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A B S T R A C T

The external polar plate circuit is a critical component of the scanning imaging logging tool which must work in 
ultra-high temperature environment, and thus effective thermal management is imperative. However, the limited 
internal space and the requirement for stretching functionality present great challenges. In this study, a novel 
integrated thermoelectric cooling system (TCS) is proposed to cool the external circuit in an environment 
reaching 230 ◦C, a condition far more extreme than those addressed in previous studies. Specifically, the design 
incorporates dual thermoelectric coolers integrated at the top and bottom of the circuit to establish bi-directional 
heat dissipation pathways, while insulating the surroundings to minimize the heat leakage from environment. 
The cooling performance of the proposed TCS was evaluated through both experiments and numerical simula
tions. The results indicate that the system can maintain the temperature of a 3 W heat source at 190.2 ◦C in a 
230 ◦C environment. The numerical results from COMSOL simulations align well with experimental data, with a 
temperature error of less than 2.6 ◦C. It suggests that the overall coefficient of performance (COP) of the pro
posed TCS is 0.097 and an ambient heat leakage is 0.42 W. The proposed TCS demonstrates excellent temper
ature control performance, long-term stable operation capability, and broad application prospects.

1. Introduction

With the continuous deepening of exploitation, the medium and 
shallow oil and gas resources in the world are progressively depleted 
[1,2]. To meet the increasing demand for resources, deep and ultra-deep 
wells have gradually become the primary focus of current exploitation 
[3]. However, as the depth of the well increases, the ambient tempera
ture downhole rises correspondingly. The geothermal gradient is typi
cally in the range of 0.01–0.09 ◦C/m [4]. As the depth of the formation 
reaches a certain level, the temperature downhole may exceed 200 ◦C or 
even higher [5,6].

Logging tools are the key equipment in the exploration of downhole 
oil and gas resources [7,8], among which the scanning imaging logging 
tool is a type of logging tool characterized by high resolution and 
visualization of results. Fig. 1 shows the schematic diagram of a scan
ning imaging logging tool operating in a high-temperature well. During 
the operation of the tool, the mechanical arm must be unfolded. The 
polar plate connected to the mechanical arm measures 150 mm × 90 
mm × 30 mm and has a built-in circuit. The polar plate is an important 
part of the scanning imaging logging tool, and its function directly 

affects the precision of the imaging process [9]. The internal electronics 
of polar plate cannot withstand high temperature for extended periods. 
Otherwise, thermal failure of the devices may occur, resulting in huge 
economic losses and seriously impacting the process of oil exploration 
and development [10].

To guarantee the security of electronic components utilized in the 
exploration process, two strategies are typically employed. One 
approach is to increase the temperature threshold by developing high- 
temperature resistant electronics [11,12]. The other is to use effective 
thermal management techniques to maintain the electronics within the 
optimal temperature range [13–16]. Compared to the temperature- 
resistant semiconductor technologies with long development cycles, 
complex manufacturing processes, and high costs, developing advanced 
thermal management systems is more economical and feasible [17]. It 
can efficiently address the urgent need for temperature control and 
accelerate the process of oil exploration.

Thermal management systems are classified as active or passive 
system depending on whether energy input is required [18]. Currently, 
the passive thermal management system (PTMS) has been maturely used 
in logging tools. This system prevents the electronics inside the logging 
tool from exceeding its temperature threshold for a specified period 
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through the integration of three technologies: thermal insulation, ther
mal conduction and thermal storage [19–21]. Shang et al. [22]found 
that the vacuum flask can effectively prolong the workable time of 
downhole electronics, as large as 10 times enhancement under 30 W 
heating power. Lan et al. [23] proposed a PTMS for logging tools with a 
distributed architecture, resulting in a 68 ◦C reduction in the maximum 
device temperature. Peng et al. [24] designed a durable and reliable 
thermal management system, and the results showed that the maximum 
temperature of the heat source remained below 150 ◦C after 21 h of 
operation in a 205 ◦C environment. The reported PTMS has demon
strated superior temperature control through the integration of 
advanced technologies. The vacuum flask occupying a certain radial 
space is essential for PTMS to slow down the rate of temperature rise 
inside the instrument [20]. However, due to structural limitations in the 

radial direction, passive thermal management techniques are not 
applicable to the polar plate.

Therefore, an active thermal management system (ATMS) is required 
to address the heat dissipation of the polar plates at high temperatures. 
The main principle of ATMS is to cool the electronic devices by trans
ferring heat from them to a high temperature environment through 
external input work. Currently, researchers have conducted different 
types of studies on ATMS, mainly including vapor compression refrig
eration [25,26], Stirling refrigeration [27,28], and thermoacoustic [29]
and thermoelectric refrigeration [30,31]. The first three types of systems 
cannot be adapted to compact spaces within the polar plate due to their 
complex structures and large occupation of space. In contrast, the 
thermoelectric cooler (TEC) has the advantages of small size and no 
moving parts, and are suitable for thermal management in restricted 
downhole spaces [32,33].

TECs have been used in a wide range of applications at room tem
perature, including the electronic devices [34,35], the electric vehicles 
[36,37], and the medical devices [38,39]. Researchers have designed 
specific thermoelectric cooling systems (TCS) for different application 
situations. Afshari [40] combined numerical simulation with experi
ment to analyze the cooling performance of a TEC system for refriger
ated boxes under different heat sinks. Cui et al. [41] designed a TEC- 
based thermal management system for lithium-ion batteries to accu
rately and uniformly control the temperature distribution. Moreover, 
some researchers have also initiated research on the design of TCS in 
high-temperature environments. Weerasinghe et al. [42] conducted 
numerical simulations and experimental investigations to evaluate the 
temperature control performance of TEC modules combined with vac
uum flask in downhole environments at 160 ◦C. The system reduced the 
temperature of the downhole electronics to about 130 ◦C. Sinha et al. 
[43] proposed a thermal management system with a combination of 
liquid cooling and thermoelectric refrigeration, keeping the electronics 
cooling at temperatures ranging from 30 ◦C to a few degrees below the 
ambient temperature. A vacuum flask was also used in this work for 
thermal insulation to avoid direct exposure of the instrument to the 
environment. Soprani et al. [44] integrated a TEC into a logging tool 
operating in 200 ◦C environments, and applied topology optimization to 
achieve the temperature of a 1 W electronic component to be kept below 
170 ◦C. And the performance of the system was analyzed in terms of 
temperature indicators.

The existing researches mainly focus on the logging tools which are 
usually protected in vacuum flask at ambient temperature below 200 ◦C. 
However, the structure of external polar plate circuit directly faces the 
high temperature environment without vacuum flask, and recent 

Nomenclature

u(T) Uncertainty in temperature measurement
m Uncertainty in thermocouple temperature measurement
n Uncertainty in temperature measurement by data 

acquisition instrument
ρ Density kg/m3

c Specific heat capacity J/(kg⋅K)
T Temperature ◦C
t Time s
q Heat flux W/m2

Q̇ Heat generation rate per unit volume W/m3

S Seebeck coefficient V/K
J Electric current density A/m2

k Thermal conductivity W/(m⋅K)
E Electric field intensity N/C
σ Electrical conductivity S/m
Q Thermal power W

I Current A
R Resistance Ω
P Input power W
h Convective heat transfer coefficient W/m2/K

Subscripts
p Constant pressure condition
a Ambient temperature
n Node
h Hot side
c Cold side

Abbreviations
PTMS Passive thermal management system
ATMS Active thermal management system
TEC Thermoelectric cooler
TCS Thermoelectric cooling system
COP Coefficient of performance

Fig. 1. Schematic diagram of the scanning imaging logging tool.
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practical applications put forward much high temperature requirement 
up to 230 ◦C. Therefore, existing system designs are not applicable to 
polar plate circuits. And the analysis of TEC thermal behavior in ultra- 
high temperature environments greater than 200 ◦C has not been fully 
explored. This limitation leads to a lack of theoretical support for TEC 
design in high-temperature downhole scenarios. Therefore, it is also 
necessary to analyze the temperature and the distribution and pathways 
of the internal heat flow systematically. In conclusion, a novel ultra- 
high-temperature thermal management system is required for the 
characteristics of external circuits, as well as a comprehensive thermal 
analysis.

In this study, a novel integrated TCS is proposed to realize cooling of 
the external circuits in ultra-high temperature environment. Based on 
the characteristics of the polar plate, a bidirectional heat dissipation 
channel inside system is constructed. An experimental test platform is 
established to comprehensively evaluate the temperature control per
formance of TCS. Furthermore, a numerical model for the coupling of 
electric and thermal fields is established and validated with experi
mental data. The temperature distribution, heat flow patterns inside the 
system and the cooling coefficient of the system are analyzed.

2. An integrated thermoelectric cooling system

2.1. System description

Fig. 2 illustrates the detailed structure of the TCS designed for the 
polar plate module. The system consists of a polar plate base, a sealing 
cover, a circuit board, two TECs, and four thermal interface materials 
(TIMs), with overall external dimensions of 150 mm × 90 mm × 30 mm 
(length × width × height). The polar plate base is equipped with a 
holding chamber of 66 mm in diameter and 12 mm in height, for the 

installation of the circuit board and the TECs refrigeration element. The 
size of the circuit board is 40 mm × 40 mm × 2 mm, and the TEC 1 and 
TEC 2 modules are arranged below and above the circuit board, 
respectively. The basic unit of the TEC consists of a positive-type (P- 
type) semiconductor, a negative-type (N-type) semiconductor and a 
copper conductor, as well as a ceramic substrate for heat exchange. To 
enhance heat transfer between the interfaces, TIMs are placed between 
the thermal contact surfaces, labeled from TIM 1 to TIM 4 in order from 
bottom to top. Besides, the remaining voids in the holding chamber are 
filled with aerogel material with low thermal conductivity. After the 
internal structure is arranged, the sealing cover is fixed to the polar plate 
base. The system fully incorporates the characteristics of the polar plate 
with an integrated layout.

Fig. 3 exhibits the critical heat transfer process of TCS. During 
normal operation of the logging tool in a high-temperature well, the 
circuit board consumes electrical energy, which is ultimately converted 
to thermal energy. To realize the cooling of circuit boards in high tem
perature environments, the thermal management system mechanism 
proposed in this paper contains the following three points. First, the 
energized TECs utilize the Peltier effect to pump heat of the circuit board 
from the cold side of the TECs to the hot side. It is noteworthy that the 
TECs in the system are placed on opposite sides, forming a bi-directional 
heat transport channel. The heat is eventually transferred to the top and 
bottom of the polar plate and dissipated to the high temperature envi
ronment by convective heat transfer. Secondly, in other directions, low 
thermal conductivity materials are applied to form a thermal barrier to 
minimize the penetration of heat from the high temperature environ
ment. So that the internal “cold zone” is maintained. Finally, for rapid 
heat transfer, highly thermally conductive thermal interface materials 
fill the contact surfaces between the TECs, the heat source, and the polar 
plates. By combining the above strategies, the heat is effectively 

Fig. 2. Detailed structure diagram of TCS.

Fig. 3. Schematic diagram of system heat transfer process.
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transferred to the high temperature environment and cooling of the 
downhole electronics is realized.

2.2. Experimental setup

To verify the thermal performance of the system, the prototype of the 
polar plate base and the sealing cover were manufactured in a 1:1 ratio 
as shown in Fig. 4(a). A ceramic element (40 mm × 40 mm × 2 mm, CT- 
JRP404020, customizable heat power,) was utilized as the heat source, 
powered by a direct current power supply (0–30 V/0–10 A, MP-3010D). 
The TEC 1 and TEC 2 components (customized TEC12706) were pow
ered by two other direct current power supply (0–30 V/0–20 A, MP- 
3020D). During the test, a constant current condition must be main
tained. In Fig. 4(b), the TIMs are arranged between the contact surfaces 
and ensure a full fit. In addition, the insulation material is filled in the 
remaining space as shown in Fig. 4(c). The constant temperature oil bath 
heater was filled with thermal oil (PMX-200, Dow Corning) and simu
lates the heat transfer process in a high temperature well by heating to 
the target temperature and appropriate internal agitation. And k-type 
thermocouples were utilized for temperature measurement of thermally 
conductive oil and the heat source. The temperature data was recorded 
by a data acquisition instrument (MIK-6000F).

Fig. 5 shows the structure of the experimental bench and the internal 
setup of the system in more detail. All wiring harnesses within the polar 
plate TCS included the heat source supply wires, TECs supply wires, and 
thermocouple wires. The temperature measurement points were ar
ranged in the high-temperature thermal oil as well as the heat source. 

The ambient temperature range of the experimental setup was from 
20 ◦C to 230 ◦C. The experiment consists of three parts to evaluate the 
thermal performance under different conditions. The first part is the 
change process of the transient response of the system after startup 
under different temperatures. The second part examines the variation in 
the thermal performance of the system under different currents. The 
third part investigates the variation in the system’s steady-state per
formance under different ambient temperatures.

Uncertainty analysis of temperature measurement was performed to 
determine the accuracy of the experimental results. The uncertainty in 
the temperature measurements comes from two components: the ther
mocouple and the temperature uncertainty of the data acquisition in
strument. The thermocouple has a temperature measurement accuracy 
of ±0.4 %, which means that the maximum measurement error is 

±0.92 ◦C when the temperature reaches 230 ◦C. The measurement un
certainty of the data acquisition instrument is 0.2 % of the reading 

±1 ◦C. At a measurement temperature of 230 ◦C, the maximum mea
surement error of the data acquisition instrument is ±1.46 ◦C. The total 
uncertainty of temperature measurement can be expressed as: 

u(T) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
m2 + n2

√
(1) 

where, u(T) is the uncertainty of the temperature measurement, and m 
and n are the uncertainties of temperature measurements by the ther
mocouple and data acquisition instrument, respectively.

Fig. 4. Diagram of the experimental setup. (a) Prototypes and test equipment; (b) Installation of TIMs; (c) Installation of insulated materials.

Fig. 5. Schematic diagram of the entire experimental setup.
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3. Numerical simulation

3.1. Numerical model

To simplify the model while ensuring accuracy, the basic assump
tions made by the numerical simulations are as follows [45]: 

(a) The contact thermal resistance and contact electrical resistance 
are neglected.

(b) Convective and radiative heat transfer from all surfaces of the 
TEC is excluded.

Based on the above assumptions, the numerical model of the coupled 
physical field is constructed as follows.

All components within the TEC follow the energy conservation 
equation [46,47]: 

ρcp
∂T
∂t

+∇⋅ q→= Q̇ (2) 

where, cp represents heat capacity at constant pressure, q→ is heat flux 
vector.

For P-type and N-type semiconductor, the heat flux density can be 
calculated from the following equation [48]: 

q→= ST J→− k∇T (3) 

where, J→ is electric current density vector.
The heat flux vector q→ of other materials is expressed by: 

q→= − k∇T (4) 

For an isotropic material, the continuity equation for the current is 
[49]: 

∇⋅ J→= 0 (5) 

The compound electric field equation for the combined effect of 
Seebeck’s effect and Ohm’s law is: 

E→=
J→

σ + S∇T (6) 

where, E→ is electric field intensity vector.
So that, the heat generation rate per unit volume is expressed by: 

Q̇ = E→⋅ J→=
J→

2

σ + S∇T⋅ J→ (7) 

Eq. (3) and Eq. (7) are substituted into Eq. (2) to obtain the coupled 
heat transfer process equation: 

ρcp
∂T
∂t

− ∇⋅(k∇T) −
J→

2

σ +T
dS
dT

J→⋅∇T = 0 (8) 

Convective heat transfer boundary conditions are set between the 
system surface and the external high temperature environment as 
follows: 

− k
∂T
∂n

= h(Ta − T) (9) 

where, n is the normal direction, and h represents the convective heat 
transfer coefficient, and the subscript a means the ambient conditions. 
The average value of h is calculated by the correlation equation pro
posed by Churchill and Chu [50] to obtain the initial value, which is then 
corrected by combining the results of numerous experiments.

Furthermore, considering both the hot and cold end surfaces of the 
TEC as temperature uniform surfaces, the boundary heat transfer can be 
calculated using a single node: 
∫

S
− n→⋅ q→ds = qn (10) 

∫

STds
∫

Sds
= Tn (11) 

where, qn and Tn are the thermal power and temperature of equivalent 
nodes, respectively.

The cooling power is a critical parameter for evaluating the thermal 
performance of TEC, and when a certain current is applied, its calcula
tion equation is as follows [35]: 

Qc = SITc − 0.5I2RTEC − kTEC(Th − Tc) (12) 

While the heat released at the hot end can be expressed as: 

Qh = SITh +0.5I2RTEC − kTEC(Th − Tc) (13) 

Based on the above expression, the input power P expression of the 
TEC is given by: 

P = Qh − Qc = SI(Th − Tc)+ I2RTEC (14) 

Therefore, the coefficient of performance (COP) of TEC can be 
calculated by: 

Table 1 
Manufacturer datasheet of the TEC.

Name Seebeck coefficient 
(V⋅K− 1)

Thermal conductivity 
(W⋅m− 1⋅K− 1)

Electrical conductivity 
(S⋅m− 1)

Density 
(kg⋅m− 3)

Heat capacity 
(J⋅kg− 1⋅K− 1)

Size 
(L × W × H mm3)

P-Type semiconductor − 2.066 × 10-12T3 

+1.668 × 10-9T2 

− 1.785 × 10-7T 
+1.148 × 10-4

1.333 × 10-8T3 

− 3.714 × 10-6T2 

− 3.362 × 10-3T 
+2.466

7.333 × 10-3T3 

− 8.657T2 

+2.997 × 103T 
− 1.881 × 105

7700 154 1.4 × 1.4 × 1.45

N-Type semiconductor − 6.333 × 10-12T3 

+6.815 × 10-9T2 

− 2.206 × 10-6T 
+3.683 × 10-4

6.667 × 10-9T3 

+6.000 × 10-6T2 

− 7.717 × 10-3T 
+2.978

− 4.667 × 10-3T3 

+6.000T2 

− 2.888 × 103T 
+5.972 × 105

7800 154 1.4 × 1.4 × 1.45

Copper electrodes − 400 5.998 × 107 8960 386 3.6 × 1.4 × 0.35
Ceramic plates − 20 − 3750 900 40 × 40 × 0.9

Table 2 
Thermophysical material parameters of other components.

Component Material Thermal 
conductivity 
(W⋅m− 1⋅K− 1)

Density 
(kg⋅m− 3)

Heat 
capacity 
(J⋅kg− 1⋅K− 1)

Polar plate 
base

Aluminum 
alloy

140 2700 960

Heat source Ceramic 16.5 2145 1136
Sealing cover Aluminum 

alloy
140 2700 960

TIM Silica gel 6 3800 1200
Insulation 

material
Aerogel 0.023 200 502
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COP =
Qc

P
=

SITc − 0.5I2RTEC − kTEC(Th − Tc)

SI(Th − Tc) + I2RTEC
(15) 

3.2. Simulated setup

In this section, the finite element method was utilized to calculate the 
thermal performance of the TCS. First, the 3D geometric model was 

imported in the computational fluid dynamics software COMSOL and 
the above control equations are set. The TECs in this work consist of 127 
pairs of thermoelectric legs. Subsequently, the physical property pa
rameters of the TEC components were set, as shown in Table 1, along 
with the thermal physical parameters of other components, as shown in 
Table 2. Other boundary conditions were set as follows. The initial 
temperature of the whole system is set to 20 ◦C. The heat transfer co
efficient was set to 40 W/m2/K after preliminary calculations [50] and 
correction for experimental convection conditions. All surfaces of the 
TECs were adiabatic except for hot and cold surfaces. Also, the TEC 
surface was electrically insulated with the exception of the inlet and 
outlet of the current. The circuit board was a constant heat source for the 
system with a power of 3 W. Finally, the unstructured grid was gener
ated to launch the calculations.

In order to accelerate the calculation speed and ensure the calcula
tion accuracy, it is necessary to carry out the grid independence exam
ination. Table 3 shows the results of the calculations for the five grid 
numbers. The ambient temperature for all calculated cases is 150 ◦C. 
The result shows that the temperature of the heat source decreases 
slightly with the increasing number of grids. When the number of grids is 
exceeding 215236, the temperature of the heat source no longer 
changes, and the number of grids almost has no influence on the 
calculation results, so considering the computational resources and ac
curacy, the number of grids of 215,236 is selected to carry out the 
subsequent study. Fig. 6 presents the results of the chosen grid division. 
The computational domain is discretized using the tetrahedral grid, with 
a minimum cell size of 1.2 mm and a maximum cell growth rate of 1.4. 
Finally, the mesh skewness is evaluated, yielding an average skewness of 
0.6147.

4. Results and discussions

4.1. Experimental results

Fig. 7 shows the temperature profile of the heat source and the 
environment when the system is activated at different environment 

Table 3 
Grid independence study.

Number of grid Temperature of heat source (◦C)

11,176 111.36
39,468 111.19
103,003 111.10
159,597 111.07
215,236 111.05
307,833 111.05

Fig. 6. Schematic diagram of grid division.

Fig. 7. Transient response curves of heat source at different environment temperatures.
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temperatures. The environment temperatures are 20 ◦C, 80 ◦C, and 
120 ◦C, respectively, and remain relatively constant throughout the 
process. The three curves show an almost identical trend and can all be 
divided into three stages. In the first stage, during the first 30 s, the 
whole system is in steady state, the temperature is uniform, and the 
temperature of the heat source is consistent with the environment 
temperature. In the second stage, at 30 s, the polar plate circuit starts to 
work with a heating power of 3 W, while the refrigeration system is 
activated and the current of TEC 1 and TEC 2 is set to 1 A. Due to the 
delayed response of the device, the temperature profile exhibits a delay 
of approximately 2 s at startup. Subsequently, the temperature of the 
heat source begins to decrease gradually. In the third stage, at 120 s, the 
heat source temperature almost ceases to change and the system returns 
to steady state and remains constant. Specifically, at ambient tempera
tures of 20 ◦C, 80 ◦C, and 120 ◦C, the final temperature of the heat source 

temperature is 10.7 ◦C, 64.5 ◦C, and 101.0 ◦C, respectively, and the 
temperature drop is 9.3 ◦C, 15.5 ◦C, and 19 ◦C, respectively. Due to the 
gradual increase in the Seebeck coefficient of the semiconductor mate
rial in the interval from 20 ◦C to 120 ◦C, refrigeration capacity is 
enhanced. Overall, the system achieves a fast response time and ensures 
stable refrigeration.

Fig. 8 shows the curves of the 3 W heat source temperature at 
different currents and different ambient temperatures, respectively. the 
initial state of the system is a steady state at 150 ◦C high temperature 
environment with the TEC current set to 1.6 A in Fig. 8(a). In the 
following stages, the current is increased by 0.1 A approximately every 
240 s until it reaches 2.4 A. During this period, the oil bath temperature 
is set at a constant 150 ◦C and the measured curve fluctuates slightly. 
The final equilibrium temperature of the heat source continued to 
decrease with the gradual increase in current. The corresponding 

Fig. 8. Heat source temperature at steady state of the system under different conditions: (a) different currents; (b) different environment temperatures.

Fig. 9. Heat source and ambient temperature curves during stable operation of the system.
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temperatures of the heat source for each steady state stage are 115 ◦C, 
113.3 ◦C, 112.1 ◦C, 111 ◦C, 109.8 ◦C, 108.7 ◦C, 108.2 ◦C, 107.6 ◦C, and 
106.7 ◦C, respectively. Under the 2.4 A operating condition, the 

temperature difference between the heat source and the environment is 
43.3 ℃ at maximum, which guarantees the safety of downhole 
electronics.

Fig. 8(b) shows the variation curve of the temperature of the 3 W 
heat source during the increase of ambient temperature from 150 ◦C to 
230 ◦C. The current of the TECs is set to 2 A and kept constant. The 
ambient temperature is increased by 10 ◦C every interval of about 12 
min. Both the heat source temperature profile and the ambient tem
perature profile show an upward stepped curve. In contrast, the heat 
source temperature changes more gently and starts to stabilize after 8 
min of change. At the final moment, the system reduces the temperature 
of a 3 W heat source to 190.2 ◦C in an ultra-high temperature environ
ment of 230 ◦C, with a cooling temperature difference of 39.8 ◦C. This 
provides an effective thermal management strategy for high- 
temperature downhole electronics.

Table 4 
Comparison of measured performance with reported TCS.

Reference Ambient 
temperature 
(◦C)

Power of 
heat 
source 
(W)

Temperature of 
heat source 
(◦C)

Cooling 
temperature 
difference 
(◦C)

[42] 160.37 − 127.57 32.8
[43] 200 2 177 23
[44] 200 1 166.2 33.8
[51] 180 1 148 32
This work 230 3 190.2 39.8

Fig. 10. Comparison of transient response curves between experiment and simulation.

Fig. 11. Comparison of temperature of heat source between experiment and simulation. (a) different currents; (b) different ambient temperatures.
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Subsequently, the system is maintained for continuous operation for 
4 h at a high temperature of 230 ◦C, and the test results are shown in 
Fig. 9. Apparently, the temperature of the 3 W heat source is maintained 
at about 190 ◦C and the temperature difference is stable at 40 ◦C for 240 
min. As the operating time increases, a slight increase in ambient tem
perature occurs on account of the continuous transfer of heat from the 
heat source and the TECs into the heat transfer oil. In general, the pro
posed system can operate stably for a long time under high temperature 
environment and achieve excellent refrigeration performance. To 
further illustrate the performance of the system proposed in this paper, 
the measured data from the reported references are compared, as shown 
in Table 4. The result demonstrates that the proposed TCS remains the 
most superior cooling performance even at higher ambient temperature 
with higher heat source power. It provides a new solution for effective 

heat dissipation in high-temperature application scenarios.

4.2. Comparison of experimental and simulated results

Fig. 10 shows the results comparison curves of the transient response 
process of the system at different ambient temperatures. The variation 
trend between the numerical simulation and experimental curves is in 
favorable consistency, which effectively reflects the thermal response 
process of the system. And the average absolute errors of heat source 
temperature are 2.4 ℃, 1.6 ℃ and 2.5 ℃ at ambient temperature con
ditions of 20 ℃, 80 ℃ and 120 ℃, which are in good agreement. The 
effect of contact thermal resistance is neglected in the numerical 
modeling, and there is some error in the actual measurement process, 
resulting in a lower heat source temperature than the experimental data.

Fig. 12. Temperature map of the system at different ambient temperatures. (a) 150 ◦C; (b) 160 ◦C; (c) 170 ◦C; (d) 180 ◦C; (e) 190 ◦C; (f) 200 ◦C; (g) 210 ◦C; (h) 220 
◦C; (i) 230 ◦C.

Fig. 13. Temperature map of the center cross-section of the heat source at different ambient temperatures. (a) 150 ◦C; (b) 160 ◦C; (c) 170 ◦C; (d) 180 ◦C; (e) 190 ◦C; 
(f) 200 ◦C; (g) 210 ◦C; (h) 220 ◦C; (i) 230 ◦C.
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In addition, a comparison of the results of the system at steady state 
under different operating conditions is carried out, as shown in Fig. 11. 
Corresponding to the experiments, the simulation setup only changes 
the current of the TECs or the external ambient temperature for each 
operating condition. In contrast, the trends of simulation and experi
ment are largely consistent. As the current increases, the simulated 
temperature is higher due to the increased contribution of Joule heat 
effect. In general, the maximum absolute error of the heat source tem
perature is 1.5 ◦C and the relative error is 1.31 % for the condition of 
variable current. The temperature of the heat source at steady state is 
also in good agreement with the experiment at different ambient tem
peratures and varies almost linearly. The maximum absolute error under 
each working condition is 2.6 ◦C, and the relative error is 1.56 %. The 
results show that the developed numerical model can accurately 
describe the thermal performance of the system. It also confirms the 
rationality and reliability of the subsequent research work based on the 
model.

4.3. Thermal performance of the proposed system

Fig. 12 illustrates the 3D temperature map of the system at different 
temperatures. The temperature of the polar plate base is basically uni
form, and the temperature gradient mainly occurs in the installation 

cavity. And the figure demonstrates the specific value of hot surface 
temperature of TEC. The highest hot surface temperature is 259.9 ◦C, 
which occurs at an ambient temperature of 230 ◦C. Moreover, as the 
ambient temperature increases, the temperature difference between the 
hot surface temperature and the ambient temperature also increases, 
which is due to the gradual decrease of the TEC performance. Fig. 13
demonstrates the temperature map of the center cross-section of the 
polar plate at different ambient temperatures. As the ambient temper
ature continues to rise, so does the overall temperature of the system at 
stabilization. A distinct low temperature zone appears in the pole plate 
chamber where the electronics are mounted. On the one hand, the TECs 
achieve cooling by rapidly transferring the heat from the electronics to 
the boundaries and into the high-temperature environment. On the 
other hand, the other areas of the chamber are filled with thermal 
insulating materials to avoid heat penetration. The temperature gradient 
at the edges of the electronics is noticeable, which confirms the effec
tiveness of the thermal insulation. The system effectively controls the 
temperature of the heat source to 190.2 ◦C, even in a 230 ◦C 
environment.

Fig. 14 illustrates the internal heat flow diagram when the system is 
stabilized at an ambient temperature of 230 ◦C. Owing to the cooling 
effect of the TECs and the low thermal conductivity of the insulation 
material, a significant temperature gradient between the heat source 
and the base of the polar plate is shown in Fig. 14(a). Heat from the high 
temperature environment is transferred to the internal chamber through 
the boundary of the polar plate base. After passing through the insu
lation material, it seeps into the interior of the heat source through the 
perimeter boundaries of the TIMs and the heat source, and extends to the 
center of the heat source. Fig. 14(b) displays the heat dissipation path of 
the system. Heat from the heat source and ambient heat leakage are 
transported to the hot side of the TECs through the refrigeration effect of 
TEC 1 and TEC 2. In this case, the hot surface temperature is higher than 
the ambient temperature, so the heat spreads to the boundary of the base 
and is transferred to the high temperature environment. Additionally, 
the direction of heat flow inside the system corroborates the validity of 
the heat transfer process designed in Fig. 3.

To furtherly analyze the energy balance relationship of the system, 
the heat source is taken as the research object. And the details of its heat 
transfer process are calculated at different ambient temperatures, as 
shown in Fig. 15. The total heat consists of self-generated heat from the 
heat source and the environmental heat leakage, as shown in Fig. 15(a). 
The self-generated heat is always 3 W, which is determined by the de
vice’s own operating parameters, independent of the ambient temper
ature. For ambient heat leakage, it can be noticed that there is a slight 
increase in heat leakage as the ambient temperature continues to rise. It 

Fig. 14. Heat flow diagram inside the system. (a) XZ cross-section; (b) XY 
cross-section.

Fig. 15. Analysis of heat flow (a) part of heat generating; (b) part of refrigeration.
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implies that the insulation material is effective in isolating the ambient 
heat leakage. The maximum heat leakage occurs at ambient tempera
tures greater than or equal to 190 ◦C with a value of 0.42 W. while the 
minimum heat leakage happens at 150 ◦C with a value of 0.39 W. This is 
highly dependent on the temperature difference between the heat source 
and the ambient temperature. In comparison, the amount of heat 
leakage is much less than the self-generated heat of the heat source. It 
means that the system has excellent thermal insulation, which contrib
utes to a reduction in the required cooling power.

Fig. 15(b) exhibits the cooling power of TEC 1 and TEC 2 at different 
steady state conditions. TEC 1 provides better cooling performance at 
the same operating current of 2 A. It is caused by the structure of the 
polar plate, which is more favorable for heat dissipation in all directions 
with a larger base area in contact with the hot surface of TEC 1 compared 
to TEC 2. This means the thermal resistance to heat transfer from the 
TEC1 hot surface to the high temperature environment is lower. It can be 
corroborated by the heat flow destination in Fig. 14(b). And as the 
ambient temperature increases, there is a small decrease in the cooling 
performance of TEC 2, while the performance of TEC 1 increases 
slightly. This phenomenon can be explained by the decrease in the 
Seebeck coefficient and the influence of the heat dissipation path, which 
leads to a decrease in the cooling power of TEC 2. To ensure the cooling 
effect of the system, TEC 1 compensates for this cooling power gap, 
which results in a redistribution of the cooling power of the TECs. 
Specifically, when the system is in a steady state, the maximum cooling 
power produced by TEC 1 is 2.01 W at a temperature of 230 ◦C, while the 
minimum is 1.96 W at a temperature of 150 ◦C. In contrast, the 
maximum and minimum cooling power produced by TEC 2 is 1.43 W 
and 1.36 W, respectively. It is notable that at each ambient temperature, 
the total heat generation and the total cooling capacity remain constant 
when the system is in a state of equilibrium.

The COP is a critical parameter to evaluate the efficiency of the 
thermal management system. Therefore, the input electric power of the 
TECs and the COP of the whole system are calculated in different 
ambient temperature as shown in Fig. 16. The trend shows that the 
higher the temperature at which the system operates, the lower the 
performance of the TECs. More electrical power input is required to 
remove heat from a constant heat source. The input power of TEC 1 and 
TEC 2 increases from 13.12 W and 12.28 W to 15.96 W and 14.84 W, 
respectively, with an increase of 21.6 % and 20.8 %, respectively. And 
the curve of electric power versus ambient temperature is almost linear. 
Moreover, the COP of the system is defined as the heat generation of the 
chip to be cooled divided by the total electrical power input at steady 
state. As the ambient temperature rises from 150 ◦C to 230 ◦C, the COP 

shows a decreasing trend from 0.118 to 0.097. Although the COP is 
relatively low, the system is capable of maintaining the heat source 
temperature approximately 40 ◦C below the ambient temperature.

5. Conclusion

In this study, an integrated thermoelectric cooling system is pro
posed to solve the problem of thermal failure of external polar plate 
circuit in ultra-high temperature wells. The temperature control per
formance and internal heat transfer mechanism of the system are 
analyzed by experiments and numerical simulations. The main conclu
sions are as follows: 

1. The proposed system can reduce the temperature of a 3 W heat 
source to 190.2 ◦C at a high temperature of 230 ◦C, and can continue 
to operate stably. As the ambient temperature increases from 150 ◦C 
to 230 ◦C, the temperature difference of the system shows an increase 
and then a decrease, but the values are all near 40 ◦C

2. The established numerical model achieves a high agreement with the 
experimental results, with a maximum absolute error of 2.6 ◦C for the 
heat source temperature under different currents and ambient tem
peratures. This indicates that the model can accurately reveal the 
thermal transports in the system

3. Heat leakage from high-temperature environments increases from 
0.39 W at 150 ◦C to 0.42 W at 230 ◦C. Due to the attenuation of high- 
temperature characteristics of semiconductor materials, the COP of 
TCS decreases monotonically with the increase of ambient temper
ature from 0.118 to 0.097

In conclusion, the proposed TCS owns the potential to provide 
effective protection for electronics utilized in ultra-high-temperature 
downhole, thereby promoting the exploration and development pro
cess of high-temperature deep wells.
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