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� A passive thermal management system is proposed for downhole electronics.
� Electronics temperature can be maintained within 125 �C for six-hour operating time.
� The result shows potential application for the logging tool in oil and gas industry.
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a b s t r a c t

The performance and reliability of downhole electronics will degrade in high temperature environments.
Various active cooling techniques have been proposed for thermal management of such systems.
However, these techniques require additional power input, cooling liquids and other moving components
which complicate the system. This study presents a passive Thermal Management System (TMS) for
downhole electronics. The TMS includes a vacuum flask, Phase Change Material (PCM) and heat pipes.
The thermal characteristics of the TMS is evaluated experimentally. The results show that the system
maintains equipment temperatures below 125 �C for a six-hour operating period in a 200 �C downhole
environment, which will effectively protect the downhole electronics.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Due to the increasing demand for hydrocarbon resources, dee-
per and hotter wells are being explored worldwide. The oil and
gas industries use a logging tool to detect the downhole viscosity,
pressure and temperature, with required operating times of 4–6 h
[1–4]. However, standard electronic components and sensors can-
not effectively function for such long periods due to the harsh
downhole environments. In general, the temperature and pressure
in a downhole environment exceed 200 �C and 135 MPa, such that
standard electronics quickly exceed their design temperatures
(125 �C) [5,6]. Ongoing operation in such environments can
degrade the detection performance as well as cause severe acci-
dents. While the use of electronic components that can effectively
operate at high temperatures would solve the temperature prob-
lem. However, the current options require expensive Silicon-On-
Insulator (SOI) designs and die-attach materials [7–9].

A Thermal Management System (TMS) for the downhole elec-
tronics is currently more cost-effective and reliable than develop-
ing specialized electronic components. However, the harsh
downhole conditions and the complex well logging structures have
impeded the implementation of current TMS designs. Fig. 1 shows
a well logging schematic. The logging tool burrows into the High-
Temperature and High-Pressure (HTHP) muds that are thousands
of meters deep. Hence, unlike conventional electronics [10–12], a
downhole system needs to be hermetically sealed and protected
from high pressures. Furthermore, the electronic components
inside the system must be shielded from the corrosive downhole
fluids. Various active cooling techniques have been proposed for
thermal management, including thermoelectric cooling [5], vapor
compression refrigeration [13], sorption cooling [14], convection
cooling cycles [15], refrigerant circulation cooling [16] and ther-
moacoustic refrigeration [17]. These cooling techniques dissipate
excess heat from the electronics into the surrounding downhole
fluids. However, they generally require extra power, cooling liquids
and other moving components, which further complicate the
system.

In addition to active solutions, passive cooling technics have
also been developed. Parrott et al. [18] proposed a passive cooling
system that combined a Dewar flask with a heat sink. However, the
overall thermal resistance between the electronics and the heat
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Nomenclature

q heat transfer rate [mW]
T temperature [�C]
VT temperature rise rate [�C/s]
P heating power [W]
m mass [kg]
mPCM mass of the PCM [kg]
cp specific heat capacity [J/(kg��C)]
Qs sensible heat [J]
QL latent heat [J]

T0 initial temperature [�C]
Te final temperature [�C]
q density [kg/m3]
L latent heat of the PCM [kJ/kg]
u velocities in the x direction [m/s]
v velocities in the y direction [m/s]
H specific enthalpy [J/kg]
S heat generation rate [W/m3]

Fig. 1. Well logging schematic.
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sink was quite large, resulting in a high temperature difference and
a reduced reliability period for the electronic components. Jaka-
boski et al. [19] developed a closed coolant flow loop to provide
a thermal path between the electronic components and the heat
sink. However, the coolant pump and fluid expansion compensator
complicated the system.

This paper describes a passive TMS inspired by existing down-
hole electronics thermal management systems. A vacuum flask
was employed to insulate the electronic components from the
harsh external environment. The internal heat generation must
also be transferred out of the components and stored elsewhere.
Phase Change Materials (PCM) are viable thermal storage materials
due to their significant latent heat capacity [20–24]. The TMS
developed here used eutectic salts as the PCM. Heat pipes were
used to provide an efficient heat transfer path from the electronic
components to the PCM to reduce the temperature difference
between them and, thereby, extend the viable operating time.

This study describes a passive TMS that uses a vacuum flask, a
PCM and a heat pipe. The thermal characteristics of the present
system is evaluated by experiments with a finite-element analysis
for further validation.
2. Experimental setup

An experimental setup was designed to simulate practical oper-
ating conditions. Fig. 2(a) shows a schematic of the experimental
setup. An oven created a high temperature environment with tem-
peratures from 5 to 300 �C, with an accuracy of ±1 �C. To insure
uniform heating, two Teflon blocks were used to prevent direct
contact between the logging tools and the oven. K-type thermo-
couples detected the electronic component temperatures to evalu-
ate the TMS characteristics.

Fig. 2(b) shows a schematic of the original logging tool, which
was comprised of a pressure bottle, electronic components, chassis,
heat sink and adiabatic plug. Two resistance heaters
(40 � 40 � 3 mm) were used as the electronic components. Ther-
mal grease (FL-658) was used as the Thermal Interface Material
(TIM) to attach the heaters onto the chassis. The grease thermal
conductivity was approximately 3 W/(m�K). Fig. 2(c) shows a sche-
matic of the logging tool with the TMS having a vacuum flask, heat
pipes and the PCM.

The vacuum flask was made of titanium alloy, which could
maintain a pressure of 1000 MPa. The flask was built of two con-
centric stainless steel tubes that were permanently cold-welded
at both ends. The annular space between the tubes was evacuated
at high temperature, providing an excellent barrier to heat transfer
via conduction or convection. Both ends of the flask were sealed to
reduce heat gain from the environment. The vacuum flask was
900 mm in length with inner and outer diameters of 73 and
90 mm.

The round heat pipe was made of copper with a length of
250 mm and a diameter of 5 mm. Water was used as the working
fluid inside the pipe. The TMS had five heat pipes to connect the
chassis to the PCM.

The PCM provided thermal storage for the electronic compo-
nents and any heat gain into the vacuum flask. The low melting
point and high latent heat of the PCM kept the electronic temper-
atures below their maximum temperature for a longer period.
Therefore, the PCM selection is critical for the TMS characteristics.
Eutectic salts, organic paraffin and eutectic metal alloys are com-
mon PCMs with high latent heats and low melting points. The
PCM properties were evaluated to improve the system design.

Differential Scanning Calorimeter (DSC) tests were conducted to
obtain the thermal properties and phase transition characteristics
of the PCM, with a temperature rise rate of 5 �C/min. Fig. 3 shows
the typical DSC curves. The PCM have different melting tempera-
tures and different heat transfer rates with the latent heats calcu-
lated from the DSC test curves as:

L ¼
R End
Onset qdT
VTm

ð1Þ

where q is the heat transfer rate, T is the temperature, VT is the tem-
perature rise rate, and m is the sample mass. Onset represents the



Fig. 2. Schematics for (a) experimental setup; (b) original logging tool; (c) logging tool with the TMS.
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start of the temperature change and End represents the end of the
temperature change. The top of the curve represents the melting
point. A TC3000 (Xiatech) was used to measure the thermal conduc-
Fig. 3. DSC curve of different PCM (a) eutectic salts (b) eutectic metal alloy (c)
organic paraffin.
tivities. Table 1 lists the properties of the different PCMs. The eutec-
tic salts and the organic paraffin have higher latent heats than the
eutectic metal alloy. However, the eutectic metal alloy has a much
high thermal conductivity. A good PCM should have a high thermal
conductivity and a high latent heat. However, where the overall sys-
tem mass is limited, a larger mass impedes the logging system.
Although the eutectic metal alloy has a significant thermal conduc-
tivity, a large mass is still required for the logging tool. Based on
latent heat, thermal conductivity and mass considerations, the pre-
sent study used the eutectic salts for the PCM.

The experiments were divided into three groups to highlight the
effects of the vacuum flask, PCM and heat pipes on the electronic
component temperatures. Two K-type thermocouples were
attached to the surfaces of the electrical heaters and two more
were inserted into the PCM. An additional thermocouple was fixed
in the oven to measure the ambient temperature. The initial test
temperature was room temperature. Table 2 lists the three exper-
imental setups used to assess the thermal characteristics of the
TMS.
3. Results and discussion

3.1. Thermal insulation characteristics of the vacuum flask

The Group 1 experiments assess the thermal insulation charac-
teristics of the vacuum flask. Experiments were conducted with



Table 1
PCM properties.

PCM Melting point
(�C)

Latent heat of fusion
(kJ/kg)

Thermal conductivity
(W/(m�K))

Density
(kg/m3)

Specific heat, solid
(J/(kg�K))

Specific heat, liquid
(J/(kg�K))

Eutectic salts 61.1 190.4 0.50(s) 1485 1930 1930
0.73(l)

Metal alloy 78.7 33.04 18.8 9580 146 184
Organic paraffin 72.8 251.4 0.2 860 2000 2000

Table 2
Experimental setups of different groups.

Group Vacuum flask PCM Heat pipes Boundary conditions

1
p � � P = 0–50 W

2
p p � P = 30 W

3
p p p

P = 30 W

Fig. 4. Electronic component temperatures for various heating powers.
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and without the vacuum flask using heating powers ranging from 0
to 50 W to replicate the actual working conditions. Fig. 4 shows the
electronic component temperatures at different heating powers.
The temperatures exceed 125 �C after 0.38 h without the vacuum
flask. The vacuum flask keeps the temperatures below 125 �C for
6 h for heating powers lower than 20W. This indicates that the
vacuum flask can prevent heat gain in a hot downhole environ-
ment. However, when the heating power exceeds 20 W, the oper-
ating time sharply decreases because the heat generated by the
electronic components accumulates internally, which increases
the component temperatures.
3.2. Thermal storage characteristics of the PCM

The Group 2 experiments analyze the thermal storage charac-
teristics of the PCM. The PCM was 200 mm long and weighed
700 g. Fig. 5 compares the electronic component temperatures
with and without the PCM. The results show that the electronic
component temperatures are reduced from 154 �C to 124 �C by
the PCM. The lower electronic component temperatures indicate
that the PCM introduce additional thermal storage for the compo-
nents so that the component temperatures rise less as the energy is
absorbed by the phase change process. The temperatures then
remain stable at lower temperatures for an extended period, which
improves component performance.
3.3. Thermal characteristics of the heat pipes

The Group 3 experiments investigated the effect of the heat
pipes on the component temperatures. Fig. 6 compares the compo-
nent temperatures with and without the heat pipes. The tempera-
ture is 125.7 �C without a heat pipe. The temperature difference
between the components and the PCM is 17.5 �C which shows that
the thermal storage capacity of the PCM is not fully utilized. After
the heat pipes are added, the temperature difference between the
components and PCM decreases to 5.5 �C, with a component tem-
perature of 118.7 �C, a reduction of 7.0 �C. This confirms that the
heat pipes provide an efficient heat transfer path from the compo-
nents to the PCM.
3.4. System thermal characteristics

Fig. 7 shows the thermal characteristics of the TMS. The total
power of the electronic components is 30 W. The PCM mass is



Fig. 5. Comparison of electronic component temperatures with and without PCM.

Fig. 6. Comparison of component temperatures with and without heat pipes.

Fig. 7. TMS thermal characteristics.
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700 g. The results show that the electronic component tempera-
ture is 119 �C after 6 h, indicating that the TMS effectively main-
tains the component temperature below 125 �C for an operating
time of six hours. This result completely satisfies the requirements
for the downhole electronic components.
3.5. Finite element analysis of the system thermal characteristics

The system thermal characteristics were then analyzed using a
finite element analysis using COSOL Multiphysics as described in
Appendix A using a two-dimensional symmetrical model. Fig. 8
(a) and (b) shows schematics of the physical model with and with-
out the TMS. The boundary conditions were the same as those in
the experiments. A heat transfer model was applied in the porous
media to simulate the phase change process using a variable speci-
fic heat to represent the latent heat storage process to study the
phase change thermal storage mechanism [25,26]. The model
included the radiation term in the equivalent thermal conductivity,
with the predictions compared with experimental data to confirm
the accuracy.

Fig. 8(c) and (d) shows the temperature fields for both cases.
The logging tool internal temperature with the TMS is lower than
without the TMS where the electronic component temperatures
exceed 200 �C within an hour. The results agree with the experi-
mental data. Without the thermal insulation, the ambient heat
immediately transfers into the logging tool through conduction
and radiation due to the significant temperature difference
between the tool and the environment.

The heat flow inside the logging tool was also investigated.
Fig. 8(e) and (f) shows the simulated heat flux vectors near the
electronics at 10 min where the arrow size is proportional to the
heat flux. Without the TMS, heat is transferred from the heat sink
to the electronic components, thus accelerating the temperature
increase in the components. With the TMS, the heat dissipates
from the electronic components to the PCM, which reduces the
component temperatures. Although heat flows into the compo-
nents from the pressure bottle side, there is almost no heat flow
from the vacuum flask side, which further confirms the thermal
insulation characteristics of the vacuum flask.

A qualitative analysis was conducted to further understand the
lower temperatures of the electronic components with the TMS.
Heat is gained from the environment and from the heat generated
by the electronic components. The sensible heat increase is given
by:

Qs ¼ mcpðTe � T0Þ ð2Þ
The energy gained by the latent heat is given by:

QL ¼ mPCML ð3Þ

where Qs is the sensible heat storage, QL is the latent heat storage,m
is the mass, Cp is the constant specific heat, T0 is the initial temper-
ature, Te is the final temperature and L is the latent heat of the PCM.
The heat transfer is the difference between the thermal storage and
the heat generated by the electronic components. Fig. 9 shows the
heat output and the thermal storage for both cases. The TMS
reduces the heat gain by 37.6%, which reduces the thermal storage.
Per Eq. (1), Te decreases as Qs decreases. The PCM absorb 20.7% of
the thermal storage, which results in a lower electronic component
temperature.



Fig. 8. Schematic diagram of the physical model (a) with TMS, (b) without TMS, (c) Case 1: temperatures with the TMS, (d) Case 2: temperatures without the TMS, (e) Case 1:
simulated heat flux vectors near the electronic components at 10 min, (f) Case 2: simulated heat flux vectors near the electronic components at 10 min.

Fig. 9. Heat output and thermal storage of systems with and without TMS.
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4. Conclusions

This paper presents a passive TMS for downhole electronics in
harsh thermal environments. The thermal insulation characteris-
tics of a vacuum flask were experimentally evaluated. The results
show that the flask efficiently reduces heat transfer from the hot
downhole environment and the system cannot control the elec-
tronic component temperature for component power levels up to
20 W. When the flask is used with the PCM, the electronic compo-
nent temperature is reduced by 30 �C. The heat pipes reduce the
temperature difference between the electronic components and
the PCM by 10.7 �C. Thus, the electronic component temperature
is maintained below 125 �C for a six-hour operating period. Thus,
the presented TMS is a promising candidate for applications in
the oil and gas industries.
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Appendix A

A.1. Governing equations

The following assumptions are made to simplify the
calculations:

(1) One-dimensional heat conduction based on Fourier’s law;
(2) The temperature outside the flask is the same as the down-

hole temperature;
(3) The heat generation in the PCB is symmetric and uniform;
(4) No thermal convection inside the flask;
(5) Gravity has no effect on the heat transfer.

The governing equations are:
Continuity equation

@q
@t

þ @ðquÞ
@x

þ @ðqvÞ
@y

¼ 0 ð4Þ

where q is the PCM density, and u and v are the velocities in the x
and y directions.
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Momentum equations
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where Su and Sv represent the appropriate momentum sink terms
which account for the pressure drop caused by the porous solid
material.

Energy equation

q
@H
@t

þ u
@H
@x

þ v @H
@y

� �
¼ k

cp

@2H
@x2

þ @2H
@y2

 !
þ Sh ð7Þ

where H represents the specific enthalpy and Sh is the heat genera-
tion rate:

Sh ¼ q
cp

@ðDHÞ
@t

ð8Þ
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