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A B S T R A C T

The downhole electronics must operate in an extremely thermal environment for several hours. Previous re-
searches have proved that passive thermal management systems (PTMSs) are able to protect downhole elec-
tronics over extended durations. However, conventional PTMSs commonly suffer from a significant thermal
resistance between the electronics and phase change materials (PCM), which restricting the efficient heat transfer
to the PCM and consequently reducing the effective operating time. In this study, a hybrid thermal management
system (HTMS) integrating liquid cooling and phase change thermal energy storage technique was proposed to
enhance the internal heat transfer performance of downhole electronics and extend the operation duration. An
active heat transfer channel was established between the electronics and PCM through liquid cooling system, and
thus the generated heat was efficiently transferred and stored in PCM. The thermal performance of the proposed
HTMS was investigated both experimentally and numerically. The accuracy of the numerical model was vali-
dated through experimental results, with a deviation lower than 6 %. The experimental results show that the
temperature difference between the heat source and the heat storage module (HSM) was reduced by up to
51.9 ◦C, and the workable time was increased by up to 166 mins compared to the system without liquid cooling.
The proposed HTMS exhibits superior heat transfer performance, which contributes to achieving a longer
effective operation duration and holds extensive and profound application prospects in the field of thermal
management for downhole electronic devices.

1. Introduction

Oil and gas resources are critical as fossil energy sources in many
areas around the world [1,2]. As shallow oil and gas resources are
exhausted, deep exploration becomes increasingly important [3,4].
Logging tools, as specialized equipment for petroleum resource, are
lowered downhole to obtain rock formation information to determine
the distribution of oil and gas underground. The ambient temperature
might exceed 200 ◦Cwhen logging tools operate in a well with a depth of
more than 5 km [5,6]. The downhole electronics in logging tools cannot
withstand such high temperatures for long time [7,8]. Without thermal
protection, downhole electronics may quickly exceed their temperature
tolerance and fail [9–11]. Therefore, effective thermal management
measures are highly important to protect the normal operation of

downhole electronics.
There are several studies focusing on thermal management systems

(TMSs) for downhole electronics, including active thermal management
systems (ATMSs) and passive thermal management systems (PTMSs)
[12,13]. ATMSs can be divided into vapor compression refrigeration,
split-Stirling refrigeration, thermoelectric refrigeration, and thermoa-
coustic refrigeration [14–22]. ATMSs transfer the heat generated by the
electronics to the high temperature environment through the additional
power input, which is beneficial for long-time operation, but the reli-
ability in high temperature downhole environments is still doubtful. Up
to now, no successful downhole application of these ATMSs has been
reported.

In contrast, PTMSs have been widely used in downhole electronics
due to their excellent reliability without additional energy input, thus
the system architecture is relatively simple. In addition, the PTMSs
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demonstrated exceptional temperature control performance during the
phase change transition process [23,24]. PTMSs are composed of ther-
mal insulation components, heat storage material and specific structure
for heat transfer enhancement. Firstly, the heat transfer from the high
temperature environment to the inside of the logging tools is hindered
by the vacuum bottle with a vacuum layer and the thermal insulators
made of low thermal conductivity material [25–27]; secondly, the self-
generated heat of the downhole electronics and the heat intrusion from
the external heat transfer are stored by the heat storage module (HSM)
[28–30]; thirdly, the heat-transfer channel between the downhole
electronics and the HSM is constructed to strengthen the heat transfer
[31–33]. The above techniques enable downhole electronics to operate
normally for a period. However, due to the limited heat transfer capacity
of conduction, once the heating power of downhole electronics is
excessively high or the heat transfer distance is long, the thermal
resistance of heat transfer between the heat source and the HSM is
relatively large. Consequently, the downhole electronics would reach
the tolerance temperature immediately while not fully utilizing heat
storage capacity of HSM, thereby reducing their operational time.

Currently, liquid cooling systems have been relatively mature and

widely used in various industries due to the exceptional long-distance
heat transfer capacities and heat dissipation capacity [34–39].
Recently, researchers have introduced liquid cooling systems into TMS
for downhole electronics. Jakaboski [40] proposed an innovative ther-
mal management system that combines the liquid cooling and phase
change material (PCM). The experimental results show that by using
water as a coolant, the instrument can operate normally for 28 h with a
total heating power of 18 W, a length of 2362 mm and a diameter of
84.8 mm. Ma et al. [41] conducted an experimental study on active
thermal protection for downhole devices used in deep downhole envi-
ronment exploration. The results show that using water as cooling me-
dium, the flow rate of 200 ml/min can extend the working time of the
device to 5 h. Peng et al. [42] proposed a hybrid thermal management
system (HTMS) for downhole electronics is proposed to prolong the
workable time, the results show that the hybrid thermal management
system increases the operating time of the electronics from 230 min to
450 min. The above studies have provided qualified resolution for the
thermal management under specific circumstances. However, it is
imperative to conduct a comprehensive investigation into the percent-
age of heat transfer and heat storage within the system. Additionally, the

Nomenclature

Re Reynolds number
μ Dynamic viscosity of coolant
d Pipe diameter
u(T) Uncertainty in temperature measurement
m Uncertainty in thermocouple temperature measurement
n Uncertainty in temperature measurement by data

acquisition instrument
ρ Density
c Specific heat capacity
λ Thermal conductivity
T Temperature
t Time
u Velocity of coolant
P Pressure of coolant
q Heating power per unit volume
qh Heating power per unit volume of heat sources
qm Heating power per unit volume of micropump
Lm Latent heat of PCM
ceff Equivalent heat capacity of PCM
θ Volume fraction of liquid PCM
V Volume
hL Average convective heat transfer coefficient
rh Radius of the wellbore wall
rt Radius of the logging tool
L Length of the logging tool
a Thermal diffusion coefficient

φ Reynold stress
qout Heat density from high-temperature environment

Subscripts
s Solid materials
l Coolant
in Inlet
out Outlet
PCM PCM
PCM-s Solid PCM
PCM-l Liquid PCM
onset Start of phase change
end End of phase change
mud Mud
bottle The outer wall of vacuum bottle
t the logging tool
h the wellbore wall

Abbreviations
TMS Thermal management system
ATMS Active thermal management system
PTMS Passive thermal management system
HSM Heat storage module
PCM Phase change material
HTMS Hybrid thermal management system
TIM Thermal interface material
LMPA Low melting point alloy

Fig. 1. The schematic structure of a high-temperature downhole TMS integrating liquid cooling and PCM.
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impact of the heat generated by the micropump in the liquid cooling
system on TMS remains unclear. Therefore, it is essential to consider the
thermal effect of the pump itself and propose an appropriate numerical
model for investigating internal heat transfer within the system.
Furthermore, experimental tests are necessary to verify the reliability of
the thermal management system when subjected to varying heating
power.

In this study, a high-temperature downhole HTMS integrating liquid
cooling and PCM was proposed. In this system, the micropump was
introduced to facilitate the efficient transfer of heat generated by the
electronics to PCM. A prototype was fabricated and an experimental rig
was built to conduct experimental test under different heating powers.
To systematically investigate the thermal performance of the proposed
system, a numerical model considering the inherent heat generation of
the micropump was developed to simulate the transient flow and heat
transfer. The temperature distribution, phase change behaviour, heat
flux, and the percentage of heat generation and absorption were
analysed.

2. Experimental section

2.1. Thermal management system

Fig. 1 shows the schematic structure of a high-temperature downhole
TMS integrating liquid cooling and PCM. The proposed system com-
prises a vacuum bottle, two thermal insulators, heat sources, thermal

interface materials (TIMs), covers, a cold plate, an adapter, a HSM, a
micropump, a liquid compensator, coolant, spiral pipes in HSM, and
other pipes. All physical parameters are detailed in Table 1. To reduce
the effects of the high-temperature environment environments, the
vacuum bottle with a vacuum layer and the thermal insulators provide
radial and axial thermal insulation, respectively. The total length of the
vacuum bottle is 908 mm, with an internal mounting skeleton length of
848 mm. The outer and inner diameters of the vacuum bottle are 90 mm
and 73 mm, respectively. The vacuum layer, with a thickness of 3 mm, is
situated between these outer and inner diameters. Both thermal in-
sulators have a diameter of 72 mm, with thermal insulator 1 measuring
28 mm in length and thermal insulator 2 measuring 150 mm in length.

Although the vacuum bottle and thermal insulators effectively shield
the system from the high-temperature environment, the electronics
(consider as heat sources) generate additional heat during operation.
The excess heat needs to be stored by the HSM. Fig. 2 illustrates the
structure of the HSM, which consists of three sections. The first section is
the container of the HSM including two mounting tabs. The first tab
mates with the thermal insulators and features a potting seal for potting
the PCM. The other tab, designed for mounting the adapter, has a
pagoda-shaped end for coolant sealing. The second section contains the
spiral pipes in the HSM. The final section is the encapsulated PCMwithin
the container. The length of the HSM is 320 mm with the diameter of 72
mm.

A high heat storage rate of the PCM promotes homogenization of the
system and extends its operation time. The heat storage density of the
PCM, including both the latent heat storage and sensible heat storage, is
crucial for the system’s performance [43,44]. Therefore, the PCM for the
downhole TMS must have a high heat storage rate and heat storage
density. In addition, the PCM need to have a small supercooling to
ensure solidification at room temperature. PCMs include organic PCMs,
hydrated salt PCMs and alloy PCMs. Alloy PCMs are preferred for
downhole thermal management systems due to their higher heat storage
densities and rates than organic PCMs and lower subcooling than hy-
drated salt PCMs. The chosen alloy PCM has a phase change interval of
71.3 ◦C to 75.8 ◦C, a latent heat of 38400 J/kg, a specific heat capacity of
132 J/(kg⋅K) in the solid state and 138 J/(kg⋅K) in the liquid state, a
density of 9660 kg/m3, and a thermal conductivity of 18.42 W/(m⋅K).

To strengthen the heat transfer between the heat sources and the
HSM, two heat transfer paths are designed in the proposed system. The
first path involves direct heat conduction, including heat conduction
between the heat source, the thermal interface material, the cover, the
adapter, and the HSM. The other path is through a liquid cooling system.
The heat sources are mounted the cold plate by TIMs, which quickly
transfer the heat to the cold plate. The coolant, driven by a micropump,
then transfers the heat to the HSM, where it is absorbed by the PCM.

To enhance the heat transfer in the HSM, the pipe is designed as a
spiral pipe. Fig. 3(a) shows the structure of the spiral pipe, which has a
spiral diameter of 50 mm, a spiral distance of 40 mm, an outer diameter

Table 1
Materials and thermal properties of the logging tool [26].

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

Density
(kg⋅m− 3)

Heat capacity
(J⋅kg− 1⋅K− 1)

Vacuum bottle Inconel 718 14.7 8240 436
Vacuum layer Composite 0.0002 100 1200
Adapter and
cover

Aluminum
alloy 6061

167 2710 896

Cold plate Copper 400 8700 385
Heat sources Ceramic 30 3960 850
Heat-
conductive
silicone
pads

Silica gel 1 1810 923

PCM Low melting
point alloy
(LMPA)

18.42 9660 132(s)/138(l)

PCM
container
and pipe

304 16.3 7930 500

Insulator shell PEEK 0.25 2200 1000
Insulator core Aluminum

silicate wool
0.035 400 794.2

Coolant Thermal oil 0.143 965 1400

Fig. 2. The structure of the HSM.
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Fig. 3. The key components of liquid cooling system. (a) the structure of the spiral pipe; (b) the physical picture of the designed spiral pipe; (c) the micropumps used
to drive the coolant; (d) the structure of the cold plate; (e) the physical picture of the cold plate.

Fig. 4. Experimental rig. (a) The physical picture of the entire skeleton of the proposed system; (b)–(d) the physical picture outside and inside the skeleton; (e) the
power supplies and data acquisition.
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of 6 mm and an inner diameter of 4 mm, with the distance between the
inlet and outlet of 30 mm. Fig. 3(b) shows the physical picture of the
designed spiral pipe. Fig. 3(c) displays the micropumps used to drive the
coolant, with dimensions of 34 mm in length, 34 mm in width, and 30.5
mm in height, provided by thermal packaging laboratory of Huazhong
University of Science and Technology [45,46]. Fig. 3(d) shows the
structure of the cold plate, which features an S-shaped internal flow path
to maximize the heat transfer area. The cold plate measures 150 mm in
length, 50 mm in width, and 15 mm in height, with a 30 mm distance
between the inlet and outlet and a diameter of 4 mm. Fig. 3(e) shows the
physical picture of the cold plate. Due to the high operating tempera-
ture, thermal oil is used as the coolant, with a viscosity of 100 mPa⋅s. It
has a flash point of 300 ◦C and good insulating properties.

2.2. Experimental setup

An experimental test was conducted to test the thermal performance
of the proposed thermal management system. Fig. 4(a) shows the
physical picture of the entire skeleton of the proposed system, which are
composed of the insulator 1, cover, adapter, HSM and insulator 2. The
entire length of the skeleton was 848 mm, with the diameter of 83 mm.
Fig. 4(b)-(d) show the physical picture outside and inside the skeleton.
The metal vacuum bottle was used to contain the entire skeleton and
insulate the heat transfer from the external high-temperature

environments, as shown in Fig. 4(b). The two heat sources, consisted of
the ceramic heating elements (40 mm × 40 mm × 2 mm, adjustable
heating power, provided by Beijing Youpu Science and Technology
Centre), were both attached in the cold plate and covers through TIMs
(1 W⋅m− 1⋅K− 1, provided by Beijing Youpu Science and Technology
Centre), as shown in Fig. 4 (b) and (c). The thermocouples (K-Type, 2 ×

0.3 mm, accuracy 0.4 %, provided by) were fixed in several positions for
temperature measurement, as shown in Table 2. The data acquisition
instrument (Accuracy 0.2 % ±1 ◦C, MIK-6000F, provided by Hangzhou
Meacon Automation Technology Company) was used for acquiring and
processing thermocouple signals, as shown in Fig. (e).

The liquid cooling system was driven by the hydraulically suspended
micropump (customized and provided by thermal packaging laboratory
of Huazhong University of Science and Technology) with high reli-
ability, as shown in Fig. 4(d). The coolant in the liquid compensator
supplemented the fluid and promoted liquid cooling circulation. High-
temperature-resistant silicone tubing connected the cold plate, micro-
pump, liquid compensator, and HSM. In the experiments, the heating
power of the micropump was approximately 4.5 W, and the flow rate of
the liquid cooling circulation was about 0.2 m/s. The flow in the liquid
cooling system was determined to be laminar, as calculated using the
following equation.

Re =
ρlud

μ (1)

where, Re is the Reynolds number, ρl is the density of the coolant, u is the
velocity of coolant, μ is the dynamic viscosity of coolant, d is the pipe
diameter.

Fig. 5 shows a schematic of the entire experimental rig. The two heat
sources were powered by the two direct current power supplies, and the
micropump was powered by another DC power supplies. The entire
prototype, including the vacuum bottle and the skeleton with thermo-
couples and heat sources, was placed in an oven for heating. The

Table 2
Arrangement of temperature measurement points.

Number Position Number Position

1 Insulator 1 6 HSM-2
2 Cover 7 HSM-3
3 Heat source 8 Insulator 2
4 Adapter 9 Environment
5 HSM-1 10 Micropump

Fig. 5. The schematic of the entire experimental setup.

Fig. 6. The geometric model of the proposed TMS.
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temperature of the oven was set to 205 ◦C, and the stopping condition of
the experiment was set to reach 125 ◦C for the heat sources. Experi-
mental tests were conducted with different heat sources heating power
of 20 W, 30 W and 40 W, respectively.

The uncertainty analysis of temperature measurements was per-
formed to determine the accuracy of the results obtained in the exper-
iments. The uncertainty in temperature measurements came from two
parts: the temperature uncertainty of the thermocouples and the data
acquisition instrument. Thermocouples had a temperature measurement
accuracy of ±0.4 %, which means a maximum measurement error of

±0.5 ◦C when the temperature reached 125 ◦C. The measurement un-
certainty of the data acquisition instrument was 0.2 % of reading ±1 ◦C.
The maximum measure error of the data acquisition instrument was

±1.25 ◦C at a measurement temperature of 125 ◦C. The total tempera-
ture measurement uncertainty can be expressed as:

u(T) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
m2 + n2

√
(2)

where, u(T) is the Uncertainty in temperature measurement,m and n are
the Uncertainty in temperature measurement by thermocouple and data
acquisition instrument, respectively.

Based on Eq. (2), the temperature reading uncertainty obtained in
experiments was estimated to be ±1.34 ◦C when the measurement
temperature was 125 ◦C.

3. Numerical model

3.1. Geometric model

To furtherly describe the heat transfer process in the system, a nu-
merical heat transfer model was constructed for the proposed TMS.
Fig. 6 shows the geometric model of the proposed TMS, which is the
almost same to the prototype used for the experiments. The difference is
that there is no fluid compensator in the simulated model, and the pipes
inside the adapter is simplified.

3.2. Numerical heat transfer model

Due to the complexity of the system, a few assumptions were made
for quick calculations according to the previous studies.

(1) The contact thermal resistance during heat transfer process was
neglected [26].

(2) The heat sources were considered to be a body heat source that
generates heat uniformly [27].

(3) Natural convection and thermal radiation inside the vacuum flask
were ignored [24].

(4) The Heat transfer in the vacuum layer of the vacuum bottle was
equivalent to the solid thermal conduction with a very low
thermal conductivity [25].

After simplification, the heat transfer processes are divided into four
parts: solid heat transfer, forced convection heat transfer through liquid
cooling, phase change heat storage process, and convection heat transfer
from the high-temperature mud to the vacuum flask.

The heat transfer in the solid components including the vacuum
bottle, insulators, covers, cold plate, micropump, HSM and heat sources
can be expressed as [47]:

ρscs
∂T
∂t = ∇⋅(λs∇T)+ qh + qm (3)

Where ρs, cs, λs, T and t are the density, specific heat, thermal conduc-
tivity, temperature of solid components and operation time,

Fig. 7. Grid-independent validation with different number of grids.

Fig. 8. Temperature rises curve of the proposed system at different heating
powers. (a) P = 40 W; (b) P = 30 W; (c) P = 20 W.
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respectively. qh and qm are the heating power per unit volume of heat
sources and micropump, respectively.

The forced convection heat transfer of the coolant in the liquid
cooling system was calculated by coupling the continuity equation,
conservation of momentum equation, and the conservation of energy
equation. The continuity equation can be expressed as:

∂ρl
∂t +∇⋅(ρlu) = 0 (4)

The conservation of momentum equation can be expressed as:

ρl
∂u
∂t + ρl(u⋅∇)u = − ∇P+ μ∇2u − φ (5)

Where, P is the pressure of the coolant, and φ is the Reynold stress.
The conservation of energy equation for the heat transfer process can

be expressed as:

ρlcl
∂Tl
∂t +∇⋅( ρlcluTl) = ∇⋅(λl∇Tl) (6)

Where ρl, cl, λl and Tl are the density, specific heat, thermal conductivity,
temperature of the coolant, respectively.

The inlet and the outlet of the liquid cooling cycle was regarded as
the inlet of the liquid compensator and the outlet of the micropump,
respectively. The inlet of the liquid cooling system was the velocity
boundary condition generated by the micropump, which was 0.2 m/s.

Fig. 9. The temperature rises curves of the heat source and HSM at various heating powers, (a) with a liquid cooling system, (b) without a liquid cooling system.

Fig. 10. The temperature distribution across the HSM in proposed system under different heating powers: with liquid cooling (a) P = 40 W; (b) P = 30 W; (c) P = 20
W; without liquid cooling (d) P = 40 W; (e) P = 30 W; (f) P = 20 W.
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The outlet was the pressure boundary condition of the fluid flowing back
to the liquid compensator. To ensure temperature continuity, the tem-
perature of the liquid inlet and outlet are kept the same at every
moment, which can be expressed as:

Tin = Tout (7)

Where, Tin and Tout are the temperature of the liquid inlet and outlet,
respectively.

For the phase change heat storage process, it is calculated by the
equivalent heat capacity method [48], which can be expressed as:

where, θ is a function of temperature. It can be expressed as:

θ =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 (T < Tonset)
VPCM− l

VPCM− l + VPCM− s
(Tonset⩽T⩽Tend)

1 (Tend < T)

(9)

The equivalent density can be expressed as:

ρPCM = (1 − θ)⋅ρPCM− s+ θ⋅ρPCM− l (10)

The equivalent thermal conductivity can be expressed as:

λPCM = (1 − θ)⋅λPCM− s+ θ⋅λPCM− l (11)

Where, VPCM-s, VPCM-lmean the volume of the solid PCM and liquid PCM,
ρPCM, ρPCM-s, ρPCM-l mean the density of the PCM, solid PCM and liquid
PCM, λPCM, λPCM-S, λPCM-L mean the thermal conductivity of the PCM,
solid PCM and liquid PCM and ceff, cPCM-s, cPCM-s mean the heat capacity
of the PCM, solid PCMs and liquid PCM. Tonset and Tend mean phase
change onset temperature and phase change end temperature of PCM,
respectively. Lm means the latent heat of PCM.

For the convection heat transfer from the high-temperature mud to

the vacuum bottle, the average convective heat exchange coefficient can
be expressed as [26]:

hL =
1
L

∫ L

0
h(x)

=
3λmud
4

[
U

45(rh − rt)2aL

]1
3[

(11rh − 5rt)
1
3 +

(
29rh − 5rt

16

)1
3
]

(12)

Where, hL is the average convective heat exchange coefficient, λmud is
the thermal conductivity of the mud, rh is the radius of the wellbore wall,

rt is the radius of the logging tool, U is the velocity of the logging tool
movement, L is the length of the logging tool and a is thermal diffusivity
of the mud.

The heat exchange between the high-temperature mud and the
vacuum bottle can be expressed as:

qout = hL(Tmud − Tbottle) (13)

Where, Tmud and Tbottle are the temperature of the mud and the vacuum
bottle, respectively.

3.3. Simulation setup and grid-independent validation

Some details of the simulation are elaborated in this section. COM-
SOL Multiphysics was employed to simulate the thermal performance of
the proposed system. The material and the thermal properties of the
proposed system was set according to Table 1. The initial temperature
and inlet velocity were kept consistent with the experimental condi-
tions. The outlet and inlet of the liquid cooling system were set as the
pressure outlet boundary condition and the velocity condition, respec-
tively. Convective heat transfer conditions were applied to the outer
wall surface of the vacuum bottle. The unstructured tetrahedral meshes
were used and the fluid domain was locally encrypted. The heating

Fig. 11. The temperature difference between the heat source and the HSM over time at different heating powers (a) with liquid cooling, (b) without liquid cooling.

ceff =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

cPCM− s (T < Tonset)
1
ρ [(1 − θ)⋅ρPCM− s⋅cPCM− s + θ⋅ρPCM− l⋅cPCM− l] +

Lm
Tend − Tonset

(Tonset⩽T⩽Tend)

cPCM− l (Tend < T)

(8)
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power and calculation time in the simulations were consistent with the
experiments. Convergence was judged on the basis of a relative toler-
ance of less than 0.0001.

Grid-independence verification was performed to obtain the accu-
rate calculations. Fig. 7 shows the temperature curves of heat sources for
different grid numbers. Considering the computational accuracy and
time, grid number of 1368318 was selected for the subsequent simula-
tions. Meanwhile, to demonstrate the accuracy of the proposed

simulation method, a comparison was made with a previous simulation
model that did not consider heat generation of the micropump.

4. Results and discussion

4.1. Experimental results

Fig. 8(a) shows the temperature rise curve of the proposed system

Fig. 12. Comparison of experimental and simulated results (a) the comparison curves of experimental and simulated temperature rise of proposed system at different
heating powers; (b) simulated temperature rise under different conditions with experimental results at a heating power of 40 W.
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when the heating power is 40 W. The temperature of the oven rapidly
increases from room temperature to the set 205 ◦C within 60 min and
then stabilizes. The insulator 2, located on the open side of the vacuum
bottle, experiences a faster temperature rise due to more ambient greater
heat intrusion. The insulator 1, on the closed side, has less ambient heat
intrusion, but still shows a slightly higher temperature than the rest
inside vacuum bottle except for the heat sources. The temperature rise of
the heat source consists of three parts: a rapid increase as the HSM stores
heat as sensible heat; a slower increase during the phase change, storing
heat as latent heat; another rapid increase once the PCM is fully liquid,
storing heat again as sensible heat. Overall, except for the heat source,
temperature differences across the system are small due to the liquid
cooling system’s strong temperature uniformity and efficient heat
transfer. The significant temperature difference at the heat source is due
to its high heating power, which generates more heat than can be
quickly transferred to the cold plate via the thermal pad, causing heat to
accumulate.

Fig. 8(b) and 8(c) show the temperature rise curves of the proposed
system at heating powers of 30 W and 20 W, respectively. Compared to
the 40 W scenario, temperature uniformity improves significantly, and
the time for the heat source temperature to reach 125 ◦C increases. As
the power decreases, the constant temperature region of the heat source
lasts longer. This improvement is due to two factors. On the one hand, at
higher heating power, the heat sources generate more heat, causing the
HSM to reach its capacity sooner, which shortens the phase change
period. On the other hand, with increased heating power, the temper-
ature difference between the heat source and the HSM becomes larger,
reducing the heat storage capacity when the heat source temperature
reaches 125 ◦C. At heating powers of 40 W, 30 W, and 20 W, the times

for the heat source temperature to reach 125 ◦C are 342 min, 424 min,
and 545 min, respectively.

Fig. 9(a) and (b) illustrate the temperature rise curves of the heat
source and HSM with and without a liquid cooling system at various
heating powers. When the liquid cooling system is off (no liquid cool-
ing), the temperature difference between the heat source and the HSM
exceeds 50 ◦C under different heating powers. This means that when the
heat source temperature reaches 125 ◦C, the HSM is still undergoing
phase change, indicating inefficient utilization of phase change heat
storage. At heating powers of 40 W, 30 W, and 20 W, the times for the
heat source temperature to reach 125 ◦C are 186 min, 258 min, and 466
min, respectively. In contrast, with the liquid cooling system is on (flow
rate of 0.2 m/s), the temperature difference between the heat source and
the HSM is significantly reduced. By the time the heat source reaches
125 ◦C, the temperature of the HSM has already surpassed 115 ◦C,
indicating that the PCM inside the HSM has completed its phase change
process. Therefore, the liquid cooling system exhibits much lower
thermal resistance compared to traditional systems reliant solely on
thermal conduction, highlighting its enhanced efficiency in thermal
performance.

The experiments were stopped when the temperature of the heat
source reached 125 ◦C. Fig. 10(a)-(c) show the temperature distribution
across the HSM in proposed system under different heating powers.
Temperature measurements are taken at three points: HSM-1 near the
adapter, HSM-2 in the middle of the HSM, and HSM-3 close to the
insulator 2. The temperature profiles show a consistent rise across the
HSM-1, HSM-2, and HSM-3, with temperature differences kept within
3 ◦C. This uniform temperature distribution highlights the effective heat
transfer capability of the liquid cooling system within the HSM. Notably,

Fig. 13. Temperature distribution and phase transition. (a)− (c) the temperature distribution over time in the proposed system at heating powers of 40 W, 30 W, and
20 W, respectively; (b) the phase transition over time in the proposed system at heating powers of 40 W, 30 W, and 20 W, respectively.
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the HSM-3, influenced more by ambient temperature due to its prox-
imity to insulator 2, registers slightly higher temperatures compared to
other regions across different heating powers. Fig. 10(d)-(f) show the
temperature distribution across the HSM without liquid cooling. When
the heating power is 40 W, the temperature at HSM-1 is significantly
higher than the other parts, and no phase transition plateau eventually
occurs. When the heating power is 20 W, the phase transition interval
can be seen, but it is clearly found that the temperature at HSM-1 is
higher in the phase transition interval, indicating that the temperature
distribution is not uniform. Overall, due to the excellent temperature
uniformity of the liquid cooling system, the HSM maintains stable
temperatures, optimizing its heat storage capacity and thereby
enhancing the operational duration of the system.

Fig. 11(a) depicts the temperature difference between the heat
source and the HSM with liquid cooling over time at different heating
powers. The temperature difference shows a pattern of initial increase,
stabilization, further increase, and eventual decrease to stability. During
the initial stage, as the heat source begins heating up and accumulating
heat internally, its temperature rises rapidly while the HSM’s tempera-
ture increases more slowly, leading to a rapid increase in the tempera-
ture difference. In the second stage, heat exchange between the heat
source and the HSM stabilizes, resulting in a stabilized temperature

difference. The third stage is that the heat source temperature
continuing to rise, while the HSM undergoes phase change, maintaining
a constant temperature and causing the temperature difference to in-
crease further. Finally, in the fourth stage, as the HSM completes its
phase transition, the temperature difference gradually decreases and
stabilizes. As heating power increases from 20 W to 40 W, the maximum
temperature difference between the heat source and the HSM increases
from 10 ◦C to 18 ◦C. At heating powers of 20 W, 30 W, and 40 W, the
final stabilized temperature differences between the heat source and the
HSM are 8 ◦C, 10 ◦C, and 15 ◦C, respectively. As a comparison, Fig. 11(a)
demonstrates the temperature difference between the heat source and
the HSM without liquid cooling over time at different heating powers.
The temperature differences in the final moments at different heating
powers both exceed 50 ◦C, with a maximum of 66.9 ◦C.

4.2. Comparison of experimental and simulated results

Fig. 12(a) shows the comparison curves of experimental and simu-
lated temperature rise of proposed system at different heating powers.
The simulation model accounts for the self-heating of the heat source
and the pump. The comparison shows a good agreement between the
trends of the simulation and experimental results, with a maximum error
of less than 6 % across all tested conditions. Notably, the experimental
heat source temperatures are generally lower than those predicted by
simulation. Several factors contribute to this temperature difference.
First, the simulation neglects contact thermal resistance, which can
affect heat transfer efficiency. This oversight leads to smaller tempera-
ture differences between the heat source and the HSM in the simulation,
with the largest error observed at 40 W power. Second, Higher actual
ambient heat intrusion in experiments compared to simulations affects
temperature profiles. Third, Uncertainty in experimental temperature
measurements introduces some discrepancies. Overall, despite these
factors, the small error between simulation and experimental results
validates the simulation model’s capability to analyse the thermal per-
formance of the system effectively.

Fig. 12(b) compares simulated temperature rise under different
conditions with experimental results at a heating power of 40 W. The
comparison includes simulations without considering the pump’s self-
heating and simulations that account for the pump’s self-heating,
while other conditions remain consistent. It is evident that simulations
neglecting the pump’s self-heating exhibit significant discrepancies
compared to experimental results. The temperature trends and stable
temperature platforms differ notably between these simulations and
experiments. Conversely, when the pump’s self-heating is considered in
the simulation, the results closely align with experimental findings. This
underscores the importance of including the pump’s heat generation in
simulations for accurately predicting the thermal performance of the
proposed system. The analysis of the system’s thermal performance
should utilize simulation models that appropriately account for the
pump’s self-heating to ensure accurate and reliable results.

4.3. Thermal performance of the proposed system

Fig. 13(a)-(c) depict the temperature distribution over time in the
proposed system at heating powers of 40 W, 30 W, and 20 W, respec-
tively. The highest temperatures are observed at insulator 2, positioned
on the opening side of the thermos bottle, where it is most influenced by
the high-temperature environment. However, due to effective thermal
insulation of insulator 2, a noticeable temperature gradient exists, with
temperatures decreasing closer to the HSM. Overall, except for insulator
2, temperature distribution is relatively uniform across different heating
power conditions. Temperatures steadily increase over time in other
areas. At 40 W heating power, temperatures at 180 min and 240 min
remain nearly unchanged; at 30 W heating power, temperatures at 180
min, 240 min, and 300 min show little change; and at 20 W heating
power, temperatures at 180 min, 240 min, 300 min, 360 min, and 420

Fig. 14. The liquid PCM volume fraction and heat storage amount. (a) The
curves of liquid PCM volume fraction over time under different heating powers;
(b) the heat storage amount with time under varying heating powers.
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min exhibit minimal variation. This constancy is primarily due to the
HSM undergoing phase transition during these periods, storing heat as
latent heat and maintaining a steady temperature. This stability helps
suppress temperature increases in the heat source, resulting in consistent
temperature distribution over time.

Fig. 13(d)-(f) illustrate the phase transition over time in the proposed
system at heating powers of 40W, 30W, and 20W, respectively. In these
figures, “0″ represents the solid state, ”1″ indicates the liquid state, and
“0-1″ marks the transition region where both solid and liquid states
coexist. The PCM within the HSM transitions from solid to liquid,
moving from both ends towards the middle. This movement is influ-
enced by heat intrusion from the high-temperature environment and
heat generated by the heat sources. Observations show that the PCM
largely absorbs heat generated by the heat sources, leading to phase
change progression. By the final stage, PCM has completed its transition
from solid to liquid. Notably, phase change initiation typically begins
near the spiral pipe attachment and gradually extends outward, starting
near the heat source and insulator 2. This highlights the proposed sys-
tem’s efficacy in enhancing heat transfer within the HSM, facilitating
rapid heat transfer from the spiral pipes to the PCM for storage.

Fig. 14(a) displays the curves of liquid PCM volume fraction over

time under different heating powers. As heating power increases, the
phase transition rate of the PCM accelerates, resulting in shorter phase
transition intervals and earlier phase transition initiation. Specifically,
at heating powers of 40 W, 30 W, and 20 W, the phase transition in-
tervals for the HSM are 194–406 min, 162–333 min, and 140–289 min,
respectively. By the final moments depicted, all PCMs within the HSM
have completed their transition from solid to liquid. Fig. 14(b) illustrates
the heat storage amount with time under varying heating powers. Both
the total heat storage amount and the heat storage amount of the HSM
exhibit minor increases with higher heating powers. Notably, the heat
storage rate experiences a significant boost during the phase transition
of the HSM. At heating powers of 40W, 30W, and 20W, the heat storage
amount of the HSM reaches 652.7 kJ, 666.3 kJ, and 670.5 kJ, respec-
tively, while the total heat storage amounts to 993.7 kJ, 1016.8 kJ, and
1021.4 kJ, respectively. These values underscore the system’s ability to
efficiently store and utilize heat during operation.

Fig. 15(a)-(b) illustrate the internal heat flow of the proposed system.
In the diagram, red arrows denote heat flow via heat conduction, while
magenta arrows represent convective heat transfer. The diagram shows
that a portion of the heat generated by the heat source is rapidly
transferred to the HSM through the liquid cooling system. Within the

Fig. 15. Heat flow, heat generation and absorption. (a)-(b) The internal heat flow of the proposed system; (c)-(e) the percentage distribution of heat generation and
absorption under different heating powers in the proposed system.
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HSM, a spiral pipeline facilitates heat diffusion outward. Additionally,
some heat is transferred via the “thermal bridge effect,” bypassing the
thermal insulators and transferring through the skeleton to be absorbed
by the HSM. It is evident that heat transfer through the liquid cooling
system outweighs heat transfer through the skeleton. This highlights the
critical role of the liquid cooling system in the proposed system.

Fig. 15(c)-(e) present the percentage distribution of heat generation
and absorption under different heating powers in the proposed system.
Heat generation primarily comprises environmental heat intrusion, heat
from the heat source and micropump. Conversely, heat absorption in-
cludes the HSM and other components. Regarding heat generation, as
heating power increases, the operational duration of the heat source
decreases, leading to reduced ambient heat intrusion and pump heat.
Consequently, the proportion of heat generated by the heat source in-
creases. At heating powers of 40 W, 30 W, and 20 W, the heat generated
by the heat source accounts for 80.4 %, 75.1 %, and 64.0 % of the total
heat, respectively, while environmental heat intrusion constitutes 10.6
%, 13.6 %, and 21.5 % correspondingly. This illustrates that the heat
generated by the heat sources forms a significant portion of the total
heat. In terms of heat absorption, the proportion of heat stored in the
HSM relative to the total heat storage remains nearly constant. This
stability arises from the thermal structure where heat stored in the HSM
and its components reaches a certain temperature, maintaining consis-
tent heat storage levels. At heating powers of 40 W, 30 W, and 20 W, the
heat storage capacity of the HSM accounts for 65.7 %, 65.5 %, and 65.7
% of the total heat storage capacity, respectively, highlighting its pivotal
role in heat storage. Overall, the proposed system primarily generates
heat from the heat source and predominantly stores heat within the
HSM, demonstrating its effective thermal management capability.

5. Conclusions

A high-temperature HTMS integrating liquid cooling and PCM is
proposed to extend the effective operation duration of downhole elec-
tronics. In this system, the self-generated heat of the electronics was
transferred to the HSM efficiently through liquid cooling, which dras-
tically reduces the thermal resistance between the downhole electronics
and the HSM, thereby extending the operational duration of the elec-
tronics. The conclusion are as follows.

1) The experimental setup of the proposed HTMS was established to
evaluated the thermal management performance. The experimental
results show that the temperature differences between the elec-
tronics and the HSM remained below 15 ◦C for heating powers of 20
W, 30 W and 40 W.

2) Compared to the system without liquid cooling, the temperature
difference between the heat source and the heat storage module
(HSM) was reduced by up to 51.9 ◦C, and the working time was
increased by up to 166mins. This demonstrates the excellent thermal
performance of the introduced liquid cooling system.

3) The numerical model of the proposed HTMS was constructed, and
the accuracy was verified by experimental results, with maximum
deviation less than 6 %. Through this model, the temperature dis-
tribution, phase change characteristics, heat flow dynamics, and the
percentage of heat generation and absorption were analysed. The
heat storage of the HSM accounts for more than half of the total heat
storage, and the environmental heat intrusion is only 21.5 % at the
highest.

Overall, the proposed system can effectively reduce the temperature
difference between the heat source and HSM, and improve the working
time of the heat source, which has a better application prospect. How-
ever, while existing structures in this study can have good thermal
management performance, superior performance can be achieved
through structural and strategic optimization.
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