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Odepoicano ananimuunuil 36 930K wacy euxody mep-
MOEJIEKMPUUHO20 0X0N100HCYBAMA HA CMAUIOHAPHUIL pe-
JHCUM Y 3GNEIHCHOCMI IO MeEPMOETEKMPUUHUX napame-
mpié KOHCMPYKMOPCOLKUX | MEXHON02IMHUX eSleMeHMmia,
nepenady memnepamyp, 6i0HOCHUX POGOMUX CmMpyMmis,
ENEKMPUMHUX ONOPIB | 260 MEMPUUHUX NAPAMEMPIE mep -
Moeniemenmis.

IIpogedeno ananiz mamemamuunoi mooeni 8iOHOCHO
YACO6UX | HAOTUHICMHUX NOKA3HUKIG Ol PI3HOMAHIMHUX
CMPYMOBUX pecuMi8 podomu i nepenadie memnepamypu 3
YPaxyeanHaM eHepemuMHUX NOKA3HUKIE | KOHCMPYKMUe-
HUX napamempie mepmoenseKmpunHoz0 0Xoa00%4cyeana.

Iloxaszano, wo npu 3pocmanni wacy euxody na cma-
yionapnuil pexcum 0nsL pi3HUX nepenaoié memnepamyp
3MeHmyemvcs podouuti cmpym, a Pynkuionanvha 3anednc-
HiCMb X07100UNbHO20 Koediuienmy 6i0 uacy 6uxody Ha
CMAUIOHAPHUT PENCUM MAE MAKCUMYM, AKIl 3anexcumo
6i0 nepenady memnepamyp. Ilpu 3ad0anomy uaci 6uxooy
HA CMAUIOHAPHUTL PeHCUM 3ATIeHCHICMb KITbKOCmi mep-
Moenlemenmie 6i0 nepenady memnepamyp mae MiHiMyMm.
IIpu 3pocmanni wacy éuxody na nocmiiinuii pejxcum 3men-
WYEmvCs 6I0HOCHA THMEHCUBHICMb 810MO08 i 3pOCmac 6ipo-
2idnicmo  6e36i0M06H0I poGomu mepmoeaeKmpunHo2o
0x07100%cy8aua. 3 pocmom nepenady memnepamyp Ous
DI3HUX CIMPYMOBUX PEIHCUMIE 3POCMAE UAC BUX00Y HA CMA-
yioHap Ul pejcum, 3pocmae 6euMUNa po6o1020 cmpymy,
3MEHMYEMbCL X0I00UNBHULL Koediuienm, 3pocmae Kiiv-
KiCmo mepmoeieMenmis i iHmeHCUBHICMb 610M06.

IIpedcmasneno pospaxynox oxonodxcyeaua 3 3aoa-
HUM 4aCOM 6UX00Y HA CMAUIOHAPHUIL Pexcum npu 3a0a-
Hux nepenadax memnepamyp, 306HIUHIX YMOBAX, MENNO-
80MYy HAsaHMAdNCEHH, 2e0MemPii 2iI0K mepMoeseMenmia.
O0epoicani pesynomamu 00CAi0AHceHb 0036010Mb NPOEK -
myeamu 00HOKACKAOHI mepMOeNeKMPUnHi 0X07100MHCY6aui
3 3a0anot0 OuHAMIKOI (PyHKUIOHYEAHHS | NPOZHO3YEaAMU
OCHOBHI napamempu i NOKAZHUKU HAOIUHOCMI Ha 1H060MY
uacoeomy 6iopizui

Kmouosi crosa: mepmoenexmpuunuii 0xon00xcyeau,
uac 6uxo0y Ha percum, NOKASHUKU HAOIHHOCMI, PeXcUMU
pooomu
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1. Introduction

When designing thermoelectric cooling devices (TCD)
for the heat-loaded elements of electronics operating under
pulsed, short-term, and cyclical modes, the main require-
ment is to ensure a predetermined thermal mode of operation
in real time. Going beyond the boundary temperature limits
leads to failure not only of a given element, but, often, of the
entire control system.

When constructing a thermoelectric cooler, the follow-
ing is usually set: temperature difference AT, temperature
of a heat-emitting joint 7=300 K, heat load magnitude Q.
Various limitations are imposed: on power consumption W,
on working current magnitude I, on reliability indicators:
failure rate A and failure-free operation probability P.

The conditions for thermoelectric cooler operation in
terms of specific operating conditions impose requirements
on its dynamic characteristics and, contrary to them, indi-
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cators of reliability. Finding a compromise in the design of
coolers is a relevant task of our study.

2. Literature review and problem statement

The results of thermodynamic studies into the systems
that ensure the thermal modes of microprocessor elements
built on thermoelectric devices are reported in work [1]. It
has been shown that an increase in the density of thermal
flows leads to a deterioration in the reliability of coolers.
Paper [2] describes studies of the connection between a heat
load and the mechanical deformation of thermoelectric ma-
terials, which cannot be compensated by free deformation.
Article [3] addresses analysis of the effect of a temperature
gradient on the mechanical stresses and the related reli-
ability of thermoelectric coolers. Given the fundamental
character of a reliability concept, studies on the impact of



various factors on reliability indicators are quite common
in the scientific literature. An effect of the temperature and
heat stress around an elliptical functional defect in a ther-
moelectric material was considered in [4]. A solution to this
problem was a devised technique to improve the structural
integrity of thermoelectric modules with changing geome-
try [5], which reduced the impact of thermal deformations.
The results from studying the effect of heterogeneous ther-
mal fields emerging in the heterogeneities of a thermoelectric
material and macro-scale holes on reliability indicators of
the cooler are reported in [6]. Authors of [7] presented a
numerical simulation of the thermoelectric cooler taking
into consideration the circulation of heat in the air gaps
between the thermoelements, which affect their tempera-
ture gradients. Work [8] considers the impulse operation of
thermoelectric coolers, which leads to an increase in average
cooling capacity, but the pulse mode exacerbates the problem
of temperature gradients.

The studies on the impact of heat flow density, mechan-
ical deformation due to a temperature gradient, structural
integrity of a thermoelectric material, on the TCD reliability
are qualitative in character and do not make it possible to
numerically assess and predict reliability indicators.

The needs of aerospace applications have made reliabil-
ity indicators prioritized in the development of thermoelec-
tric devices using a topology optimization [9]. However,
mechanical stresses are only one component of the reli-
ability problem. Another aspect related to the problem of
reliability of thermoelectric coolers is the pulse operation of
thermoelectric coolers [10], at which a change in tempera-
ture gradients becomes an operational mode of the cooler.
Switch mode is used for accelerated testing of thermoelec-
tric coolers, under which operational reliability indicators
deteriorate by an order of magnitude. The need to use a
pulse mode as a working one in the systems of maintaining
operational conditions for heat-loaded elements suggests
that research is needed on the ability to manage the dy-
namic characteristics of thermoelectric coolers [11]. An
analysis of the relationship between the dynamics and reli-
ability indicators of the cooler and its structure and modes
of operation is given in [12]. A study [13] was carried out
into the time it takes to enter a stationary mode, taking
into consideration the influence of mass and technological
elements in a single-cascade thermoelectric device. The
dynamics and reliability indicators for the thermoelectric
cooler with a certain geometry of branches were analyzed
in [14] producing optimized solutions.

At the same time, when designing TCDs for the elements
of electronics that function under stationary, especially
pulse, short-term, and cyclical modes, the main requirement
is to ensure the predetermined thermal mode of operation in
real time.

3. The aim and objectives of the study

The aim of this study is to determine the attainable time
it takes for a single-cascade thermoelectric cooler to enter a
stationary mode of operation in a predefined range of tem-
perature changes and working currents.

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

— to analyze a dynamic model of TCD in the range of
working temperature changes under the main energy modes
of a single-cascade cooler’s operation;

— by setting the time it takes to enter a stationary mode,
determine the required relative working current, basic
energy indicators, the number of thermoelements and the
intensity of failures.

4. Dynamic model of a thermoelectric cooler in the range
of working temperature changes and working currents

Based on the analysis of ratios given in [11], we derived
an expression to determine a relative working current By,
depending on the time it takes to enter a stationary mode of
operation t
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By solving equation (1), we obtain
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The minimum time it takes to enter a stationary mode of
operation T, is ensured under a Qomax mode (at Bx=1)
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where:
- ZmiCi =175%x10"* J/K — the total magnitude of the

product of heat intensity and the mass of CTE components
at [/5=10 cm™1;

— Bg=1/I,.xx — relative working current at t;

— I — magnitude of the working current, A;

— Inaxk=exTo/Rx — maximal working current, A;

— Inaxk, Rk — maximal working current, A, and electrical
resistance of a thermoelement branch, Ohm, at the end of a
cooling process, respectively;

— Ty — temperature of a heat-absorbing joint, K, at tx;

- K==, /(I/S) — heat transfer ratio, W/K;

— &, — average thermal conductivity ratio of thermo-
electric materials, W/(cm-K);

— /S — height / and cross-sectional area S of a thermoele-
ment’s branch, 1/cm, respectively;

_ ,Y — IrznaxHRH .
]liaXKRK

— Inaxp=enT/Ry — maximum working current, A, at t=0;

- I . Ry — maximum working current, A, and elec-
trical resistance of a thermoelement’s branch, Ohm, respec-
tively, at the beginning of a cooling process at T=0;



— ey, ex — thermoEMTF ratio of a thermoelement’s branch
at the beginning and end of the cooling process, V/K, re-
spectively;

— T — heat-absorbing joint’s temperature at the begin-
ning of the cooling process, K;

— By=1/I1,.xy — relative working current at t=0;

— ©=AT/T,.x — relative temperature difference;

— AT=T-T, — working temperature difference, K;

—AT,,.=0.52T;} — maximum temperature difference, K;

— z —averaged efficiency of a thermoelectric material in
the module, 1/K.

A TCD’s power consumption Wx can be determined from
expression:

W, =2nl?, R, By (BK +%®], )

0

where 7 is the number of thermoelements, pieces.
The number of thermoelements 7 can be determined from
expression
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where Qyis the magnitude of a heat load, W.
Voltage drop is

Ux=Wx/I. )
The refrigeration factor E can be defined from expression
E=Qo/Wk. (N

The relative magnitude of failure intensity A/Ag can be
determined from formula [15]

2
(BK +7A§’"“”‘ @)
A\, =nB; (®+C)—°2KT, ©))
[1+*5e)
1+—max @

where C= Q is the relative heat load; K7 is the factor
I riaxK RK n
of lower temperatures [15].
The probability of failure-free operation P can be deter-

mined from expression
P=exp (—At), €)]

where t is the assigned resource, hours.

5. Analysis of the model’s time and reliability
indicators for different current modes and
temperature changes

Let us set the time that it would take to enter a station-
ary mode of operation t, taking into consideration CTE at
the assigned temperature difference AT and heat load Q.
By using a method of sequential approximations, one can
determine a relative working current By and, therefore, the
basic parameters and reliability indicators. One or two ap-
proximations would suffice.

Table 1 gives the results of calculations, relative to work-
ing current By, of basic parameters, reliability indicators, for
temperature changes AT=20; 30, 40; 50; 60 K at heat load
Q0-0.5 W, when [/§=10 cm™!, considering

ZmiCi=175><10’4 J/K.

Table 1
Results of calculating the basic parameters and indicators of TCD
T, s Bk I A n, pcs. W, W E U,V By Ao 2108, 1/h P Mode of operation
1 2 3 4 5 6 7 8 9 10 11 12
AT=20 K; T=300 K; AT,,x=93.7 K; ©=0.213;
K=15.810"*W/K; y=1.132; Rg=10.64-10"2 Ohm; I, x=5.29 A

2.4 1.0 5.29 2.1 1.34 0.373 0.25 0.96 212 6.37 0.99936 Qomax
3.8 0.46 2.44 3.4 0.50 1.0 0.20 0.44 0.128 0.38 0.999962 (Qo/Dmax
4.0 0.44 2.32 3.6 0.48 1.05 0.21 0.421 0.107 0.32 0.999968 —
5.0 0.35 1.84 4.7 0.41 1.23 0.22 0.333 0.05 0.15 0.999985 -
6.0 0.29 1.55 5.9 0.37 1.33 0.24 0.281 0.03 0.09 0.9999912 —
7.0 0.26 1.35 7.2 0.356 1.40 0.26 0.245 0.02 0.06 0.9999942 -
8.8 0.213 1.13 10.0 0.36 1.40 0.32 0.204 0.012 0.036 0.9999963 (Q0/1*)max
141 0.158 0.84 21.5 0.46 1.08 0.55 0.152 0.0072 0.022 0.9999979 Amin

AT=30 K; T=300 K; AT};,.x=86.8 K; ©=0.346;

K=15.810"*W/K; y=1.23; Rx=10.3-10"3 Ohm; I,,xx=5.16 A

4.2 1.0 5.16 2.8 1.71 0.29 0.33 0.94 2.84 8.5 0.99915 Qomax
5.7 0.588 3.0 3.8 0.86 0.58 0.28 0.55 0.43 1.30 0.99987 (Qo/Dmax
7.0 0.466 24 4.9 0.72 0.69 0.30 0.436 0.21 0.63 0.999937 —
9.8 0.346 1.8 8.0 0.69 0.72 0.39 0.32 0.095 0.28 0.999972 (Q0/1®) max
12 0.30 1.55 1.1 0.75 0.67 0.48 0.28 0.071 0.213 0.999978 —
14.5 0.266 1.37 15.8 0.87 0.58 0.63 0.25 0.06 0.18 0.999982 Amin

AT=40 K; T=300 K; AT},,,=86.8 K; ®=0.50;

K=16.0-10"* W /K; y=1.324; Rxg=10.1-10"3 Ohm; I;,,xx=5.02 A

65 | 10 5.02 3.9 231 | 0216 | 046 | 0911 | 38 11.4 09989 | Qomas




Continuation of Table 1

1 2 3 4 5 6 7 8 9 10 11 12
7.8 071 | 355 47 146 | 0342 | 041 | 0644 | 1.23 3.7 0.99963 (Q0/Dima
11.0 0.50 2.5 7.9 1.32 0.38 0.52 0.456 0.49 1.46 0.99985 (Q0/1*)max
15.1 0.40 2.0 14.0 1.58 0.32 0.79 0.364 0.34 1.0 0.99990 Amin
AT=50 K; =300 K; AT},.x=73.1 K; ©=0.684;
K=16.0-10"* W /K; y=1.434; Rx=9.4-10"3 Ohm; I,,,xx=5.0 A;
10.4 1.0 5.0 6.7 3.8 0.13 0.77 0.91 6.9 20.7 0.9979 Qomax
11.4 0.82 4.1 7.4 2.95 0.170 0.73 0.75 3.7 11 0.9989 (Qo/Dmax
13.6 0.684 3.42 9.85 2.79 0.179 0.82 0.62 2.3 6.9 0.99931 (Q0/1")max
15 0.630 3.15 11.9 2.92 0.171 0.93 0.57 2.0 6.0 0.99940 -
17 0.58 2.90 15.2 3.23 0.155 1.11 0.526 1.83 5.48 0.99945 Amin
AT=60 K; 7=300 K; AT},.x=66.8 K; ©=0.898;
K=16.210"" W /K; y=1.547; Rg=9.26-10"% Ohm; I;,,x=4.85 A
18.7 1.0 4.85 22.5 12.3 0.041 2.50 0.88 23.3 70.0 0.9930 Qomax
19.2 0.948 4.60 23.2 11.49 0.0435 2.50 0.834 19.77 59.3 0.99405 (Qo/Dmax
20.0 0.898 4.36 25.0 11.2 0.0445 2.58 0.79 17.4 52.2 0.9948 (Q0/1*)max
22.2 0.835 4.05 30.6 1241 0.0414 3.0 0.735 16.2 48.6 0.9952 Amin
Bk 1 \ \ \ B predefined time to enter a stationary mode 7, an increase
0.9 il i in temperature difference AT increases the magnitude of
\ \ . -~ L~ INQOK working current ;
0.8 \ - 3, 7 — functional dependence E=f(z) (Fig. 3) has a maximum:
0.7 / v Emax=1.4 at AT=20 K; E;0x=0.73 at AT=30 K; E;,,x=0.37 at
' \ Y, /\ / AT=40 K; Epax=0.17 at AT=50 K; Eyay=0.044 at AT=60 K.
0.6 7 ; £ N/ 0K | At the predefined time to enter a stationary mode 7, the
05 \ / \ \4 / refrigeration factor decreases as the temperature difference
' \ ] \ AT drops. The dotted line indicates the magnitude of the
0.4 / 740 K refrigeration factor for the characteristic current modes of
03 7\\ / operation;
: \ / \I/ 30K — the number of thermoelements » increases (Fig. 4); the
0.2 P dotted line indicates the number of thermal elements for the
AT—bax characteristic current modes of operation; at the predefined
0.1 time to enter a stationary mode t, at increase in the tem-
0.0 perature difference AT, functional dependence n=f(AT) has

0 4 8 12 16 20 1,5

Fig. 1. Dependence of relative working current Bg on
the time it takes to enter a stationary mode t for
a single-cascade TCD at 7=300 K, //S=10 cm™'; Q;=0.5 W
at different temperature differentials AT for different modes
of operation: 1 — Qymax mode; 2 — (Qy/ Hmax Mode;
3 — (Qu/ P)max mode; 4 — Amin mode

An increase in the time it takes to enter a stationary
mode t for different time differentials AT leads to the fol-
lowing:

— the relative working current Bk decreases, except for
the Qomax mode (Fig. 1), where the dotted line indicates
characteristic current modes of operation. The magni-
tude of relative working current By is reduced from the
Qomax mode (pos. 1) to the Ay, mode (pos. 4). At the pre-
defined time to enter a stationary mode t, an increase in
temperature difference AT increases the relative working
current Bg;

—the magnitude of working current I decreases
(Fig. 2), where the dotted line indicates the magnitude
of a working current for the characteristic current modes
of operation. The magnitude of the working current
decreases from the Qomax mode to the A, mode. At the

a minimum;

— functional dependence U=f(z) (Fig. 5) has a minimum:
Unin=0.2 V at AT=20 K; Up,in=0.28 V at AT=30 K; Up,,j=0.41V
at AT=40 K; Up,;,=0.73 V at AT=50 K; U,,in=2.5 V at AT=60 K.
The dotted line indicates the magnitude of voltage drop
for the characteristic current modes of operation. At the
predefined time to enter a stationary mode 1, an increase in
temperature difference AT increases the magnitude of the
voltage drop;

—the relative magnitude of intensity of failures A/Ag
(Fig. 6) decreases. The dotted line indicates the relative
failure rate for the characteristic current modes of opera-
tion. The magnitude of failure intensity A decreases from
the Qomax mode (pos. 1) to the Ay, mode (pos. 4). At the
predefined time to enter a stationary mode 1, an increase in
temperature difference AT increased the relative magnitude
of failure intensity A/Ao;

—the likelihood of failure-free operation P increases
(Fig. 7). The dotted line indicates the probability of fail-
ure-free work for the characteristic current modes of op-
eration. The probability of failure-free operation increases
from the Qomax mode (pos. 1) to the Ay, mode (pos. 4). At
the predefined time to enter a stationary mode t, an increase
in temperature difference AT increases the probability of
failure-free work P.
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Fig. 2. Dependence of the magnitude of working
current /on the time it takes to enter a stationary mode t for
a single-cascade TCD at 7=300K, //8=10 cm™"; @=0.5 W
at different temperature differentials AT for different modes

of operation: 1 — Qymax mode; 2 — (Qy/ Hmax Mode;
3 — (Qy/ P)max mode; 4 — A, mode

Fig. 5. Dependence of voltage drop U on the time to enter a
stationary mode 1 for a single-cascade TCD at 7=300 K,
1/8=10 cm™'; Qy=0.5 W, at different temperature
differences A7, for different modes of operation:

1 — Qomax mode; 2 — (Qy/ Nmax mode; 3 — (OO//Z)max mode;

4 — Apmin mode
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Fig. 3. Dependence of refrigeration factor £on the time
it takes to enter a stationary mode 1 for a single-cascade
TCD at 7=300K, //S=10 cm™"; @=0.5 W, at different
temperature differences A7, under different modes of
operation: 1 — Qymax mode; 2 — (Qy/ Hmax mode;
3 — (Qy/ P)max mode; 4 — A, mode

Fig. 6. Dependence of the relative magnitude of failure
intensity A /A on the time it takes to enter a stationary mode
for a single-cascade TCD at 7=300K, //S=10 cm™;

@=0.5 W; %0=3x10"? 1/h at different temperature difference
AT, for different modes of operation: 1 — Qynax mode;

2 — (Qo/ Dmax mode; 3 — (Qo/ P)max mode; 4 — Ayin mode
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Fig. 4. Dependence of the number of thermo-elements n on
the time to enter a stationary mode 1 for
a single-cascade TCD at 7=300K, //8=10 cm™'; Q;=0.5 W
at different temperature differences AT, for different modes
of operation: 1 — Qymax mode; 2 — (Qy/ Hmax mode;
3 — (Qy/ P)max mode; 4 — hmin mode

Fig. 7. Dependence of the probability of failure-free
operation P on the time to enter a stationary mode 1 for a
single-cascade TCD at 7=300K, //S=10 cm™"; @=0.5 W;
t=10"%h at different temperature difference AT for different
modes of operation: 1 — Qynax mode; 2 — (Qy/ )max mode;
3 — (Qv/ P)max mode; 4 — Anin mode



A growth in temperature difference AT for different cur-
rent regimes leads to the following:

— the time it takes to enter a stationary mode t increases
(Fig. 8). At the assigned temperature difference AT, the time
to enter a stationary mode increases from t,,;,=6.5 s, in the
Qomax mode (pos. 1) to t=15.1 s in the Apin mode (POS. 4). At
temperature changes AT close to ATy, the time to enter a
stationary mode t differs slightly;

— the magnitude of working current I increases (Fig. 9)
for characteristic current modes (Qo/D)max, (Qo/I*)maxs Amin
(pos. 2, 3, 4), and, for the Qymax mode (pos. 1), it decreas-
es. At the assigned temperature difference AT, for example
AT=40 K, the magnitude of working current I increases from
Inin=2 A in the Ayi, mode (pos. 4) to 1=5.02 A in the Qomax
mode (pos. 1);

— the refrigeration factor E decreases (Fig. 10); at the
predetermined temperature difference AT, for example AT=
=40 K, the refrigeration factor F increases from E;;,=0.216
in the Qqmax mode (pos. 1) to E=0.38 in the (Qq/I?)yax mode
(pos. 3);

—the number of thermo-elements n (Fig. 11) for the
Qomax mode (pos. 1) and for the (Qq/I)max mode increases
(pos. 2). Functional dependence n=f(AT) (Fig.5) has a
minimum for the (Qg/I1*)max mode (pos. 3) at AT=40 K and
for the Ani, mode (pos. 4) at AT=40 K. At the assigned tem-
perature difference AT, for example AT=40 K, the number of
thermal elements n increases from n=3.9 pieces in the Qomax
mode (pos. 1) to n=14 pieces in the Ay, mode (pos. 4);

— the voltage drop U increases (Fig. 12). At the pre-
defined temperature difference AT, for example, for tempera-
ture difference AT=40 K, the drop in voltage U increases
from U=0.46 V in the (Qo/I)max mode (pos. 2) to U=0.79 in
the Apin mode (pos. 4);

— the intensity of failures A increases (Fig. 13); at the
predefined temperature difference AT, for example AT=40 K,
the relative magnitude of failure intensity A/Ay decreases
from A/10-3.8 in the Qmax mode (pos. 1) to A/29=0.34 in
the Apin mode (pos. 4);

—the likelihood of failure-free operation P decreases
(Fig. 14); at the predefined temperature difference AT, for
example AT=40 K, the probability of failure-free operation
P increases from P=0.9989 in the Qynax mode (pos. 1) to
P=0.99990 in the Api, mode (pos. 4).
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Fig. 8. Dependence of the time it takes to enter a stationary

mode for a single-cascade TCD on temperature difference AT
at 7=300K, //8=10 cm™"; @=0.5 W for different modes of
Operation: 1- OOmax; 2- (OO/I)max; 3- (OO//Z)max; 4-— Amin
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Fig. 9. Dependence of the magnitude of working current /

for a single-cascade TCD on temperature difference AT at

T=300K, //S=10 cm™'; Qy=0.5 W for different modes of
operation: 1= Qomaxs 2- (Qo/ Dmax; 3- (Oo/lz)max; 4 = Amin
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cascade TCD on temperature difference AT at 7=300 K,

1/8=10 cm™'; Qy=0.5 W for different modes of operation:
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Fig. 11. Dependence of the number of thermo-elements n

for a single-cascade TCD on temperature difference AT at

T=300K, //S=10 cm™'; Qy=0.5 W for different modes of
Ope"atiom 1- OOmax; 2- (OO//)max; 3- (OO/F)max; 4-— Amin
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Fig. 13. Dependence of the relative magnitude of failure
intensity for a single-cascade TCD on temperature difference
ATat T=300K, //8=10 cm™'; @=0.5 W; 20=3x1078 1 /h for

different modes of operation: 1 — Qymax; 2 — (Qo/ Dmax;

3- (OO//z)max; 4 = hnin
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Example of calculation.

Initial data: it is required to build a single-cascade
thermoelectric cooler for temperature difference AT=40 K
at 7=300 K under heat load Q(-0.5 W, the geometry of ther-
mo-elements’ branches //5=10 cm™! and the time to enter a
stationary mode <10 s.

To build a TCD, we shall use the temperature depen-
dences for the parameters of thermoelectric materials in
module [15]. We shall determine in the initial period =0
To=T=300 K the electrical resistance of a thermoelement’s
branch and the maximum working current Ry=11.1-10"3;
Inaxa=5.51 A. Thus, at temperature difference AT=40 K, the
average temperature is equal to

T:%:%o&

z=236-10%1/K; €=1.95-10" V/K;

6=990S/cm;

£=16.0-10> W /(cm xK).

Define the basic parameters at AT=40 K:
Rx=10/990=10.1-10"3 Ohm;

Inaxk=5.02 A; K=16-10"4 W/K; y=1.324.

At [/§=10 cm™! ZmiCi =175-10" J/K considering CTE
AThax=79.8 K; ®I=0.50; AThax/Tp=0.31; D=0.911.

By using the method of successive approximations, we

shall determine the relative working current Bg. From Fig. 1,
take at the beginning: Bx=0.53. Then

10.-16.0-107 (1+20.53-0.31)

A= _
xp 175-10
= exp% =3.37.
175

Next, determine By from formula (2).

B = A= |

A0(A-yD’) |
KT A—yD? B -

(A-yDY’

_337-1.324-0911
3.37-1.324-0.83

3.37~0.50(3.37 —1.324‘0.83)
x| 1+ [1- 5 =
(3.37 -1.32-091 1)

~3.825
4.68

=2.164 1+ N
2.27

:I =0.953(1£0.427)=0.546.

Refine Bx=0.546. Then

10.0-16.0-10 (1+20.546-0.31)
A=exp 17510 -




5 _3.4—1.206[1+\/1_3.40.5(3.4—1.1)]:

NEEVEEE (3.4-1.206)"

3.91

2194 -
B 4.814

0 [11 1

]=0.954(1io.433)= 0.54.

Determine the magnitude of working current I from ratio
I=lhaxk Bk=Inmax Bu=2.71 A (Fig. 2).

Then determine By=0.492. Next, determine the number
of thermoelements 7 from expression (4):

Q =6,8 pc. (Fig. 4).

"1, (R (2B~ B2 -0)

max K

The power consumption Wx can be determined from
expression (3)

AT,
Wy = 2nlliaxKRKBK (BK +Tnm@] =13 W.

0

The voltage drop can be determined from formula (5)
Ug=Wg/1=0.48 V (Fig. 5).

The refrigeration factor E will be defined from expres-
sion (6)

E=Qy/Wx=0.385 (Fig. 3).

The relative magnitude of failure-free operation A/Ag can
be determined from formula (7)

A/A, =nBg (©+C)x

2
(5,42%)
X~/ K,=0579, (Fig.6).
[1+ AY:HG)X @)
T,

A=1.74-10"8 1 /h is the failure rate.

The probability of failure-free operation P is determined
from formula (8) P=0.99983, which corresponds to the mod-
el studies described above (Fig. 7).

6. Discussion of results of analyzing the time
it takes to enter a stationary mode for
a single-cascade TCD

The results obtained are based on the devised model
of a single-cascade thermoelectric cooling device for the
assigned transition dynamics. The study was conducted in
the range from 20 to 60 K at the typical heat load values
Qo=0.5 W for [/§=10 cm™! and different characteristic
current modes of operation.

Special feature of the proposed model, compared to
existing models, is taking into consideration the impact of
structural and technological elements on the dynamic char-
acteristics and reliability indicators of the cooler.

Our analysis of results from calculating the main param-
eters and reliability indicators has revealed that an increase
in the time to enter a stationary mode of operation t leads,
for varying temperature difference AT, to that:

1) the following reduces:

— relative working current Bk (Fig. 1). The minimum
relative working current Bx=0.4 is ensured in the A,;, mode
at temperature difference AT=40 K and t=16s;

— the magnitude of working current I (Fig. 2). The min-
imum magnitude of working current I,,;,=2 A is ensured in
the Ay, mode at AT=40 K and t=16's;

—the relative magnitude of intensity of failures A/Ag
(Fig. 6). The minimum relative failure rate (A/A)min is en-
sured in the Apj, mode at AT=40 K and 1=16s;

2) the following increases:

— the number of thermo-elements n (Fig. 4). The mini-
mum quantity of thermoelements 7,,;,=4 pieces is ensured in
the Qpmax mode at AT=40 K;

—voltage drop U (Fig.5). The maximum voltage drop
Upmax = 1.0 is ensured in the A,;, mode at AT=40 K;

—the probability of failure-free operation P (Fig. 7).
The maximum probability of failure-free operation Py,
=0.99990 is ensured at AT=40 K.

Functional dependence of the refrigeration factor E=f(t)
has a maximum E,,,=0.35 at AT=40 K (Fig. 3).

As the temperature drop AT increases, for different cur-
rent modes of operation:

1) the following increases:

— the time it takes to enter a stationary mode of oper-
ation t (Fig. 8). The minimum time to enter a stationary
mode of operation t,;,=7 s at AT=40 K is ensured in the
QOmax mode;

— the magnitude of working current I (Fig. 9). The mini-
mum magnitude of working current I,,;,=2.0 A is ensured in
the Ay, mode at AT=40 K and t=16's;

— voltage drop U (Fig. 12). The maximum voltage drop
Unmax=0.75 V is ensured in the A, mode at AT=40 K;

— the relative failure rate A/%g (Fig. 13). The minimum
failure intensity (A/Ag)min=0.5 is ensured in the A,;, mode
at AT=40 K;

2) the following decreases:

— refrigeration factor E (Fig. 10). The maximum refriger-
ation factor E ,,,=0.42 is ensured at AT=40 K;

— the probability of failure-free operation P (Fig. 14). The
maximum probability of failure-free operation Py,,x=0.99990
is ensured in the A;, mode at AT=40 K.

A limitation of the proposed model and, accordingly,
our results is the assumption about the identity of all phys-
ical parameters of thermoelectric elements and thermal
resistances of soldered joints between thermoelements and
substrate. In addition, the validity of model results should
be confirmed by experimental studies that could add cer-
tain adjustments. The advancement of a given direction is
to analyze reliability indicators for thermoelectric coolers
exposed to integrated impacts of mechanical, climatic,
energy factors under dynamic modes, which is typical for
on-board control systems.

7. Conclusions

1. Our study of the dynamic model of cooling thermoele-
ment operation has shown the possibility of optimal control



over the thermal mode of a single-cascade TCD, taking into
consideration the influence of structural and parametric
factors.

2. Analytical expressions have been derived to deter-
mine the basic parameters of reliability indicators at the
predefined dynamics in the functioning of a single-cascade

TCD over a wide range of temperature differences and cur-
rent modes of operation.

3. The results of the research make it possible to design
single-cascade TCD at the assigned dynamics of functioning
and to predict the basic parameters and reliability indicators
over any time period.
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