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ABSTRACT 

The work is a continuation of studies of the dynamic characteristics of thermoelectric coolers aimed at analyzing the influence 

of temperature differences, current operating modes, design parameters of the device and physical parameters of the material of 

thermoelements for a time constant. The article analyzes the effect of the heat sink capacity of the radiator on the dynamic 

characteristics, energy and reliability indicators of a single-stage thermoelectric cooler. A dynamic model of a thermoelectric cooler 

has been developed taking into account the weight and size parameters of the radiator, which relate the main energy indicators of the 

cooler with the heat removal capacity of the radiator, operating currents, the value of the heat load and the relative temperature 

difference. The analysis of the dynamic model shows that with an increase in the heat-removing capacity of the radiator at a given 

thermal load and various current modes, the main parameters of the cooler change. The required number of thermoelements, power 

consumption, time to reach a stationary mode, and relative failure rate are reduced. With an increase in the relative operating current, 

the time to reach the stationary mode of operation decreases for different values of the heat sink capacity of the radiator. It is shown 

that the minimum time to reach the stationary operating mode is provided in the maximum refrigerating capacity mode. The studies 

were carried out at different values of the heat sink capacity of the radiator in the operating range of temperature drops and the 

geometry of thermoelements. The possibility of minimizing the heat-dissipating surface of the radiator at various current operating 

modes and the relationship with the main parameters, reliability indicators and the time to reach the stationary operating mode are

shown. Comparative analysis of weight and size characteristics, main parameters, reliability indicators and dynamics of functioning 

with rational design makes it possible to choose compromise solutions, taking into account the weight of each of the limiting factors. 
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INTRODUCTION 

The defining requirements for the systems for 

ensuring the thermal modes of the transmitting and 

receiving elements of onboard information systems 

are reliability indicators and dynamic 

characteristics.The presence of a heat sink radiator 

significantly affects the mass and dimensional 

characteristics of the thermoelectric cooling device 

(TEC). With natural convective heat exchange of the 

radiator with the environment, the mass and 

dimensions of the this radiator often significantly 

prevail over the mass and dimensions of the TEC. In 

addition, with a decrease in the heat dissipation 

capacity of the radiator (αF), the cooling coefficient 

E decreases. At the same time the following 
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parameters increase: the value of the operating 

current I, the time to reach the stationary operating 

mode τ, the relative value of the failure rate λ/λ0, 

and, consequently, the probability of failure-free 

operation P of the entire device decreases. Due to 

the improvement of the technology for the 

manufacture of TEC, it was possible to reduce their 

size and mass per unit of cooling capacity. This has 

led to an increase in the density of heat flows on the 

heat-generating surface of the TEC and the question 

of minimizing the heat-removing surface of the 

radiator, especially in the case of natural convection, 

arises more acutely [1]. The working range of 

variation of the heat sink capacity is within 

minF F    . Therefore, during the rational design

of the TEC one should inextricably connect it with 

the characteristics of the heat sink radiator. 
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1. ANALYSIS OF LITERARY DATA AND

PROBLEM SETTING 

Systems for ensuring thermal modes of radio 

electronic equipment are their integral part, since the 

functioning of heat-loaded elements is impossible 

without removing excess heat [2]. 

The variety of design versions of the 

equipment, the released density of thermal energy, 

the dynamic characteristics of heat flows and 

requirements for reliability exclude the creation of 

universal means of ensuring thermal modes [3]. 

Thermoelectric coolers are most commonly used for 

heat-loaded elements with impulse heat generation 

or absorption. Their main advantages are small 

dimensions, high reliability and speed performance 

in comparison with compression devices [4-11]. 

From the point of view of reliability theory, the heat-

loaded element and thermoelectric cooler are 

connected in series. Therefore, the requirements for 

coolant reliability indicators should not be lower 

than the parameters of the element [12-17]. The 

tightening of operational requirements for electronic 

equipment has led to the need of study not only 

static, but also dynamic characteristics of 

thermoelectric coolers and their impact on reliability 

indicators [18-20]. Two design parameters influence 

the reliability indicators of thermoelectric modules. 

These parameters include the geometry of 

thermoelectric modules and the structure, which is 

the subject of the studies presented in [21-23]. It is 

known that the cyclic test mode of thermoelectric 

coolers is used for reliability tests, since the time 

between failures (MTBF) is reduced by one order of 

magnitude [24-26]. The inclusion of the cooler in the 

feedback loop of the temperature maintenance 

circuit of the impulse heat-loaded elements makes it 

relevant to increase the dynamic characteristics of 

the cooler, which are directly related to its reliability 

indicators. The work [27] is devoted to the analysis 

of the connection between the reliability indicators 

and the dynamic characteristics of thermoelectric 

coolers. In this work the issues of reducing the time 

to reach the stationary mode depending on 

temperature drops and current operating modes are 

considered, since the reliability indicators and 

dynamic characteristics are in direct contradiction. 

The work [28] presents further studies in the 

direction of improving the dynamic characteristics 

of thermoelectric coolers and related reliability. This 

work analyzes the dependencies of the influence of 

structural parameters of thermoelements. The 

influence of the thermoelement material on the 

dynamic characteristics and reliability indicators are 

presented in [29, 30], where the possibility of the 

effective influence of the physical parameters of the 

thermoelectric material on the reliability and 

dynamics of the thermoelectric cooler is shown. At 

the same time, the influence on the reliability 

indicators and dynamic characteristics of such a 

mandatory component as a heat sink radiator 

remained unexplored. Its mass and overall 

dimensions directly affect the system for providing 

thermal modes of on-board equipment.  

2. PURPOSE AND OBJECTIVES OF THE

STUDY 

The purpose of the work is to study the effect of 

heat sink radiator parameters on the dynamics and 

reliability indicators of single-stage cooling devices. 

In order to achieve the goal, it is necessary to 

solve the following tasks: 

– to develop a dynamic model of the combination of

a thermoelectric cooling device with a heat sink 

radiator; 

– to analyze the dynamic characteristics and

reliability indicators for the main current modes of 

thermoelectric coolers, taking into account the 

influence of the heat-removing radiator. 

3. DYNAMIC MODEL OF A

THERMOELECTRIC COOLER  

CONSIDERING A HEAT SINK RADIATOR 

The ratio for determining the heat dissipation 

capacity of a radiator (αF) can be recorded as: 

αF = Q/(T – Tc) (1) 

where: α – is the heat transfer coefficient, W/m2·K; 

F – radiator surface area, m2; 

Q = Q0(1+1/E) – the heat output of the TEC; 

Q0 is the amount of heat load, W; 

Refrigerating coefficient, relative units: 
2

max

0

2

2

B B
E

T
B B
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  


 
  

 

where: B =I/Imax – relative operating current; 

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

Imax = eT0 /R – maximum operating current, A; 

T0 – is the temperature of the heat-absorbing 

junction of the TEC, K; 

T – the temperature of the heat-generating joint of 

the TEC, K; 

Tc – the temperature of the medium, K; 

Θ = T/∆Tmax – relative temperature drop, rel. units; 

∆Tmax= 2

00, 5 z T  – maximum temperature drop, K; 

z – is the efficiency of the thermoelectric material 

in the module, 1/K; 

R = l/(σS) – electrical resistance of the 

thermoelectric branch, Ohm; 
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,e 
 
– respectively, thermoelectric coefficient, V/K 

and electrical conductivity, S/cm of thermoelectric 

branch.  

Expression (1) can be represented as: 
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,  (3) 

 

since, as αF → ∞ K → ∞ αF → ∞ K → ∞, it is 

expedient to consider in next studies the value  

a = 1/K = Q0/(αF∆Tmax);  
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(4) 

where: Θс = (Tc– T0)/∆Tmax; T– Tс = ∆Tmax(Θ– Θс). 

In some cases of the design of the system 

“object–TEC–heat sink”, there are unified series of 

TEC and heat sinks (αF) at the disposal of the 

developer. In this case, it is necessary for a given 

values of αF of heat-dissipating radiators, as well as 

heat load Q0 and thermoelectric efficiency of 

modules z (∆Tmax) to choose a TEC design that 

provides the specified conditions for the system 

operation. For this case, one can use the relation (4) 

Θ2B(2– B) – Θ[2B(1– a∆Tmax/T0) – B2 + Θс +a]+ 

+aB(2+B) +BΘс (2–B) = 0. 
(5) 

Analysis of expression (3), (4) shows that if the 

temperature of the heat-generating junctions T is 

close to the ambient temperature Tс, a large finning 

surface is required to remove thermal power. αF → 

∞ a → 0. If the temperature difference (T –Tс) is 

sufficiently large, then the cooling coefficient E will 

noticeably decrease. This will result in the increase 

of the heat flow at the heat-generating joints, which 

requires an increase in the surface of the radiator. 

Determination of the maximum of the function a = 

f(Θ) at the optimal relative temperature difference 

Θopt allows us to find the minimum heat-removing 

surface of the radiator αFmin. 

From the condition da/(dΘ) = 0, we obtain the 

ratio for determining the optimal relative 

temperature drop Θopt corresponding to the minimum 

heat-removing capacity of the radiator αFmin for 

various current operating modes. 
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(6)

 
In this case, the relative value of the failure rate 

λ/λ0 can be determined in accordance with [2] from 

the relation 
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where: λ0 = 3·10–8 1 / h is the nominal failure rate;  

n – number of thermoelements, pcs;  

0

max

Q
C

nI R


2
 – relative heat load;  

KT1 – is a significant coefficient of reduced 

temperature [2].  

The probability of failure-free operation P of 

the TEC can be determined from the expression  

P = exp (–λt), (8) 

where t is the assigned resource, h.  

The time to reach the stationary operating mode 

τ can be determined from the expression in 

accordance with [3] 
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where: i i

i

m C = 175∙10–4 J/K – is the total value of 

the product of heat capacity and mass of constituent 

structural and technological elements (STE) for a 

given geometry of thermoelectric branches l/S = 

10cm– 1; 

max Н Н

max К К

I R

I R
 

2

2
, 

where: ImaxК, RК – respectively, the maximum 

operating current, A and the electrical resistance of 

the thermoelectric branch, Ohm, at the end of the 

cooling process τ; 

BН = I/ImaxН  –  relative operating current at τ = 0; 

BК = I/ImaxК  –  relative operating current at τ; 

ImaxН = eНT/RН;   ImaxК = eКT/RК; 

н к
,e e  – accordingly, the averaged thermoelectric 

coefficient of the thermoelectric branch at the 

beginning and at the end of the cooling process, 

V/K; 

KК = æК /(l/S)  –  heat transfer coefficient, W/K; 
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æК
– averaged coefficient of thermal conductivity, 

W/(cm∙K).
 
 

The number of thermoelements n can be 

determined from the ratio 

 max К К К К

,
Q

n
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
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0

2 2
2

  (10) 

Power consumption WК of TEC can be 

determined from the expression: 

max
К max К К К К .

2

0

2
T

W nI R B B
T

 
   
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   (11) 

Voltage drop 

UК = WК/I. (12) 

The cooling coefficient E can be calculated by 

the formula: 

E = Q0/WК. (13) 

 

4. ANALYSIS OF THE DYNAMIC MODEL 

4.1. Mode Q0max (B=1)  

Let us use relation (4) to consider the functional 

dependence a = f(Θ) at a given heat load Q0 = 0,5 

Вт, Tс= 300 К in the Q0max mode for different values 

of Θс.  

The functional dependence a = f(Θ) has a 

maximum for different Θс, corresponding to the 

optimal relative temperature drop Θopt (Fig. 1). 

 

Fig. 1. Dependence of the value a = Q0/(αFΔTmax) 

on the relative temperature difference Θ of a  

single-stage TEC at T = 300 K for different values 

of Θс in the Q0max mode 
Source: compiled by the author 

 

For the Q0max (B=1) mode, relation (6) takes the 
form: 
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.(14) 

With the increase of Θс, the optimum relative 

temperature difference Θopt increases (Fig. 2, Item 1) 

from Θopt = 0.5 at Θс = 0 to Θopt = 1.0 at Θс = 1. 

 

Fig. 2. Dependence of the optimal value of the 

relative temperature difference Θopt of a single-
stage TEC on the Θc value at T = 300 K, Q0 = 0.5 

W for different operating modes: 
1 – Q0max mode; 2 – mode (Q0/I)max; 3 – mode 

(Q0/I2)max; 4 – mode λmin 
Source: compiled by the author 

The results of calculations of the main 
parameters, reliability indicators and dynamics of 
functioning of a single-stage TEC in the Q0max mode 
at Tс= 300 К, T0= 280 К, Θс = 0,213, Q0 = 0,5 W Вт; 
l/S = 10 cm– 1 for different temperature T of the heat-
generating junction are given in Table 1. 

With an increase in the heat dissipation capacity 
of the radiator from αFmin (a = 0,055) to αF → ∞  
(a → 0) at a given heat load Q0 = 0,5 W и  
Θс = (Tc– T0)/∆Tmax = 0,213 in the mode Q0max  
(Tс= 300 К, T0= 280 К) ∆Tmax = 94,1 К: 
– the optimal relative temperature difference Θopt (Fig. 
1) decreases from Θopt = 0.573 at αFmin  
(a = 0,055) to Θopt = 0.213 at αF → ∞ (a = 0); 
– the operating current Imax (Fig. 3, item 1) increases 
from Imax = 5.02 A at αFmin (a = 0,055) to  
Imax = 5.32 A at αF → ∞ (a = 0); 
– the number of thermoelements n (Fig. 4, item 1) 
decreases from n = 4 at αFmin (a = 0,055) to n = 2.2 at 
αF → ∞ (a = 0); 
– power consumption W decreases from W = 2.8 W  
at αFmin (a = 0,055) up to W = 1.36 W at αF → ∞  
(a = 0); 
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Table 1. The main parameters, reliability indicators and dynamics of functioning of a single-stage TEC  

Mode Q0max (B=1); Tс= 300 К; Q0 = 0,5 W Вт; T0= 280 К; Θс = 0,213; ∆Tmax = 94,1 К 

αF, W/K 

 
T, К 

Θ,  

rel 

. units. 

 

R∙103, 

 Ohm 

 

Imax, 

А 

n, 

pcs. 

W, 

W 

U, 

V 
E I, А a τ, s λ / λ0 

λ∙108, 

1/h 
P 

∞ 300 0,213 10,64 5,26 2,15 1,36 0,26 0,37 5,26 0.0 2,51 2.17 6,5 0,99935 

0,4 305 0,266 10,75 5,24 2.30 1,48 0,28 0,34 5,24 0,0133 2,93 2,33 7,0 0,99930 

0,21 310 0,319 11,0 5,17 2,50 1,63 0,32 0,31 5,17 0,025 3,46 2,53 7,6 0,99924 

0,125 320 0,425 11,1 5,14 3,0 2,0 0,39 0,25 5,14 0,043 4,61 3,0 9,0 0,99910 

0,10 330 0,53 11,36 5,08 3,6 2,52 0.50 0,20 5,08 0,053 6,0 3,7 11,0 0,9989 

min/0,097 337,3 opt/0,61 11,50 5,02 4,0 2.80 0,56 0.18 5,02 0,055 6,77 4,1 12,3 0,99877 

Source: compiled by the author 

 

 

 
Fig. 3. Dependence of the relative operating 

current BК on the transient time τ of a single-

stage TEC at T = 300 К, l/S = 10 cm–1, Q0 = 0,5 W, 

∆T = 40К for different operating modes:  

1 – Q0max mode; 2 – mode (Q0/I)max; 3 – mode 

(Q0/I2)max; 4 – mode λmin (the dotted line indicates 

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

– the voltage drop U decreases from U = 0.56 V at 

αFmin (a = 0,055) up to U = 0.26 V at αF → ∞  

(a = 0); 

– the refrigerating coefficient E (Fig. 5, item 1) 

increases from E = 0.18 at αFmin (a = 0,055) to  

E = 0.37 at αF → ∞ (a = 0); 

– the time of reaching the stationary mode τ (Fig. 6, 

item 1) decreases from τ = 6.7 at αFmin (a = 0,055) to 

τ = 2.45 at αF → ∞ (a = 0); 

 

Fig. 4. The dependence of the number of 

thermoelements n on a single-stage TEC on the 

value of a at T = 300 К, l/S = 10 cm–1, Q0 = 0,5 W, 

Θс = 0,213 for different operating modes:  

1 – Q0max mode; 2 – mode (Q0/I)max;  

3 – mode(Q0/I2)max; 4 – mode λmin (dotted line 

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

– the relative failure rate λ/λ0 (Fig. 7, item 1) 

decreases from λ/λ0 = 4.1 at αFmin (a = 0.055) to 

λ/λ0 = 2.2 at αF → ∞ (a = 0); 

– the probability of failure-free operation P increases 

(Fig. 8, item 1) from P = 0.99877 at αFmin  

(a = 0.055) to P = 0.99935 at αF → ∞ (a = 0). 
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Fig. 5. Dependence of the cooling coefficient E of 

a single-stage TEC on the value of a at T = 300 К, 

l/S = 10 cm–1, Q0 = 0,5 W, Θс = 0,213 for various 

operating modes:  

1 –Q0max mode; 2 – mode (Q0/I)max;  

3 – mode(Q0/I2)max; 4 – mode λmin (dotted line 

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

 

 

Fig. 6. Dependence of the time of reaching the 

stationary mode τ of a single-stage TEC on the 

value of a at T = 300 К, l/S = 10 cm–1, Q0 = 0,5 W, 

Θс = 0,213 for various operating modes:  

1 – Q0max mode; 2 – mode (Q0/I)max;  

3 – mode(Q0/I2)max; 4 – λmin mode (dotted line 

indicat es points corresponding to αFmin) 
Source: compiled by the author 

 

Fig. 7. Dependence of the relative value of the 

failure rate λ/λ0 of a single-stage TEC on the 

value of a at T = 300 К, l/S = 10 cm–1, Q0 = 0,5 W, 

Θс = 0,213 for various operating modes:  

1 – Q0max mode; 2 – mode (Q0/I)max;  

3 – mode(Q0/I2)max; 4 – λmin mode (dotted line 

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

 

Fig. 8. Dependence of the probability of failure-

free operation P of single-stage TEC on the value 

of a at T = 300 К, l/S = 10 cm–1, Q0 = 0,5 W, Θс = 

0,213 for different operating modes:  

1 – Q0max mode; 2 – mode (Q0/I)max;  

3 – mode(Q0/I2)max; 4 – λmin mode (dotted line 

indicates points corresponding to αFmin) 
Source: compiled by the author 
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4.2. Mode (Q0 / I) max (B =  ) 

Let us use relation (4) to consider the functional 

dependence a = f (Θ) at a given heat load Q0 = 0.5 

W, Tc = 300 K in the mode (Q0/I) max for different 

values of Θc. 

The functional dependence a = f (Θ) has a 

maximum for different Θc, corresponding to the 

optimal relative temperature drop Θopt (Fig. 9). 

 

Fig. 9. Dependence of the value a = Q0/(αFΔTmax) 

on the relative temperature drop Θ of a single-

stage TEC at T = 300 K for different values of Θc 

in the mode (Q0/I) max 

Source: compiled by the author 

For the mode (Q0/I)max, relation (6) takes the 

form: 

2 max max max

c c c

0 0 0

3 2 1 0
     

             
   

T T T

T T T

(15) 

With an increase in Θc, the optimal relative 

temperature drop Θopt increases (Fig. 2, item 2) from 

Θopt = 0.4 at Θc = 0 to Θopt = 1.0 at Θc = 1. 

The results of calculations of the main 

parameters, reliability indicators and dynamics of 

functioning of a single-stage TEC in the mode 

(Q0/I)max at Tc = 300 K, T0 = 280 K, Θc = 0.213,  

Q0 = 0.5 W; l/S = 10 cm–1 for different heat-

generating junction temperature T are shown in 

Table 2. 

With an increase in the heat dissipation capacity 

of the radiator from αFmin (a = 0.073) to αF → ∞  

(a = 0) at a given heat load Q0 = 0.5 W and  

Θс = 0.213 in the mode (Q0/I) max (Tc = 300 K,  

T0 = 280 K) ∆Tmax = 94.1 K: 

– the optimal relative temperature difference Θopt 

(Fig. 9) decreases from Θopt = 0.55 at αFmin  

(a = 0.073) to Θopt = 0.213 at αF → ∞ (a = 0); 

– the operating current I decreases (Fig. 3, item 2) 

from I = 3.8 A at αFmin (a = 0.073) up to I = 2.4 A at 

αF → ∞ (a = 0); 

– the number of thermoelements n (Fig. 4, item 2) 

decreases from n = 4.4 at αFmin (a = 0.073) to n = 3.4 

at αF → ∞ (a = 0); 

– power consumption W decreases from W = 1.79 

W at αFmin (a = 0.073) to W = 0.5 W at αF → ∞  

(a = 0); 

– the voltage drop U decreases from U = 0.47 V at 

αFmin (a = 0.073) up to U = 0.2 V at αF → ∞ (a = 0); 

– the refrigerating coefficient E (Fig. 5, item 2) 

increases from E = 0.28 at αFmin (a = 0.073) up to  

E = 1.0 at αF → ∞ (a = 0); 

– the time of reaching the stationary mode τ (Fig. 6, 

item 2) decreases from τ = 7.5 at αFmin (a = 0.073) to 

τ = 3.9 at αF → ∞ (a = 0); 

– the failure rate λ/λ0 decreases (Fig. 7, item 2) from 

λ/λ0 = 1.41 at αFmin (a = 0.073) to λ/λ0 = 0.129 at 

αF → ∞ (a = 0); 

– the probability of failure-free operation P increases 

(Fig. 8, item 2) from P = 0.99958 αFmin (a = 0.073) 

to P = 0.999961 at αF → ∞ (a = 0). 

 

Table 2. The main parameters, reliability indicators and dynamics of functioning of a single-stage TEC 

Mode (Q0/I)max ; Tc = 300 K; Q0 = 0.5 W; T0 = 280 K; Θc = 0.213; ∆Tmax = 94.1 K 

αF, W/К T, К 
Θ, rel. 

units 

R∙103, 

Ohm 

Imax, 

А 

n, 

pcs 

W, 

W 

U, 

V 
E I, А a τ, s λ / λ0 

λ∙108, 

1/h 
P 

∞ 300 0,213 10,64 5,26 3,4 0,5 0,20 1,01 2,43 0,0 3,9 0,129 0,388 0,999961 

0,225 305 0,266 10,75 5,24 3,4 0,625 0,23 0,80 2,70 0,024 4,3 0,216 0,647 0,999935 

0,127 310 0,319 11,0 5,17 3,46 0,773 0,26 0,65 2,92 0,042 4,85 0,333 1,0 0,99990 

0082 320 0,425 11,1 5,14 3,76 1,143 0,34 0,44 3,35 0,065 6,0 0,687 2,06 0,99980 

min/0,073 331,8 opt/0,55 11,2 5,12 4,43 1,79 0,47 0,28 3,8 max/0,073 7,5 1,41 4,24 0,99958 

Source: compiled by the author 
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4.3. Mode (Q0/I 2)max (B = Θ)  

Let us use relation (4) to consider the functional 

dependence a = f(Θ) at a given heat load Q0 = 0,5 W 

, Tс= 300 К in the mode (Q0/I2)max for different 

values of Θс. 

The functional dependence a = f(Θ) has a 

maximum for different Θс , corresponding to the 

optimal relative temperature drop Θopt (Fig. 10). 

 
Fig. 10. Dependence of the value a = Q0/(αFΔTmax) 

on the relative temperature difference Θ of a 

single-stage TEC at T = 300 K for different values 

of Θc in the mode (Q0/I2)max 

Source: compiled by the author 

For the mode (Q0/I2)max(B = Θ), relation (6) 

takes the form: 

2 max max

опт опт

0 0

1 2 2 1 2 1 0.
c

T T

T T

     
            

    

 (16) 

With an increase in Θс , the optimal relative 

temperature drop Θopt increases (Fig. 2, item 3) 

from Θopt = 0.38 at Θс = 0 to Θopt = 1.0 at Θс = 1. 

The results of calculations of the main 

parameters, reliability indicators and dynamics of 

functioning of a single-stage TEC in the mode 

(Q0/I2)max at Tc = 300 K, T0 = 280 K, Θc = 0.213, Q0 

= 0.5 W; l/S = 10 cm–1 for different temperature T of 

the heat-generating junction are given in Table. 3. 

With an increase in the heat sink capacity of the 

radiator from αFmin (a = 0.079) to αF → ∞ (a → 0) 

at a given heat load Q0 = 0.5 W and Θс =  

(Tc–T0)/∆Tmax = 0.213 in the mode (Q0/I2)max  

(Tc = 300 K, T0 = 280 K) ∆Tmax = 94.1 K: 

– the optimal relative temperature difference Θopt 

(Fig. 10) decreases from Θopt = 0.531 at αFmin  

(a = 0.079) to Θopt = 0,213 при αF → ∞ (a → 0) ; 

– the operating current I (Fig. 3, item 3) decreases 

from I = 2.72 A at αFmin (a = 0.079)  to I = 1.12 A at 

αF → ∞ (a = 0); 

– the number of thermoelements n increases (Fig. 4, 

item 3) from n = 6.9 at αFmin (a = 0.079) to n = 10.1 

at αF → ∞ (a = 0); 

– power consumption W decreases from W = 1.51 W 

at αFmin (a = 0.079) to W = 0.36 W at αF → ∞  

(a = 0); 

– the voltage drop U decreases from U = 0.56 V at 

αFmin (a = 0.079) up to U = 0.32 V at αF → ∞  

(a = 0); 

– the refrigerating coefficient E (Fig. 5, item 3) 

increases from E = 0.33 at αFmin (a = 0.079) to  

E = 1.39 at αF → ∞ (a = 0); 

– the time of reaching the stationary mode τ 

decreases (Fig. 6, item 3) from τ = 10.3 s at αFmin 

(a = 0.079) to τ = 8.9 at αF → ∞ (a = 0); 

– the relative failure rate λ/λ0 decreases (Fig. 7, item 

3) from λ/λ0 = 0.55 at αFmin (a = 0.079) to  

λ/λ0 = 0.0124 at αF → ∞ (a = 0); 

– the probability of failure-free operation P (Fig. 8, 

item 3) increases from P = 0.99983 at αFmin  

(a = 0.079) to P = 0.9999963 at αF → ∞ (a = 0). 

 

 

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

Mode (Q0/I2)max ; Tc = 300 K; Q0 = 0.5 W; T0 = 280 K; Θc = 0.213; ∆Tmax = 94,1 К 

Source: compiled by the author 

αF, W/К T, К 
Θ, rel. 

units 

R∙103, 

Ohm 

Imax, 

А 

n, 

pcs 

W, 

W 

U, 

V 
E I, А a τ, s λ / λ0 

λ∙108, 

1/h 
P 

∞ 300 0,213 10,64 5,26 10,1 0,36 0,32 1,39 1,12 0,0 8,94 0,0124 0,037 0,9999963 

0,20 305 0,266 10,75 5,24 8,7 0,49 0,35 1,03 1,39 0,027 8,98 0,03 0,091 0,9999909 

0,113 310 0,319 11,0 5,17 7,8 0,63 0,38 0,80 1,65 0,047 9,16 0,064 0,193 0,999981 

0,0745 320 0,425 11,1 5,14 7,0 0,989 0,45 0,51 2,18 0,071 9,6 0,225 0,68 0,999932 

min/0,067 330 опт/0,531 11,2 5,12 6,85 1,51 0,56 0,33 2,72 0,079 10,3 0,55 1,66 0,99983 
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4.4. Mode λmin (B = ηΘ) 

Let us use relation (4) to consider the functional 

dependence a = f (Θ) at a given heat load Q0 = 0.5 

W, Tc = 300 K in the λmin mode for different values 

of Θc. 

The functional dependence a = f (Θ) has a 

maximum for different Θc, corresponding to the 

optimal relative temperature drop Θopt (Fig. 11). 

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

 

 

 

2 3 2max

opt opt

0

2 max

0

2 2 2 1

2 1 2 1 2 0.
c c

T

T

T

T

   

    

 
      

 

  
          

  

(17) 

  

Fig. 11. Dependence of the value a = Q0/(αFΔTmax) 

on the relative temperature difference Θ of a 

single-stage TEC at T = 300 K for different values 

of Θс in the mode λmin 
                     Source: compiled by the author 

With an increase in Θс, the optimal relative 

temperature difference Θopt increases (Fig. 2, item 4) 

from Θopt = 0.33 at Θс = 0 to Θopt = 1.0 at Θс = 1.0. 

The results of calculations of the main 

parameters, reliability indicators and dynamics of 

functioning of a single-stage TEC in the λmin mode at 

Tc = 300 K, T0 = 280 K, Θc = 0.213, Q0 = 0.5 W;   

l/S = 10cm–1 for different temperature T of the heat-

generating junction are given in Table. 4. 

With an increase in the heat dissipation capacity 

of the radiator from αFmin (a = 0.068) to αF → ∞  

(a → 0) at a given heat load Q0 = 0.5 W and Θс = 

(Tc–T0)/∆Tmax = 0.213 in the λmin mode (Tc = 300 K, 

T0 = 280 K) ∆Tmax = 94.1 K: 

– the optimal relative temperature difference Θopt 

(Fig. 11) decreases from Θopt = 0.50 at αFmin  

(a = 0.068) to Θopt = 0.213 at αF → ∞ (a = 0); 

– the operating current I (Fig. 3, item 4) decreases 

from I = 2.05 A at αFmin (a = 0.068) to I = 0.83 A at 

αF → ∞ (a = 0); 

– the number of thermoelements n increases (Fig. 4, 

item 4) from n = 12.2 at αFmin (a = 0.068) to  

n = 22.2 at αF → ∞ (a = 0); 

– power consumption W decreases from W = 1.63 W 

at αFmin (a = 0.068) to W = 0.47 W at αF → ∞  

(a = 0); 

– the voltage drop U decreases from U = 0.8 V at 

αFmin (a = 0.068) up to U = 0.56 V at αF → ∞  

(a = 0); 

– the refrigerating coefficient E (Fig. 5, item 4) 

increases from E = 0.31 at  

αFmin (a = 0.068) to E = 1.07 at αF → ∞ (a = 0); 

– the relative failure rate λ/λ0 decreases (Fig. 7, item 

4) from λ/λ0 = 0.3 at αFmin (a = 0.068) to  

λ/λ0 = 0.0073 at αF → ∞ (a = 0); 

– the probability of failure-free operation P (Fig. 8, 

item 4) increases from P = 0.999910 at αFmin  

(a = 0.068) to P = 0.9999980 at αF → ∞ (a = 0). 

 

 

Table 4. The main parameters, reliability indicators and dynamics of functioning of a single-stage TEC  

Mode λmin; Tc = 300 K; Q0 = 0.5 W; T0 = 280 K; Θc = 0.213; ∆Tmax = 94.1 K 

 

αF, W/К T, К 
Θ, rel. 

units 

R∙103, 

Ohm 

Imax, 

А 

n, 

pcs 

W, 

W 

U, 

V 
E I, А a τ, s λ/λ0 

λ∙108, 

1/h 
P 

∞ 300 0,21 10,64 5,26 22,2 0,47 0,56 1,07 0,83 0,0 14,2 0,0073 0,022 0,999998 

0,223 305 0,266 10,75 5,24 18,0 0,62 0,59 0,81 1,05 0,024 14,1 0,019 0,056 0,9999944 

0,129 310 0,32 11,0 5,17 16,0 0,79 0,63 0,63 1,25 0,041 14,28 0,04 0,12 0,999988 

0,086 320 0,425 11,1 5,14 13,2 1,22 0,72 0,41 1,70 0,062 14,1 0,14 0,42 0,999958 

min/0,078 327 опт/0,513 11,2 5,12 12,2 1,63 0,80 0,31 2,05 max/0,068 14,2 0,30 0,90 0,999910 

Source: compiled by the author 
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– the time of reaching the stationary mode τ (Fig. 6, 

item 4) practically does not change; 

A comparative analysis of the main parameters, 

reliability indicators and functioning dynamics for 

various typical current operating modes is given 

below. 

Fig. 12 presents functional dependence of the 

maximum values amax = f (B) pos. 1 of a single-stage 

TEC, corresponding to the minimum heat dissipation 

capacity of the radiator αFmin = f (B) pos. 2 for 

various characteristic current modes of operation. 

 

Fig. 12. Dependence of the value of аmax (1) and 

the minimum heat-removing capacity of the 

radiator αFmin (2) of a single-stage TEC on the 

relative operating current B at T = 300 K,  

l/S = 10 cm–1, Q0 = 0.5 W, Θc = 0.213 
                      Source: compiled by the author 

The functional dependence amax = f (B) has a 

maximum at B = 0.53 (Fig. 12, item 2), which 

corresponds to the mode (Q0/I2)max. The functional 

dependence αFmin = f (B) has a minimum at B = 0.53 

(Fig. 12, item 1), which also corresponds to the 

mode (Q0/I2)max. 

The absolute minimum of the heat dissipation 

capacity of the radiator αFmin can be achieved in the 

mode (Q0/I2)max. 

Fig. 13 shows the dependence of the time of 

reaching the stationary mode τ on the relative 

operating current B for the maximum values amax 

amax(αFmin) (Fig. 13, pos. 1) and a → 0 (αF → ∞) 

(Fig. 13, pos. 2) at Θс = 0.213. 

With an increase in the relative operating 

current B, the time to reach the stationary mode τ 

decreases and reaches its minimum values. It varies 

from τ = 6.8s for amax = f (B), and reaches τ = 2.5s 

for a → 0 (αF → ∞) in the Q0max mode, which 

corresponds to the absolute minimum. 

 

 

Fig. 13. Dependence of the time of reaching the 

stationary mode τ of a single-stage TEC on the 

relative operating current B for different current 

modes at T = 300 K,l/S = 10 cm–1; Q0 = 0.5 W; Θc 

= 0.213; 1 – аmax (αFmin); 2 – а → 0 (αF→∞) 
Source: compiled by the author 

The range of values of τ, enclosed between 

curves 1 and 2, corresponds to values of τ in the 

range from αFmin to αF → ∞.  

Fig. 14 shows the dependence of the 

refrigerating coefficient E on the relative operating 

current B for аmax(αFmin) (Fig. 14, pos. 1) and а → 0 

(αF→∞) (Fig. 13, pos. 2). 

The functional dependence E = f (B) has a 

maximum at B = 0.53 for аmax(αFmin) (Fig. 14, pos. 

1) and B = 0.21 for and а → 0 (αF→∞) (Fig. 12, 

pos. 2), which corresponds to the mode (Q0/I2)max at 

Θс = 0.213. 

The range of values of E, enclosed between 

curves 1 and 2, corresponds to the values of αF in 

the range from αFmin to αF→∞. 

Fig. 15 presents the dependence of the relative 

value of the failure rate λ/λ0 of a single-stage TEC 

on the relative operating current B for the maximum 

values аmax(αFmin) (Fig. 15, item 1) and а → 0 

(αF→∞) (Fig. 15, item 2 ). 

With an increase in the relative operating 

current B, the relative value of the failure rate λ/λ0 

increases and reaches its minimum values for amax = 

f (B)λ/λ0 = 4.1, and for a → 0 (αF → ∞)  

λ/λ0 = 2.17 in Q0max mode. 

The range of λ/λ0 values, enclosed between 

curves 1 and 2, corresponds to λ/λ0 values in the 

range from αFmin to αF → ∞. 
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 Fig. 14. Dependence of the refrigerating 

coefficient E of a single-stage TEC on the relative 

operating current B for different current modes 

at T = 300 K; ∆T = 94.1 K; l/S = 10 cm–1; 

Q0 = 0.5 W; Θc = 0.213: 

1 – аmax(αFmin); 2 – а → 0 (αF → ∞) 
Source: compiled by the author 

 

Fig. 15. Dependence of the relative value of the 

failure rate λ/λ0 of a single-stage TEC on the 

relative operating current B for various current 

modes at T = 300 K, ∆T = 94.1 K, l/S = 10 cm–1,  

Q0 = 0.5 W, Θc = 0.213, λ0 = 310–81/h: 

 аmax(αFmin); 2 – а → 0 (αF → ∞) 
                    Source: compiled by the author 

Fig. 16 shows the dependence of the optimal 

values of the relative temperature difference Θopt 

corresponding to amax (αFmin) on the relative 

operating current B for different Θс. 

With an increase in the relative operating 

current B, the value of the optimal relative 

temperature drop Θopt increases for different Θс. The 

maximum value of Θopt corresponds to the Q0max 

mode, the minimum – to the λmin mode at a given Θc. 

 
Fig. 16. Dependence of the optimal relative 

  temperature difference Θopt of a single-stage 

  TEC on the relative operating current B at T = 

 300 K; ∆T = 94.1 K; l/S = 10 cm–1; Q0 = 0.5 W 

  and different values of Θc for different operating 

modes: 1 - Q0max mode; 2 - mode (Q0/I)max;  

3 - mode (Q0/I2)max; 4 - mode λmin 

                      Source: compiled by the author 

 

5. DISCUSSION OF THE RESULTS OF THE 

ANALYSIS OF HEAT SINK EFFECT ON THE 

DYNAMICS AND RELIABILITY OF  

SINGLE-STAGE COOLING DEVICES 

OPERATION 

A comparative analysis of the main parameters, 

reliability indicators and functioning dynamics for 

various typical current operating modes is given 

below. 

Fig. 12 shows the functional dependence of the 

maximum values amax = f (B) pos. 1 of a single-stage 

TEC, corresponding to the minimum heat dissipation 

capacity of the radiator αFmin = f (B) pos. 2 for 

various characteristic current modes of operation. 

The functional dependence amax = f (B) has a 

maximum at B = 0.53 (Fig. 12, item 2), which 

corresponds to the mode (Q0/I2)max. The functional 

dependence αFmin = f (B) has a minimum at B = 0.53 

(Fig. 12, item 1), which also corresponds to the 

mode (Q0/I2)max. 
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The absolute minimum of the heat dissipation 

capacity of the radiator αFmin can be achieved in the 

mode (Q0/I2)max. 

In Fig. 13 shows the dependence of the time of 

reaching the stationary mode τ on the relative 

operating current B for the maximum values amax 

(αFmin) (Fig. 13, pos. 1) and a → 0 (αF → ∞) 

(Fig. 13, pos. 2) at Θс = 0.213. 

With an increase in the relative operating 

current B, the time to reach the stationary mode τ 

decreases and reaches its minimum values. It drops 

from τ = 6.8 s for amax = f (B) to τ = 2.5 s for a → 0 

(αF → ∞) in the Q0max mode, which corresponds to 

the absolute minimum. 

The range of values of τ, enclosed between 

curves 1 and 2, corresponds to values of τ in the 

range from αFmin to αF → ∞. 

Fig. 14 shows the dependence of the 

refrigerating coefficient E on the relative operating 

current B for amax (αFmin) (Fig. 14, pos. 1) and a → 0 

(αF → ∞) (Fig. 13, pos. 2). 

The functional dependence E = f (B) has a 

maximum at B = 0.53 for amax (αFmin) (Fig. 14, 

pos. 1) and B = 0.21 for a → 0 (αF → ∞) (Fig. 12, 

pos. 2), which corresponds to the mode (Q0/I2)max at 

Θc = 0.213. 

The range of values of E, enclosed between 

curves 1 and 2, corresponds to the values of αF in 

the range from αFmin to αF → ∞. 

Fig. 15 shows the dependence of the relative 

value of the failure rate λ/λ0 of a single-stage TEC 

on the relative operating current B for the maximum 

values amax (αFmin) (Fig. 15, pos. 1) and a → 0  

(αF → ∞) (Fig. 15, pos. 2 ). 

With an increase in the relative operating 

current B, the relative value of the failure rate λ/λ0 

increases and reaches its minimum values for amax = 

f (B) λ/λ0 = 4.1, and for a → 0 (αF → ∞) λ/λ0 = 2.17 

in Q0max mode. 

The range of λ/λ0 values, enclosed between 

curves 1 and 2, corresponds to λ/λ0 values in the 

range from αFmin to αF → ∞. 

Fig. 16 shows the dependence of the optimal 

values of the relative temperature difference Θopt, 

and the corresponding amax (αFmin) on the relative 

operating current B for different Θс.

With an increase in the relative operating current B, 

the value of the optimal relative temperature drop 

Θopt increases for different Θс. The maximum value 

of Θopt corresponds to the Q0max mode, the minimum 

– to the λmin mode at a given Θc. 

CONCLUSIONS 

A physical model of the relationship between 

the main parameters, reliability indicators and the 

dynamics of functioning of a single-stage TEC has 

been developed. We take into account the effect of 

the heat-removing capacity of the radiator in the 

range from αF → ∞ to αFmin, temperature drops ∆T 

from 10 to 60 K at a given heat load Q0 = 0.5 W. 

Relationships are obtained to determine the 

optimal relative temperature difference Θopt 

corresponding to the maximum value amax or the 

minimum heat dissipation capacity of the radiator 

αFmin . These relationships were made in the range 

of different current operating modes and relative 

temperature drops with the environment Θс at a 

given value of the heat load Q0 and the efficiency of 

the initial thermoelectric materials in the module 

z (∆Tmax). 

With an increase in the relative operating 

current B, the time to reach the stationary operating 

mode τ decreases for different values of the heat sink 

capacity αF. The minimum time for reaching the 

stationary operating mode is provided in the Q0max 

mode for different values of the heat sink capacity of 

the radiator. 

The possibility of reducing the weight and size 

characteristics of the cooling device in 2-3 times by 

minimizing the heat sink in relation with the main 

parameters, indicators of reliability and the 

dynamics of the TEC operation is shown, which is 

especially important when creating or modernizing 

on-board information systems with heat-loaded 

elements. 

Comparative analysis of weight and size 

characteristics, main parameters, reliability 

indicators and dynamics of functioning with rational 

design makes it possible to choose compromise 

solutions, taking into account the weight of each of 

the limiting factors. 
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АНОТАЦІЯ 

Визначальними вимогами до систем забезпечення теплових режимів приймально-передаючих елементів бортових 

інформаційних систем являються показники надійності і динамічні характеристики. Робота представляє собою продовження 

досліджень динамічних характеристик термоелектричних охолоджувачів, направлених на аналіз впливу перепадів 

температури, струмових режимів, конструктивних параметрів пристрою і фізичних параметрів матеріалу термоелементів на 

сталу часу. В статті проаналізовано вплив тепловідвідної спроможності радіатору на динамічні характеристики, енергетичні 

і показники надійності однокаскадного термоелектричного охолоджувача. Розроблена динамічна модель термоелектричного 

охолоджувача з урахуванням масогабаритних параметрів радіатору, які зв’язують основні енергетичні показники 

охолоджувача з тепловідвідною спроможністю радіатору, робочими струмами, величиною теплового навантаження і 

відносним перепадом температур. Аналіз динамічної моделі показав, що з ростом тепловідвідної спроможності радіатору 

при заданому тепловому навантаженні і різних струмових режимах змінюються основні показники охолоджувача. 

Зменшується необхідна кількість термоелементів, споживана потужність, час виходу на стаціонарний режим, відносна 

інтенсивність відмов. З ростом відносного робочого струму час виходу на стаціонарний режим роботи зменшується для 

різних значень тепловідвідної спроможності радіатору. Показано, що мінімальний час виходу на стаціонарний режим 

роботи забезпечується в режимі максимальної холодопродуктивності. Дослідження проведені при різних значеннях 

тепловідвідної спроможності радіатору в робочому діапазоні перепадів температур і геометрії термоелементів. Показана 

можливість мінімізації тепловідвідної поверхні радіатору при різних струмових режимах роботи і зв'язок з основними 

параметрами, показниками надійності і часом виходу на стаціонарний режим роботи. Порівняльний аналіз масогабаритних 

характеристик, основних параметрів, показників надійності і динаміки функціонування при раціональному проектування 

дає можливість вибору компромісних рішень з урахуванням значущості кожного з обмежувальних факторів.  

Ключові слова: термоелектричний охолоджувач; динамічні характеристики; тепловідвідна спроможність радіатору; 
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АННОТАЦИЯ 

Определяющими требованиями к системам обеспечения тепловых режимов приемо-передающих элементов бортовых 

информационных систем являются показатели надежности и динамические характеристики. Работа представляет собой 

продолжение исследований динамических характеристик термоэлектрических охладителей, направленных на анализ 

влияния перепадов температуры, токовых режимов работы, конструктивных параметров устройства и физических 

параметров материала термоэлементов на постоянную времени. В статье проанализировано влияние теплоотводящей 

способности радиатора на динамические характеристики, энергетические и надежностные показатели однокаскадного 

термоэлектрического охладителя. Разработана динамическая модель термоэлектрического охладителя с учетом 

массогабаритных параметров радиатора, которые связывают основные энергетические показатели охладителя с 

теплоотводящей способностью радиатора, рабочими токами, величиной тепловой нагрузкой и относительным перепадом 

температур. Анализ динамической модели показывает, что с ростом теплоотводящей способности радиатора при заданной 
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тепловой нагрузке и различных токовых режимах изменяются основные показатели охладителя. Уменьшается необходимое 

количество термоэлементов, потребляемая мощность, время выхода на стационарный режим, относительная интенсивность 

отказов. С ростом относительного рабочего тока время выхода на стационарный режим работы уменьшается для различных 

значений теплоотводящей способности радиатора. Показано, что минимальное время выхода на стационарный режим 

работы обеспечивается в режиме максимальной холодопроизводительности. Исследования проведены при различных 

значениях теплоотводящей способности радиатора в рабочем диапазоне перепадов температур и геометрии 

термоэлементов. Показана возможность минимизации теплоотводящей поверхности радиатора при различных токовых 

режимах работы и связь с основными параметрами, показателями надежности и временем выхода на стационарный режим 

работы. Сравнительный анализ массогабаритных характеристик, основных параметров, показателей надежности и 

динамики функционирования при рациональном проектировании дает возможность выбора компромиссных решений с 

учетом весомости каждого из ограничительных факторов. 

Ключевые слова: термоэлектрический охладитель; динамические характеристики; теплоотводящая способность 

радиатора; показатели надежности 
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