients, which can lead to the crack-
ing of places where dissimilar materials are connected [9].

Under the non-stationary heat flows, control over coolers
for deviation is ineffective. Working out a temperature devia-
tion at the receiving element starts only after the temperature
wave reaches the sensor of a thermal control system [10]. Work-
ing out a thermal perturbation by the cooler, which is typically
described bye integrating link, includes the lag time in the
process of transition into a stationary mode, during which tem-
perature of the thermally loaded element may exceed maximum
permissible temperature. Proactive control implies launching
a cooler prior to the moment when the heat wave reaches
the cooler, therefore, it employs more complex algorithms to
process data in order to make appropriate decisions [11]. The
dynamics of control is directly dependent on the performance
efficiency of the controlling element, which, in this case, is the
cooler [12]. Studies into the inertia of single-stage thermoelec-
tric devices have shown that it is mainly determined by the
ratio of heat capacities of the load and a thermoelectric cooler
[13]. At the same time, the model considered does not take into

consideration structural and technological elements of the cool-
er, which are a necessary component of the single-stage thermo-
electric cooler. The need to improve performance efficiency of
the thermoelectric cooler is in contradiction with the reliability
indicators, which requires additional research.

3. The aim and objectives of the study

The aim of present study is to reduce the time it takes for
a thermoelectric cooler to enter a stationary regime by tak-
ing into consideration the impact of structural and techno-
logical elements of the cooler, as well as operational modes.

To accomplish the aim, the following tasks have been set:

— to develop a dynamic model of TED that would account
for the structural and technological elements of the cooler;

— to perform a reliability-oriented analysis of the model
in order to estimate a possibility to control the time it takes
for TED to enter a stationary regime.

4. Development of dynamic model of TED taking into
consideration its structural and technological elements

The structural and technological elements on the heat
absorbing junction of TED include:

— copper switching plates;

— alayer of soldering and a nickel coating;

— ceramic plate and a metallization layer in line with the
switching circuit of thermoelements branches;

— a diffusion layer of a semiconductor material.

The following has to be taken into consideration:

— condition of the thermoelectric material surface, which
is related to the technology of processing and storage condi-
tions [8, 9];

— the depth of copper atoms migration in a thermoelec-
tric material.

The thickness of a diffusion layer of the thermoelectric
material, a contact area “metal-semiconductor” can be ad-
opted equal to 100-150 pm. We used an aluminum plate
with a mass of 1 gram as the object to be cooled. Indicative
data on mass and heat capacity of structural and techno-
logical elements of TED are given in Table 1. When calcu-
lating the volume, for the geometry of thermoelements //S=
=10 cm™!, we used dimensions of the branch cross-section
equal to 2x2 mm at height /=4 mm.

The total magnitude of heat capacity and the mass of
TED components can be represented in the form:

2 m,C,=m,C,+myCy, +m;Cq +
i

=175-15"J/K. M

cer ~ cer

+m,Ce, +m,.C

We shall consider the process of cooling an object in
time 1, which is determined by the current mode selected,
the magnitude of thermal load Qy, branch geometry of the
cooling thermoelement (//S), taking into consideration the
temperature dependence of parameters of a thermoelectric
material in the module (Fig. 1), as well as specific heat ca-
pacity C and thermal diffusivity a (Fig. 2). The dependence
of total heat capacity and the mass of structural elements on
the geometry of TED branches (//S) is shown in Fig. 3. The
temperature of heat emitting junctions is accepted to be con-
stant and equal to =300 K due to intensive heat exchange.



Table

—_

Parameters and indicators of structural and technological elements of the cooler

Elements of design and | Width 8, 3 Density of ma- Specific heat capac-
technology mm Volume V, cm terial p, g/cm? Mass m, g ity, Gy, J/(gK) mC, J/K Note
Thermoelectric material 01 | 2x2x0.1-1073=4.104 78 31,2104 0.31 1931074 | myCy
B12T€3
Antidiffusion nickel-based 2x2x0.025-10~ 4 4 .
coating 0.025 3-1.10-4 8.1 8.1-10 0.427 13.8-10 myiOni
Solder 0.1 2x2x0.1-1073=4-10"4 9.6 38.4-104 0.126 9.7-104 msCs
Switching plate, copper 0.2 2x2x(.2-1073=8-10~4 9.0 721074 0.389 581074 mcuCcu
Ceramic plate 0.3 2x2x0.3-103=12-10"* 1.84 22104 1.674 7371074 | meeCeer
Object to be cooled (Al) - - 2.7 1 0.894 0.894 myCo
& 104, V/K; - g Thermal balance conditions on the heat emitting junc-
7105 VK: z m/cm . X ;
_ » 1, = - tions of TED can be written in the form
& 103, W/(cm-K) \ e
20 2000 —(moc0 +ny, miCi)dTO =nl’ R(2B-B*-0©)dr,  (2)
where mg, Cy are, respectively, the mass and specific heat
15 - {1500 . . el, . .
= capacity of the cooled object; I = & the maximum op-
erating current, A; e, R are, respectively, the averaged value
Lo 4 1000 of coefficient of thermoEMF, V/K, and electrical resistance
’ - of the thermoelement branch, Ohm; B=I/1I,,.y is the relative
operating current; [ is the working current magnitude, A;
00 Ty is the temperature of a heat absorbing junction, K; ©=
0,5 T =AT/Tyax is the relative difference in temperature; AT, .=
150 200 250 300 T K

Fig. 1. Estimation-experimental temperature dependence of
parameters of thermoelectric materials of the thermoelement
branches in module: coefficient of thermoEMF e, efficiency
of thermoelectric material Z, coefficient of thermal
conductivity & and electrical conductivity &

C, a-103,
Ji(gK) [ Cm?/s
a
031 10

0,30 8

0,29

4

0,28

150 200 250 300 T.K

Fig. 2. Estimation-experimental temperature dependence
of specific heat capacity Cand thermal diffusivity a of the
thermoelement branches material in module

2mC,
:
300 \
250
200 \

150

100

50

0

0 5 10 15 20 25 30 35 IS, em™!

Fig. 3. Dependence of the total magnitude of mass and

specific heat capacity of TED structural and technological
elements on ratio //S

=0,5z7; is the maximum temperature difference, K; z is
the averaged value of the efficiency of a thermoelectric mate-
rial in module 1/K; AT=T-T, is the difference in temperature
at TED, K; n is the number of thermoelements, pcs.

By solving differential equation (2) under initial condi-
tions 1=0; T=Ty, we shall obtain

m,C, +n2miCi 1B,(2-B)

n
2B,~B.-0©
e N

0

T=

, 3

where Kj is the heat transfer coefficient, Ki= S/I, W/K;

— ]ﬁlaxORO .
= —I2 ;

max1

v

Lnaxo, Ro are, respectively, the maximum operating current
and electrical resistance of the thermoelement branch at
the beginning of the cooling process at t=0; Iyax1, R1 are,
respectively, the maximum operating current and electrical
resistance of the thermoelement branch at the end of the pro-
cess of cooling; @ is the coefficient of thermal conductivity.

This formula represents an analytical dependence of the
time required to enter a stationary mode on the current op-
erating mode (the magnitude of relative current B), heat load
Qo (number of thermoelements 7), taking into consideration
both the mass and the heat capacity of the cooled object
mCy, and the structural and technological elements of TED
at a preset temperature difference AT(0).

Given that Bi=I/Iax0; Bo=I/Inax1, we shall write:

— for mode Qmax

[=Imax1y B1=Imax1/lmax0v BZ=1~O;



— for mode (Qo/Imax:

[=\/6[max1; B = @Imaxi/lmaxo; B, =\/6; )
— for mode Epax

I=Olnaxt; B1=OInax1/Inaxo; Ba=0; (6)
— for mode Ay,

I=n®laxt; By Olnax1/Imaxo; B2=n0, (7

where n is the correction factor [9].
We can derive from equation (3) the temperature of
heat-absorbing junction Ty depending on the cooling time t:

ntkK, [232 %+ 1)
B 2B, (2-B,))AT, .y f—exp T,
(1+2B2 A?WJ m0C0+nzi:miCi

0

T,=T

-(8)

Expression (8) describes the relationship for various
current operating modes and heat load for the assigned
temperature difference, taking into consideration the mass
and specific heat capacity of structural and technological
elements of TED.

5. Analysis of temporal and reliability indicators of the
model for different operation modes of TED

The results of calculation of basic parameters and the
time required for TED to enter a stationary mode, param-
eters of reliability for current modes of operation Qgmax,
(Qo/Dmaxs Emax and Ay at T=300 K; AT=40 K; [/S=10 cm™!;
ma=1 g; Ca1=0.894 J/(g-'K) and ZmiCi =175-10" J/K are
given in Table 2. Here 1¢ is the time required to enter a
stationary mode, calculated with respect to the mass and
heat capacity of the object, 7~ with respect to the mass and

heat capacity, of both the object and the elements of TED
design.

Table 2

Results of calculation of basic parameters and indicators of reliability for a single-stage TED, obtained at the following original
data: /nax=5.02 A; 7=300 K; 75=260 K; AT=40 K; //S=10 cm™"; A T1,2x=79.8 K; ®=0.5; R=1-10"2 Ohm; material Al;
Ca=0.894 ) /(g-K); ma=1g; ZmiCl. = 175-10" J /K — per a thermoelement

;}f:riflgi Q0 A |mpes.| 18 | VW Bi/B, LA |WW| E UV | M | 2108 1/h j2

03 | 23 | 137 | 1435 139 | 0216 | 0274 2.35 7.05 0.99930

05 | 39 | 900 | 968 230 | 0216 | 0.46 4.0 12.0 0.9988

10 | 78 | 450 | 518 453 | 0216 | 0903 8.0 24.0 0.9976

15 | 11.7 | 300 | 368 6.83 | 0.216 1.37 12.0 36.0 0.9964

Qomax 20 | 156 | 224 | 294 0.93/1.0 502 910 | 0.216 1.81 16.0 48.0 0.9952
30 | 234 | 150 | 219 136 | 0.216 2.71 239 71.7 0.9929

50 | 390 | 9.0 159 227 | 0216 | 4.52 40 120 0.9881

100 | 780 | 45 11.3 454 | 0.216 9.0 79.7 239.1 0.9764

03 | 28 | 144 | 1523 088 | 034 0.25 0.73 2.19 0.99978

05 | 47 | 867 | 947 144 | 0347 | 041 1.23 3.68 0.99963

10 | 94 | 434 | 513 288 | 0347 | 081 2.45 7.36 0.99926

15 | 141 | 289 | 369 4.40 | 0.347 1.23 3.68 11.0 0.9989

(Qo/ D 20 | 188 | 217 | 296 0.66/0.707 3:35 5.88 | 0.347 1.66 49 147 0.9985
30 | 282 | 144 | 223 8.80 | 0.347 2.46 7.35 22.0 0.9978

50 | 470 | 86 16.7 147 | 0.347 4.1 12.3 36.8 0.9963

100 | 940 | 43 12.2 288 | 0.347 8.1 24.5 735 0.9926

05 | 66 | 773 | 872 110 | 0460 | 040 | 0.607 1.82 0.00081

1.0 | 130 | 386 | 486 220 | 0460 | 0.80 1.20 3.6 0.99964

15 | 195 | 257 | 357 330 | 0.460 1.20 1.82 5.46 0.99946

Ennax 20 | 260 | 193 | 293 0.47,/0.50 276 | 4.40 | 0.460 1.60 2.42 7.26 0.99928
30 | 390 | 129 | 228 6.60 | 0460 | 2.40 3.64 10.9 0.9989

50 | 650 | 7.7 17.7 11.0 | 0.460 4.0 6.0 18.0 0.9982

100 | 130 | 39 13.8 220 | 0.460 8.0 12.0 36.0 0.9964

03 | 69 | 101 | 1143 0.88 | 0347 | 0.1 0.215 0.64 0.999936

05 | 11.6 | 613 | 75.0 1.40 | 0347 | 068 | 0.361 1.08 0.999892

1.0 | 232 | 306 | 444 288 | 0.347 136 | 0.722 217 0.999780

. 15 | 348 | 204 | 343 0.40/0.425 oy |A32 | 0347 | 203 1.07 3.22 0.99968
20 | 464 | 153 | 292 o : 576 | 0347 | 270 1.43 4.33 0.99957
30 | 69.6 | 102 | 24.0 864 | 0347 | 4.06 2.16 6.48 0.99935

50 | 116 | 6.1 20.0 144 | 0.347 6.80 3.61 10.8 0.9989

100 | 232 | 3.0 17.0 288 | 0.347 135 7.22 21.7 0.99783




Data in Fig. 4-7 show that an increase in heat load Qg
(the number of thermoelements » in TED) at the assigned
temperature difference AT for various current modes of op-
eration leads to the following:

— the time required to enter a stationary mode t reduces;

— the number of thermoelements 7 increases;

— voltage drop U grows.

An analysis of data given reveals that the time required
to enter a mode 1’ increases compared to to. For example, at
thermal load Q=5.0 W:

— under mode Qgmax 10=9.0 s; T=15.9 s, that is, it is in-
creased by 77 %;

— under mode (Qo/I)max T0=8.6 s; 7=16.7 s, that is, it is
increased by 94 %;

—under mode E, . 19=7.7 s; 7=17.7 s, that is, it is in-
creased by 130 %;

—under mode Api, 19=6.1 s; /=20 s, that is, it is in-
creased by 228 %.
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Fig. 4. Dependence of the time required for TED to enter a
stationary mode (1o, T’ are, respectively, without and with

taking into consideration ZmiCi), the number of

thermoelements n and a voltage drop U of a single-stage
TED, on the magnitude of thermal load ( at 7=300 K;
AT=40 K; //8=10 cm™" for mode Qomax

To, T, 81 T T Uv
n, pc. A
n /
80 4 A/./ 4
v/'
V
60 - -/»/ 3
40 2
20 — 1
0 . - t — 0
0 2 4 6 8 0O W

Fig. 5. Dependence of the time required for TED to enter a
stationary mode (19, " are, respectively, without and with

taking into consideration Zm,.C,.), the number of
thermoelements n and a voltage drop U of TED, on the

magnitude of thermal load @y at 7=300 K; A7=40 K;
1/8=10 cm™" for mode (Qy/ Hmax
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Fig. 6. Dependence of the time required for TED to enter a
stationary mode (1, " are, respectively, without and with

taking into consideration ZmiCi), the number of
i
thermoelements n and a voltage drop U of a single-stage

TED, on the magnitude of thermal load @ at 7=300 K;
AT=40K; //8=10 cm™" for mode Epax
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Fig. 7. Dependence of the time required for a single-stage
TED to enter a stationary mode (1o, T are, respectively,

without and with taking into consideration ZmiCi), the

number of thermoelements n and a voltage drop U, on the
magnitude of thermal load @y at 7=300 K; A7=40 K;
1/8=10 cm~" for mode Amin

Fig. 8 shows that the greatest difference between the
magnitudes of 1" and 1y is observed under a A, mode.

With a decrease in the time required to enter stationary
mode 1, the intensity of failures A/ increases for different
modes of operation (Fig. 9, a — for modes Qomaxand (Qo/DNmax,
Fig. 9, b — for modes Ep. and Ayi,) — due to the increase in
the number of thermoelements 7z in TED.

An analysis of the results of estimating the temporal pro-
cess of TED entering a stationary mode of operation makes it
possible to consider the relation between the mass and heat
capacity of the object (m(Cy) and the mass and heat capacity
of structural elements at the heat absorbing junction of TED
(nY,mC,). The relation can be written in the form:

m,C,

nz m,C.T, =/
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Fig. 8. Dependence of relative magnitude of the time required
for a single-stage TED to enter stationary mode
B=(t"—10) /710 on thermal load at 7=300 K; A 7=40 K;
1/8=10 cm™! for different modes of operation
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Fig. 9. Dependences of the relative magnitude of failure
rate in a single-stage TED on the time required to enter a
stationary mode of operation, obtained without and with
.C,, at 7=300 K; AT=40 K;

i

taking into consideration Zm

1/8=10 cm™! for different nl10des of operation: @ — Qymax,

(OO//)max; b— Emax: 7\'min

A possible range of change in the magnitude f can be
represented as follows:

a) f>>1, that is, the mass and heat capacity of the object
m,C,y>>ny mC, are much larger than the mass and heat

capacity of structural and technological elements of TED.
In this case, the relative magnitude of the time required to
enter a stationary mode 1’/t,21,5. The time required for
TED to enter a stationary mode with respect to the mass
and heat capacity of structural and technological elements
exceeds the time required to enter a stationary mode with
respect to the mass and heat capacity of the object by not
larger than 50 %;

b) 1.5>/>0.75, that is, there is an approximate match
between the mass and heat capacity of the object, and the
mass and heat capacity of structural and technological
elements of TED. In this case, the magnitude t’/t, is
in the range of 2.2>1'/t,>1.7, that is, the time required
to enter a stationary mode with respect to the mass and
heat capacity of structural and technological elements
may exceed the time required to enter a stationary mode
without taking them into consideration by the magnitude
of 70 to 120 %;

¢) /<<1, that is, the mass and heat capacity of the object
are much smaller than the mass and heat capacity of struc-
tural and technological elements. In this case, the magnitude
T/1,22,2, that is, the time required to enter a stationary
mode with respect to the mass and heat capacity of structur-
al and technological elements is much longer, by 2-10 times,
than the time required to enter a stationary mode without
taking them into consideration.

Dependence of relative magnitude of the time required
for a single-stage TED to enter a stationary mode /7, on
the magnitude of f at 7=300 K; AT=40 K; [/5=10 cm™' is
shown in Fig. 10. It should be noted that a given dependence
applies to all the considered modes of operation.
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Fig. 10. Dependence of relative magnitude of the time
required for a single-stage TED to enter a stationary mode of
m,C,
~ - a
nz m,CT,
7=300K; AT=40K; //S=10 cm™'

operation (1" /1p) on the relative magnitude f = t

In accordance with expression (8), we shall estimate the
temperature of a heat-absorbing junction Tj and other basic
parameters for a single-stage TED for the operation modes
Qomax (Qo/Dmax, Emax and Apin. Initial conditions: =300 K;
AT=40 K; [/5=10 cm ! with and without taking into consid-
eration the mass and heat capacity of TED structural and
technological elements for various thermal load Q. Calcu-
lated data are given in Tables 3—6, where Ty, ATjax, ©, A/Ag
and P are those without taking into consideration the struc-
tural and technological elements; T;, AT, , ©’, (7»/7») and
P’ are those taking into consideration the structural and
technological elements.



Table 3

Mode Qomax 7=300 K; AT=40 K; B;=0.93; B=1.0; /2x=5.02 A; //S=10 cm™'; C=0.5 ) /(g-K); myCy=0.894; %9=3-1078 1 /s;
=10% Y mC, =175-10" J/K

Qo W| To,K | T/K | t,s |npe.| AT | AT K | © o | A | 2108 1/h P A/A) |A-10%,1/h| P’
293,2 | 2936 | 10 103,0 | 1034 | 0.068 | 0.062 | 2.23 6.7 0.99933 | 221 6.62 0.99934
287.4 | 2882 | 20 99.1 99.7 | 0.127 | 0.118 | 2.48 7.44 0.99925 | 2.44 7.33 0.999267
2774 | 2787 | 40 92.0 928 | 0.246 | 0.229 | 2.96 889 0999111 | 290 8.70 0.99913

05 | 2694 | 271.0 | 60 | 39 | 864 87.4 | 0.354|0.332 | 3.40 10.2 0.99898 | 3.32 9.95 0.9990
263 | 264.7 | 80 82.0 83.0 | 0.451 0425 | 3.80 114 | 099886 | 3.70 11.09 0.99889
2603 | 262 | 90 80 81.0 | 0.496 | 0469 | 4.0 120 | 099880 | 3.87 11.6 0.99884
2578 | 259.6 | 95 78.1 79.2 054 | 0509 | 4165 | 125 | 0.99875 | 4.04 12.12 0.99879
287.0 | 2886 | 10 98.8 100.0 | 0.132 | 0.114 | 5.0 15.0 0.9985 4.86 14.6 0.99854
276.7 | 279.2 | 20 91.9 935 | 02540222 6.0 18.0 0.9982 5.7 17.2 0.99828

1.0 2617 | 2652 | 40 | 7.8 | 809 83.0 | 0471|0419 | 7.76 23.3 0.9977 7.35 22.0 0.9978
256.6 | 260.0 | 50 77.4 798 0.56 | 0.501 | 8.49 255 | 099745 8.0 24.0 0.9976
2596 | - 44 79.5 - 0508 | — | 808 24.2 0.99758 - - -
281.6 | 284.6 | 10 94.8 968 | 0.194 | 0.159 | 8.26 24.8 0.9975 7.84 23.5 0.99765
2685 | 272.8 | 20 85.8 88.6 | 0.367 | 0.307 | 10.4 31.1 0.9969 9.65 29.0 0.9971

15 2614 | 2639 | 30 | 11.7 | 80.6 824 | 0.479| 044 | 11.62 | 3485 | 099652 | 11.16 33.47 0.9967
259.8 | - 31 79.6 - 0504 | - |1205| 362 0.9964 - - -
— | 2597 | 36 - 79.6 - |o0s506| - - - 12.1 36.2 0.9964

Table 4
Mode (Qo/ Dmax T=300 K; AT=40 K; B;=0.66; B,=0.707; /=3.55 A; //8=10 cm~"; ¢=0.418 J /(g-K)

QuW| 15 | To, K |T,K |n,pc.| ATpay | AT, K | © o | A/ |A108 1/h P MAe) | AV10%,1/h | P
10 | 292.6 |293.2 102.7 | 1032 | 0.072 | 0.066 | 0.587 | 1.76 | 0.999824 | 0.579 1.74 0.99983
20 286 |287.1 98.2 989 |0.143|0.130 | 0.69 2.07 0.99979 | 0.672 2.02 0.99980
40 | 2751 [276.7 90.4 915 | 0275]0255| 0882 | 265 0.99974 | 0.853 2.56 0.99974

02 60 | 2679 |268.4 4'7 85.4 857 |0.376|0.369 | 1.04 3.12 0.99969 | 1.025 3.08 0.99969
80 | 259.7 |261.8 79.6 809 | 0.506 | 0.472 | 1.22 3.67 0.99963 | 1.175 3.52 0.999648
85 — |260.4 - 80.0 - 0495 | - - - 1.205 3.62 0.99964
10 286 | 288 98.2 995 |0.143| 012 | 1.38 4.14 0.99959 | 1.32 3.95 0.99950
20 | 275.1 [278.2 90.4 925 | 0.275|0.236| 1.76 5.29 0.99947 | 1.65 4.96 0.99950

o 40 | 259.7 2637 . 78.6 824 | 0506 | 0.44 | 2.44 7.32 0.99927 | 225 6.74 0.99933
46 ~ 2604 - 80.0 - 0495 | - - - 2.42 7.25 0.999275
10 | 280.2 [283.9 93.8 963 | 0211 |0.167 | 2.37 7.1 0.99929 | 2.18 6.54 0.99935
20 267 |2718 84.8 879 0389|0321 3.18 9.53 0.99905 | 2.87 8.6 0.99914

b 30 | 2569 |262.7 e 775 818 | 0.556|0.456 | 3.94 | 11.83 | 0.99882 | 3.475 10.4 0.99896
33 - 2597 - 79.6 - 0506 | - - - 3.70 1.1 0.99889




Mode Enax 7=300 K; AT=40 K; B;=0.47; B,=0.50; /=2.76 A; //S=10 cm~"; C=0.30 J /(g-K)

Table 5

QoW |1s | ToK| LK |npe|ATw K| AT, K | © | @ | a/a0 [2105,1/h] P M) | W-10°%,1/h P
10 | 291.4 | 2923 101.9 | 1025 |0.084|0.075|0.239 | 0.718 [0.999918| 0.232 0.70 0.999930
20 | 284.1 | 285.7 96.9 979 | 0.164 | 0.146 [ 0303 | 091 |0.999910 | 0.29 0.87 0.999913
40 | 272.5 | 274.8 88.4 90.0 |0.311] 0.28 |0.429 | 129 | 099987 | 034 1.02 0.999898
03 60 | 264.0 | 266.5 65 82.6 842 |0.436] 040 | 053 | 1.59 | 099984 | 0.50 1.51 0.999849
70 | 2606 | - 80.1 - 049 | - | 059 | 178 | 099982 - - -
80 | - | 2603 - 80.0 - |los0 | - - - 0.60 1.79 0.99982
10 |284.1| 287 96.9 988 | 0.164 | 0.132 [ 0.606 | 1.82 | 0.99982 | 0.556 1.67 0.999833
20 | 272.5 | 276.8 88.4 912 | 0311|0254 [ 0858 | 257 | 099974 | 0.756 2.27 0.99977
1.0 | 40 |257.7| 262.6 | 13.0 | 784 814 | 054 | 046 | 1.27 | 38 | 099962 | 1.11 3.33 0.99964
37 2594 | - 79.4 ~ lostt| - | 122 | 366 [0999634| - - -
44| - | 2595 - 795 — o497 | - - - 1.19 3.58 0.99964
10 [277.8| 283 91.8 961 |0.242]0.177 [ 1.105| 331 | 0.99967 | 0.945 2.84 0.99972
20 | 264.0 | 270.8 82.6 873 |0436]0334| 1.61 | 484 | 099952 | 1.34 4.03 0.99960
15 |25 (2591 - [195]| 792 — |o516| - | 185 | 555 [0999445| - - -
30| - | 2622 - 81.1 ~ |o466| - - - 1.70 5.1 0.99949
33| - | 2600 - 79.8 - |os0 | - - - 1.80 5.41 0.99946
Table 6
Mode Amin 7=300 K; A 7=40 K; B;=0.40; B,=0.425; =2.155 A; //8=10 cm~"; C=0.17 J /(g-K)
QW |1s| ToK| T/K |npe|ATo K| ATLLK | © | @ | 4/ [M1051/h] P | YA [71051/h | P’
10 | 288 | 290 99.5 100.9 |0.121]0.099 | 0.123 | 0.368 |0.999963 | 0.111 0.334 0.999967
20 | 278.7 | 281.9 92.8 950 | 023 | 0.19 |0.182 | 0546 |0.999945| 0.16 0.48 0.999952
05 | 40 | 2661 | 270 [115| 839 86.4 [0.404|0.347 | 0293 | 0.878 |0.999912| 0.255 0.764 0.999924
60 | 2585 | 262.2 789 81.1 [0.5260.466 | 0375 | 1.125 |0.999887 | 0.334 1.0 0.99990
66 | — | 2604 - 80.0 - |o495| - - - 0.355 1.064 0.99989
10 | 2787 | 284.2 92.8 969 | 023 [ 0163|0364 | 1.092 | 099989 | 0.291 0.874 0.999913
20 | 266.1 | 273.1 83.9 88.4 [0.404 (0304|0588 | 176 | 099982 | 0.457 1.37 0.99986
0 30 | 2586 | 265.4 # 789 835 [0525[0414| 075 | 225 |0999775| 0.436 1.31 0.99987
40 | - 260 - 79.8 - los0 | - - - 0.716 2.15 0.999785
10 | 271.6 | 2805 88.5 940 0.321]0.207 [ 0721 | 216 |0.999784| 0.543 1.54 0.99985
15 | 20 | 2585 | 268.2 |34.5| 789 856 0526|0371 | 1.4 | 341 | 099966 | 0.814 2.44 0.99976
29 | - | 2605 - 80.0 - 0494 | - - - 1.062 3.19 0.99968

Fig. 11-14 show the time-temperature dependenc-
es of a heat-absorbing junction T and failure rate A/Ag
of a single-stage TED for different modes of operation
and varying heat load Qg at T=300 K; AT=40 K; [/S=
=10 cm~.

Thus, for example, at equal thermal load Q¢=0.5 W
the time to reach the set temperature of Tp=260 K at 7=
=300 K and the mass and heat capacity of the object
myCy=0.894 J/K is:

—under mode Qomax (B1=0.93; By=1.0; n=1): 15=90 s;
with respect to the mass and heat capacity of TED STE

v=95 s, the time required to enter a preset mode increased
by 5.5 % at the same failure rate 1/Ag=4;

—under mode (Qo/Dmax (B1=0.66; By=0.71; n=4.7):
19=80 s, 1=85 s, the time required to enter a preset mode
increased by 6.3 % at A/Ag=1.22;

—under mode E, . (B1=0.47; B5=0.50; n=6.5): 19=70 s,
1'=80 s, the time required to enter a preset mode increased
by 14 % at 1/Ao=0.6;

— under mode Ay (B1=0.40; By=0.425; n=11.5): 1p=57 s,
T'=66 s, the time required to enter a preset mode increased
by 14 % at A/A=0.36.
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Fig. 11. Time-temperature dependences of a heat-absorbing
junction Ty and failure rate A /A, for a single-stage TED,
obtained without (solid lines) and with (dotted lines) taking

into consideration the magnitude of ZmiCi at varying heat
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An analysis of the estimation data reveals that the Ay,
mode ensures minimum time required to enter a stationary
mode at minimal failure rate A/} for a varying heat load Q.

At a thermal load of Qy=1 W, the time to reach the pre-
set temperature Tp=260 K at 7=300 K with a mass and heat
capacity of the object of myCy=0.894 J/K is:

—under mode Qomax (B1=0.93; By=1.0; n=7.8): 19=44 s;
v'=50 s, that is, the time required to enter a mode increased
by 13.6 % at 1/%=8;

—under mode (Qo/DNmax (B1=0.66; By=0.71; n=9.4):
19=40 s; T=46 s, that is, the time required to enter a mode
increased by 15 % at A/Lo=2.4;

— under mode E,,x (B1=0.47; By=0.50; n=13): 1y=37 s;
v'=44 s, that is, the time required to enter a mode increased
by 19 % at A/Ao=1.2;

— under mode A, (B1=0.40; By=0.425; n=23): 19=29 s;
v'=40 s, that is, the time required to enter a mode increased
by 38 % at A/%0=0.72.

At thermal load Qo=1.5 W, the time to reach the preset
temperature of Tp=260 K at 7=300 K, with a mass and heat
capacity of the object of mqCy=0.894 J/K, is

—under mode Qomax (B1=0.93; Bo=1.0; n=11.7): 19=31s;
1'=36 s, that is, the time required to enter a mode increased
by 16.1 % at A/Ao=12;

—under mode (Qo/Dmax (B1=0.66; By=0.71; n=14.1):
19=26 s; T=33 s, that is, the time required to enter a mode
increased by 27 % at A/A¢=3.8;

—under mode E, ., (B1=0.47; By=0.50; n=19.5): 19=24s;
1'=32 s, that is, the time required to enter a mode increased
by 33 % at A/A0=1.8;

— under mode Ay, (B1=0.40; By=0.425; n=34.5): 19=19s;
1'=29 s, that is, the time required to enter a mode increased
by 53 % at A/ho=1.1.

Fig. 15 shows the dependence of relative magnitude of
the time required to enter a stationary mode B=(t'-1¢)/70
and relative magnitude of the failure rate A/Ay of a sin-
gle-stage TED on the magnitude of heat load Q for different
modes of operation at =300 K; AT=40 K; //S=10 cm™".

It follows from Fig. 15 that with a growth of thermal
load Qg for different modes of operation and the preset
cooling temperature level T5=260 K and the geometry of
thermoelement branches /S at =300 K:



— the magnitude of relative time required to enter a
stationary mode B increases, with the greatest magnitude B
observed under the mode of Apyjy;

— the magnitude of relative failure rate A/A( increases,
with the largest magnitude of failure rate A/Ay observed
under the mode of Qqmax, and the lowest is under the mode
of }"min~
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Fig. 15. Dependence of relative magnitudes of the failure
rate A /Ao and the time required to enter a stationary mode
B=(1"—10) /70 of a single-stage TED on thermal load @ at
7=300K; AT=40K; //S=10 cm™"; Qy=0.5 W;
Ao=3x10"8 1 /h for different modes of operation

We shall consider a possibility of reducing the time
required for a single-stage TED to enter a stationary mode
by increasing the number of thermoelements n for a preset
heat load Qg and temperature difference AT at 7=300 K;
AT=40 K; Qp=0.5 W; [/5=10 cm™".

Results of the calculations are given in Table 7.

With the increasing number of thermoelements # for a
preset heat load Qg and temperature difference AT (Fig. 16):

— relative operating current B and the magnitude of op-
erating current I decrease;

— voltage drop U grows;

— functional dependence of cooling coefficient E=f(n)
has a maximum;

— the time required to enter a stationary mode 1y and t’
is reduced; the time required to enter a stationary mode 7',
taking into consideration the structural and technological
elements, increases compared to ty: for example, at n=25 pcs.,
T=61s; 19=41 s, that is, T’ increases by 53 % (Fig. 17);
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Fig. 16. Dependences of parameters B, /, £, U of
a single-stage TED on the number of thermoelements 7 at
7=300 K; AT=40 K; //S=10 cm™"; Qy=0.5 W

— functional dependence of the failure rate A/Ao=f(n) has
a minimum at 7,i,; at 7>y, failure rate A/Ag increases
(Fig. 18);

— relative magnitude of the time required to enter a sta-
tionary mode B=(t’—10)/1¢ increases (Fig. 18).

Table 7
7=300 K; Tp=260 K; A 7=40 K; ©=0.5; /,,,=5.02 A; R=10.1-10"2 Ohm; @,=0.5 W
Mode of operation|  By/Bs LA UV E W, W |npcs.| 10,8 | T,s | B,% A | A108 1/h p
Qomax 0.93/1.0 | 5.02 0.46 0.217 2.30 39 | 830 | 895 | 76 4.0 12.0 0.99880
- 0.80/0.86 | 4.32 0.42 0.275 1.82 4.1 849 | 91.7 | 8.0 2.345 7.0 0.99930
- 0.72/0.77 | 3.87 0.41 0.313 1.60 44 | 8.0 | 924 | 87 1.62 4.86 0.99951
Lnin 0.66/0.71 | 3.55 | 0.411 0.340 1.46 47 | 841 | 918 | 9.1 1.23 3.70 0.99968

- 0.62/0.67 | 3.38 0.42 0.352 1.42

50 | 837 | 919 | 98 1.06 3.19 0.99968

- 0.56/0.60 | 3.0 0.45 0.374 1.34

5.8 804 | 89.5 | 11.4 | 0.765 2.30 0.99977

Epax 0.51/0.55 | 2.76 0.47 0.385 1.30

6.6 | 754 | 852 | 129 0.61 1.82 0.99982

79 724 | 835 | 153 | 0.486 1.46 0.99985

(Q0/I)max 0.47/0.50 | 251 | 0.53 0.379 1.32
- 0.44/0.47 | 2.36 | 057 0372 | 1.345

90. 68.7 | 81.0 | 18.0 | 0.428 1.28 0.99987

- 0.39/042 | 2.11 070 0.3339 1.475

12.0 | 60.6 | 74.8 | 234 | 0.356 1.07 0.99989

Amin 0.37/0.40 | 2.0 0.79 0.316 1.58 14.0 | 563 | 71.6 | 272 | 0.330 0.990 0.999901
- 0.35/0.38 | 1.92 0.92 0.284 1.76 17.0 | 51.0 | 67.7 | 33.0 | 0.334 1.0 0.999900
Linax 0.32/0.35 | 1.76 1.30 0.22 2.28 253 | 41.0 | 61.0 | 495 0.35 1.05 0.999895
- 0.31/0.33 | 1.66 1.88 0.16 3.13 384 | 317 | 55.5 | 75.0 | 0.415 1.245 0.999875
- 0.30/0.32 | 1.61 2.61 0.12 4.18 54.0 | 250 | 51.5 106 0.51 1.53 0.99985
- 0.29/0.312 | 1.57 3.40 0.0936 5.34 720 | 21.0 | 50.7 141 0.62 1.85 0.99982
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Fig. 18. Dependence of relative magnitudes of failure rate
A/ Ao and the time required to enter a stationary mode
B=(1"—10) /70 of a single-stage TED on the number of
thermoelements nat 7=300 K; A7=40K; //S=10 cm™ ',
Qo=0.5 W; 1q=3x10781/h

It should be noted that with an increase in the relative
working current B for a preset heat load Qy=0.5 W and a
temperature difference AT=40 K:

— the magnitude of operating current I increases;

— the magnitudes of voltage drop U and the number of
thermoelements n decrease;

— functional dependence of the cooling coefficient E=f(n)
has a maximum at current under the mode of Ey, (Fig. 19);
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Fig. 19. Dependence of the magnitude of working current /,
cooling coefficient £, the number of thermoelements n and
voltage drop U of a single-stage TED on the relative working
current B, for different modes of operation at 7=300 K;
@=0.5W; AT=40K; //S=10cm™’

— failure rate A/Ag grows;

— relative magnitude B decreases (Fig. 20);

— functional dependence of the time required to enter
a stationary mode without taking into consideration the

structural and technological elements 7y and taking into
consideration the structural and technological elements 1’
has a flat maximum at B=0.8 (Fig. 21).
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Fig. 20. Dependence of failure rate A /Aq and the magnitude
of B for a single-stage TED on relative working current B, for
different modes of operation at 7=300 K; Q;=0.5 W;
AT=40K; //S=10 cm™'
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Fig. 21. Dependence of the time required for a single-stage
TED to enter a stationary mode t'and tq on the relative
working current B, for different modes of operation
7=300 K; @=0.5 W; AT=40K; //S=10 cm™’

Thus, it is possible, given the preset value of the time re-
quired to enter a stationary mode t, to determine graphically
the magnitude of relative working current B for the assigned
temperature difference AT and the magnitude of thermal

load Qy (Fig. 21).

6. Discussion of results of analysis of the time required to
enter a stationary mode, energy and reliability indicators
of a single-stage TED

The analytical expressions obtained allow us to deter-
mine:

—the time required to enter a stationary mode taking
into consideration structural and technological elements on



the heat-absorbing junctions of a single-stage TED for dif-
ferent modes of operation QOmax; (QO/I)maX; Emax; Amin, heat
load Q and temperature difference AT=40 K;

— the temperature of a heat-absorbing junction T; de-
pending on time with respect to structural and technological
elements for different modes of operation of a single-stage
TED and thermal load Q.

An analysis of these expressions shows that if heat ca-
pacity and mass of an object are much smaller than the heat
capacity and mass of structural and technological elements
J<<1, the time required to enter a mode is much longer than
the time required to enter mode 1y without taking into con-
sideration these factors.

With an increase in heat load Qj:

—the time required to enter stationary mode t, with
respect to the mass and heat capacity of structural and
technological elements 1/, and without taking them into
consideration 1, is reduced; in both cases, the mass and heat
capacity of the cooled object are taken into account;

— voltage drop U and the required number of thermoele-
ments 7 increase;

— relative magnitude B=(1"—1¢)/10 of the time required
to enter a stationary mode grows. The largest gain in the
time required to enter a stationary mode is observed under
the Anin mode, the lowest — under the Qqnay mode.

With a decrease in the time required to enter stationary
mode T

— failure rate A/A¢ grows;

— the probability of failure-free operation P for different
modes of operation decreases, both with and without taking
in to consideration the mass and heat capacity of structural
and technological elements.

With an increase in the number of thermoelements » at
the assigned heat load Qgand temperature difference AT:

— the time required to enter stationary mode 1y and 7’ is
reduced;

— the relative magnitude of B grows;

— functional dependence of failure rate A/A¢ has a mini-
mum at n=10 pcs.

With a growth in the relative working current B at a
preset temperature difference AT=40 K and thermal load Qy:

— the magnitude of working current I grows;

—voltage drop U and the number of thermoelements n
decrease;

— functional dependence of the cooling coefficient
E=/(B) has a maximum at B=0.55 (the E,,x mode);

— failure rate A/Ag grows, therefore, the probability of
failure-free operation P decreases;

— the relative magnitude of B decreases;

— the time required to enter stationary mode 1y and t’
increases, both with and without taking into consideration
the structural and technological elements.

There is a flat maximum of dependence t=f(B) for the
Epax mode.

The results obtained could form the basis for the devel-
opment of control algorithms over dynamic characteristics
of single-stage thermoelectric coolers during work with a
nonstationary thermal load for the criterion of minimum
relative failure rate.

7. Conclusions

1. We have developed an analytical model for the relation
between a cooling time of a single-stage thermoelectric cooler
with current modes of operation, heat load in the range of work-
ing temperature difference, taking into consideration the im-
pact of structural and technological components of the device.

2. The results of analysis of dynamic characteristics,
energy and reliability indicators of a single-stage TED
showed the possibility to control the time required to enter a
stationary mode. Structural control, enabled by selecting the
number and geometry of TED thermoelements, and the mass
and heat capacity of the load makes it possible to reduce the
time required for TED to enter a stationary mode by up to
2.5 times. Operational control, executed by changing work-
ing current of the cooler, makes it possible to reduce the time
required to enter a stationary mode by up to 3 times.
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Po3zensdaromocs numanns 00TpyHmyeanns 6u6opy Kom-
CmpyKmuenux piwens 2i0pomexnivnux 6000cKudie, po6o-
ma AKuUx 3acHo8ana Ha epexmax KOHMpPEUxXoposuUx meuii.
Copmynvosaino nioxodu 00 2i0pasiiui0zo po3paxymxy
npoOmMouHOi uacmunu 6000CKU0I8 Ma BUHAMEHHS iX 2e0-
mempunnux posmipie. Haeoosmovcsa ocnoeni xoncmpyx-
Uil IOKANbHUX 3A6UXPIO6AUI8, AKI POPMYIOMb NOUAMKOB]
UUPKYNAUIUHO —N03006IHCHT Mmenii, 0aromvcsa 0esaxi cxemu
68000CKUOHUX CUCTeEM 3 MAKUMU 3ABUXPIOBAUAMU NOMOKY

Kmouosi crosa: eiopomexniuni ckudanus 600u, eawen-
HA eHepeii, 3aKpy1eHi NOMoKuU, 6UXPOGi meuii, 3a6UXPHO-
eay, mypoynenmuicmo

=, u]

Paccmampueaiomcs e6onpocvt 0060cHO6aHUA 6blOO-
pa KOHCMPYKMUBHLIX PEWeHUll 2U0POMEeXHUECKUX
6000cOpocos, paboma rxomopwvix ocHoeéana Ha IPex-
max xoumpeuxpesvix meuenuii. Copmyauposanvt noo-
X006l K 2u0pasIuUYecKOMYy PACHémy NPomMoOUHOU wacmu
6000COPOCOB U ONpedeneHut0 Ux 2eoMempusecKux pame-
pos. Ilpueodsamcs ocHosHvle KOHCMPYKUUU TOKATbHLIX
3asuxpumeneil, Komopoie Qopmupyrom HauaivHble UUD-
KYJASAUUOHHO —NPO00JIbHbIE MeueHUst, 0atOmcs HeKomopboie
cxXeMbl 6000COPOCHBIX CUCTEM C MAKUMU 3ACUXPUMETAMU
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1. Introduction

The construction and reconstruction of high-pressure
waterworks sets a number of scientific and engineering tasks
that require a new approach to their solution. One of them
is to design reliable and economical culverts, able to work
both in the construction and operational periods, making it
possible to combine the spillway and energy flow channels.
Damping of the excess energy of idle flows is one of the most
important tasks when creating hydraulic spillway systems.
The choice of the method for damping the kinetic energy
of the flow significantly affects the overall layout of the hy-
draulic engineering structure.

This task becomes the most urgent in the transition to
the construction of high-pressure hydraulic systems, which
requires studying the phenomena associated with high-
speed water flows, their interaction and the development of
fundamentally new designs of spillway structures. The hy-
draulic sections that are used to solve the problems of transit
water flows through such structures have been developed.
When designing spillways in high-pressure waterworks, it is
necessary to take into account the features of the interaction
of high-speed flows with solid boundaries and the air envi-
ronment. It is essential to take into account the probability

of various wave processes, a possible local pressure drop,
phenomena of aeration and cavitation and their consequenc-
es, as well as peculiarities of energy damping. It is important
to ensure ventilation in the case of gravity and partial pres-
sure in closed conduits, as well as take into account other
phenomena of hydraulic nature. The resulting hydrodynamic
loads under these phenomena are transferred to the building
structures, and they must be taken into account in the de-
sign, construction and operation of spillway systems.

One of the promising areas for solving these and a
number of other problems is the use of swirling water flows
in hydrotechnical facilities. The so-called counter-vortex
flows of liquid and gas and consideration of the prospects
for their practical application have been studied at Moscow
State University of Civil Engineering (MGSU, Russia) for
several years.

2. Literature review and problem statement

The creation of effective designs of spillway structures
for hydrotechnical and hydropower facilities ensures sus-
tainable performance of the entire complex. The design and
construction of such systems first and foremost solves the




