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Abstract: In this paper, the thermal management of missile-borne components in a flight state is
studied. Avoiding excessive component temperatures under the high-temperature circumstances
brought by aerodynamic heat is a requirement to guarantee the equipment’s safe and reliable opera-
tion. In this work, we designed four finned shell constructions for a phase change module using the
phase change temperature control method and then studied their effects on the module’s ability to
dissipate heat using an experimental approach. Three sizes of 30 mm, 40 mm, and 50 mm heating
pads were used to replicate heat sources with various heat flux densities and heat dissipation regions,
with reference to the heating characteristics of various chips. The results demonstrated that the
square-shaped fin had the best heat dissipation effect after operating for 10 min under the power of
10 W and 20 W, while the strip-shaped fins exhibited the highest performance under the power of
30 W. The square-shaped fins had the best heat dissipation effect when reducing working time to
5 min. This paper proposes the optimal fin scheme under different power densities, as well as an
enhanced heat dissipation idea for the melting process of the phase change materials based on the
test results.

Keywords: missile-borne phase change heat dissipation; phase change material; fin structure; experimental
research; heat dissipation module

1. Introduction

Because of its high latent heat and high power density, the passive cooling module
based on the phase change material (PCM) is highly effective and can be used without any
power consumption. PCMs absorb a lot of heat and keep a constant temperature in the
phase change process, easing the increase in the chip temperature.

Due to the unique application environment of the missile-borne phase change heat
storage module, dependability and stability are crucial material selection factors in addition
to thermal performance metrics such as phase transition temperature and phase change en-
thalpy. Therefore, typical organic PCMs such as polyethylene glycols [1,2], fatty acids [3,4],
paraffin wax [5–7], etc., which have high latent and high stability, are commonly used in
missile-borne equipment. With the advantages of a narrow working temperature range,
high-temperature control accuracy, and no phase separation problems [8–11], paraffin wax
is a good choice for missile transient temperature control. In addition, it has compatibil-
ity with common materials such as aluminum alloy and stable heat storage and release
performance, which makes it widely used in practical engineering applications.

However, paraffin wax has the problem of its own low thermal conductivity. Since
its thermal conductivity is only 0.2 Wm−1 K−1, pure PCM cannot provide the necessary
temperature adjustment capability during the long-term use of the seeker. Researchers are
now focusing on how to enhance the phase change module’s thermal conductivity in order
to boost its heat storage capacity [12,13].
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To enhance the thermal conductivity of the PCM, several methods are used. The intro-
duction of fillers is an effective measure. Expanded graphite [14,15], metal foams [16,17],
graphene [18], boron nitride [19], carbon fibers [20,21], metal fibers [22,23], metal meshes [24],
copper nanowires [25], carbon nanotubes [26], etc. have been reported with a significant
improvement for the heat transfer coefficient of the composited PCM. Among them, ex-
panded graphite, which has excellent benefits and potential, has a large specific surface
area, low density, tunable pore structure, a significant amount of adsorption capacity, and
strong stability [27].

Structural design is another effective method to strengthen the heat transfer capacity,
such as increasing the heat transfer area by designed fins [28,29]. M. Shanks and J. Woods
illustrated the effects of material properties, geometry, the internal distribution of ther-
mal conductors, and operating conditions on phase change thermal storage properties;
they used Ragone diagrams to show the close relationship between energy and power
density [30,31].

In fact, a combination of multiple strengthening methods is often used in engineering
applications. It is worth noting that the addition of fillers may reduce the phase change
enthalpy of the PCM and too much additive will lead to a decrease in the heat storage
capacity of the PCM. Therefore, preparing a PCM heat storage unit with high thermal
conductivity and large latent heat through a reasonable structural design, filler addition
and process improvement are ideas for the performance optimization of PCMs.

In the missile-borne seeker heat dissipation system, PCM can be encapsulated in an
aluminum alloy casing, and heat transfer is enhanced utilizing fins. PCM modules are
highly desired to have higher heat transfer ability and less leak rate. The fins also serve as
reinforcing ribs in the shell structure, reducing the problem of shell bulging and leakage
caused by the volume expansion of the PCM during the phase change process.

According to different heat dissipation requirements, four kinds of hot rib structures
are designed to simulate the influence of different power dissipation and heat source areas
on heat dissipation. For this paper, we built an experimental platform to test and compare
the heat dissipation performance of different shell samples. The result showed that different
heat source conditions have their own optimal fin strengthening structure. In addition,
optimal fin structures for different power chips are obtained, which provided a numerical
basis for the design of the phase change cold plates in practical applications.

2. Model Preparation
2.1. Physical Model

The missile-borne system has very strict dependability requirements. The internal
structure of the module and the application of welding technology are constrained by the
use of fillers, which have a significant impact on the product’s reliability. On the same
circuit board, various functioned chips will be used for different purposes. Thus, different
internal structures are used in various parts of the same phase change cooling module
to accommodate chips of various sizes and powers, achieving the best heat dissipation
with the least amount of space and weight. Here, we constructed four different types of
structures for test comparison, taking into account the actual application of the processing
technology, welding technology, and filling technology realization. The four structures
were numbered M1–M4, as shown in Figure 1. The length, width, and height were unified
to 106 mm × 106 mm × 14 mm. The thickness of the upper and lower bottom surfaces was
2 mm. The thickness of the surrounding area was 3 mm. All of these sizes were kept the same.

To ensure the validity of the comparative test, the module weight was uniformly
designed to be 189.75 g. Because of the occurrence of chamfering during processing, the
weights of each module are shown in Figure 1a; they were 194.8 g,194.0 g,195.0 g, and
192.9 g, respectively, with the difference being less than 1.2%.

The maximum design temperature of the bomb-borne environment was 70 ◦C. To
ensure normal operation in such a working environment, the paraffin wax with a phase
transition temperature of 74.01 ◦C was selected as the research object. The DSC curve is
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shown in Figure 2. The module was filled with liquid state PCM, with the filling rate of 92%.
The material volume in each module was 6000 mm3, with a mass of 52 g. Their weights are
shown in Figure 3b and Table 1 as 52.1 g, 52 g, 52 g, and 51.8 g, respectively.
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Table 1. Weight deviation table between shell and PCM.

Model
Shell Weight (g) PCM Weight (g) Total Weight (g)

Theoretical Practical Deviation Ratio Theoretical Practical Deviation Ratio Practical

M1 189.75 194.8 2.67% 52 52.1 0.19% 246.9

M2 189.75 194 2.23% 52 52 0% 246

M3 189.75 195 2.77% 52 52 0% 247

M4 189.75 192.9 1.67% 52 52.8 1.54% 245.7

The heat source was arranged at the bottom of the module. Three types of the heat
sources with different geometries (30 mm × 30 mm, 40 mm × 40 mm, 50 mm × 50 mm)
were designed and given 10 W, 20 W, and 30 W. The temperature rise of the heat source
within 10 min was used as an indicator to analyze the heat dissipation capacity of each heat
dissipation module under different heat source areas and different power densities.

A suitable encapsulation enclosure must have high thermal conductivity, mechanical
stability, and non-reaction with the core material [32–34]. Aluminum alloy 6063 was used
as the shell material; its physical parameters are shown in Table 2.

Table 2. Physical properties of the aluminum sheet, paraffin, plate heater, and thermal ester.

Material k (Wm−1 K−1) ρ (kg m−3) Cp (Jkg−1 K−1)

Al (T6-6063) 202.4 2719 871
PCM 0.2 867 (l) 2000

Thermal ester 6 1900 1200
Plate heater 20 3600 750

2.2. Theoretical Enthalpy Calculation

The entire process of phase change heat absorption can be divided into three stages.
The sensible heat absorption process absorbs heat through the temperature rise of the shell
and PCM in the first stage. The latent heat of PCM dominates in the second. This stage lasts
until all of the paraffin wax has melted, at which point the temperature continues rising at
the third stage.
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The total enthalpy of PCM can be calculated by the sum of sensible enthalpy and
latent enthalpy [35] as

h = ho +

T∫
To

CpdT + λL (1)

where To is the initial temperature, ho is the enthalpy of reference, Cp is specific heat, L is
the latent heat of PCM, and λ is the liquid fraction that varies between 0 and 1, which can
be calculated by

λ =


0, i f T < T s
1, i f T > Tl
T−Ts
Tl−Ts

, i f Ts < T < Tl

(2)

Here, Tl and Ts denote the liquidus and solidus temperatures. In this temperature
range, PCM takes place, forming a mushy region [36].

3. Experimental
3.1. Materials

The PCM was purchased from Hangzhou Joule Heat Transfer Technology Co., Ltd.
(Hangzhou, China). It can be seen from the DSC curve that its melting point is 74.01 ◦C,
and the latent heat of phase transformation is 244.66 Jg−1. The thermal conductivity of the
paraffin wax (solid/liquid phase) is 0.2 Wm−1 k−1, and volume expansion coefficient is
1.21 (liquid density 0.87 g/cm3, solid density1.05 g/cm3).

The phase change module shell was made of aluminum alloy 6063-T6, with a thermal
conductivity of 202.4 Wm−1 K−1 and density of 2719 kg/m3 [11]. The contact surface
of the chip and the phase change module was coated with a thermally conductive ester,
with a thermal conductivity of 6 Wm−1 K−1, to reduce the contact thermal resistance
between them; it was purchased from Suzhou TianMai Thermal Technology Co., Ltd.,
Suzhou, China.

3.2. Experimental Procedure

Paraffin wax with a phase transition point of 74.01 ◦C was selected as the PCM of the
passive thermal management system under a 70 ◦C extreme missile-carrying environment.
The experiments were carried out under natural convection conditions in an incubator. The
data logger was used to record the temperature change process. In order to better compare
the heat dissipation performance of each phase change module, the lower surface of the chip
was insulated with thermal insulation cotton. The heat transfer and temperature control
performance can be obtained by comparing the temperature variation of the heating surface.

A ceramic plate heater, made of AL2O3 coated with electrode slurry, was used for a
heat supply. We prepared three sizes of heating plates, 30 mm × 30 mm, 40 mm × 40 mm,
and 50 mm × 50 mm, and the thickness was uniformly 2 mm.

A data acquisition instrument (TOPRIE-TP700)and thermistor were used to test and
record the temperature of each node. The temperature measurement accuracy of PT100
is 0.01 ◦C. Nine thermistors were used to monitor the temperature of the heat source
as well as the PCMs. We pasted the thermistor numbers SD1~SD4 on the bottom of
the heater, respectively, and pasted SD5~SD8 in the PCM at the edge of the module, as
shown in Figure 4, to control the temperature of the material when the heating began.
A thermocouple SD9 was placed 150 mm away from the modules inside the incubator to
measure the ambient temperature of the modules.

Four DC power supplies (MAISHENG-MS305D) were used to control the power of the
plate heater. We provided a constant heat flow by changing voltage and current. A scale
with a measurement accuracy of 0.1 g was used for weighing to ensure the same weight
of the phase change material was filled in each module. After the phase change material
was filled, the upper cover was bonded to the casing through a thermally conductive ester.
Figure 4 shows the designed and constructed experimental setup.



Aerospace 2022, 9, 664 6 of 15

Aerospace 2022, 9, x FOR PEER REVIEW 6 of 16 
 

 

The phase change module shell was made of aluminum alloy 6063-T6, with a ther-

mal conductivity of 202.4 Wm−1 K−1 and density of 2719 kg/m3 [11]. The contact surface of 

the chip and the phase change module was coated with a thermally conductive ester, 

with a thermal conductivity of 6 Wm−1 K−1, to reduce the contact thermal resistance be-

tween them; it was purchased from Suzhou TianMai Thermal Technology Co., Ltd. 

3.2. Experimental Procedure 

Paraffin wax with a phase transition point of 74.01 °C was selected as the PCM of the 

passive thermal management system under a 70 °C extreme missile-carrying environ-

ment. The experiments were carried out under natural convection conditions in an in-

cubator. The data logger was used to record the temperature change process. In order to 

better compare the heat dissipation performance of each phase change module, the lower 

surface of the chip was insulated with thermal insulation cotton. The heat transfer and 

temperature control performance can be obtained by comparing the temperature varia-

tion of the heating surface. 

A ceramic plate heater, made of AL2O3 coated with electrode slurry, was used for a 

heat supply. We prepared three sizes of heating plates, 30 mm × 30 mm, 40 mm × 40 mm, 

and 50 mm × 50 mm, and the thickness was uniformly 2 mm. 

A data acquisition instrument (TOPRIE-TP700)and thermistor were used to test and 

record the temperature of each node. The temperature measurement accuracy of PT100 is 

0.01 °C. Nine thermistors were used to monitor the temperature of the heat source as well 

as the PCMs. We pasted the thermistor numbers SD1~SD4 on the bottom of the heater, 

respectively, and pasted SD5~SD8 in the PCM at the edge of the module, as shown in 

Figure 4, to control the temperature of the material when the heating began. A thermo-

couple SD9 was placed 150 mm away from the modules inside the incubator to measure 

the ambient temperature of the modules. 

Four DC power supplies (MAISHENG-MS305D) were used to control the power of 

the plate heater. We provided a constant heat flow by changing voltage and current. A 

scale with a measurement accuracy of 0.1 g was used for weighing to ensure the same 

weight of the phase change material was filled in each module. After the phase change 

material was filled, the upper cover was bonded to the casing through a thermally con-

ductive ester. Figure 4 shows the designed and constructed experimental setup. 

 

Figure 4. Experiment platform. 

A vacuum incubator (KEWEI-DZF) was used to provide the temperature environ-

ment for the test system. Then, the prepared test modules were placed evenly on the in-

sulation cotton in the incubator. The bottom surfaces of the chip and modules were cov-

ered with heat preservation cotton to reduce heat loss during the experiment and make 

the heat dissipate from the heat sink as much as possible. Before the test, the temperature 

Figure 4. Experiment platform.

A vacuum incubator (KEWEI-DZF) was used to provide the temperature environment
for the test system. Then, the prepared test modules were placed evenly on the insulation
cotton in the incubator. The bottom surfaces of the chip and modules were covered with
heat preservation cotton to reduce heat loss during the experiment and make the heat
dissipate from the heat sink as much as possible. Before the test, the temperature of the
incubator was adjusted to 70 ◦C and kept for 1 h to ensure that the temperatures of both
the inner box and the phase change module were uniform.

The flow chart is shown in Figure 5.
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4. Uncertainty Analysis

Many factors affect the experimental results, such as the fluctuation of the input
power, the fluctuation of the temperature inside the incubator, the uniformity of the overall
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problem of the phase change module when the heat source is started, and the measurement
error of the thermocouple. Among them, the initial temperature uniformity of the module
and the input power have the greatest influence. To ensure experimental accuracy and
consistency, we embedded a thermocouple inside each module to monitor the temperature
of the phase change material and arranged a thermocouple around the module to monitor
the temperature at the starting point to improve the accuracy of the test. We also considered
the error of the input power.

To ensure the accuracy of the experiment results, we calculated the uncertainty and
analyzed the error through the following equation [37].

∆σ = ±

√√√√ N

∑
i=1

(
∂σ

∂θi
× ∆θi) (3)

where ∆σ is the derivative of the desired quantity, ∆θ is the error rate calculated in the
quantity, and θ is the calculated value.

4.1. Error of Input Power

The absolute error and relative error of power during the experiment of each module
are shown in Table 3.

Table 3. Uncertainty of input power.

Module Number S (mm) P (W) I (A) V (Volt) dP dp/p × 100%

Module 1

30 × 30
10 W 1.66 5.98 0.07 0.70%
20 W 2.33 8.72 −0.32 −1.60%
30 W 2.81 10.68 −0.01 −0.03%

40 × 40
10 W 1.68 5.91 0.07 0.70%
20 W 2.39 8.38 −0.03 −0.15%
30 W 2.75 10.8 0.3 1.00%

50 × 50
10 W 1.46 6.90 −0.07 −0.70%
20 W 2.03 9.75 0.21 1.05%
30 W 2.50 12.00 0 0.00%

Module 2

30 × 30
10 W 1.65 5.97 0.15 1.50%
20 W 2.34 8.72 −0.4 −2.00%
30 W 2.74 10.79 0.44 1.47%

40 × 40
10 W 1.62 6.12 0.09 0.90%
20 W 2.33 8.72 −0.32 −1.60%
30 W 2.92 10.3 −0.08 −0.27%

50 × 50
10 W 1.51 6.64 −0.03 −0.30%
20 W 2.12 9.44 −0.01 −0.05%
30 W 2.58 11.61 0.05 0.17%

Module 3
30 × 30

10 W 1.69 5.94 −0.04 −0.40%
20 W 2.35 8.67 −0.37 −1.85%
30 W 2.82 10.63 0.02 0.07%

40 × 40
10 W 1.67 5.98 0.01 0.10%
20 W 2.40 8.34 −0.02 −0.10%

Module Number S (mm) P (W) I (A) V (Volt) dP dp/p × 100%

Module 3

40 × 40 30 W 2.79 10.8 −0.13 −0.43%

50 × 50
10 W 1.46 6.90 −0.07 −0.70%
20 W 2.02 9.71 0.39 1.95%
30 W 2.63 11.4 0.02 0.07%
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Table 3. Cont.

Module Number S (mm) P (W) I (A) V (Volt) dP dp/p × 100%

Module 4

30 × 30
10 W 1.63 6.14 −0.01 −0.10%
20 W 2.34 8.72 −0.4 −2.00%
30 W 2.74 10.81 0.38 1.27%

40 × 40
10 W 1.59 6.24 0.08 0.80%
20 W 2.28 8.78 −0.02 −0.10%
30 W 2.98 10.6 −0.40 −1.32%

50 × 50
10 W 1.51 6.64 −0.03 −0.30%
20 W 2.14 9.41 −0.14 −0.70%
30 W 2.47 12.12 0.06 0.20%

Note: S is the size of the heater, P is power, I is current, V is voltage, and dP is power uncertainty.

Table 3 shows the initial current and voltage inputs for each type of heat source, with
the input error controlled within 2%. During the experiment, the resistance of the simulated
heat source increased with the increase in temperature, which also brought fluctuations in
input power. From the beginning to the end of the experiment, the input power decreased
by about 2~3%. In the same set of experiments, the declines were similar.

4.2. Error of Ambient Temperature

In the present work, the constant temperature box heated from the bottom ensured
that the experiment’s environment stayed at the appropriate temperature. Consequently,
there was a temperature difference of around 3 ◦C between the bottom and top of the box
and a difference of about 1.8 ◦C between the center and the edge of the box. The four
modules were arranged in a single plane for the experiment, which had minimal impact
from thermal convection and radiation.

4.3. Error of Processing and Filling

The actual weight of each module was slightly heavier than the design weight because
of processing errors and chamfering. As shown in Table 1, each of the four module shells
weighed 2.67%, 2.23%, 2.77%, and 1.67% more than the design weight. The difference in
the filling amount of the phase change material was 0.1 g, 0 g, 0 g, and 0.8 g. However, the
cells of module 3 were not connected, which made the uniformity of the material filling
difficult to ensure and also led to the existence of the error.

All of the aforementioned factors brought errors into the test results, among which the
input power had the greatest impact. During the result comparison process, we discarded
data with large errors to ensure that the input relative error was less than 2%, ensuring the
accuracy of the test results.

5. Results and Discussions

In the experiment, 36 sets of comparative experiments were designed according to the
heat source area, power, and fin shape. The following two sets of comparisons were carried
out to analyze the temperature rise characteristics under different states and to propose
optimization ideas.

5.1. Temperature Rise of Different Fin Structures

Four types of fins (columnar-shaped, bar-shaped, square-shaped, and sunflower-
shaped) of the heat sources with three sizes of heat sources were loaded with 10 W, 20 W,
and 30 W power, respectively, to compare and analyze the temperature rise of each module
under different heat source conditions. The optimal fin scheme under different power
conditions was obtained.

The temperature change over time under 10 W is displayed in Figure 6. When the
heater size was 30 mm, the end heat sink temperatures were 81.8 ◦C, 78.4 ◦C, 76.3 ◦C,
and 77.9 ◦C, correspondingly. For the 40 mm heaters, the temperatures were 80.3 ◦C,
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76.7 ◦C, 75.4◦C, and 75.8 ◦C; for the 50 mm heaters, they were 77.2 ◦C, 75.3 ◦C, 74 ◦C, and
74.6 ◦C, respectively.
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It was obvious from the experimental results that the temperature rise of module 1
was the maximum and module 3 was minimal, followed by module 4. The temperature
rise of each module in different states is listed in Table 4. For eachof comparison, we used
the temperature rise in module 1 as a baseline and compared it with the percentages of
module 2, module 3, and module 4, which were all lower than module 1. As shown in
Table 4, the temperature rise of module 3 was 47.1%, 47.1%, and 44.3% lower than that of
module 1 under different heat sources. The data for module 2 were 29.4%, 34%, and 24.3%.
This showed the superiority of module 3 in low-power heat dissipation. That is because
when the power was low, the melting of the material directly above the heat source played
a major role. The square-shaped and sunflower-shaped fins formed a network structure
with high local thermal conductivity, which quickly absorbed the heat of the heat source to
suppress the temperature increase in the heat source. In addition, the good performance
of module 3 at low power may also be related to the uneven filling of the phase change
materials. The temperature rise difference decreased with the increase in the heat source
area, as shown in Figures 6 and 7.

Figure 7 shows that the final temperature rise of each module under the power of
30 W was 116.3 ◦C, 96.8 ◦C, 99.9 ◦C, and 103.4 ◦C for the 30 mm heater; 108.3 ◦C, 87.3 ◦C,
88.9 ◦C, and 89.1 ◦C for the 40 mm heater; and 95.7 ◦C, 83.6 ◦C, 86.4 ◦C, and 85.6 ◦C for the
50 mm heater, respectively. As can be seen from the figures, when faced with high power
density, module 3 and module 4 had better initial performances. Taking a 30 mm heater as
an example, after 5 min of operation, the temperatures of heat sources 1, 2, 3, and 4 were
100.7 ◦C, 89.6 ◦C, 87.2 ◦C, and 87.8 ◦C, respectively. The temperature of heaters 3 and 4
were 2.4 ◦C and 1.8 ◦C lower than that of heater 2, respectively.
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Table 4. The temperature of different size heat sources under each cooling module working at 10 W
power for 10 min.

Power Size Module Initial
Temperature

End
Temperature Temperature Rise Temperature Contrast

10 W

30 mm

M1 69.9 ◦C 81.8 ◦C 11.9 ◦C 0%
M2 70 ◦C 78.4 ◦C 8.4 ◦C 29.4%
M3 70 ◦C 76.3 ◦C 6.3 ◦C 47.1%
M4 70.1 ◦C 77.9 ◦C 7.8 ◦C 34.5%

40 mm

M1 70.1 ◦C 80.3 ◦C 10.2 ◦C 0%
M2 70.1 ◦C 76.7 ◦C 6.6 ◦C 34%
M3 70 ◦C 75.8 ◦C 5.4 ◦C 47.1%
M4 70 ◦C 75.4 ◦C 5.8 ◦C 43.1%

50 mm

M1 70.2 ◦C 77.2 ◦C 7.0 ◦C 0%
M2 70 ◦C 75.3 ◦C 5.3 ◦C 24.3%
M3 70.1 ◦C 74 ◦C 3.9 ◦C 44.3%
M4 70 ◦C 74.6 ◦C 4.6 ◦C 34.3%
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(b) 40 mm × 40 mm, and (c) 50 mm × 50 mm.

As can be seen from Table 5, after 10 min of work, the temperature increase in module 2
was the smallest at each heat source size. With the prolongation of the heating time, the
performance of module 2 was more stable. When the time reached a certain point, the
temperature of module 3 and module 4 exceeded module 2. The reason is, compared with
module 3, the fin spacing of module 2 was only 3 mm, which was lower than the 7.8 mm of
module 3, and, compared with module 4, its fin thickness was 2 mm, which was thicker
than 1 mm of module 4 (Figure 1). Therefore, module 2 was more efficient in utilizing the
distant latent heat as the heating time increased.
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Table 5. The temperature of different size heat sources under each cooling module working at 30 W
power for 10 min.

Power Size Module Initial
Temperature

End
Temperature Temperature Rise Temperature Contrast

30 W

30 mm

M1 70 ◦C 116.3 ◦C 46.3 ◦C 0%
M2 70 ◦C 96.8 ◦C 26.8 ◦C 42.1%
M3 70.1 ◦C 99.9 ◦C 28.8 ◦C 37.8%
M4 70.1 ◦C 103.4 ◦C 33.4 ◦C 27.9%

40 mm

M1 70.1 ◦C 108.3 ◦C 38.2 ◦C 0%
M2 70 ◦C 87.3 ◦C 17.3 ◦C 54.7%
M3 69.9 ◦C 88.9 ◦C 19 ◦C 50.3%
M4 69.9 ◦C 89.1 ◦C 19.2 ◦C 49.7%

50 mm

M1 70 ◦C 95.7 ◦C 25.7 ◦C 0%
M2 70.1 ◦C 83.6 ◦C 13.5 ◦C 47.5%
M3 70 ◦C 86.4 ◦C 16.4 ◦C 36.2%
M4 69.8 ◦C 85.6 ◦C 15.8 ◦C 38.5%

Comparing the results in Figures 6 and 7, it was found that under low-power condi-
tions, the square-shaped and sunflower-shaped fins performed better. Under high-power
conditions, the continuous mesh fins performed better initially but the linear fins with
thicker thermal ribs were more stable and durable afterward.

The experiments showed a common result that the heat dissipation performance of
the columnar-shaped structure was the worst. The reason is that the discrete fins cannot
spread the heat laterally around the fins, but through the bottom plate and then conduct it
upwards, which increases the path for heat conduction.

5.2. Thermal Performance under Different Powers and Heater Areas

In order to explain the temperature rise characteristics of each module more clearly,
the temperature change of each heater under 30 W of power was used for an independent
analysis. The experimental results are shown in Figure 8.

The temperature rise of the four modules decreased with the increase in the heat
source area, which showed unity. The final temperature difference between the 40 mm
and 50 mm heaters was smaller than the temperature difference between the 30 mm and
40 mm heaters.

For heat sources of 30 W of power, the heat flux density was 3.333 W/cm2, 1.875 W/cm2,
and 1.2 W/cm2, accordingly.

When modules 3 and 4 were heated with a 30 mm heat source, Figure 8 demonstrates
that the initial temperature rise was mild but climbed dramatically after 342 s and 350 s,
respectively. This demonstrates that the overall thermal conductivity can satisfy the re-
quirements of thermal diffusion at a heat flux density of 1.875 W/cm2. After 300 s, the
temperature change rates of the three heat sources all increased significantly for module 1.
This demonstrates that the heat flux of 1.2 W/cm2 is greater than the thermal diffusivity.
Module 2 did not change all that much. This demonstrates that a 30 mm heat source
exhibits good internal thermal diffusivity within 10 min.

From the temperature rise curves of each module, it was seen that the temperature
rise of module 3 and module 4 was gentle in the initial stage; when the 30 × 30 mm
heat source exceeded a critical point, the temperature rise slope increased, especially
for module 4, as was obvious. The 40 × 40 mm and 50 × 50 mm heat sources did not
show this change. The reason is that the thermal conductivity of the 40 × 40 mm and
50 × 50 mm heat sources were below the corresponding heat flux density of the fins, leading
to minor thermal diffusivity. For module 1, the heat flux density of 1.2 W/cm2 exceeded its
thermal diffusivity, so all three curves had inflection points. Module 2 did not change too
significantly. This shows that for a heat source of 30 mm × 30 mm, a good internal thermal
diffusion capacity within 10 min could elongate its temperature control time.
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Figure 8. Performance of each phase change module under 30 W with different heat source sizes:
(a) module 1, (b) module 2, (c) module 3, (d) module 4.

5.3. Analysis of the Temperature Rise Curve

Two critical points (inflection points) were seen from the results above. The first critical
point indicated that the phase change material began to melt and the temperature rise
rate of the heat source was suppressed. At this time, the heat source changed from a state
of rapid temperature rise to a slow temperature rise. Then, it entered the second stage.
During the process, the phase change material above the heat source was preferentially
melted and the temperature rise rate was the slowest. Then, the heat was transferred to
the remote end, and the remote phase change material gradually melted After that, the
module absorbed heat and entered the sensible heat stage and the temperature of the heat
source rose rapidly. A second critical point occurred between the second stage and the
third stage, which characterized the transition of the phase change module from sensible
heat dominance to latent heat dominance.

In Figure 9, for the sunflower-shaped fins, curve b shows that when the heater temper-
ature T1 reached 78.6 ◦C the temperature rise rate slowed down, and when the heating time
t2 reached 300 s the temperature rise rate increased significantly. Decreasing the power to
20 W, T1 dropped to 75.2 ◦C and t2 became 350 s. When the heater size was increased to
50 mm, T1 became 74.5 ◦C and the t2 inflection point did not appear within 600 s. When
changing the heat sink to a bar-shaped structure, T1 rose to 83.4 ◦C and t2 was delayed
by about 400 s. This shows that, for the same fin structure, as the power decreased, the
temperature T1 decreased and the t2 was prolonged. The sunflower structure had greater
local thermal conductivity and worse overall thermal conductivity; therefore, when com-
pared to Heater 2, T1 of Heater 4 was raised and t2 was extended. In conclusion, Heater 2’s
temperature was lower than Heater 4’s.
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Figure 9. Performance of each phase change module under 30 W.

For the short-term temperature control requirements of the bomb, the design goal
should be to reduce the temperature of the first inflection point and delay the second
inflection point. The way to reduce inflection point 1 is to improve the heat transfer
performance from the contact surface of the heat source to the phase change material to
quickly suppress the temperature rise. When the heat source area is fixed, delaying the
appearance of the second inflection point will increase the overall thermal conductivity,
strengthen the heat transfer effect of the fins, spread the heat to the edge of the module,
and increase the effective heat fusion.

6. Conclusions

The experiment studied the temperature control of the chip in a short time by heat
sink with different fin structures in a high-temperature environment of 70 ◦C. The heat
dissipation effect of the four PCM heat sinks was evaluated by loading 10 W, 20 W, and
30 W of heat from 30 × 30 mm, 40 × 40 mm, and 50 × 50 mm heat sources, respectively.

The results showed that continuous fins provide better heat dissipation than discrete fins.

• In the case of low power (10 W), the continuous fin structure in module 3 and module 4
had better performance. Under the power consumption of 10 W, the square-shaped fin
structure in module 3 performed the best. Based on the temperature rise of module 1,
the temperature rise of module 3 was about 10%~20% lower than that of module 2.

• Under the condition of 30 W power, the early stage in module 3 and module 4 had
a better heat transfer effect. However, with the prolongation of heating time, the
thickness and spacing of the fins played an important role; the linear fin structure in
module 2 showed a more stable and lasting enhanced heat dissipation capability.

• For heat sources that work for a long time, the emphasis is on extending the heat to
the surrounding area and extending the time of the second inflection point.

• For heat sources with high power consumption and a short working time, the focus is
on strengthening the local thermal conductivity and reducing the temperature of the
first inflection point.

The research ignored the intricacy of the process realization of different fin structures
in favor of practical engineering needs. In actuality, processing and paraffin filling are made
easier by discrete and semi-discrete fin structures. In real-world applications, the right fin
structure can be chosen based on the properties of the heat source. The study presented in
this paper serves as a resource and foundation for the choice of fin kinds.
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