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Abstract

As avionics advance, heat dissipation becomes more challenging. Microencapsulated
phase change material slurry (MPCMS), with its latent heat transfer properties, offers a
potential solution. However, the low thermal conductivity of microencapsulated phase
change material (MPCM) limits heat transfer rates, and most studies focus on improving
conductivity, with little attention given to convective enhancement. This study prepared
MPCMS with an MPCM mass fraction (W) of 10% and 20%, investigating melting heat
transfer under mechanical stirring at 0-800 RPM and heat fluxes of 8.5-17.0 kW/ m2.
Stirring significantly alters MPCMS heat transfer behavior. As rotational speed increases,
both wall-to-slurry and internal temperature differences decrease. Stirring extends the
time at which the heating wall temperature (T) stays below a threshold. For example,
at W,, = 10% MPCM and 8.50 kW /m?, increasing speed from 0 to 800 RPM raises the
holding time below 70 °C by 169.6%. The effect of MPCM mass fraction on heat transfer
under stirring is complex: at 0 RPM, 0% > 10% > 20%; at 400 RPM, 10% > 0% > 20%;
and at 800 RPM, 10% > 20% > 0%. This is because as W, increases, the latent heat and
volume expansion coefficients of MPCMS rise, promoting heat transfer, while viscosity
and thermal conductivity decrease, hindering it. At 0 RPM, the net effect is negative
even at Wy, = 10%. Stirring enhances internal convection and significantly improves heat
transfer. At 400 RPM, heat transfer is positive at Wy, = 10% but still negative at Wy, = 20%.
At 800 RPM, both W, levels show positive effects, with slightly better performance at
W, = 10%. In addition, at the same heat flux, higher speeds maintain T, below a threshold
longer. Overall, stirring improves MPCMS cooling performance, offering an effective
means of convective enhancement for avionics thermal management.

Keywords: microencapsulated phase change material slurry; MPCMS; stirring; melting
heat transfer

1. Introduction

With the continuous improvement of avionics, its power consumption has significantly
increased, leading to a sharp rise in waste heat generation. In the confined space of airborne
environments, effective heat dissipation is challenging, often resulting in heat accumulation
and frequent overheating. This poses a serious threat to the performance stability and
reliability of avionics [1-3]. Overheating-induced failures in critical components can lead
to severe flight safety hazards. Microencapsulated phase change material slurry (MPCMS)
provides new solutions for addressing these pressing heat dissipation challenges [4-6].
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MPCMS is a solid/liquid multiphase fluid formed by mixing microencapsulated phase
change material (MPCM) with base liquid. When avionics heat up, the phase change
material (PCM) within MPCM undergoes a phase transition, absorbing heat and effectively
mitigating the rapid temperature rise [7-14]. Additionally, the high heat transfer area
provided by small MPCM particles, combined with the high thermal conductivity of the
base liquid, further enhances overall heat dissipation performance. However, due to the
relatively low thermal conductivity of PCM, the heat transfer rate of MPCMS remains
limited, restricting its practical application prospects. Currently, researchers have primarily
focused on improving the overall thermal conductivity of MPCMS through methods such as
fins, nanoparticles, or foam metals [15-17]. In reality, convection also plays a significant role
in enhancing the heat transfer performance of both PCM and MPCMS [18-20]. Compared
to pure PCM, MPCMS, as a solid/liquid multiphase fluid, exhibits good fluidity and can
be more conveniently integrated with convective enhancement measures to achieve further
improvements in heat dissipation. However, research in this direction remains scarce.
Therefore, there is an urgent need for in-depth investigation into the melting heat transfer
characteristics of MPCMS under convection-enhanced conditions.

For avionics applications, this section primarily summarizes research on the effects of
natural convection and stirring on the thermal performance of MPCMS.

Regarding natural convection, some studies investigated the effects of MPCM concen-
tration and container structure on heat transfer performance. Sabbah et al. [21] numerically
studied the influence of MPCM on the natural convective heat transfer of liquid in a
rectangular cavity. Assuming laminar steady-state two-dimensional flow, they employed
control equations to describe the flow and heat transfer processes of MPCMS. The results
showed that for MPCMS with a 25% mass fraction of MPCM in a rectangular cavity with a
height-to-width ratio of 2, the heat transfer coefficient (HTC) increased by up to 80%. This
enhancement can be attributed to two primary factors: the significantly higher volumetric
thermal expansion coefficient of MPCM particles compared to water, which intensifies
buoyancy-driven fluid motion, and the latent heat of MPCM particles, which boosts the
heat transfer rate between walls. However, when the MPCM concentration exceeds 25%,
the improvement in heat transfer diminishes or even decreases due to the nonlinear rise in
slurry viscosity. At high concentrations, increased viscosity and reduced thermal conduc-
tivity outweigh the benefits of heat capacity and thermal expansion, reducing fluid motion
intensity. Zhang et al. [22] experimentally investigated the natural convective heat transfer
characteristics of MPCMS with an MPCM mass fraction of 10-30% in a bottom-heated and
top-cooled rectangular heat storage tank. A significant temperature jump occurred at the
bottom when the heating plate temperature was within 32-35 °C, with this phenomenon
gradually diminishing as tank height increased. As tank height increases, the vertical
temperature gradient near the top and bottom becomes more pronounced, leading to
stratification in the middle region; at lower heights, the middle temperature distribution
remains nearly uniform. The HTC initially increases and then decreases with the tem-
perature difference, reaching a local maximum at an 8-10 °C difference (corresponding
to a heating plate temperature of 33-35 °C). Below 34 °C, the Nusselt number increases
with the Rayleigh number; above 34 °C, it decreases but resumes its upward trend as the
Rayleigh number continues to rise. Additionally, the mass fraction of MPCM significantly
affects the natural convective heat transfer performance of MPCMS, with higher fractions
corresponding to higher Nusselt numbers. Wang et al. [23] prepared MPCMSs with MPCM
mass fractions of 10%, 20%, and 30% using a water-propanol mixture as the base solu-
tion and experimentally investigated their natural convective heat transfer performance
under tube heat transfer fluid (HTF) conditions. The MPCM used n-hexadecane as the
core material, with particle diameters ranging from 10 to 40 um. Results showed that
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higher MPCM concentrations stored more heat and exhibited smaller temperature rises;
specifically, 30% MPCM absorbed 44% more heat than the base solution. However, due to
increased viscosity, the HTC decreased with increasing concentration. The transient HTC
changes can be divided into three stages: an initial decline during the pure conduction
stage, quasi-steady-state stability, and gradual decay during the decay stage. The latent
heat of phase change prolonged the quasi-steady-state period and delayed the attenuation
for higher concentrations. Increasing the HTF inlet temperature and flow rate enhanced
the dimensionless temperature, thereby improving the HTC for both heating and natural
heat transfer performance.

Others examined the combined influence of natural convection direction, sample
characteristics, and MPCM particle state on thermal behavior. Li et al. [20] designed and
constructed experimental devices to investigate the effects of natural convection (0°, 90°,
180°), MPCM mass fraction (20%, 40%), and sample thickness (10 mm, 30 mm) on the
heat transfer characteristics of MPCMSs. Comparative analysis was conducted using origi-
nal PCM and MPCM particles as references. In the absence of natural convection (180°),
the MPCMS with 40% MPCM exhibited the highest thermal conductivity and the lowest
surface temperature. Without a base fluid, MPCM particles demonstrated lower thermal
conductivity and significant interfacial thermal resistance, leading to inferior overall per-
formance. Under top heating conditions (180°), MPCMS showed a steeper temperature
rise gradient near the heating wall. At bottom heating (0°), the temperature distribution
within MPCMS became more uniform. MPCMS with a lower MPCM mass fraction reached
the initial melting temperature faster but sacrificed thermal management duration and
experienced higher phase transition heating rates. For sample thickness, no distinct latent
heat effect was observed in 10 mm thick MPCMS during melting, while 30 mm samples
showed a 7 °C drop in wall temperature at the end of melting. Liu et al. [24] prepared
MPCMS with MPCM mass fractions ranging from 5% to 20%. The density decreased with
increasing temperature, dynamic viscosity increased with higher MPCM concentrations,
and thermal conductivity gradually increased with temperature, exhibiting a sudden rise
within the phase transition range. In natural convection experiments conducted in a square
cavity (0°, 10-40 W), the wall temperature initially rose rapidly and then stabilized, with a
distinct turning point near the phase transition peak temperature. The process consisted of
two phases: a conduction phase with rapidly decreasing natural convective HTC, and a
quasi-steady-state phase with slowly rising wall temperature and HTC fluctuating within
a range. Due to the latent heat absorption during phase change and the resulting small
temperature increases, MPCM significantly enhanced the natural convective heat transfer
performance. Morimoto and Kumano [25] experimentally investigated the natural convec-
tion characteristics of MPCMS in rectangular containers with vertically heated/cooling
walls. The MPCM, containing n-octadecane as the core material, was prepared. The study
varied the container height-to-width ratios (2, 3, 4), MPCM mass fractions (10%, 20%),
and particle states (solid, liquid, phase transition). Results demonstrated that the state of
MPCM particles significantly influenced the convective behavior of MPCMS: in the solid
and liquid states, MPCMS exhibited behaviors similar to single-phase fluids; during the
phase transition, multi-layer convection emerged due to density differences determined by
both the temperature of MPCMS and the state of MPCM particles. Changes in the container
height-to-width ratios did not affect the formation of multi-layer convection. During the
phase transition, MPCM particles enhanced heat transfer performance, resulting in higher
Nusselt numbers compared to the solid and liquid states, particularly at a 20% MPCM
mass fraction.

Regarding stirring, some studies examined its effects on the heat storage capacity,
charging and discharging rates, and latent heat utilization efficiency of MPCMS. Zhang
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and Niu [26] investigated the performance of a coil-type MPCMS heat storage system
and compared it with a stratified water storage tank. MPCMS with an MPCM mass
fraction of 27.1% was prepared. The results demonstrated that the volumetric heat storage
capacity of MPCMS between 8 and 18 °C was approximately twice that of water, and
stirring significantly influenced this capacity. At high stirring rates, this capacity could be
effectively enhanced, implying that the size of the heat storage tank could potentially be
reduced by utilizing MPCMS. Regarding charge and discharge rates, MPCMS showed a
higher discharge rate at the phase change temperature than water at high stirring rates, but
lower at low stirring rates. In addition, high-speed stirring and phase change processes
could markedly increase the convective HTC of MPCMS, but whether this enhancement
effect could improve the heat charging rate requires further investigation. Bai et al. [27]
performed an experimental investigation on the performance of MPCMS during the cooling
discharge process by establishing a coil-type heat storage experimental system. MPCMS
with an MPCM mass fraction of 25% was utilized. The cooling discharge process was
evaluated under various stirring rates (0, 100, 200, 300 RPM) and initial inlet temperatures
of the HTF (10, 15, 20 °C). The results indicated that during the phase change process,
the volumetric heat storage capacity of MPCMS increased substantially due to the release
of latent heat. Increasing the stirring rate enhanced latent heat utilization in MPCMS,
improving overall heat storage capacity; at 300 RPM, it was 1.28 times higher than without
stirring. Within 16-18 °C, the HTC significantly increased due to the phase change, which
accelerated the cooling discharge rate. Both a higher stirring rate and a higher initial inlet
temperature of the HTF markedly promoted the cooling discharge process; specifically, the
average discharge rate at 20 °C was approximately 1.24 times that at 10 °C.

Others investigated the contribution of stirring to improving the efficiency of the
MPCMS heat transfer system, material utilization rate, and HTC. Shin et al. [28] designed
a novel heat transfer system based on a rotating helical fin heat exchanger for the trans-
portation of MPCMS. MPCM was prepared using n-octadecane as the core material and
polymethyl methacrylate as the shell material. MPCMS with varying MPCM mass frac-
tions (0%, 15%, 25%, 35%) was also formulated. The results demonstrated that under a
temperature difference of 25 °C, the system could effectively transport MPCMS, with the
heat transfer capacity increasing by up to 180%. The energy efficiency of the system peaked
when the MPCM mass fraction was 25% and the motor speed was 100 RPM. Yuan et al. [29]
investigated the heat transfer performance and material utilization of MPCMS under vary-
ing operating temperature ranges, stirring rates, flow rates, and MPCM mass fractions.
The core material of the MPCM was n-docosane, while the shell material consisted of
a polyuria/polyurethane polymer. Water acted as the base fluid, with an MPCM mass
fraction ranging from 5% to 20%. The results demonstrated that for MPCMS containing
10% MPCM, the stirring rate and flow rate had minimal effects on material utilization and
it exhibited heat transfer performance similar to that of water. However, mass fraction
significantly influenced both heat transfer performance and material utilization. When the
mass fraction reached 20%, the phase change temperature range closely aligned with the
operating temperature range within a 6 °C interval. At lower mass fractions, however, the
phase change temperature range shifted due to the supercooling effect. Garivalis et al. [30]
performed experiments to evaluate the performance of MPCMS under natural convection
and mechanical stirring (0-300 RPM) in a 20 L cylindrical storage tank. The core material
of the MPCM was paraffin, while the shell material consisted of melamine-formaldehyde
resin. Water served as the base fluid, with an MPCM mass fraction of 36.7%. The results
demonstrated that the HTC of MPCMS was lower than that of water under no stirring
conditions, leading to significant temperature stratification. Mechanical stirring signifi-
cantly enhanced heat transfer performance and improved heat storage efficiency. At a
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stirring rate of 300 RPM, the HTC of MPCMS became comparable to that of water, achieving
maximum heat storage capacity and the shortest charging time. Under these conditions,
the mechanical stirring power consumption was less than 4 W, which was considerably
lower than the thermal power of the system.

The overview of convection effects on MPCMS is shown in Table 1.

Table 1. Previous studies on natural convection and stirring of MPCMS.

Researchers MPCM Mass Fraction Conditions Key Observations
Sabbah et al. [21] 25% Natural HTC increased by'80 o at 25%
mass fraction.

Zhang et al. [22] 10-30% Natural Higher mass fraction led to larger

Nusselt number.
ano Heat storage capacity increased by

Wang et al. [23] 10-30% Natural 44% at 30% mass fraction.
Li et al. [20] 20-40% Natural Surface terslperature was lowest at
40% mass fraction.
Liu et al. [24] 5-20% Natural Addition of MPCM reduced
surface temperature.
Morimoto and Kumano o MPCM in phase change state
[25] 10-30% Natural increased Nusselt number.
. Mechanical stirring High stirring speed enhanced heat
o,

Zhang and Niu [26] 27.1% (0-380 RPM) storage capacity.
. o Mechanical stirring Heat storage capacity increased by

Bai etal. [27] 25% (0-300 RPM) 28% at 300 RPM.

. Mechanical stirring Energy efficiency peaked at 25%
— 00
Shin et al. [28] 15-35% (0-400 RPM) mass fraction and 100 RPM.
o Magnetic stirring MPCM mass fraction affected heat
Yuan etal. [29] 5-20% (0-2000 RPM) transfer performance.
Garivalis et al. [30] 36.7% Mechanical stirring Maximum heat storage capacity

(0-300 RPM) occurred at 300 RPM.

In conclusion, convection significantly influences the heat transfer characteristics of
MPCMS, with forced convection being particularly critical. However, several limitations
remain when applying these stirring-related findings to avionics thermal management.
First, most studies employed temperature boundary conditions (i.e., given temperature and
flow rate of the HTF), while neglecting the more prevalent heat flux boundary conditions
typical in avionics. Second, experimental investigations mainly focused on mechanical
stirring speeds below 400 RPM, with limited exploration of higher-speed scenarios. Third,
the holding time under a specific temperature was often overlooked. These research gaps
hinder the applicability of current MPCMS thermal management studies to the actual
heat dissipation needs of avionics. To fill these gaps, MPCMS samples with MPCM
mass fractions of 10% and 20% were prepared in this study using a deionized water-
n-propanol (NPA) solution as the base fluid. Subsequently, an MPCMS melting heat
transfer experimental system was established, employing mechanical stirring as the means
to enhance convection. Finally, the effect of stirring on the heat transfer characteristics
of MPCMS was experimentally investigated under rotational speeds ranging from 0 to
800 RPM and heat fluxes ranging from 8.50 to 17.00 kW /m?.

2. Preparation of MPCMS
2.1. Materials

To satisfy the temperature control requirements of avionics [1], this study selected
MPCM (Hebei Ruosen Technology Co., Ltd., Shijiazhuang, Hebei, China), which uses
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n-docosane as the core material and acrylic as the shell material. A solution of deionized
(DI) water (Hangzhou Wahaha Group Co., Ltd., Hangzhou, Zhejiang, China) and NPA
(Xilong Science Co., Ltd., Guangzhou, Guangdong, China, analytical reagent (AR)) was
employed as the base fluid for preparing MPCMS.

The surface morphology of the MPCM was characterized using a scanning electron
microscope (SEM; Zeiss SUPRA 55 SAPPHIRE, Carl Zeiss AG, Oberkochen, Germany). As
shown in Figure 1, the SEM image reveals the structural features of the MPCM sample.
To allow for volume variations during core material phase transitions, the microcapsules
were designed with a loose wall structure containing voids, enabling deformation under
pressure and resulting in observable surface depressions.

1 um EHT = 2.00kV Signal A = SE2 Date :25 Apr 2025
WD = 85 mm Mag= 5.00KX Time :10:13:38

Figure 1. SEM image of MPCM.

The phase change temperature and latent heat of the MPCM were measured using a
differential scanning calorimeter (DSC; NETZSCH DSC 214 Polyma, NETZSCH-Geratebau
GmbH, Selb, Germany). As depicted in Figure 2, the melting point was approximately
45.8 °C with a latent heat of 85.3 ] /g, while the solidifying point was approximately 35.2 °C
with a latent heat 0of 92.9 ] /g.

4

w
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-

Y,

o

Heat flow (mW/mg)

!
N

|
N

Peak = 35.2°C

20 30 40 50 60 70 80
Temperature (°C)

Figure 2. DSC curve of MPCM.

The thermogravimetric analysis (TGA) of the MPCM is conducted using a thermal
analyzer (NETZSCH STA 449 F3 Jupiter, NETZSCH-Gerédtebau GmbH, Selb, Germany).
As presented in Figure 3, the MPCM samples exhibit great thermal stability. A significant
weight loss of the MPCM is observed between 446.1 °C and 717.3 °C due to the gasification
of the PCM.
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Mid: 581.
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Figure 3. TGA curve of MPCM.

2.2. Method

Magnetic stirring and ultrasonic oscillation are widely utilized techniques in the prepa-
ration of MPCMS [31-33]. The process parameters, such as stirring duration, temperature,
and rotational speed for magnetic stirring and oscillation time, temperature, and frequency
for ultrasonic treatment, differ according to the specific requirements of each MPCMS
formulation. To prevent the agglomeration and sedimentation of MPCMS particles, disper-
sants such as cetyl trimethyl ammonium bromide (CTAB), sodium dodecyl sulfate (SDS),
and sodium dodecyl benzene sulfonate (SDBS) are commonly added [34-36].

Figure 4 illustrates the preparation method of MPCMS in this study:

Weighting
Base fluid I
‘ ) Ultrasonic
5 Strring, oscillation
ispersant Tes: fibe 1000 RPM, 1000 RPM
40 °C, 10 min 40 °C, 30 min
v~ Standing
48 h
Strring
= 1000 RPM
40'C.180mm P
_
| gL
L P

\ N\

Electronic balance Magnetic stirrer Ultrasonic cleaner Test tube rack

Figure 4. Preparation method of MPCMS.

According to the predetermined mass fractions of MPCM and dispersant, the re-
quired masses of MPCM, dispersant, and base fluid were accurately weighed using a
high-precision electronic balance (Shenzhen Meifu Electronics Co., Ltd., Shenzhen, China),
MTS 2000, 0-2000 g, £0.1 g).

The base fluid and dispersant were added to a test tube, which was then placed
in a magnetic stirrer (Hunan Qianyan Technology Co., Ltd., (Hunan, China), Guanghe,
0-100 °C, £0.1 °C, 0-2400 RPM). Magnetic stirring was performed at 1000 RPM and 40 °C
for 10 min to ensure uniform dispersion of the dispersant in the base fluid.

MPCM was added to the above mixture, followed by magnetic stirring at 1000 RPM
and 40 °C for 180 min to promote complete dispersion.

The resulting slurry was transferred to an ultrasonic cleaner (Shenzhen Chunlin
Cleaning Equipment Co., Ltd., (Shenzhen, China), CR-020ST, 20-80 °C, 0.1 °C, 40 kHz),
where ultrasonic oscillation was conducted at 40 °C and 40 kHz for 30 min to achieve
uniform distribution of MPCM within the MPCMS.

The prepared MPCMS was allowed to stand for 48 h under ambient conditions, after
which its stability and condition were observed, photographed, and recorded.
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2.3. Dispersant

To select the optimal dispersant, three common dispersants (CTAB, SDS, and SDBS)
were evaluated at mass fractions of 1%, 2%, and 5% in the MPCMS containing 10% MPCM,
with DI water serving as the base fluid. The dispersants used were CTAB (Tianjin Balance
Biotechnology Co., Ltd., Tianjin, China, AR), SDS (Sinopharm Chemical Reagent Co., Ltd.,
Beijing, China, AR), and SDBS (Sinopharm Chemical Reagent Co., Ltd., Beijing, China,
AR). The effects of these dispersants on the uniformity of the MPCM dispersion in the base
fluid were systematically investigated. As illustrated in Figure 5, when CTAB served as
the dispersant, MPCMS demonstrated complete phase separation and exhibited the lowest
homogeneity. In the case of SDS, partial phase separation accompanied by sedimentation
was observed. By contrast, the use of SDBS as the dispersant resulted in a significant
improvement in MPCMS homogeneity, especially at a mass fraction of 1%. Therefore, SDBS
was chosen as the dispersant for this study, with its concentration set at 1% mass fraction.

Figure 5. MPCMS with different dispersants.

2.4. Base Fluid

Due to the significant density difference between DI water and MPCM, achieving a
long-term uniform distribution state is challenging even with the assistance of a dispersant
when using DI water alone as the base fluid. In this study, the density difference between
the base solution and MPCM was minimized by adjusting the density of the base fluid
with an appropriate amount of NPA in DI water. The uniformity of MPCMS was evaluated
at different NPA contents, with mass fractions controlled at 10% intervals. As shown in
Figure 6, from left to right are MPCMS samples with NPA mass fractions ranging from 0%
to 90% after 48 h of standing. It can be observed that MPCM floats significantly above the
base fluid when the NPA mass fraction is less than or equal to 20%. Conversely, when the
NPA mass fraction is greater than or equal to 30%, MPCM predominantly sinks below the
base solution. Based on these observations, it can be inferred that the optimal range of the
NPA mass fraction lies between 20% and 30%.

0% 10% ‘ 20% 30% 40% 50% 60% 70% l 80% 90%

Figure 6. MPCMS samples with NPA mass fractions of 0-90%.

To further determine the optimal NPA mass fraction, control tests for MPCMS ho-
mogeneity were conducted at 1% intervals. As shown in Figure 7, from left to right are
MPCMS samples with NPA mass fractions ranging from 21% to 25% after standing for 48 h.
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It can be observed that when the NPA mass fraction is between 23% and 25%, MPCMS
predominantly sinks below the base fluid. When the mass fraction is 21%, MPCM exhibits
both floating and sinking behavior. The highest uniformity of MPCM is achieved when the
mass fraction is 22%. Therefore, the optimal composition of the base fluid is determined to
be 22% NPA and 78% DI water.

23% 24% 25%

Figure 7. MPCMS samples with NPA mass fractions of 21-25%.

The potential impacts of NPA on the thermophysical properties of the base fluid and
the overall MPCMS performance are as follows: In terms of density, a mixture of 22%
NPA and 78% DI water has a density close to that of MPCM and lower than pure DI
water, which reduces MPCM sedimentation and suspension imbalance, thereby enhancing
MPCMS stability. Regarding viscosity, the mixed base fluid exhibits a slightly higher
viscosity than pure DI water but remains significantly lower than that of MPCMS, resulting
in minimal flow resistance. As for thermal conductivity, it is slightly lower than that of
pure DI water, but this reduction can be effectively compensated for by stirring-induced
convective enhancement. Overall, these changes improve MPCMS stability with minimal
negative impact on heat transfer performance.

3. Experimental System
3.1. Apparatus

As shown in Figure 8, the experimental system comprises three main components: the
stirring device, the heating unit, and the data acquisition and visualization system.

The stirring device consists of a stirrer (Shanghai Lichen Instrument Technology Co.,
Ltd., Shanghai, China LC-OES-120SH, 0-120 W, 0-2000 RPM), blades, and a shaft. The shaft
is connected to the stirrer via a fixture and the blades are welded to the shaft. The shaft has
a diameter of 8 mm, a length of 300 mm, and its central axis is perfectly aligned with the
test section. The stirring blades adopt a three-blade configuration with a rotation diameter
(Drot) of 50 mm and a rotation height (H,ot) of 20 mm.

The heating unit includes a DC power supply (Fujian Lilliput Optoelectronics Tech-
nology Co., Ltd., Xiamen, Fujian, China, OWON SPE6103, 0-60 V, 0-10 A, 0-300 W) and
a ceramic heating plate, designed to simulate the thermal characteristics of avionics. The
ceramic heating plate measures 40 x 40 x 2 mm? and exhibits a resistance of approximately
3.4 () at an ambient temperature of 25 °C. It is securely mounted inside the copper plate
of the test section using screws. By adjusting the output voltage of the DC power supply,
different heating powers can be achieved.
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Figure 8. Experimental system: (a) schematic; (b) photo.

The data acquisition and visualization system incorporates 24 temperature sensors,
a data acquisition device (Shenzhen Toprie Electronics Co., Ltd., Shenzhen, Guangdong,
China, TP700, acquisition frequency 1 Hz), and a computer. Specifically, eight thermocou-
ples (Dongtai Youpusi Measurement and Control Technology Co., Ltd., Yancheng, Jiangsu,
China, K-type, —70-260 °C, £0.5 °C) are installed at the bottom of the copper plate in the
test section to monitor the temperature changes in the heating wall. Additionally, two sets
of 16 thermal resistors (Dongtai Youpusi Measurement and Control Technology Co., Ltd.,
Yancheng, Jiangsu, China, PT100, diameter 3 mm, length 30 mm, —60-250 °C, £0.15 °C)
are evenly spaced 20 mm apart on transparent polycarbonate (PC) plates on both sides of
the test section for measuring the temperatures of the MPCMS and air. The thermal resistor
ends are in direct contact with the MPCMS and air within the inner space of the test section.

3.2. Test Section

As shown in Figure 9a, the test section comprises a copper plate, an upper base plate,
a lower base plate, a top cover, and four side plates. Except for the copper plate, all other
components are made of transparent PC material to facilitate visual observation. The upper
and lower base plates measure 200 mm X 200 mm x 20 mm, while the top cover has
external dimensions of 160 mm x 160 mm x 20 mm and features a central through-hole
with a diameter of 20 mm for the stirring shaft to access the interior of the test section. The
four side plates are 200 mm high and 30 mm thick, with two plates measuring 160 mm
wide and the other two 100 mm wide. Each side plate has eight equally spaced stepped
through-holes (20 mm apart): 3 mm in diameter and 20 mm deep at the front, transitioning
to 5 mm in diameter and 10 mm deep at the rear. Thermal resistors (3 mm in diameter and
30 mm in length) are inserted into these holes, fixed, and sealed with glue. The specific
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positions of the thermal resistors, numbered 9-16, are illustrated in Figure 9b. The assembly
is completed using bolts, O-rings, and glue, resulting in an internal space of 100 mm x
100 mm x 200 mm.

(a)

160

Seal groove

= Cover plate
| g
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Figure 9. Geometric dimensions: (a) assembled test section; (b) temperature measurement points;
(c) heating device.

As shown in Figure 9¢c, the heating device consists of a copper plate and a ceramic
heating plate. The copper plate is a cube with an edge length (d) of 80 mm and a thickness
of 10 mm, featuring a square groove (42 mm x 42 mm X 3 mm) on its lower surface. Eight
K-type thermocouples (numbered 1-8) are embedded in the copper plate, with their tips
positioned 6 mm below the upper surface to monitor the temperature. The copper plate is
fastened to the upper base plate using screws and sealed with O-rings. The ceramic heating
plate measures 40 mm x 40 mm x 2 mm. After applying high-thermal-conductivity grease
uniformly on its surface, it is securely attached to the square groove of the copper plate
using screws.

In this study, heat flux is set at 8.5-17 kW /m?, MPCM mass fraction is selected as 10%
and 20%, and stirring speed ranges from 0 to 800 RPM. These values are chosen based on
two considerations. First, typical avionics heat flux is around 10 kW /m?, which falls within
the tested range, ensuring practical relevance. Second, prior studies show MPCM mass
fractions usually range from 5% to 35%, and mechanical stirring speeds from 0 to 400 RPM.
The selected mass fractions fit this range, while the higher stirring speed extends beyond
typical limits, allowing for comparison with existing data and exploration of heat transfer
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at elevated stirring. Overall, the parameters meet both technical feasibility and the actual
cooling demands of avionics.

3.3. Data Reduction

The heating power (Q) is calculated as the product of the output voltage (U) from the
DC power supply and the current (I). The heat flux (g) is then determined by dividing Q by
the heating area (A = 64 cm?).

Q=ul (1)
9=" @

The heating wall temperature (Ty) is determined by averaging the measurements
from eight K-type thermocouples (T1-Tg) mounted on a copper plate.

1 qo
Tw = glzzl Ti - x (3)

where 6 represents the distance between the tip of the thermocouple and the upper surface
of the copper plate, and its value is 6 mm; A is the thermal conductivity of the copper plate.

The HTC is calculated as the ratio of g to the heat transfer temperature difference,
defined as Ty, minus Trg.

q
HTC = ——— 4
Tw*Tlé ( )

The Nusselt number (Nu) is defined as follows:

_ HTC x L

Nu
AMPCMS

(5)
where L represents the characteristic length, which is taken as the distance from the T4
measurement point to the heating wall; Appcps is the thermal conductivity of the MPCMS,
which is calculated based on the mass fraction of the MPCM and the base fluid and their
respective thermal conductivities.

The mass fraction of MPCM (W) in MPCMS can be calculated using the mass of
MPCM (mppcm) and the base fluid mass (mgyiq), where mg,;; equals the sum of DI water
mass (Myater) and NPA mass (myps). Additionally, the mass fraction of NPA (W,,) in the
base fluid can be calculated from mypa and Myger-

W,, = MMPCM ©6)
muypcm + Mguid

M flyid = Muwater + MNPA 7)

_ MNPA ®)

MNPA + Muwater

3.4. Uncertainty

The uncertainty of directly measured parameters, such as U, I, d, and T}, primarily
depends on the accuracy and minimum measurable value of the instrument. In contrast,
the uncertainty of indirectly measured parameters, such as Q, g, HTC, Nu and Ty, is prop-
agated from the uncertainties of the direct measurement parameters through calculation
methods [37]. Table 2 summarizes the uncertainties of all parameters.
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Table 2. Experimental uncertainties.
Parameter Accuracy and Minimum Value Uncertainty

u +0.1V;101V +0.99%

I +0.1 A;297 A +0.34%

d +0.1 mm; 80 mm +0.13%

T; +0.5°C; 25 °C +2.00%

Q calculated +1.05%

q calculated +1.06%

HTC calculated +2.26%

Nu calculated +2.31%

Tw calculated +2.00%

Wy, calculated +4.68%

Wi, calculated +1.01%

4. Experimental Results and Discussion
4.1. Effects of Rotational Speed on Heat Transfer Characteristics

Figure 10 shows the dynamic variation in Ty, i, and Nu with heating time () at
n = 0-800 RPM, W, = 10%, and g = 8.50 kW / mZ2. Without stirring (n = 0 RPM), the Ty, curve
exhibits melting characteristics similar to those of pure PCM, divided into three stages:
solid-phase sensible heat transfer, latent heat transfer, and liquid-phase sensible heat
transfer. With stirring initiated (n > 0 RPM)), as n increases, the transitions between these
stages gradually diminish, indicating that stirring alters the melting behavior of MPCMS.
For HTC and Nu, they are initially high during the early heating stage, then decrease
rapidly before gradually stabilizing. At n = 800 RPM, the stable values are 1.94 kW /m?
K and 53.685, respectively, representing a 252.7% increase relative to the corresponding
values of 0.55 kW/m? K and 15.22 at n = 0 RPM. Overall, higher 7 leads to lower T;, and
higher HTC and Nu, demonstrating that stirring enhances the convective heat transfer.
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Figure 10. Melting characteristics at different rotational speeds. (a) T; (b) /; (c) Nu.

Figure 11 presents the holding times required for Ty, to reach specific temperatures
(50 °C, 60 °C, and 70 °C) at n = 0-800 RPM, W;, = 10%, and g = 8.50 kKW/m2. Asn
increases from 0 RPM to 800 RPM, the time to reach 50 °C increases by 151% (from 1773 s
to 4453 s), the time to reach 60 °C increases by 125% (from 3287 s to 7390 s), and the time
to reach 70 °C rises by 170% (from 4698 s to 12,668 s). This demonstrates that stirring
enhances the convective heat transfer within MPCMS, thereby significantly prolonging the
holding times.
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Figure 11. Holding times at different rotational speeds.

Figure 12 illustrates the temperatures of MPCMS and the heating wall at n = 0-800 RPM,
Wy, =10%, g =850kW/ m?2, and t = 4500 s. For MPCMS, measurement points include T1¢ 20 mm
from the heating wall and T74 60 mm from the heating wall. At n = 0 RPM, the temperature
difference between Ty, and T4 is 15.5 °C, while the difference between T, and T4 is 30.8 °C,
indicating a significant temperature gradient within MPCMS that limits the melting of the upper
portion. As n increases, the temperature gradient decreases markedly. At n = 800 RPM, the
temperature difference between Ty, and T1¢4 drops to 3.9 °C (a 74.8% reduction compared to that
at n = 0 RPM), and the difference between Ty, and T4 reduces to 4.4 °C (an 85.7% reduction
compared to that at 7 = 0 RPM). This confirms that stirring effectively reduces the temperature
difference between the heating wall and MPCMS, as well as the internal temperature gradient.

70 ' i . . T T
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Figure 12. Temperature distribution at different rotational speeds.

The findings on the effect of rotational speed align with those of Garivalis et al. [30],
who reported that mechanical stirring enhanced the heat transfer performance of MPCMS
and reduced temperature stratification. However, while Garivalis et al. [30] only tested
rotational speeds up to 300 RPM and focused on the HTC of MPCMS, this study expands
the tested range to 800 RPM and quantifies the effect of rotational speed on the heating
wall temperature and holding time—two key indicators for avionics cooling.

4.2. Effects of Different Mass Fractions on Melting Characteristics

Figure 13 illustrates the dynamic variation in Ty, with t at n = 0, 400, and 800 RPM;
Wi = 0%, 10%, and 20%; and g = 8.50 kW/ m2. When W,, is 0%, the Ty, curve remains
smooth across different n levels. This is because MPCMS contains only the base fluid at
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this point, and its heat transfer performance is primarily determined by the properties of
the base fluid. For Ty, curves with W, at 10% and 20%, a transition region appears due to
the latent heat transfer characteristics of MPCMS. When W,,, is 10%, the transition becomes
less noticeable as n increases; when W, is 20%, the transition becomes more pronounced as
n increases. This phenomenon arises from the interaction of two factors: the phase change
heat transfer ability of MPCM and the relatively high thermal conductivity of the base fluid.
Under varying W, conditions, stirring emphasizes one of these factors: when W, is 10%,
the function of the base fluid dominates as n increases; when W, is 20%, the function of

MPCM becomes more prominent.
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Figure 13. Heating wall temperature at different MPCM mass fractions. (a) n = 0 RPM; (b) n = 400 RPM;
(c) n =800 RPM.

Figure 14 presents the holding times required for Ty, to reach specific temperatures
(50 °C, 60 °C, and 70 °C) at n = 0, 400, and 800 RPM; W,, = 0%, 10%, and 20%; and
g = 8.50 kW/m?. When n = 0 RPM, the time required for T, to reach a specific tempera-
ture gradually decreases with increasing Wy,. For instance, when T, reaches 70 °C, the
corresponding times for W, at 0%, 10%, and 20% are 6121 s, 4698 s, and 857 s, respec-
tively, meaning that W, = 10% reduces holding time by 23.2% and W, = 20% reduces it
by 86.0% compared to Wy, = 0%. When n = 400 RPM, the time lengths corresponding to
different W, values follow the order 10% > 0% > 20%. Taking T, reaching 70 °C as an
example, the times corresponding to Wy, at 0%, 10%, and 20% are 6754 s, 9967 s, and 2463 s,
respectively, indicating that W, = 10% extends holding time by 47.5% while W,, = 20%
shortens it by 63.5% compared to W, = 0%. When n = 800 RPM, the order of time cor-
responding to different W, values becomes 10% > 20% > 0%, with a smaller difference
between the first two. For example, when T, reaches 70 °C, the corresponding times for
Wi, at 0%, 10%, and 20% are 7275 s, 12,668 s, and 11,476 s, respectively, suggesting that
Wi = 10% extends holding time by 74.1% and W, = 20% extends it by 57.8% compared
to Wy; = 0%. The reasons for this phenomenon are as follows: As Wy, increases, the latent
heat and volume expansion coefficients of MPCMS increase, which is beneficial for heat
transfer, but its viscosity and thermal conductivity decrease, which is not conducive to heat
transfer. Without stirring (n = 0 RPM), the heat transfer is affected by the above factors
comprehensively. Even when W, = 10%, the overall net effect is negative. When stirring is
turned on, the internal convection is enhanced, significantly improving the heat transfer
performance. When # is increased to 400 RPM, the heat transfer effect of W, = 10% is posi-
tive, while that of W, = 20% is still negative; when  is further increased to 800 RPM, the
heat transfer effects under both W, conditions turn positive, with the effect of W, = 10%
being slightly better than that of W, = 20%. Similar observations were made by Sabbah
et al. [21] and Wang et al. [23] in their studies on the heat transfer characteristics of MPCMS
without stirring. Furthermore, considering holding time gain and operational practicality,
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Wi, = 10% represents the optimal mass fraction. The quantitative analyses are as follows:
At Wy, = 0%, the relative holding time gains at 400 RPM and 800 RPM are 10.3% and 18.9%,
respectively. Due to no latent heat storage, stirring provides only marginal enhancement
in convective heat transfer. At W, = 20%, the relative gain reaches as high as 1250.8% at
800 RPM, but the baseline holding time without stirring is merely 857 s (of limited practical
utility), and even with stirring at 400 RPM, although the gain reaches 187.4%, the resulting
holding time remains at only 2463 s, insufficient to meet the thermal demands of typical
mission durations. In contrast, at W, = 10%, the relative gain reaches 112.1% at 400 RPM,
extending the holding time to 9967 s, sufficient to satisfy standard cooling requirements
without requiring high rotational speeds. At 800 RPM, the gain further increases to 169.6%,
achieving a maximum holding time of 12,668 s.

(a)14.400 (b)14,400 (c)14.400

7T,=50°C n=0RPM 7,,=50°C| n =400 RPM T,=50°C n =800 RPM
o T,=60°C 4= 850kW/m? e T,=60°C =850 KW/m? e T,=60°C_s_q=850 KW/m?
6
+—T,=70°C +—T,=70°C +-T,=70°C .
10,800 10,800 10,800 11.476
A9967
= 7200 1o = 7200 PN = 7200 72‘75 1390 7335
N 25945 \ -
4698 N ,'
N A #4678 N 4071 T
3600 #3720 43287 3600 3598\ 3600 4453
2988 N\ 3197
. N\ 22463
2088 17730\ e 1763
\857 1295
3513
0 - o5 0 0
0 10% 20% 0 10% 20% 0 10% 20%
Wn1 Wm Wm

Figure 14. Holding time at different MPCM mass fractions. (a) n = 0 RPM; (b) n = 400 RPM;
(c) n =800 RPM.

Figure 15 depicts the temperatures of the MPCMS (T4 and T14) and the heating wall
(Tw) at n =0, 400, and 800 RPM; W, = 0%, 10%, and 20%; q = 8.50 kW /m?; and ¢t = 1600 s.
When n = 0 RPM, with increasing W, the temperature differences between Ty, and T74 and
between T, and Ty4 gradually increase from 13.0 °C and 13.6 °C at W, = 0% to 19.7 °C
and 21.7 °C at W,,, = 10% (increases of 51.5% and 59.6%), and then to 57.2 °C and 58.5 °C
at Wy, = 20% (increases of 340.0% and 330.1%). Adding MPCM to the base fluid indicates
a significant reduction in heat dissipation capacity. When n = 400 RPM, the temperature
differences corresponding to W,, = 0% are 4.8 °C and 5.5 °C, those corresponding to
Wy =10% are 4.7 °C and 5.9 °C (changes of —2.1% and 7.3%), and those corresponding to
Wy, = 20% are 29.2 °C and 34.1 °C (increases of 508.3% and 520.0%), indicating that adding
10% MPCM to the base fluid has a smaller effect on heat dissipation capacity. However,
adding 20% MPCM still leads to a substantial decrease in heat dissipation capacity. When
n = 800 RPM, the temperature differences corresponding to W,, = 0%, 10%, and 20% are
3.3°Cand 3.8°C, 3.4 °Cand 4.5 °C, and 3.6 °C and 3.8 °C, respectively, indicating that
even adding 20% MPCM to the base fluid does not significantly affect heat dissipation.
However, as t increases, due to the completion of the solid-liquid phase change, the
temperature differences corresponding to different W;, mostly show an increasing trend to
varying degrees. Additionally, as n increases, the temperature differences corresponding to
different Wy, all exhibit a downward trend, indicating that stirring effectively enhances the
uniformity of the temperature field.
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Figure 15. Temperature distribution at different MPCM mass fractions. (a) n = 0 RPM; (b) n = 400 RPM;
(c) n =800 RPM.

The finding that the effect of MPCM mass fraction is dependent on rotational speed
overcomes the limitations of prior research. Sabbah et al. [21] and Wang et al. [23] in-
vestigated the impact of MPCM mass fraction only under natural convection (0 RPM),
concluding that high concentrations (above 25% for Sabbah et al. [21] and 30% for Wang
et al. [23]) reduced heat transfer performance due to increased viscosity. This study ex-
tends their findings by demonstrating that high-speed stirring (800 RPM) can mitigate the
negative effects of high MPCM concentrations.

4.3. Effects of Heat Flux on Heat Transfer Characteristics

Figure 16 illustrates the dynamic variation in Ty, with t at n = 0, 400, and 800 RPM;
Wi = 10%; and g = 8.50, 12.75, and 17.00 kW / m2. At the same 1, the Ty, curves correspond-
ing to different g exhibit a similar trend of change; however, as g increases, the Ty, curve
becomes steeper, and the holding time at a specific temperature becomes shorter.
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Figure 16. Heating wall temperature at different heat fluxes. (a) n = 0 RPM; (b) n = 400 RPM;
(c) n =800 RPM.

Figure 17 presents the holding time required for Ty, to reach specific temperatures
(50°C, 60 °C, and 70 °C) at n = 0, 400, and 800 RPM; W, = 10%; and g = 8.50, 12.75, and
17.00 kW /m?. For any given g, an increase in 7 results in a longer holding time. For
example, when Ty, reaches 70 °C, at ¢ = 8.50 kW/ mZ2, the times corresponding to n = 0, 400,
and 800 RPM are 4698 s, 9967 s, and 12,668 s, respectively; at g = 12.75 kW/ m?2, they are
2834 s, 4689 s, and 5941 s, respectively; and at g = 17.00 kW/m?, they are 1615 s, 3064 s,
and 3694 s, respectively. Under these three heat fluxes, the holding time at 800 RPM
increases by 169.6%, 109.6%, and 128.7%, respectively, compared to that at 0 RPM. This
indicates that stirring significantly prolongs the operating time of the heat source below a
specific temperature.
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Figure 17. Holding time at different heat fluxes. (a) g = 8.50 kW/ m?; (b) g = 12.75 kW/ m?;
() g = 17.00 kW/m?.

The investigation of heat flux effects fills a key gap in current research on MPCMS.
Most previous studies, such as those by Zhang and Niu [26] and Bai et al. [27], evaluated
MPCMS heat transfer performance under temperature boundary conditions. However,
these conditions do not reflect real-world avionics cooling environments, where heat
dissipation is mainly driven by heat flux from high-power components.

4.4. Heat Storage and Power Consumption

The effective heat storage capacity of the MPCMS device is determined by the phase
change latent heat of the PCM and the sensible heat of the base fluid, and can be quantita-
tively calculated from heating power and holding time. For instance, at g = 8.5 kW /m?,
Wy =10%, and n = 800 RPM, the device maintained temperature control for 12,668 s at
70 °C, yielding an effective heat storage capacity of 689.1 k]. Regarding the power con-
sumption, it peaked at approximately 3.5 W, while the minimum heating power was 54.4 W.
Thus, the maximum ratio of stirring to heating power was only 6.4%, demonstrating that
auxiliary power requirements are minimal.

5. Conclusions

In this study, MPCMSs with MPCM mass fractions of 10% and 20% were prepared, and
the melting heat transfer characteristics were experimentally investigated under rotational
speeds of 0-800 RPM and heat fluxes of 8.5-17.0 kW/m?. The main conclusions are
as follows:

(1) For MPCM with n-docosane as the core material and acrylic as the shell material, the
best dispersion effect can be achieved when preparing MPCMS using SDBS with a
mass fraction of 1%. Additionally, the optimal composition of the base fluid is 22%
NPA and 78% DI water.

(2) Stirring significantly alters the melting heat transfer characteristics of MPCMS. When
the mass fraction of MPCM is 10%, increasing rotational speed gradually smooths or
eliminates transitions between heat transfer stages in the heating wall temperature
curve. Simultaneously, the temperature difference between the heating wall and
the MPCMS, as well as the temperature gradient within the MPCMS, decreases,
improving temperature uniformity. Moreover, stirring can significantly extend the
holding time of the heat source below a specific temperature. For example, with a
mass fraction of 10% and a heat flux of 8.50 kW /m?, increasing the speed from 0 RPM
to 800 RPM extends the heat source operating time below 70 °C by 169.6%.

(3) The effect of the MPCM mass fraction on the heat transfer characteristics of MPCMS
is complex, especially under stirring. When the MPCM mass fraction is 20%, the
transition on the heating wall temperature curve becomes more pronounced, which is



Aerospace 2025, 12, 868

19 of 21
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contrary to the trend observed at a mass fraction of 10%. The holding time of the heat
source below a specific temperature varies with mass fraction and rotational speed: at
0 RPM, the order of holding time is 0% > 10% > 20%; at 400 RPM, the order is 10%
> 0% > 20%; and at 800 RPM, the order is 10% > 20% > 0%. This results from three
factors: higher mass fractions increase latent heat and volume expansion, enhancing
heat transfer; they also reduce viscosity and thermal conductivity, hindering it, and
increased rotational speed strengthens convection, further improving performance.
For the same heat flux, higher rotational speeds result in longer holding times; for the
same rotational speed, higher heat flux values lead to shorter holding times. For ex-
ample, at 800 RPM, with heat fluxes of 8.50 kW / m?, 12.75 kW/m?, and 17.00 kW /m?,
the holding times corresponding to 70 °C are 12,668 s, 5941 s, and 3694 s, respectively.
This study confirms that stirring enhances the melting performance of MPCMS but
has limitations. The heat source does not reflect the varied shapes, sizes, and heat
fluxes of real avionics. Only stirring was studied without incorporating nanoparticles
or fins, failing to evaluate the synergy between convection and conduction. Stability
was only tested through a 48 h static experiment, missing long-term issues like particle
agglomeration, shell degradation, and energy consumption. Future research should
test diverse heat sources, combine stirring with conductive enhancements, conduct
long-term tests to optimize dispersants and shells, and evaluate energy use and
compatibility to promote the engineering application in aircraft thermal management.
The large-scale application of the findings depends on addressing size, thermal load,
and other key variations in avionics. Using these results, thermal management devices
can be optimized to steadily improve technological maturity.
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Abbreviations

CTAB Cetyl Trimethyl Ammonium Bromide

DI Deionized

DsC Differential Scanning Calorimeter

HTC Heat Transfer Coefficient

HTF Heat Transfer Fluid

MPCM Microencapsulated Phase Change Material
MPCMS  Microencapsulated Phase Change Material Slurry
NPA n-propanol

PC Polycarbonate

PCM Phase Change Material

SDBS Sodium Dodecyl Benzene Sulfonate

SDS Sodium Dodecyl Sulfate

SEM Scanning Electron Microscope

TGA Thermogravimetric Analysis
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Nomenclature

A heating area/ m?

d side length/m

Dot rotation diameter/m

Hyor rotation height/m

I current/A

n rotation speed /RPM

Nu Nusselt number

q heat flux/W/m?

Q heating power/W

T temperature/°C

T; temperature of the ith thermocouple
Tw heating wall temperature/°C

t time/s

u voltage/V

Wi mass fraction of MPCM

W, mass fraction of n-propanol

0 distance on temperature measuring/m
A thermal conductivity/W/m K
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