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H I G H L I G H T S

• A distributed thermal management system was proposed for the logging tool.

• Complicated thermal system with nonlinear phase change process was simulated.

• The simulation was verified by the experiment.

A R T I C L E I N F O

Keywords:
Logging tool
High temperature
Distributed thermal management system
Phase change materials
Heat storage

A B S T R A C T

The logging tools, which are widely utilized to detect the underground petroleum resources, are usually exposed
to the high-temperature environment. Conventional thermal management system (CTMS) generally utilizes the
vacuum flask for high-temperature insulation and phase change materials (PCMs) for centralized heat storage. As
the heat sources increase and the skeleton becomes longer, the thermal performance of CTMS declines due to the
increasing thermal resistance between heat sources and PCMs. To tackle this issue, a distributed thermal
management system (DTMS) is proposed for the long-skeleton and multi-heat-source logging tools by arranging
PCMs dispersedly in the skeleton. Numerical simulations are conducted to compare the performance of DTMS
and CTMS. It is showed that the maximum temperature of DTMS decreases by 68 °C compared with CTMS, and
the heat storage of PCMs in DTMS is 3.5 times higher than that in CTMS. Furthermore, the simulation results are
validated by experimentally investigating the thermal performance of the logging tool with DTMS, and good
agreement between the simulation and experiment is reached with the maximum relative error lower than 10%.
DTMS is more practical for the realistic logging tools than CTMS, which may contribute to the development of
the oil and gas detection in deeper and hotter wells.

1. Introduction

With the increasing demand for petroleum resources around the
world, deeper and hotter wells are becoming more economical and
attractive [1–4]. Logging tools are widely utilized in the oil and gas
industry to accelerate the oil exploitation by measuring downhole en-
vironmental parameters including g pressure, temperature and viscosity
[5]. After the drilling process, the wire-line logging tool is lowered into
the well and then detects the distribution of petroleum resources. In
general, the wire-line logging tool has to stay in the downhole for a
couple of hours [6]. According to researches on the geosphere, a typical
geothermal temperature rises 1–9 °C per 100 m as the well goes deeper,
which reveals that the temperature of the wellbore would exceed 200 °C
over a certain depth [7]. Actually, hundreds of high-pressure, high-

temperature (HPHT) wells were discovered all around the world, where
massive petroleum resources are stored [8,9]. In order to detect the
HPHT wells, the electronics inside the logging tool have to endure
wellbore temperature over 200 °C for several hours. However, most of
the standard electronic components are unable to bear such a harsh
environment, as the high temperature will lead to a decline of reliability
or even complete failure of the electronics [10]. One of the possible
solutions is to adopt the customized electronic components, which can
survive at the surrounding temperature exceeding 200 °C. However, the
usage of high-temperature electronics is uneconomic on account of
their complex fabrication techniques [11–15].

In comparison with expensive high-temperature electronics, the
thermal management system for downhole electronics is a more eco-
nomical option. Several kinds of thermal management methods,
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including active cooling techniques and passive cooling techniques,
have been applied successfully in the logging tools. Despite an out-
standing cooling effect, active cooling techniques usually make the
system complicated and unreliable due to a requirement of extra power
input, other moving components and cooling liquid. Therefore, some
active cooling techniques, such as thermoelectric cooling [16–19],
sorption cooling [20,21], vapor compression cycle [22–24] and liquid
cooling [25,26], are not recommended for the wire-line logging tool. In
contrary to active thermal management techniques, passive thermal
management techniques are more integrated and reliable. The con-
ventional passive thermal management system (CTMS) usually contains
the skeleton, electronic components, PCMs, insulators and a vacuum
flask. Among them, the vacuum flask is utilized as a shell to protect the
internal components from the high-temperature environment. The
thermal insulators are placed at both ends of the vacuum flask to in-
sulate the heat leakage from the opening. One or two pieces of PCMs
located at the end of the skeleton are employed for centralized heat
storage [27,28]. Besides, the electronic components are mounted on the
skeleton. The temperature control effect on the electronic components
is significant in CTMS, and it is perfect for the logging tool with few
heat sources [29–31]. However, the industrial logging tool usually
contains multiple electronic components and a long skeleton. The
electronic components in the middle of the skeleton are away from the
PCMs, and the thermal resistance between them increases as the dis-
tance between PCMs and heat sources becomes longer. Hence the heat
generated by the electronic components in the middle is hard to be
absorbed by the PCMs, which would lead to heat accumulation. As a
consequence, due to the local overheating, the temperature control
effect of CTMS deteriorates severely and the heat storage capacity of the
PCM is difficult to be fully utilized. Therefore, the CTMS is incapable of
satisfying the temperature control requirements of the long-skeleton
and multi-heat-source logging tool, in which case an innovative thermal
management system is needed.

In this work, a distributed thermal management system (DTMS) is
proposed for the long-skeleton, multi-heat-source logging tool with the
aim of reducing the thermal resistance between heat sources and PCMs.
To illustrate the advantages of DTMS, the thermal performance of
CTMS and DTMS was simulated using the finite element method, and
the temperature as well as the utilization of PCMs is compared.
Furthermore, the temperature experiment of the logging tool with
DTMS was conducted to verify the simulation results.

2. Problem statement

Fig. 1(a) shows the structure of the logging tool with CTMS. It is
based on a realistic instrument called nuclear magnetic resonance
logging tool. It can be seen that the vacuum flask is utilized as a shell to
protect the inner electronic components from the high-temperature
environment. However, the heat leakage still intrudes into the vacuum
flask through the opening at both ends. Hence two thermal insulators
are placed at both ends of the vacuum flask, as a means to prevent the
heat flow from entering the thermos. The skeleton is between two in-
sulators where 14 pieces of heat sources are mounted. The heat power
of the electronic components is listed in Table 1, and the total heat
power is up to 90 W. It is noteworthy that the logging tool with CTMS
only utilizes one piece of PCMs for centralized heat storage, which is
adjacent to the insulator 1. As the distance between heat sources and
PCMs becomes longer, the thermal resistance increases. As a result, the
heat generated by the remote electronic components is hardly absorbed
by the PCMs, thus the temperature control effect on the remote elec-
tronic components declines. To tackle this issue, a distributed passive
thermal management system is proposed for the long-skeleton and
multi-heat-source logging tool, as shown in Fig. 1(b). The PCMs are
separated into six small parts, and then distributed to the skeleton. Each
heat source can store heat in the nearby PCMs, thus the thermal re-
sistance between heat sources and PCMs decreases. In consequence, the

quantity of heat storage in PCMs increases, and the temperature of the
logging tool becomes lower and more uniform.

To make a fair comparison, the type of the PCMs and the total
amount of PCMs in both thermal management systems are the same.
Besides, the size of the skeleton in DTMS is equivalent to CTMS. Both
thermal management systems are required to stay in the environment of
205 °C for 9 h.

3. Methods

3.1. Simulation

In this section, we adopted the finite element method to simulate
the thermal performance of CTMS and DTMS. To simplify the simula-
tion, several reasonable assumptions were presented as follows:

1) Heat convection and radiation inside the vacuum flask is ignored.
2) The contact thermal resistance is ignored.
3) The electronic components are set as uniform volume heat sources.
4) The vacuum layer is equivalent to a solid layer with low thermal

conductivity.

Based on the above assumptions, the simulation of the logging tool
is simplified to a transient heat transfer problem, and it is governed by
the heat-conduction equation [32]:

∂
∂

= ∇ ∇ +ρ T
t

λ T qc ·( ) (1)

where ρ is the density, c is the specific heat and λ is the thermal con-
ductivity. q means the energy generated per unit volume.

Since the phase transition of PCMs is a non-linear process, in-
dependent equations for PCMs are necessary. Eq. (2)-Eq. (5) are used to
describe this non-linear phenomenon. During the melting process, the
density of PCMs would change with the volume fraction of molten
PCMs. Besides, the latent heat would seriously influence the heat sto-
rage capability of PCMs. Here, we adopt the effective heat capacity
methods to solve the problem [33–35].
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where ρPCM, ρPCM.s, ρPCM.l means the density of the PCMs, the density of
the solid PCMs and the density of the molten PCMs, respectively. In
addition, cPCM, cPCM.s, cPCM,l represents the heat capacity of the PCMs,
the heat capacity of the solid PCMs and the heat capacity of the molten
PCMs, respectively. Tm is the melting point of PCMs, Δ T means the
phase transition interval and L means the latent heat of the PCMs.
Moreover, θ is a piecewise function related to the melting point and
indicates the volume fraction of solid PCMs. αm means the phase tran-
sition mass fraction from solid phase to liquid phase.

Thermal convection occurs between the outer surface of the vacuum
flask and the high-temperature environment. It could be assumed as a
Cross-Flow-Over-Cylinders problem and described by Eq. (6)-Eq. (9)
[36,37].

= −q h T T( )out fluid (6)
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where qout means the heat flow from the environment to the vacuum
flask, h is called the convection heat-transfer coefficient and calculated
by Eq. (9). Tfluid, λfluid, ufluid, νfluid and afluid represent the temperature,
the thermal conductivity, the velocity, the kinematic viscosity and the
thermal diffusivity of the environmental fluid, respectively. D is the
diameter of the vacuum flask.

The temperature distribution of the logging tool was simulated by
the commercial finite element software. Firstly, the governing equa-
tions mentioned above were added into the CFD solver. Then the three-
dimensional geometry model was imported, and the unstructured grids
were generated. The computational domain includes the air domain,
which exists in the gap between the inner side of the vacuum flask and
the skeleton. Afterward, the materials of the components were defined,
and the thermal properties are shown in Table 2. It is noteworthy that
the melting point of PCMs (RT-70, RUBITHERM, Germany) is 70.84 °C
and the latent heat reaches 258.6 kJ∙kg−1, which are measured by the
DSC test. Besides, the vacuum layer was assumed as a solid layer with
an equivalent thermal conductivity of 0.0002 W·m−1·K−1 according to
the parameters given by the manufacturer. Next, some essential
boundary conditions were established. The initial temperature of all
domains was set to 26 °C, and the environment temperature was set to

205 °C. Furthermore, the heat power of the heat sources was set ac-
cording to Table 1. In the end, the case was calculated for 9 h with the
time step of 10 min.

3.2. Experiment

To verify the simulation, the temperature experiment of the logging
tool with DTMS was conducted. As shown in Fig. 2(a), a prototype of
the logging tool with DTMS was fabricated on a scale of one to one, and
its size was ∅ 91 mm × 3820 mm. It was assembled by several com-
ponents including six pieces of PCMs. Among the PCMs modules, three
pieces were the parts of the skeleton, while the others were embedded
into the skeleton. Fig. 2(b) showed all of the PCMs packaging modules.

After the fabrication of the prototype, two preparations were re-
quired for the logging tool temperature experiment. First, several pieces
of ceramic heating elements (40 mm × 40 mm × 2 mm, heat power
customization, Beijing youpu science and Technology Centre) were
utilized as the simulated heat sources, and they were attached to the
skeleton by thermal interface materials (2 W·m−1·K−1, XK-P20S20,
GLPOLY). The layout of the simulated heat sources was the same as
Fig. 1(b). Second, thermocouples (K-Type, 2 × 0.3 mm) were fixed on

Fig. 1. Structure of the logging tool with (a) CTMS and (b) DTMS.

Table 1
Heat sources of the logging tool.

Component Power (W) Component Power (W)

Power 7 Communication 2 × 2
Main control 2 Amplifier 3 × 3
Antenna driver 24 Resistance 1 14
Resistance 15 Preamplifier 1
Tuning 4 Driver 3
Transformer 7
Total power 90

Table 2
Materials and thermal properties of logging tool components.

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

Density
(kg∙m−3)

Heat capacity
(J∙kg−1∙K−1)

Vacuum flask TC-11 7.5 4480 550
Vacuum layer Composite 0.0002 100 1200
Skeleton Aluminum

Alloy
130 2810 960

Simulated heat
sources

Ceramic 20 2145 750

PCMs Paraffin 880(s)/770(l) 0.2 2000
PCMs container 304 7930 16.3 500
Heat sink Copper 400 8700 385
Insulator 1 PTFE 0.25 2200 1000
Insulator 2 Aerogel

blanket
0.025 250 502.3
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13 temperature measuring points, including the outer surface of the
vacuum flask, insulators, several simulated heat sources and the PCMs
modules. Fig. 2(c) showed the simulated heat source and the thermo-
couple. The white plate implied the ceramic heating elements, and the
pink pad was the thermal silicon pad. The blue line meant the ther-
mocouple, which was stuck on the surface of the heating elements.
Fig. 2(d) showed the full view of the prototype with simulated heat
sources and thermocouples. The red–black power supply cord entered
from one end, and the thermocouple wires entered from the other end.

Afterward, the prototype with simulated heat sources and thermo-
couples was stuffed in the vacuum flask (YJPST128x4031/92.5, Xi’an
Yufeng Electronic Engineering Company, China). Then the prototype
and the vacuum flask were lifted into the oven (operating range
51 °C–260 °C, PTC1-40, Despatch), as shown in Fig. 2(e) and Fig. 2(f).
The temperature of the oven was set to 205 °C, and the experiment
lasted for 9 h. All of the temperature data was recorded by a data ac-
quisition instrument (Accuracy 0.2%FS ± 1D, MIK-6000F, Hangzhou
Meacon Automation Technology Company) with a sampling period of
one second.

4. Result and discussion

4.1. Temperature performance in DTMS and CTMS

To distinguish the differences between DTMS and CTMS, the tem-
perature analysis is proposed. Fig. 3(a) presents the temperature dis-
tribution of the logging tool with CTMS (left) and DTMS (right) at 9 h. It
is obvious that the maximum temperature of CTMS is higher than
DTMS. And the temperature almost linearly increases with the distance

to PCMs except antenna driver due to its highest heat power. On the
contrary, DTMS displays a lower and more uniform temperature dis-
tribution on account of the reduction of thermal resistance between
heat sources and PCMs. Fig. 3(b) quantitatively compares the tem-
perature of several typical heat sources. The bar chart shows a similar
trend to Fig. 3(a), and the temperature of the selected heat sources in
DTMS are apparently lower than that in CTMS. The maximum tem-
perature of CTMS reaches as high as 214 °C, far exceeding the operating
temperature of the electronic components. By contrast, the maximum
temperature sharply drops to 146 °C in the logging tool managed by
DTMS, which is still within the allowable temperature range of the
electronic components. The mean temperature drop of these five heat
sources is up to 60.9 °C. According to the analysis above, it can be
concluded that DTMS possesses a better temperature control perfor-
mance than CTMS.

Fig. 3(a) and Fig. 3(b) is merely focused on the temperature dis-
tribution of the logging tool at the end of the time, while Fig. 3(c) and
Fig. 3(d) display the time-varying process of temperature. As can be
seen from the graphs below, the curves of the heat sources’ temperature
in CTMS rise at a roughly constant slope owing to the insignificant
effects of PCMs. Similarly, the curves of temperature in DTMS lift
sharply at first. However, when the temperature rises slightly above the
PCMs melting point (70.84 °C), the PCMs maintain at a constant tem-
perature owing to the large latent heat, thus effectively restrain the
rising rate of heat sources’ temperature. As a result, the temperature of
electronic components in DTMS is notably lower than the temperature
in CTMS eventually.

Fig. 2. (a) Prototype of the logging tool with DTMS, (b) PCMs packaging modules in DTMS, (c) Simulated heat source and thermocouple, (d) Prototype of DTMS with
simulated heat sources and thermocouples, (e) Experimental site, (f) Prototype in the oven.
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4.2. The utilization of PCMs in DTMS and CTMS

In this section, the performances of PCMs in DTMS and CTMS
during the heating up process are investigated. Fig. 4(a) presents the
contour of PCMs’ phase transition process in CTMS, where 0 represents
the solid PCMs while 1 represents the PCMs that have been totally
molten. As shown in Fig. 4(a), the phase transition doesn’t occur within
the first five hours since the maximum temperature of PCMs doesn’t

reach the melting point. After 6 h, the right side of PCMs begins to melt,
whereas the center and the left side are still unmolten. It can be ex-
plained by two reasons. For one thing, PCMs are heated by the metal
skeleton, thus the surfaces of PCMs reach the highest temperature and
melt firstly; For another, a notable thermal resistance exists inside the
PCMs leading to the non-uniform temperature distribution. At the end
of 9 h, only the left side of the PCMs are melting, which implies that a
large amount of heat storage capacity of PCMs is waste.

Fig. 3. (a) Temperature contour of logging tool with CTMS (left) and DTMS (right) at 9 h, (b) Comparison of heat sources temperature between CTMS and DTMS, (c)
Curves of heat sources temperature versus time in CTMS, (d) Curves of heat sources’ temperature versus time in DTMS.

Fig. 4. (a) Contour of PCMs’ phase transition process in CTMS, (b) Curves of PCMs’ temperature and phase change percentage versus time in CTMS.
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Fig. 4(b) presents a curve of PCMs’ average body temperature along
with a curve of phase change percentage versus time in CTMS. The
yellow zone means the temperature range of the PCMs, and the edges of
the yellow area imply the maximum temperature and minimum tem-
perature of PCMs. At the end of 9 h, the maximum temperature of PCMs
is 106 °C, while the minimum temperature is 35 °C. The vast difference
between maximum temperature and minimum temperature implies the
significant thermal resistance inside the PCMs. Besides, the curve of
phase change percentage in CTMS indicates that the phase change
process begins at around 6 h, and the final utilization rate of the latent
heat reaches up to 6%.

The contour of PCMs’ phase transition process in DTMS is as shown
in Fig. 5. Six pieces of PCMs behave differently. For instance, owing to a
massive amount of heat leakage from the opening of the vacuum flask,
PCMs 6 melts at first and completes the phase transition process beyond
other PCMs. At the end of the operation time, PCMs 2, PCMs 3 and
PCMs 6 accomplish the phase transformation revealing that the latent
heat of these PCMs is fully utilized. Though the rest of the PCMs haven’t
melted totally, they still absorb a large amount of heat, as shown in
Table 3. The total amount of PCMs heat storage in DTMS is 961.10 kJ,
which is 3.5 times larger than that in CTMS.

Further analysis shows a quantitative description of the phase-
change volume fraction of each PCMs versus time in DTMS, as shown in
Fig. 6. The latent heat utilization rates of PCMs 1, PCMs 4 and PCMs 5
are 70%, 92.4%, and 55%, respectively. The rest of the PCMs reach up
to 100% utilization rate of latent heat; hence the total PCMs make
77.6% use of latent heat during the operation time. Nevertheless, the
utilization rate of latent heat in DTMS is still far higher than that in
CTMS. As a result, DTMS makes tremendous progress in temperature
control performance, which has been discussed in the last section.

4.3. Experimental validation

Fig. 7 shows the experimental temperature curves of the measuring

points versus time. Since the number of the experimental curves is up to
13, it wouldn’t be easy to find out each curve if all the curves are dis-
played in one figure. Therefore, the experimental results are divided
into three figures by category. From Fig. 7(a), the environment tem-
perature rises sharply at first and then maintains at 205 °C after 60 min.
The temperature curves of several heat sources are also investigated
here. And the temperature of them is below 150 °C during the heating-
up process, which is still within the electronic operating temperature
range. Among all of the heat sources, the temperature of the tuning
board is the highest owing to the great influence of the heat leakage
from high-temperature environment. Fig. 7(b) shows the experimental
temperature curves of insulators and PCMs. There are two apparent
turning points and a flat zone in three curves of PCMs, indicating that
the PCMs pass through the phase transition process during the

Fig. 5. Contour of PCMs’ phase transition process in DTMS.

Table 3
Heat storage of PCMs in DTMS and CTMS.

PCMs 1 PCMs 2 PCMs 3 PCMs 4 PCMs 5 PCMs 6 Total

DTMS 152.60 kJ 78.02 kJ 74.46 kJ 369.33 kJ 204.36 kJ 82.32 kJ 961.10 kJ
CTMS \ \ \ \ \ \ 213.93 kJ
Heat storage difference 747.17 kJ

Fig. 6. Curves of PCMs’ phase change volume fraction versus time in DTMS.
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experiment. Compared to the insulator 1, the temperature of the in-
sulator 2 is much higher as a consequence of the severe heat leakage
from the large opening of the vacuum flask. Fig. 7(c) selects three re-
presentative curves to illustrate the temperature control effect of the
PCMs on the heat sources. It is shown that PCMs 4 maintains at the
melting point from 360 min to 480 min, and the temperature curves of
the antenna driver and the heat sink are obviously restrained similar to
the curve of PCMs 4. The result confirms the temperature control effect
of the PCMs on the heat sources.

To verify the simulation, the temperature of five measuring points
between experiment and simulation are compared in Fig. 8. The curves
represent the temperature results of the simulation, while the scatter
points represent the experimental results. Though the curves are unable
to match the scatter points perfectly, the trend of the simulation results
is similar to the experimental results. The curves and the scatter plots
become mild during the phase change process, especially for PCMs 1.
To quantitatively compared the experiment data and simulation data,
several statistics are utilized to judge the agreement between simulation
results and experimental results, including relative error (RE), root
mean square error (RMSE), and correlation coefficient (r). Among them,
RE is utilized to measure the temperature error between simulation and
experiment at a specific moment, while RMSE is used to assess the
temperature error through the whole heating-up process. Besides, r is
utilized to measure the strength of a linear relationship between the
simulation data and experimental data. First, the simulation tempera-
ture and experimental temperature at the end of time are compared, the
maximum RE of all the measuring points is lower than 10% and the

average RE is below 5%. Then the agreement between the data sets of
simulation and experiment is further investigated. The results show that
RMSE between two data sets is within 9 °C, and r between the simu-
lation results and the experimental results is larger than 0.99, which
implies that the trend of the simulation data is highly consistent with
the experimental data. In summary, the analyses above indicate that the
simulation of the logging tool is reasonable, hence the discussions about

Fig. 7. (a) Experimental temperature curves of heat sources versus time, (b) Experimental temperature curves of insulators and PCMs, (c) Experimental temperature
curves of antenna driver under the control of PCMs 4.

Fig. 8. Comparison of temperature curves between experiment and simulation.
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the thermal performance of the logging tool with DTMS and CTMS in
Sections 4.1 and 4.2 are convincing.

Furthermore, the reasons behind the deviation between the ex-
periment and simulation are studied. The deviation is mainly caused by
the assumptions in the simulation. Firstly, the neglect of the heat con-
vection and radiation inside the flask attenuates the heat transfer be-
tween the vacuum flask and the skeleton, which would reduce the si-
mulation temperature of the skeleton and the heat sources. Secondly,
owing to the disregard of the contact thermal resistance, the thermal
resistance between the adjacent components would decline, leading to
the enhancement of the heat transfer between heat sources and PCMs.
Hence the temperature of PCMs would be lower in the simulation.
Thirdly, the vacuum layer is equivalent to a solid layer with low
thermal conductivity, regardless of the radiation between the radiation
shields inner the vacuum layer. Although an equivalent thermal con-
ductivity is given by the manufacturer, it may still cause a deviation.

5. Conclusions

A distributed thermal management system (DTMS) is proposed for
the long-skeleton and multi-heat-source logging tool by dispersing the
PCMs into the skeleton to decrease the thermal resistance between heat
sources and PCMs. The finite element method is utilized to simulate the
performance of CTMS and DTMS. Then the experiment of the logging
tool with DTMS is conducted to verify the simulation results. The si-
mulation results show that the temperature of DTMS is lower and more
uniform than that of CTMS, and the maximum temperature drops from
214 °C to 146 °C. Besides, the utilization rate of latent heat in DTMS is
up to 77.6%, which is far higher than 6% in CTMS, corresponding to the
heat storage enhancement of 3.5 times. Further, the experimental re-
sults show that the temperature of all components is lower than 150 °C,
which is still within the electronic operating temperature range.
Besides, the maximum relative error between simulation results and
experimental results is lower than 10%, and the correlation coefficient
is larger than 0.99, demonstrating a good agreement between the si-
mulation and experiment. In summary, DTMS possesses a better tem-
perature control performance than CTMS for the long-skeleton and
multi-heat-source logging tools, which may be beneficial to the oil and
gas detection in deeper and hotter wells.
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