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Logging tools are subjected to increasingly extreme thermal environments due to the exploration of deeper wells.
Previous studies have shown that passive thermal management systems have successfully protected electronics
that operate in high ambient temperature environments for up to several hours. However, the percentage of the
contribution from different heat transfer modes remains unclear, and the numerical models remain incomplete.
To solve this issue, a 3D numerical model that couples all heat transfer modes was proposed for passive thermal
management systems of logging tool. Unlike previous simplistic models, the one proposed here considers solid
heat conduction, natural air convection, thermal radiation, and the phase change heat storage processes. The
accuracy of the proposed model was verified by experiments. The experimental results showed that the
maximum absolute errors and the average absolute error between the simulation and experiment were 8.61 °C
and 3.02 °C, respectively. The maximum percentage error between the experiment and simulation using the
proposed model was 4.71 %, compared to 6.59 % for the previous model. Importantly, the heat transfer process
was described in detail by numerical simulations. The results showed that the absorbed heat of the phase change
materials accounted for 72.7 %, which suppressed the temperature rise of the heat sources. In addition, the
proportions of thermal conduction, convection and radiation in the total heat exchange were 93.89 %, 4.32 %,

and 1.79 %, respectively.

1. Introduction

As the global demand for petroleum resources increases and shallow
oil and gas resources are exploited, the exploration of deeper and hotter
wells becomes exceedingly attractive due to the economic and practical
benefits [1-3]. However, according to geosphere researches, the down-
hole temperature rises 1-9 °C per 100 m, which suggests that downhole
temperatures might exceed 200 °C [4]. Recently, an increasing number
of high-temperature and high-pressure wells containing abundant pe-
troleum resources have been discovered around the world. Hence, such
a process for detecting underground petroleum resources requires the
ability to operate in an extremely high temperature environment [5,6].
Logging tools play an important role in petroleum exploration. To detect
reserves in high-temperature areas, the electronics inside the logging
tool are forced to operate for hours at ambient temperature in excess of
200 °C. However, most standard electronics fail to withstand such a
harsh environment since extremely high-temperature environment can
lead to a decline of instrument reliability or even failure of the elec-
tronics [7,8].
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To address this issue, numerous thermal management methods have
been proposed including active and passive cooling techniques [9].
Various active cooling techniques, such as thermoelectric cooling [3,10-
13], sorption cooling [14], vapor compression cycles [15-17] and liquid
cooling [18], are able to achieve excellent cooling performance. How-
ever, these active cooling methods are not suitable for all logging ap-
plications due to the additional moving components, extra power input
and low reliability. Hence, passive thermal management systems
(PTMSs) for logging tools, which are composed of vacuum flasks, in-
sulators, phase change materials (PCMs), electronics and skeleton, are
attracting increasing attention due to their high reliability and integra-
tion [19]. A vacuum flask combined with insulators is applied to reduce
heat transfer from a high-temperature environment. The PCMs between
the skeleton and insulators are designed to absorb the heat generated
from the electronics. Through the protection of a passive thermal
management system, the electronics inside the logging tool can operate
safely for hours in a high-temperature well [20].

The PTMSs for logging tools deployed at high ambient temperature
possess a complex heat transfer process, which involves solid heat
conduction, natural air convection, thermal radiation and solid-liquid
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Nomenclature

Density

Specific heat capacity
Thermal conductivity
Temperature

Time

Air velocity

Air pressure

Power per unit volume
Gravity

Air dynamic viscosity
Effective radiation

Surface emissivity
Stefan-Boltzmann constant
Input radiation

Radiation angle coefficient
Emission angle

Surface area

Distance between the two surfaces

FE OO N NTeQT e T X000

Q Net radiation heat transfer

T Initial phase change temperature of PCM

T; Final phase change end temperature of PCM
L Latent heat

Ceff Equivalent heat capacity of PCM

a Volume fraction of liquid PCM

h Average convective heat transfer coefficient
Th Radius of the wellbore wall

re Radius of the logging tool

U Velocity of the logging tool

L Length of the logging tool

a Thermal diffusion coefficient

Subscripts

0 Initial

air Air

i Surface i

j Surface j

PCM-S  Solid PCM

PCM-L  Liquid PCM

phase change. In previous studies, several heat transfer models for
PTMSs have been proposed to simulate the thermal performance under
different condition. Initially, a 1D numerical PTMS model was proposed
based on the energy conservation equation [21,22]. Through numerical
calculation of the 1D nodes, the average temperature of nodes and the
heat flow inside the logging tool were obtained. The 1D numerical
model preliminarily explained the PTMS heat transfer process, whereas
ignoring specific structures resulted in large discrepancies with the
experimental results. With the development of numerical simulation, 2D
numerical PTMS models were proposed to obtain the temperature con-
tour of the logging tool, which further investigated the PTMS heat
transfer process [23-25]. However, the actual structure of the logging
tool is not symmetrical, and thus, the 2D numerical model possessed
certain deficiencies in terms of heat transfer details, which failed to
accurately describe the heat transfer process of the logging tool. To solve
this issue, 3D numerical PTMS models that considers solid heat con-
duction and phase change processes were proposed [26-29]. The nu-
merical results that were similar to the experimental results could be
obtained, but the error was larger in the higher temperature interval due
to the fact that that natural air convection and thermal radiation was
neglected. Therefore, the 3D numerical models in previous studies were
not sufficiently comprehensive. In addition, the proportion of heat
conduction, natural air convection and thermal radiation in the PTMS
remains unclear.

In this study, a 3D numerical PTMS model for the logging tool was
proposed. The proposed model considers solid heat conduction, natural
air convection, thermal radiation and phase change processes simulta-
neously (named as the SNTP numerical model). The SNTP numerical
model was compared to the previous model with the same geometric
model. The previous model only considers solid heat conduction and
phase change processes (named as the SP numerical model). Addition-
ally, an experiment was conducted to verify the accuracy of the SNTP
numerical model. Finally, the transfer process was elucidated, and
quantitative analyses of solid heat conduction, natural air convection,
thermal radiation and phase change heat storage were carried out
through numerical simulation.

2. Methods
2.1. Geometric model

Fig. 1 shows the geometric model (i.e., diagram) for the PTMS of a

@ vacuum bottle @) insulator 1 @PCM1
@ metal skeleton ® silicone pad ®) heat source 1(20W)
(@ heat source 2(10W) PCM 2 (© insulator 2

Fig. 1. Geometric PTMS model of a typical logging tool.

typical logging tool. A vacuum bottle is utilized to prevent radial heat
transfer from the high-temperature downhole environment. The insu-
lator 1 and 2 are located at the end of the vacuum bottle to block the
axial environmental heat transfer. It is worth noting that there is a
vacuum layer on the closed side of the vacuum bottle, but not on the
open side. The space between the vacuum bottle and the metal skeleton
is filled with air. Heat source 1 (20 W) and heat source 2 (10 W) are
connected to the metal skeleton through thermal silicone pads. PCMs are
applied for heat storage at both ends of the skeleton. Forced convection
heat exchange occurs between the high temperature mud and the outer
wall of the metal bottle during logging operation.

2.2. Numerical heat transfer model

In this section, the SNTP numerical model is described in detail.
unlike previous simplistic models, the one proposed here considers solid
heat conduction, natural air convection, thermal radiation and phase
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change process inside the vacuum bottle. To simulate the transient heat
transfer process efficiently and accurately, the following assumptions
are made:

(1) The complex heat transfer process of the vacuum layer is equated
to a solid heat transfer process with very low thermal conduc-
tivity [29].

(2) The effect of contact thermal resistance on heat transfer is
ignored [20].

(3) The change in the physical properties of materials with respect to
temperature is ignored [28].

(4) The electronics are treated as uniform heat sources.

The electronics inside the logging tool constantly generate heat
during operation. Most of the heat is dissipated through the metal
skeleton by solid heat conduction [30], which can be expressed as:
pcaa—f =V-(kVT)+gq (@D)]

Since air exists between the skeleton and the inner wall of the vac-
uum bottle, natural convection occurs within the closed cavity due to the
temperature difference and gravity. In this study, the Boussinesq
approximation is adopted to calculate the natural air convection in the
closed cavity [31-33]. It is assumed that the air density change has no
effect on the flow field, but affects the buoyancy force. The continuity
equation can be simplified as:

Vau=0 2)

The conservation of momentum equation for natural air convection
[34] can be expressed as:

a T-T,
((7': + u Vu) = —Vp+W2u+ﬂog—ﬂo( T o)g 3)

The equation of energy conservation for natural convection can be
expressed as:

aT
PairCair 5 PairCairlt* VT = V- (ki VT) + (©)]

Since the air inside the vacuum bottle can be regarded as a radiation
transparent medium, the radiant heat transfer that occurs among the
skeleton, the heat source surface and the inner wall of the vacuum bottle
can be calculated using the surface-to-surface radiation model. For
surface i, the effective radiation can be expressed as:

Ji = (1 —¢€)G; +eoT;! (5)

where G;j can be expressed as:
N
Gi=Y FyJ; ©)
=1
where Fjj can be expressed as:

//cos@ cos@,dA dA, %)
A A

From Eq. (5)-(7), the radiation heat transfer of surface i can be
expressed as:

al Ji—J;
Q=AY Fi(/i—J) = Y ——1 ®

=1 =1 AF‘J)

Since the phase change involves a nonlinear process, it is calculated
by the equivalent heat capacity method [35]. The equivalent heat ca-
pacity of PCMs can be expressed as:
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Cpcm-s (T<T)
<
1 5
Cof = ~ (1 — @) ppey_s-crem—s + @Ppey_y"Crem-1] + T T (T.<T<TY)
P =<
CpcM-L
€))
The equivalent density can be expressed as:
Pren = (1= @) ppey—s + APpey—t (10)

The equivalent thermal conductivity can be expressed as:
kpey = (1 — a)-kpcy—s + a-Kpcy—1, an

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

0 (T <Ty)
a={ et (rerer) 12)
Veem—1 + Veem—s
1 (T, <T)

Convective heat transfer between the metal vacuum bottle and the
high temperature environment, and the average convective heat transfer
coefficient can be expressed as [36].

1

1 3himud U : \
hy=—[ hx) = —_— 11r, — 51,)}
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295, — 51\
)] -

2.3. Simulated setup

In the simulation, COMSOL software was used to solve the numerical
3D model. The governing equations from the previous section were
firstly added to the computational fluid dynamics (CFD) solver. Then,
the 3D PTMS model for the logging tool was imported into the solver,
and the unstructured tetrahedral mesh was divided. Subsequently, the
materials and thermal properties of each component were defined as
shown in Table 1. Notably, the vacuum layer of the metal vacuum bottle
was equivalent to a solid layer with a thermal conductivity of 0.0002 W/
(m-K) [29]. The phase change interval of the used PCM was
71.03-76.43 °C with a latent heat of 36.68 kJ/kg. The thermal expan-
sion coefficient of the PCM was 6.47 x 10°/K [37]. The surface emis-
sivity of the inner wall, skeleton, heat source, and insulator were 0.2,
0.16, 0.9 and 0.747 respectively [38-40]. Subsequently, the heating
power of heat source 1 and heat source 2 were set to 20 W and 10 W,
respectively. The external surface of the vacuum bottle was set as the
convective heat transfer boundary condition with an ambient temper-
ature of 205 °C. The initial temperature of the logging tool was set to
20 °C. Based on the transient CFD solver, the heat transfer process of the
logging tool was calculated from 0 to 360 min with a time step of 10 min.

To ensure the accuracy of the calculated results, a grid-independence
analysis was conducted. Numerical models with grid numbers of 50516,
77259, 148701 and 402411 were calculated. The calculated results are
shown in Table 2. When considering the calculation error and compu-
tational resources, the numerical calculation results with grid number of
148701 were finally selected for the subsequent analysis with relative
tolerance of 0.0001. In addition, to verify that the SNTP numerical
model is more accurate than the SP numerical model, numerical simu-
lations for the SP numerical model using the same geometric model were
also performed.

2.4. Experimental setup

To verify the accuracy of the simulated results, the experimental
measurements of the SNTP numerical PTMS model was conducted. As
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Table 1
Materials and thermal properties of the logging tool [29,37-40].

Applied Thermal Engineering 223 (2023) 120011

Name Material Thermal conductivity Density (kgem~>) Heat capacity (Jekg 'K 1) Emissivity Thermal expansion coefficient
W-m LK™ (10°5/K)

Vacuum bottle Inconel 718 14.7 8240 436 0.2 \

Vacuum layer Composite 0.0002 100 1200 \ \

Skeleton Aluminum alloy 6061 167 2710 896 0.16 \

Heat sources Ceramic 30 3960 850 0.9 \

PCM Wood alloy 19.8 9657.9 166.7(s)184(1) \ 6.47

Insulator shell PTFE 0.25 2200 1000 0.747 \

Insulator core Aluminum Silicate wool 0.035 400 794.2 \ \

Table 2
Grid independent analysis.
Grid Temperature of heat Grid Temperature of heat
number source 1 (°C) number source 1 (°C)
50516 162.18 148701 159.15
77259 160.61 402411 159.34

shown in the Fig. 2(a), a skeleton prototype of the logging tool with the
PTMS was fabricated on a scale of one to one with the simulated model.
The two ceramic heating elements(40 mm x 40 mm x 2 mm, 10 W/5V
or 20 W/12 V, Zhengzhou Xindeng Electrothermal Ceramics Ltd.), were
adhered to the skeleton by thermal silicone pads(LC120,1W/(m-K),
Shenzhen Liantengda Technology Ltd.). The contact surfaces are filled
with thermal interface material to reduce the contact thermal resistance.
Subsequently, thermocouples (K type, 2 x 0.3 mm, Shenzhen Yibulan
Electronics Ltd.) were positioned at several temperature measurement
points, such as at the heat sources, insulators and PCMs, as shown in
Fig. 2(a). The metal vacuum bottle (JP90/73 x 900, Xi’an Yufeng
Electronics Company Ltd.) was utilized to contain the prototype with
heat sources and thermocouples. Then, the metal vacuum bottle with the
prototype was put into the oven (DHG-9205A, temperature range
10-300 °C, accuracy + 0.5 °C, Shanghai Hecheng Instrument
Manufacturing Ltd), as shown in Fig. 2(b). In addition, adjustable DC
voltage regulators (MS-3010D, 0-30 V/10 A, Dongguan Meisheng
Power Technology Ltd.) were implemented to supply power to the
ceramic heating elements. A data acquisition instrument (MIK-R6000F,
temperature measurement accuracy 0.2 % FS + 1 D, sampling frequency
1 Hz, Hangzhou Mecon Automation Technology Ltd.) was used to collect
and deal with temperature measurement signals. Finally, the oven
temperature was controlled by a PID controller to maintain a tempera-
ture of 205 °C for 6 h.

(a)

Thermocouple 6

Thermocouple 5

Thermocouple 4

3. Results and discussion
3.1. Experimental results

Fig. 3 shows the comparison of the experimental temperatures and
simulated temperatures of the PTMS. The temperatures of heat source 1,
heat source 2, PCM 1, PCM 2, and insulator 2 are selected to compare the
numerical and experimental results. The experimental temperatures
show the same trends as the simulated temperature. During the whole
process, the maximum absolute errors between the measured and
simulated temperatures of heat source 1, heat source 2, PCM 1, PCM 2
and insulator 2 were 5.39 °C, 5.41 °C, 8.52 °C, 9.43 °C and 3.78 °C,
respectively. The maximum absolute errors were within 10 °C, and the

T T T T T T T T T T T T T
160 | ™ 20W heat source(experiment) ———20W heat source(simulation) -
¥ 10W heat source(experiment) —— 10W heat source(simulation)
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140 | ® PCM 2(experiment) —— PCM 2(simulation) -
% insulator 2(experiment) insulator 2(simulation)
120t -
g
v = -
100
=
=
S st -
3
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2
40 + -
20 b
0 1 1 1 1 1 1 1 1 1 1 1 1 1

0 30 60 90 120 150 180 210 240 270 300 330 360
Time (min)

Fig. 3. Comparison of the simulated and experimental temperatures of
the PTMS.

Fig. 2. Experimental test: (a) Skeleton prototype of the typical logging tool and the metal vacuum bottle; (b) high-temperature oven temperature test site.
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average absolute error was only 3.02 °C, which demonstrated the ac-
curacy of the simulated results.

The errors between the experiment and simulation mainly originated
from the assumptions regarding the numerical simulations and the
experiment setup. First, the contact thermal resistance was neglected in
the simulation, which reduced the heat transfer thermal resistance be-
tween the heat sources and PCMs. Therefore, the simulated tempera-
tures of the heat sources were generally lower than the experimental
temperature during the 290 min operation, while the simulated tem-
perature of the PCMs was higher than the experiment temperature. In
addition, the contact thermal resistance delayed the onset of the phase
transition of the PCMs in the experiment. Since the contact surfaces in
the experiment were filled with thermal interface material, the error was
within the accepted range. Second, the error originated from the
assumption that the change in physical properties of materials with
temperature was ignored. When the temperature was higher, the ma-
terial properties deviated from the defined properties at room temper-
ature. Therefore, the heating rate of the heat sources and PCMs in the
simulation was different from that in the experiment after 290 min. The
change of material properties with temperature had minor effect on the
overall system. Finally, the experiment tests also introduced several
errors. On the one hand, the experimental error derived from the tem-
perature collection accuracy of the equipment, which was + 0.7 °C in
this study. On the other hand, the ambient temperature in the experi-
ment gradually rose from room temperature to 205 °C, while the
simulation was directly set to the ambient convective heat transfer
temperature of 205 °C. These differences had a small effect on the in-
ternal temperature rise due to the excellent insulation of the vacuum
bottle and the insulator. Overall, the errors between the experimental
results and the simulated results were within acceptable limits.

3.2. Comparison with previous numerical model

Fig. 4 shows the heat source temperature timeseries for different
numerical PTMS models. The SP numerical model only considers solid
heat conduction and phase change. The temperature curves of the pro-
posed numerical model were closer to the experimental results than
those of the SP numerical model. The simulated results of SP numerical
model were not much different from that of SNTP numerical model
before 210 min. However, the temperature difference between them
gradually increased due to the enhancement of thermal convection and
radiation after 210 min. Overall, the heat source temperature difference
between the simulated results of the SP numerical model and the
experimental results reached a maximum absolute error of 8.61 °C,

T T T T T T T T T T T T T
160 | E
140 | E
s L ¥ 4
8 120 cosse® ‘__’._'._’-;35‘:!:/' g
© _‘}ﬁ;:ﬁﬁf‘fﬁf >
‘5 100 . .
w Previous numerical model
S g0k W - heat source 1 |
g | % == heat source 2
5 Proposed improved model
= 60 heat source 1 7
heat source 2
40 Experimental results -
+ heat source |
20k @ heat source 2 ]
1 L L 1 1 L 1 1 L 1 L 1 1

0 30 60 90 120 150 180 210 240 270 300 330 360

Time (min)

Fig. 4. The heat source temperature timeseries for different numerical
PTMS models.
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while the maximum error between the simulated results of the SNTP
numerical model and the experimental test results was within 6 °C. The
maximum percentage error between the experiment and simulation in
the SNTP numerical model was 4.71 %, compared to 6.59 % in the SP
numerical model. As a result, the SNTP numerical model accurately
characterized the real heat transfer process in the logging tool. In
addition, the computation times of the SP numerical model and the
SNTP numerical model were 635 s and 29296 s, respectively.

3.3. Temperature field

Fig. 5 shows the temperature distribution of the SNTP numerical
model towards PTMS at different time intervals. The temperature of the
PTMS increased with time due to the combined effect of operating
within a high-temperature environment and self-generated heat. Since
the opening of the vacuum bottle was in direct contact with the external
high-temperature environment, insulator 1 displayed a large tempera-
ture gradient and the heat from environment continuously penetrated
into the interior of the vacuum bottle. However, insulator 2 was near the
closed side of the vacuum bottle, which was less affected by the high-
temperature environment, leading to its lower temperature. Due to the
accumulation of the generated heat, the heat source temperature was
generally higher than that of the metal skeleton and the nearby PCM.
The maximum temperature of the heat sources reached 159.15 °C after
6 h. In addition, the PCMs underwent a phase change process during the
2 to 4 h interval, and their temperature remained constant near the
melting point. Therefore, the overall temperature field of PTMS
remained almost the same during the 2 to 4 h interval, reflecting the
significant effect of the PCMs’ latent heat on the temperature control.

Fig. 6 shows the temperature curves of the logging tool over time.
Influenced by the generated heat, the temperature of heat source 1 rose
rapidly to approximately 50 °C in the first stage, resulting in a certain
temperature difference with the PCMs. In the second stage, it rose at a
uniform rate of 30.4 °C/h due to the sensible heat of the metal skeleton
and the PCMs. In the third stage, PCM 1 and PCM 2 finished the phase
change process and absorbed excessive heat from the heat sources in the
form of latent heat. The temperature of the heat sources remained
almost constant between 100 and 280 min. In the fourth stage, the PCMs
continued to absorb heat in the form of sensible heat, thus leading to the
temperature rise of the heat sources at a rate of 25.97 °C/h.

Oh 180°C
| T
Ih
2h
F e =
= 100°C
FTE=—
4h
5h 40°C

= 8 =1 \..
6h

Fig. 5. Temperature distribution of the PTMS for a typical logging tool.
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Fig. 6. Temperature curves of the logging tool versus time.

3.4. Flow field

Fig. 7 depicts the air flow near the heat source inside the vacuum
bottle. The direction of the red arrows indicates the direction of the
natural air convection. The size of the arrow indicates the magnitude of
the air velocity. The colors of the heat sources and the metal skeleton
denote the temperature. The temperature of the air near the heat sources
is higher and has a lower density than the air flow inside the logging
wool. The air moves upward due to the combined effect of the tem-
perature gradient and gravity and is then dispersed in all directions after
encountering the barrier imposed by PCM 1. In addition, the lower
temperature of the inner vacuum bottle wall contributed to the cooling
of the nearby air, which resulted in a downward return flow.

Fig. 8 shows the velocity distribution of the air inside the vacuum
bottle, where the arrows indicate the direction of the air flow and the
colors reflect the magnitude of the velocity. At the beginning, there was
no temperature difference inside the vacuum bottle, and the air was
stationary. The air flowed upward due to the change in density after 1 h,
and it descend due to the cooling of the inner wall of the vacuum bottle.
Two vortices were clearly visible near the heat source. The flow field
from 2 to 4 h was approximately the same as that at 1 h. The minor
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difference was that two new small reverse vortices appeared below the
metal skeleton near the inner wall of the vacuum bottle. The tempera-
ture of PCM 2 was lower than that of the nearby vacuum bottle wall due
to the phase change of PCM 2, and thus two small reverse vortices
appeared on account of the temperature difference. The temperature of
the metal skeleton further climbed again from 5 to 6 h due to the end of
the phase transition, which was higher than that of the nearby wall of
the vacuum bottle. Hence, the small reverse vortices disappeared.
Overall, the natural air convection velocity inside the vacuum bottle
ranges from 0 to 0.1 m/s. The air between the PCMs and the vacuum
bottle is nearly stationary. The natural convection of air inside the
vacuum bottle accelerates the dissipation of the heat from the heat
sources.

3.5. Phase change heat storage

As the main heat storage pool of PTMS, PCMs are crucial for the
temperature control of the heat source. Therefore, it is necessary to
analyze the phase change process of PCMs. Fig. 9(a) shows the phase
change of the PCMs over time, where 0 and 100 % indicate the solid
PCM and the liquid PCM, respectively. 0—100 % indicate the solid-
-liquid mixing area of PCM, which reflects the phase change interface.
The PCMs were solid from O to 1 h, as shown in Fig. 9(a). The phase
change process started from the sides nearest the heat source at
approximately 2 h and then gradually advanced towards the two ends of
the logging instruments until 5 h, at which time the phase change was
complete. The generated heat from the heat sources was the main reason
for the phase change process. The extreme ambient temperatures had
less effect on internal phase changes due to the superior thermal insu-
lation of the vacuum bottle and insulators. In addition, PCM 1 completed
the phase change process approximately 1 h earlier than PCM 2 due to
the influence of the high-temperature environment.

Fig. 9(b) displays the fraction of liquid PCMs curves as a percentage
of volume over time. The x-axis is the time, and the y-axis is the per-
centage of the liquid PCM volume (0-100 %). Both PCM 1 and PCM 2
started the phase transition process at approximately 100 min. Since
PCM 1 was located at the open side of the vacuum bottle, the phase
transition of PCM 1 was completed at 240 min. The phase transition time
of PCM 2 was relatively slower, and the phase transition completed at
290 min. Since the phase transition process of PCM 1 was not syn-
chronized with that of PCM 2, the total PCMs phase transition trend was
significantly altered by the time the phase change of PCM 1 was

20°C 40°C 60°C 80°C 100°C

120°C 140°C 160°C 180°C 200°C

Fig. 7. The air flow near the heat source in the vacuum bottle.
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Fig. 8. The velocity distribution of the air inside the vacuum bottle.
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Fig. 9. PCM phase transition (a) Phase transition of PCMs within the logging tool at one hour intervals (b) Liquid PCMs as a percentage of volume versus time.
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Fig. 10. PCM heat storage timeseries.

completed.

The heat storage of the PCMs is further shown in Fig. 10. When the
PCMs were pure solid or pure liquid, the PCMs only accumulated heat in
the form of sensible heat with a lower heat storage rate. When the PCMs
were under the melt phase transition, their temperature was maintained
near the melting point for a longer period of time, which showed a great
heat storage effect and kept the temperature of other components from
rising. Therefore, the PCM heat storage timeseries showed two inflection
points, which represented the beginning and end of the phase change,
and the slope of the curves between the two inflection points was
significantly larger. The total heat storage of the PCMs reached 525.354
kJ (the absorbed heat of PCM 1 and PCM2 were 269.654 kJ and 255.700
kJ, respectively). Among them, latent heat storage accounted for 58.1 %,
which played a significant role in the whole heat storage process of
PCMs.

3.6. Heat flow

Fig. 11(a) shows final the temperature distribution and heat flow of
PTMS, where the color indicates the temperature and the red arrows
indicate the direction and size of the heat flow. The great majority of
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heat from the heat sources was dissipated to the metal skeleton through
the thermal silicone pad, and then transferred to the PCMs along the
skeleton to the left and right. At the junction of the metal skeleton and
the PCMs, there was a significant heat diffusion process due to the
change in cross-sectional area. After the heat flow entered the interior of
the PCMs, it decreased, which visually reflected the heat storage process
offered by the PCMs. Concerning the heat exchange by natural con-
vection of air, the direction of heat flow was consistent with the velocity
of air movement, which illustrated that the macroscopic movement of
air could strengthen the heat exchange process. In addition, due to the
outstanding thermal insulation of the vacuum layer, there was a “ther-
mal bridge effect” at the opening of the vacuum bottle [41]. The heat
from the external high-temperature environment could bypass the vac-
uum layer and seep into the interior of the vacuum bottle, which further
intensified the environmental heat transfer at the opening of the vacuum
bottle.

The heat generation and absorption capacities of the PTMS are
further quantified, as shown in Fig. 11(b). First, the heat generation was
mainly divided into two parts: heat generated from the heat sources and
heat transfer from the high-temperature environment. Among them, the
heat transfer from the high-temperature environment reached 74.67 kJ,
which only accounted for 10.3 % of the total heat. The heat sources
constantly generated a total 648 kJ of heat during the 6 h of operation,
which accounted for 89.7 % of the total heat. Since the heat cannot be
dissipated to the high-temperature environment, all the heat was
absorbed by each component of the PTMS, resulting in an increase in the
overall enthalpy and temperature. PCM 1 and PCM 2 possessed abun-
dant heat storage capacity, which accounted for 37.3 % and 35.4 % of
the total heat storage, respectively, reflecting the essential role of PCMs
in the PTMS. The PCMs were the most significant heat storage compo-
nent of the logging tool when subjected to high ambient temperatures.
The metal skeleton, insulator 1 and insulator 2 absorbed 8 %, 13.2 % and
5.6 % of the heat in the form of sensible heat, respectively. In addition,
part of the heat was still trapped in heat source 1 and heat source 2,
which was 1382.7 J and 1320.4 J, respectively, and caused their tem-
perature to rise.

The heat source temperature is a key indicator of the PTMS for the
logging tool. The final temperature is tightly related to the heat dissi-
pation capability. Therefore, it is necessary to focus on the heat dissi-
pation path of the heat sources. Fig. 12 displays the heat dissipation
paths of heat source 1 and heat source 2. The majority of the generated
heat from the heat sources was transferred to other components via heat
conduction, natural air convection and thermal radiation, and only 0.47
% and 0.86 % of the total heat was trapped within heat source 1 and heat
source 2, respectively. Among the three forms of heat transfer, thermal
conduction played a dominant role, where 94.0 % of heat source 1 and
92.5 % of heat source 2 was dissipated through the metal skeleton.
Overall, the proportions of solid heat conduction, natural air convection
and thermal radiation heat exchange are 93.89 %, 4.32 %, and 1.79 %,
respectively, which reflects the absolute dominance of solid heat con-
duction in the whole heat exchange process.

4. Conclusions

We proposed a numerical model that coupled multiple heat transfer
modes to create a passive thermal management system for logging tools.
The proposed model considers solid heat conduction, natural air con-
vection, thermal radiation, and phase change processes simultaneously.
The experimental results showed that the maximum absolute error be-
tween simulation and experiment was 8.61 °C, and the average absolute
error was only 3.02 °C, thus demonstrating the accuracy of the numer-
ical model. The proposed model can characterize the real heat transfer
process accurately with a deviation of 4.71 % from the experiment. It is
noted that the computation time of the proposed improved model is
long, and better methods should be proposed in future work to reduce
the computation time while ensuring computational accuracy.
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