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A B S T R A C T   

The electronics inside the logging tools are prone to failure due to the extreme thermal environments. In this 
study, a hybrid thermal management system using liquid cooling and phase change material (PCM) for downhole 
electronics is proposed to extend the workable time. In this system, a spiral pipe and a S-shaped pipe are 
respectively arranged inside the PCM and the cold plates to strengthen the heat exchange. To investigate the 
performance of this system, the transient flow and heat transfer simulation are implemented using finite element 
method. The accuracy is validated by comparing with the reported experimental results, showing an error of less 
than 6.7 %. The results show that the hybrid thermal management system increases the operating time of the 
electronics from 230 min to 450 min, which is attributed to the introduction of liquid cooling. The maximum 
temperature difference between the electronics and PCM reduces from 30 ◦C to 2 ◦C. Moreover, the effect of flow 
rate, spiral pipe spacing, heating power and ambient temperature on the temperature control performance are 
explored. This work provides a guidance for the design and optimization of logging tools, which is significative to 
shorten their research and development cycle.   

1. Introduction 

Logging tools are used to detect the distribution of petroleum re-
sources underground in extreme thermal environments [1–3]. The 
ambient temperature might exceed 200 ◦C when the logging tool oper-
ates in a well with a depth of more than 5 km [4,5]. For specific in-
struments, the temperature of the downhole electronics inside the 
logging tool needs to be limited below 100 ◦C during working time [6]. 
Without thermal protection, the temperature of the electronics would 
quickly exceed the temperature limit due to the dual influence of high 
temperature environment and self-generated heat [7–9]. Hence, it be-
comes important to implement effective thermal management for the 
normal electronics to ensure their safe and stable operation. 

The existing thermal management measures can be mainly divided 
into active thermal management techniques (ATMT) and passive ther-
mal management techniques (PTMT). The active thermal management 
techniques include vapor compression refrigeration [10–12], split- 
Stirling refrigerator [13,14], and thermoelectric refrigeration [15–17], 
which transport the heat generated by the electronics to the high tem-
perature environment through external input energy. The ATMT shows 
the advantages of long temperature control time and adjustable cooling 

power. However, limited by the reliability, these ATMT systems are 
difficult to be applied in the actual operation of logging tools. Passive 
thermal management techniques mainly include thermal insulation, 
heat storage, and enhanced heat exchange [18–20]. First, high vacuum 
insulation and porous materials are used to reduce the heat intrusion 
from high-temperature environment to the internal electronics [21–23]. 
Second, phase change material (PCM) with high thermal conductivity 
and heat storage capacity are utilized to store the self-generated heat of 
electronics and the leaked heat from the external high-temperature 
environment [24–27]. Third, the electronics and PCM are connected 
by the thermal channels, which are composed of metals with high 
thermal conductivity, such as cooper and aluminum [20,28]. Benefitted 
from no additional energy input and no moving parts, passive thermal 
management systems show the highest reliability. However, the tem-
perature difference between the electronics and PCM in passive thermal 
management systems remains large due to the limited heat transfer of 
the thermal channels, which limits the heat transfer and storage of PCM. 
Therefore, for passive thermal management systems, the PCM may be 
underutilized when the internal electronics reach their temperature 
limit, resulting in short working time. 

In contrast, combining active and passive thermal management 
techniques can make full of the advantages of both to extend the 
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operating time of electronics. Currently, liquid cooling technology has 
been relatively mature, and widely used in various fields due to the 
advantages of long-distance heat transfer and strong heat dissipation 
capacity [29–32]. In the few studies, the thermal channels have been 
replaced by liquid cooling for thermal management of downhole elec-
tronics, and good temperature control performance has been achieved. 
For example, Jakaboski [33] proposed an innovative thermal manage-
ment of electronics used in oil well logging. At an ambient temperature 
of 205 ◦C, the system can maintain the temperature of electronics under 
100 ◦C for approximately 28 h by liquid cooling. Ma et al. [34] proposed 
a thermal protection with insulation material and liquid cooling for 
using in deep downhole environments, which can extend the downhole 
electronics’ operating time to 5 h. The above studies have provided 
qualified resolution for the thermal management under specific cir-
cumstances. However, on the one hand, the heat transfer between the 
electronics and PCM in the above study can be further enhanced by 
rational designs. And the selection of the PCM does not consider the 
actual initial ambient temperature, which may lead to underutilization 

of the latent heat of PCM. Due to the subcooling degree of the PCM, once 
the ambient temperature is higher than the solidification temperature of 
the PCM, the latent heat of the PCM cannot be recycled, resulting in 
safety issue [35]. On the other hand, the above thermal management 
systems for downhole electronics are designed empirically since no 
suitable numerical model has been available for numerical simulation 
due to complex heat transfer of the whole system. Once the experimental 
results do not meet the requirements, the system needs to be redesigned, 
and the prototype needs to be refabricated and retested, which greatly 
increase the research and development (R&D) cycle and cost. Therefore, 
first, it is urgent to propose a hybrid thermal management system, which 
both enhances heat transfer and takes into account the effect of the 
actual initial ambient temperature on the utilization of the PCM. Second, 
it is necessary to propose a numerical method to simulate the complex 
processes of the hybrid thermal management system for guiding the 
system design and cutting down the R&D cycle and cost. 

In this study, a hybrid thermal management system (HTMS) for 
downhole electronics is proposed to prolong the workable time. This 

Nomenclature 

ρ density 
c specific heat capacity 
λ thermal conductivity 
T temperature 
t time 
u velocity of working liquid 
P pressure of working liquid 
q power per unit volume 
μ dynamic viscosity of working liquid 
Re Reynolds number 
d pipe diameter 
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 

Subscripts 
s solid materials 
l working liquid 
in inlet 
out outlet 
PCM-s solid PCM 
PCM-l liquid PCM 
onset start of phase change 
end end of phase change  

Fig. 1. The physical model of the HTMS for downhole electronics.  
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system adopts liquid cooling and low melting point alloys (LMPA) for 
temperature control. Suitable LMPA is selected according to actual 
temperature requirements. A spiral pipe and a S-shaped pipe are 
respectively arranged inside the phase change material and the cold 
plate to strengthen heat exchange. To guide the system design of HTMS, 
first, the 3D model of the whole hybrid thermal management system is 
designed. Subsequently, a numerical heat transfer model of the whole 
system is constructed based on some reasonable simplification. Then, 
the numerical model is validated by reported experimental studies. The 
temperature control effect of the proposed system is compared with a 
conventional thermal management system using thermal channels for 
heat conduction. Finally, some factors affecting the performance of the 
proposed system are carefully studied. 

2. Methods 

2.1. System composition 

Fig. 1 shows the physical model of the HTMS for downhole elec-
tronics combining liquid cooling and PCM under extreme thermal 
environment. The HTMS is composed of vacuum flask, insulator 1, upper 
cover, lower cover, aluminum adapter, PCM container, PCM, insulator 
2, silicone pad, circuit board, electronics (regarded as heat source 1 and 
heat source 2), upper cold plate, lower cold plate and pipe and coolant. 
The vacuum flask is utilized to isolate circumferential heat transfer from 
high-temperature environment. The outer and inner diameters are 90 
mm and 73 mm, respectively, with the length of 810 mm. The vacuum 
flask has a vacuum layer (3 mm) between the inner and outer diameter. 
Insulator 1 and insulator 2 are located at the open end and closed end for 
reducing axial heat transfer from high-temperature environment, 
respectively, with the length of 84 mm and the diameters of 72 mm. 

The electronics are installed on the circuit board. The gaps among 
the circuit board and cold plates are filled with heat-conductive silicone 
pads. There are S-shaped flow channels between cold plates and cover 
plates for pipe arrangement to strengthen the heat exchange between 
the cold plates and pipe. The pipe containing coolant inside the PCM is 
spirally arranged for enhancing the heat transfer between the liquid and 
the PCM. The heat generated by the electronics can be quickly trans-
ferred to the cold plate through the heat-conductive silicone pads. 
Subsequently, the self-generated heat is stored in the PCM through 
liquid cooling. Aluminum adapter is used to connect the cover to the 
PCM container. Space is reserved inside the aluminum adapter for a 
pump and a fluid compensator, which are connected to the inlet and 
outlet, respectively. The outer and inner of pipe are 6 mm and 5 mm, 
respectively. The working fluid inside the pipe is deionized water, which 
can work stably below 100 ◦C. The ceramic heat plates are used to 
simulate heat sources with thermal conductivity of 30 W/(m⋅K), density 
of 3960 kg/m3 and specific heat capacity of 850 J/(kg⋅K), respectively. 
The heat-conductive silicone pads are composed of silica gel with the 
thermal conductivity of 1 W/(m⋅K), density of 1810 kg/m3 and specific 

heat capacity of 923 J/(kg⋅K), respectively. The detailed parameters of 
the other structures are shown in Table 1. 

2.2. Numerical heat transfer model 

In this section, the proposed thermal management system is simu-
lated by finite element method. The heat transfer processes of the whole 
system include convection heat exchange between the slurry and the 
vacuum flask, multiple heat transfer mode in the vacuum layer, solid 
heat conduction, natural convection heat exchange, thermal radiation 
inside the vacuum flask, forced convection heat exchange through the 
coolant, phase change heat storage, etc. To simulate these heat transfer 
processes quickly and accurately, the following assumptions are made:  

(1) The vacuum layer is equivalent to a solid layer with low thermal 
conductivity [36].  

(2) Contact thermal resistance is ignored in the heat transfer process 
[20].  

(3) The change of physical properties of materials with temperature 
is ignored [21].  

(4) The electronics are regard as uniform heat sources.  
(5) Natural convection and thermal radiation inside the vacuum flask 

are ignored [37].  
(6) Coolant is considered as laminar and incompressible fluid. 

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. 

Table 1 
Materials and thermal properties of the logging tool [41].  

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 LMPA  18.79  9580 146(s)184(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 
Working fluid Deionized water  0.6  998 4128  

Fig. 2. The DSC test curve of selected LMPA.  
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The solid heat transfer process can be expressed as [38]: 

ρscs
∂T
∂t

= ∇⋅(λs∇T)+ q (1) 

For the forced convection heat transfer through liquid cooling, the 
continuity equation can be expressed as [39]: 

∂ρl

∂t
+∇⋅(ρlu) = 0 (2) 

The conservation of momentum equation can be expressed as: 

ρl
∂u
∂t

+ ρl(u⋅∇)u = − ∇P+ μ∇2u − φ (3) 

The conservation of energy equation for the heat transfer process can 
be expressed as: 

ρlcl
∂Tl

∂t
+∇⋅(ρlcluTl) = ∇⋅(λl∇Tl) (4) 

The flow form is determined by the Reynolds number, which is 
expressed as: 

Re =
ρlud

μ (5) 

To simulate the liquid cooling cycle accurately and quickly, the 
pump and liquid compensator are equivalent to the inlet and outlet of 
the cycle, respectively. The inlet is the velocity boundary condition 
generated by the pump, and the outlet is the pressure boundary condi-
tion of the fluid flowing back to the liquid compensator. To ensure 
temperature continuity, the temperature of the liquid inlet and outlet 
are kept the same at every moment, which can be expressed as: 

Tin = Tout (6) 

For the phase change heat storage process, it is calculated by the 
equivalent heat capacity method [40], 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)

(8) 

The equivalent density can be expressed as: 

ρPCM = (1 − θ)⋅ρPCM− s + θ⋅ρPCM− l (9) 

Fig. 3. Grid-independent validation and numerical method validation. (a) grid division diagram; (b) the temperature-rising curves for different grid numbers; (c) the 
heat source temperature curves versus time. 

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)

(7)   
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The equivalent thermal conductivity can be expressed as: 

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

For the convection heat transfer from the high-temperature mud to 
the vacuum flask, the average convective heat exchange coefficient can 
be expressed as [37]: 

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

]

(11)  

2.3. Selection of PCM 

PCM, usually referred to solid-liquid PCM, plays a key role in heat 
storage in the logging tool. The phase transition heat storage accounts 
for a large proportion of total heat storage. Therefore, the melting 
temperature should be as low as possible to make full use of the phase 
transition heat storage. Meanwhile, since the logging platforms are 
located all over the world, the temperature on the platforms may reach 
50 ◦C. The PCM needs to maintain at solid state at this temperature to 
ensure the safety of the next logging. PCM usually has a certain degree of 
supercooling, which results that temperature interval of the solidifica-
tion process doesn’t coincide with the melting process interval. Hence, 
the solidification temperature of PCM should exceed the ambient tem-
perature. Hence, it is necessary to select PCM with high heat storage 
capacity and high thermal conductivity. LMPA is a suitable PCM for 
thermal management of downhole electronics due to its high thermal 
conductivity and considerable latent heat. Fig. 2 shows the DSC test 
curves of the selected LMPA. The melting interval and solidifying in-
terval of the LMPA are 74.73 ◦C–77.20 ◦C and 59.54 ◦C–60.73 ◦C, 

respectively. In addition, the latent heat of melting process can reach 
37.186 kJ/kg, with the thermal conductivity of 18.79 W/(m⋅K). 

2.4. Simulation setup and model validation 

The software COMSOL was used to simulate the heat transfer process 
of this system. The control equations were first imported into the CFD 
solver, and then the 3D model was introduced into the solver to generate 
the mesh. The meshes of the pipe and fluid domain were partially 
encrypted, as shown in Fig. 3(a). Subsequently, the materials and the 
thermal properties of each component were defined according to 
Table 1. The viscosity of coolant was set to 0.001003 Pa⋅s. Several 
boundary conditions were set as follows. First, the downhole high 
temperature environment was set to convective heat exchange condi-
tions. Second, the liquid cooling cycle inlet and outlet were set as ve-
locity boundary condition and pressure boundary condition, 
respectively. Third, the outlet and inlet temperature were kept the same 
to ensure temperature continuity. Finally, the simulations were calcu-
lated for a certain time with the heat source temperature not exceeding 
100 ◦C, and a time step of 10 min. In addition, several factors affecting 
the performance of the proposed system were carefully studied. Tran-
sient flow and heat transfer of the proposed system were simulated 
simultaneously. 

To obtain the accurate calculations, grid-independence verification 
was performed. Fig. 3(b) shows the temperature-rising curves for 
different grid numbers. Considering the computational accuracy and 
time, grid number of 1,398,623 was selected for the subsequent simu-
lations. Meanwhile, to verify the accuracy of the numerical method, a 
numerical model of the reported experimental study [33] was estab-
lished whose simulated results were compared with the experiment. 
Fig. 3(c) shows the heat source temperature curves versus time. The 

Fig. 4. The temperature distribution of different heat transfer modes at different moment.  
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maximum error between numerical results and reported experiment did 
not exceed 5 ◦C, and the maximum percentage deviation was less than 
6.7 %, which validated the high accuracy of the numerical simulation 
method. 

3. Results and discussion 

3.1. Comparison with conventional heat transfer 

Heat conduction through thermal channels is the conventional heat 

transfer mode between electronics and PCM. Fig. 4 shows the temper-
ature distribution for different heat transfer modes at different moment. 
The heat transfer modes from electronics to PCM in case 1 include forced 
convective heat transfer through pipe and heat conduction through 
aluminum adapter. Case 2 and case 3 consider forced convective heat 
transfer through the pipes and heat conduction through the aluminum 
adapter, respectively. The inlet flow rate in liquid cooling system is 0.5 
m/s. The spiral pipe spacing inside the PCM is 40 mm. The heating 
power is 30 W, and the ambient temperature is 205 ◦C. The temperature 
distribution in case 1 and case 2 are more uniform than that in case 3. In 

Fig. 5. The temperature curves and heat flow distribution. (a) the temperature curves of electronics for different heat transfer modes versus time; The heat flow 
distribution for different heat transfer modes, (b) case 1, (c) case 2, and (d) case 3. (For interpretation of the references to colour in this figure, the reader is referred to 
the web version of this article.) 
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case 1, case 2 and case 3, the maximum temperature of the heat sources 
reaches the temperature limit at 210 min, 430 min and 450 min, 
respectively. 

Fig. 5(a) shows the temperature curves for different heat transfer 
modes. When considering only the heat transfer through the aluminum 
adapter, the maximum temperature difference between the heat sources 

and PCMs reaches 30 ◦C. When the heat transfer through the pipes is 
considered, this temperature difference is reduced to within 2 ◦C, and 
the temperature curve possesses a clear constant temperature stage. In 
addition, when only the heat transfer through the pipes is regarded, the 
maximum temperature difference between the heat sources and PCMs is 
also within 2 ◦C, but the phase change interval is significantly advanced. 
Fig. 5(b)–(d) show the heat flow distribution for different heat transfer 
modes, where the colours indicate the temperature and the red arrows 
indicate the direction and size of the heat flow. Fig. 6(b)–(d) represent 
the heat transfer paths of case 1, case 2 and case 3, respectively. As 
shown in Fig. 6(b), most of the heat from the heat sources is dissipated to 
the cold plates, and then transferred to the PCM for storage through 
pipes and adapter, respectively. Compared to case 2 and case 3, the 
increased heat transfer pathways explain the longer workable time 
considering both heat conduction and heat convection. It can be derived 
from the size of the arrows that the heat flow through the pipe is much 
larger than that through the adapter. The thermal convection of the pipe 
dominates the entire heat dissipation process of the heat sources. 
Therefore, the temperature difference between the heat sources and 
PCM in case 1 and case 2 is almost the same. 

Fig. 6(a)–(c) show the phase change with time for PCM of case 1, case 
2 and case 3, respectively. 0 and 1 indicate the solid PCM and the liquid 
PCM, respectively. 0–1 indicate the solid-liquid mixing area of PCM, 
which reflects the phase change interface. In case 1 and case 2, the phase 
change of PCM starts from the nearby of the pipe and gradually spreads 
around. All the PCM eventually completes the phase change, when the 
heat source approaches the temperature limit. However, in case 3, the 
PCM begins the phase transition from the edge to the middle. Most of the 
PCM has not yet undergone phase change when the temperature of heat 

Fig. 6. The phase change and heat storage. The phase change with time for PCM of (a) case 1, (b) case 2 and (c) case 3; (d) the phase change volume fraction with 
time for different transfer modes; (e) the heat storage of PCM for different transfer modes. 

Fig. 7. The comparison with previous researches.  
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sources approaches 100 ◦C. Fig. 6(d) shows the phase change volume 
fraction with time for different heat transfer modes. The inflections 
represent the beginning and completion of the phase transition, 
respectively. The phase transition intervals for case 1 and case 2 are 
190–400 min and 180–380 min, respectively. Since the heat from the 
heat source is partially absorbed by the adapter, the phase transition in 
case 1 is delayed, resulting in relatively less heat absorption by the PCM. 
In case 3, the phase transition starts from 170 min, but the final phase 
change volume fraction is only 6.1 %. The heat transfer thermal resis-
tance through the heat conduction of the adapter is too large, and the 
heat from heat sources is difficult to be absorbed quickly by the PCM. 
Fig. 6(e) shows the heat storage of PCM for different heat transfer 
modes. The heat storage rate is significantly increased in the phase 
change interval. The final PCM heat storage in case 1 reaches 560.35 kJ. 

Fig. 7 shows the comparison of previous researches with this work. It 
is worth noting that in previous researches, the vacuum flask and the 
internal space, the heating power and ambient temperature are the same 
as in this work [37,42]. And passive thermal management combined 
with PCM was used in previous researches. In previous researches, the 
temperature of the heat sources rapidly exceeds 100 ◦C within 120 min, 
and then the temperature is maintained at about 110 ◦C due to the phase 
change of PCM. The temperature difference between the heat sources 
and PCM is more than 30 ◦C. In this work, the temperature of the heat 
sources is maintained below 100 ◦C for a long time, and the temperature 
difference between the heat source and the PCM does not exceed 2 ◦C. 

Overall, the liquid cooling cycle can significantly reduce the heat 
transfer thermal resistance from the heat source to the PCM, and extend 
the electronics’ workable time. The subsequent studies are carried out 
based on case 1. 

3.2. Effect of flow rate 

The effect of the flow rate on the proposed system can be analysed by 
changing the inlet flow rate of the coolant. Fig. 8(a) shows the 
temperature-rising of the electronics with time for different flow rate. 
The temperature-rising curve goes through two stages or three stages. As 
the flow rate increases from 0.01 m/s to 0.5 m/s, the temperature-rising 
rate of electronics in the first stage decreases from 23.33 ◦C/h to 
19.21 ◦C/h, and in the second stage it decreases from 12.73 ◦C/h to 
2.90 ◦C/h. The third stage occurs only with the flow rate not less than 
0.1 m/s. In the third stage, the temperature-rising rate of the electronics 
increases to 16.46 ◦C/h at a flow rate of 0.5 m/s. When the flow rates are 
0.01 m/s, 0.02 m/s, 0.05 m/s, 0.1 m/s, 0.2 m/s, 0.5 m/s, the workable 
time of the electronics are 230 min, 250 min, 320 min, 420 min, 430 
min, 450 min, respectively. Fig. 8(b) shows the temperature difference 
between the electronics and PCM with time for different flow rate. The 
flow rate increases from 0.01 m/s to 0.1 m/s, and the maximum tem-
perature difference between the electronics and the PCM is drastically 
reduced from 24.43 ◦C to 7.3 ◦C. When the flow rate increases further, 
the temperature difference decreases slowly. The maximum temperature 

Fig. 8. (a) The temperature-rising of the electronics with time for different flow rate; (b) the temperature difference between the electronics and PCM with time for 
different flow rate; (c) the phase change volume fraction with time for different flow rate; (d) the heat storage of PCM with time for different flow rate. 
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difference is only 1.59 ◦C with the flow rate of 0.5 m/s. The temperature 
difference between the electronics and PCM increases abruptly around 
200 min due to the occurrence of phase change. 

Fig. 8(c) displays the phase change volume fraction with time for 
different flow rate. The slope represents the speed of the phase transition 
of PCM. The phase change rate gradually becomes faster when the flow 

rate increases from 0.01 m/s to 0.1 m/s. However, when the flow rate 
further increases, the phase change rate is almost constant. It can be 
explained that when the flow rate is small, increasing the flow rate al-
lows more heat to be transferred to the PCM for storage as shown in 
Fig. 8(d). When the flow rate is larger, the excess heat cannot be 
absorbed by the PCM due to the limited heat storage rate of the PCM. 

Fig. 9. (a) The temperature-rising of the electronics with time for different spiral pipe spacing; (b) the temperature difference between the electronics and PCM with 
time for different spiral pipe spacing; (c) the phase change volume fraction with time for different spiral pipe spacing; (d) the heat storage of PCM with time for 
different spiral pipe spacing. 

Fig. 10. (a) The temperature-rising of the electronics with time for different heating power; (b) the temperature difference between the electronics and PCM with 
time for different heating power. 
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The excess heat is uniformly dissipated throughout the system, resulting 
in a small temperature difference between the electronics and the PCM. 
Therefore, the flow rate affects the temperature control of electronics in 
two main aspects: (1) Increasing flow rate promotes the rapid heat 
storage of PCM; (2) Increasing flow rate enhances the temperature 
uniformity of the system. 

3.3. Effect of spiral pipe spacing inside the PCM 

Due to occupying a certain volume, the spiral pipe spacing inside the 
PCM affects the heat storage rate and the heat storage amount of PCM. 
Fig. 9(a) displays the temperature-rising of the electronics with time for 
different spiral pipe spacing inside the PCM. The temperature of the 
electronics underwent three stages: rapid rise, almost constant, and 
rapid rise again. When the spiral pipe spacing is reduced, the 
temperature-rising rate of the electronics accelerates in the first stage. 
However, the constant temperature region becomes shorter in the sec-
ond stage. The electronics can work for the longest time of 450 min 
when the spiral pipe spacing inside the PCM is 40 mm. 

Fig. 9(b) shows the temperature difference between the electronics 
and PCM with time for different spiral pipe spacing inside the PCM. The 
temperature difference gradually decreases with the reduction of spiral 
pipe spacing due to the increase of heat exchange area. The temperature 
difference reaches 1.47 ◦C when the pitch was 10 mm. Fig. 9(c) shows 
the phase change volume fraction with time for different spiral pipe 
spacing inside the PCM. Compared with others spiral pipe spacing, the 
longest phase transition interval is 180–390 min with the spiral pipe 
spacing of 160 mm. Fig. 9(d) displays the heat storage of PCM for 
different spiral pipe spacing. When the spiral pipe spacing increases 
from 10 mm to 160 mm, the heat storage capacity of the PCM increases 
from 505.85 kJ to 568.90 kJ. In summary, it can be concluded that the 
system possesses best temperature control effect when the spiral pipe 
spacing is 40 mm. 

3.4. Effect of heating power 

The heating power affects the heat storage and the heat transfer 
thermal resistance of the system, which in turn affects the working time 
of the system. Fig. 10(a) shows the temperature rise of the electronics 
with time for different heating power. As the heating power decreases, 
the temperature-rising of the electronics becomes slower, and the con-
stant temperature region becomes significantly longer. When the 

heating power is reduced from 50 W to 10 W, the temperature-rising rate 
in the first stage decreases from 27.67 ◦C/h to 8.46 ◦C/h, the length of 
the constant temperature area in the second stage increases from 120 
min to 410 min, and the final working time increases from 290 min to 
980 min. It can be explained that when the heating power is reduced, the 
heat storage per unit time of PCM becomes smaller, resulting in a longer 
workable time. In addition, it can be found that the workable time does 
not vary linearly with the heating power. When the power becomes 
larger, the working time becomes shorter. The magnitude of the short-
ening gradually becomes smaller with the increase of heating power. 

Fig. 10(b) shows the temperature difference between the electronics 
and PCM with time for different heating power. The temperature dif-
ference between the electronics and PCM increases by a small amount as 
the heating power becomes larger. The heating power increases from 10 
W to 50 W, and the temperature difference rises only about 2 ◦C. This 
means the liquid cooling system can quickly and efficiently transport the 
heat to the PCM for storage. Overall, the effect of heating power on the 
workable time is mainly through influencing the amount of heat storage 
in the system. 

3.5. Effect of ambient temperature 

Since the temperature downhole is not constant, it is useful to know 
the effect of the ambient temperature on the system to guide the actual 
operation. Fig. 11(a) shows the temperature-rising of the electronics 
with time for different ambient temperature. As the ambient tempera-
ture increases from 175 ◦C to 235 ◦C, the heat transfer from the high 
temperature environment to the inside of the vacuum flask is increased. 
Therefore, the phase transition interval of PCM is advanced and the 
region becomes shorter, and the final workable time is reduced from 
460 min to 440 min. In addition, as the ambient temperature-risings, the 
temperature-rising of the electronics becomes faster by a relatively 
smaller amount. 

Fig. 11(b) shows the temperature difference between the electronics 
and PCM with time for different ambient temperature. The temperature 
difference between the electronics and PCM is almost constant with the 
increase of ambient temperature. It can be explained that the good 
thermal insulation of the vacuum flask leads to small influence of the 
ambient temperature on the internal temperature distribution. In sum-
mary, the workable time of the electronics varies less with the ambient 
temperature due to the excellent thermal insulation of the vacuum flask 
and insulator. 

Fig. 11. (a) The temperature-rising of the electronics with time for different ambient temperature; (b) the temperature difference between the electronics and PCM 
with time for different ambient temperature. 
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4. Conclusions 

We proposed a hybrid thermal management system for downhole 
electronics combining liquid cooling and low melting point alloy. The 
proposed system enhanced the heat transfer through liquid cooling of 
the spiral and S-shape pipes. Based on several reasonable assumptions, a 
numerical model for the proposed system was established to simulate 
the complex heat transfer processes. The accuracy is validated by 
comparing with the reported experimental results. The performance of 
the proposed system was furtherly analysed. The conclusion are as 
follows.  

(1) Compared to thermal channels, the heat transfer between the 
heat sources and PCM is significant enhanced through liquid 
cooling. The workable time is increased by 220 min. The 
maximum temperature between the heat sources and PCM 
reduced more than 28 ◦C. Compared with previous researches, 
the liquid cooling cycle combined with PCM can significantly 
reduce the heat transfer thermal resistance from the heat source 
to the PCM, and extend the electronics’ workable time.  

(2) The temperature performance of the system is enhanced with the 
increase of flow rate. At a flow rate of 0.5 m/s, the maximum 
temperature difference between the heat source and the phase 
change material is only 1.59 ◦C. The temperature control per-
formance of the whole system is strengthened and then weakened 
with the increase of spiral pipe spacing, with the best one of 40 
mm.  

(3) The workable time decreases with the increase of heating power, 
and the electronics only works 290 min with the heating power of 
50 W. The workable time of the electronics varies less with the 
ambient temperature due to the excellent thermal insulation of 
the vacuum flask and insulator. As the ambient temperature in-
creases from 175 ◦C to 235 ◦C, the final workable time is only 
reduced from 460 min to 440 min. 

In the future, the numerical method is expected to be applied for the 
design and optimization of the hybrid thermal management for actual 
logging tools. It is noted that the thermal insulation and heat storage 
design of this work has not yet achieved the best temperature control 
performance. Suitable optimization method should be proposed for 
optimizing the structural design in the subsequent work. 
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