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Abstract: The implementation of heat sinks in high-power pulse electronic devices within hypersonic
aircraft cabins has been facilitated by the emergence of innovative phase change materials (PCMs)
characterized by excellent thermal conductivity and high latent heat. In this study, a representative
material, layered porous media filled with paraffin wax, was utilized, and a three-dimensional
numerical model based on the enthalpy-porosity approach was employed. A thermal response
research was conducted on the Phase Change Heat Exchange Unit with Layered Porous Media
(PCHEU-LPM) with different cooling methods. The results indicate that water cooling proved to
be suitable for the PCHEU-LPM with a heat flux of 50,000 W/m?. Additionally, parametric studies
were performed to determine the optimal cooling conditions, considering the inlet temperature and
velocity of the cooling flow. The results revealed that the most suitable conditions were strongly
influenced by the coolant inlet parameters, along with the position of the PCM interface. Finally, the
identification of the parameter combination that minimizes temperature fluctuations was achieved
through the Response Surface Analysis method (RSA). Subsequent verification through simulation
further reinforced the reliability of the proposed optimal parameters.

Keywords: phase change material; heat exchange structure; forced convection; thermal response
analysis; temperature fluctuations

1. Introduction

Hypersonic aircrafts are currently regarded as a focal point in the field of aviation
development. With speeds exceeding five times the speed of sound, the ability to conduct
global flights in remarkably brief durations is demonstrated by these aircraft, emphasizing
their efficiency and widespread applicability [1]. In the multifaceted realm of hypersonic
aircraft research, thermal management consistently emerges as a paramount consideration.
As the aircraft’s velocity increases, substantial aerodynamic heating emanates from the
leading edge, resulting in local peak temperatures that may surpass 1800 K [2,3]. The
internal structure of the aircraft is infiltrated by significant aerodynamic heating through
thermal protection systems, posing challenges in dissipating heat from onboard equipment.
Notably, the heat flux density from high-energy devices, such as radar and processors,
is suggested by literature [4] to range from 100 to 500 (W/cm?). Due to the fact that
hypersonic aircraft typically rely solely on fuel as the primary cooling source, their cooling
capacity is limited while simultaneously requiring cooling for various components such
as the outer shell structure, propulsion system, equipment compartment, and passenger
cabin. This places extremely high demands on the thermal management system. Taking
the EU-designed MR2 hypersonic aircraft as an example [5], as depicted in Figure 1, low-
temperature fuel flows out from the tank system. A portion of it, within the blue section
of the diagram, exchanges heat and evaporates within the low-temperature tank, which
penetrates the aircraft shell to address the thermal load. Another portion exchanges heat
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through a heat exchanger with gases flowing in from the cabin and equipment compartment.
After both sections of heat absorption, the mixed fuel, now at temperatures exceeding
1300 K, enters the propulsion unit for combustion. Throughout this thermodynamic
cycle, for the equipment compartment and passenger cabin, typically low-temperature
levels and narrow temperature adjustment ranges are applicable. Hence, the thermal
management system necessitates heat exchange units responsible for fuel and cabin air heat
exchange to possess stable temperature control ranges, recyclability, and high heat exchange
rates. Upon scrutinizing the characteristics of thermal sources and mission utilization, it
becomes evident that the internal heat sources of hypersonic aircraft exhibit extensive
spatial distribution, non-uniformity, and significant temporal variations. Thus, effective
thermal control, specifically the mitigation of temperature fluctuations and the maintenance
of stable temperature levels over extended periods, are recognized as an urgent issue in the
study of transient high-heat-flow-density electronic devices.

I |
| |
. | Regenerator (RG) : —
shaft power gy D ; Ly .
(We,) 1 J | ) | L © ) Pumping power
Ex I | —
Y : Propulsion Plant : boil-off compression e
- e : o power (W)
i C F
I ! B SO0
Map
__________________________ T convection @
| ' —  walls+ =
: in/out shaft power | . ] E
\ Wap : / insulation
i , v .
i : \ Tank System
: | - 1 1 )
1 |
: : J ! boil-off I
|
! —_— ] g il fuel |
I
! hot I ¥ !
I high-pressure air : >4 ) . !
i s o e e B py o : f./ :
Air-Pack - | :
cabin air L\ I
outflow R F :
! . £ |
! ~—1 LH; |
|
I outflow |
I |
| |

Figure 1. Thermodynamic Cycle Layout of MR2 Aircraft.

The conventional thermal management systems for electronic devices in cabin employ
single-phase or two-phase liquid circuits [6,7], with the heat sink playing a crucial role
in temperature regulation by absorbing heat from the electronic components to prevent
temperature elevation and fluctuations. However, pulsed devices such as radar and
processor chips discussed in this paper, present unique characteristics including short
peak power durations, significant heat loss during transients, and less heat dissipation
requirements during the remaining operating periods. Consequently, the utilization of
traditional metal or ceramic materials as heat sink substrates would lead to excessive mass
and volume of the overall structure to accommodate the peak heat dissipation during
transients, resulting in design redundancies. In this context, it is contended that distinct
advantages are offered by PCMs, such as high thermal capacity, isothermal or nearly
isothermal behavior during phase changes, excellent stability, and reusability. By leveraging
these properties, the absorption of thermal shock from the heat source and the suppression
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of temperature fluctuations in pulsed equipment operating in intermittent mode can be
effectively achieved by using PCMs.

In the application research focusing on utilizing PCMs to mitigate temperature fluctu-
ations induced by pulsed heat flow, Waster et al. [8] proposed a heat storage unit incorpo-
rating different types of hydrate salt PCMs, along with a fast calculation model validated
through experiments. According to their findings, the key factors influencing the tempera-
ture control effectiveness of PCMs are thermal conductivity and latent heat. The use of high
thermal conductivity hydrate salt materials resulted in a more pronounced suppression
of temperature fluctuations. Maxa et al. [9] designed a PCM film to alleviate temperature
rise when chip heating exceeds the design threshold. Results indicated a reduction of the
temperature peak from 170 °C to 100 °C, significantly expanding the chip’s maximum
operating power and the duty cycle under high load conditions.

In theoretical research, Krishnan et al. [10] investigated the feasibility of PCMs in
addressing pulse heat dissipation issues in electronic component thermal management
through numerical methods. The study employed discrete pulsed heating on one side of
the PCM phase change system and air-cooled heat dissipation on the other side. Response
analyses were conducted at different pulse frequencies, determining the optimal heat source
arrangement and studying the heat transfer efficiency for different aspect ratios at the same
volume. Shamberger et al. [11] numerically studied the dynamic response characteristics of
PCMs with varying external frequencies, revealing its effective absorption and release of
heat and buffering of transient heat pulses at different frequencies. The study found that
the internal temperature distribution in the single-phase region was strongly perturbed
by oscillating heat boundary conditions. However, in a specific range of the two-phase
region, temperature changes were inhibited, resulting in a phase lag (A¢) and a reduction
in the peak temperature change at the heat source (AT). The magnitude and frequency
dependence of this anti-resonance depended on the characteristics of the periodic heating
function, material thermophysical properties, slab thickness, and the nature of the applied
cooling boundary conditions.

In the aforementioned studies, the application of PCMs were limited by their low
thermal conductivity, typically below 1 (W/m-K). The duration of each cycle for pulsed
temperature or heat flow often exceeded 1 h, and the thermal load that electronic devices
could withstand was relatively small [12,13]. However, recent technological developments,
such as low-temperature alloys, hydrate salts, foam metals, microcapsules, etc., have
greatly expanded the thermal conductivity of PCMs, even reaching 150 (W/m-K) [14]. The
increased thermal conductivity enables PCMs to handle stronger transient features and
higher heat consumption, and with the reduced internal thermal resistance of phase change
materials, the external heat dissipation intensity can also be correspondingly increased.
However, there is currently a lack of research on the applicable scenarios of high thermal
conductivity phase change materials, especially the appropriate heat dissipation methods.

In this study, a layered porous medium phase change material was utilized as the
foundation for the heat sink. Favorable morphological traits are exhibited by this material,
integrating a substantial latent heat capacity with an impressive thermal conductivity of
up to 12 (W/m:-K). Initially, a three-dimensional numerical model was constructed that
incorporates composite boundary conditions, encompassing pulsed heating and forced
convective heat dissipation. These conditions were implemented at both the upper and
lower extremities of the PCHEU-LPM. Next, a comparison for the effects of different
thermal boundary conditions on temperature and phase fields was conducted, and the
most suitable heat dissipation method was to be selected. Then, through parameter research,
the relationship between the changes in parameters of heat dissipation conditions and
temperature fluctuations and uniformity was studied. Finally, through RSA, the optimal
parameter values for heat dissipation were found, and a reference for the design of future
PCHEU-LPM is provided.
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2. Methodology
2.1. Physical Model

A rectangular PCM plate studied in this paper is shown in Figure 2a, and the x, y, z
directions are a length of L = 50 mm, a width of = 20 mm, and a height of H = 10 mm.
The cross-sectional heat transfer process along with the heat flow direction is shown in

Figure 2b, with a uniformly distributed pulsed heat flow Ew loaded at the top, and at the
bottom is the incoming flow temperature T, and the incoming flow velocity U.. The PCM
heat transfer structure absorbs the transient pulsed heat flow on one side, while forcing
convection heat dissipation on the other side. The porous phase change material was
studied as a whole, and its physical properties were calculated by combining the metal
skeleton and paraffin. The physical properties of the metal skeleton and paraffin are shown
in Table 1.

(a)
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Figure 2. Schematic diagram of the heat transfer process with phase change. (a) Three-dimensional heat
transfer process; (b) Two-dimensional cross-section diagram in the direction of heat transfer process.

Table 1. Thermal physical parameters of materials.

. Thermal Conductivity Density Specific Heat Capacity Latent Heat Melting
Name of Material (W/m-K) (kg/m?) (J/kg-K) (kJ/kg) Temperature(K)
Paraffin 0.558 900 2170 220 323
Copper foam 385 7900 3900 / /
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2.2. Control Equations and Thermal Boundary Conditions

The following applies to the object shown in Figure 2, along with the following
reasonable assumptions:

(1) The isotropy of PCM material.

(2) The neglect of the heat capacity and thermal resistance of the package housing
itself on the heat transfer process.

(3) The disregard of the PCM heat transfer structure dissipating heat to the environ-
ment through the surrounding casing.

(4) The thermal conductivity, heat capacity, latent heat, and other thermal physical
parameters of PCM materials are solely related to the phase region and are independent
of temperature.

(5) The change in density of the molten state liquid PCM is unrelated to viscosity
and is only accounted for in the body-force term of the momentum equation, obeying the
Boussinesq assumption.

On this basis, the enthalpy-porosity model is used to mathematically describe the
PCM before and after the phase change and the melting and solidification process [15,16].
The model uses the porosity ¢ to represent the phase change state, which is solid at e = 0,
liquid at e = 1, and molten at 0 < &€ < 1, where the phase change material is considered as
a porous media material.

Its N-S control equation is as follows:
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In the above equation, Equation (1) is the equation of conservation of mass, Equations (1)—(4)
are the equations of conservation of momentum in different directions, and Equation (5) is
the equation of conservation of energy where S, S,, respectively, are the thru-body terms
of the momentum equation, which are defined as follows:

2 2 2
Su= E;_'%Amushy u,Sy = ((:34_8;)Amushy v, 50 = m‘qmushy w (6)
In Equation (6), the correction parameter B is used so that the defining equation is still
meaningful at the PCM solid phase, and is generally taken as a very small value, e.g., 10710,
and Apyshy is the hysteresis parameter, which is intended to ensure that the equation for
the Cheer momentum remains continuous in the two-phase region, with the liquid phase
rate ¢ from 0 to 1, and its value varies from 107 ~ 10%. The value varies uniformly.
The initial condition is a uniform temperature field, as shown in Equation (7), and
the boundary condition is a pulsed heat flow boundary on one side, where Square(t) is a
square wave pulse function, and a thermal convection boundary on the other side, with a
constant convective heat transfer coefficient of  and an incoming coolant temperature of
T¢. The remaining four sides are adiabatic boundaries, as shown in Equations (8)—(10):

T=Tyt=0 )
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W(T - Ty) = —kg—f/ etz t >0 (10)

Boundary layer

PCHEU-LPM

2.3. Solving Methods

Equations (1)—(5) are the conservation control equations for the problem shown in
Figure 1, and Equations (8)—(10) are the boundary conditions for the problem shown
in Figure 1. It should be noted that Equation (5) is not continuous at the solid-liquid
phase interface, and therefore Equations (11) and (12) need to be constrained to define the
temperature and location on either side of the phase interface as follows:

oT; oT; ds(x,y,z,t)
Ts(x,y,z,t) = Ti(x,y,2,t) = Tim (12)

In the above equation, % characterizes the differential component of the phase
interface position with time. After substituting the constraint Equations (11) and (12) into
Equations (1)-(5), they are discretized using the second-order backward difference method,
respectively, and solved implicitly in the time and geometric domains using the alternating
direction (ADI method) and using the finite element method. The grid cells are divided
according to the finite volume method, and the boundary layer grid near the wall is locally
encrypted. The mesh division result is shown in Figure 3, which is composed of a structured
tetrahedral mesh. There are 5 boundary layers with a thickness of y+ = 0.105 mm on the
coupling surface between the PCM and coolant. The results of the grid independence check
are shown in Figure 4, and it can be seen that the error is less than 3% when the minimum
size of the grid is less than 2.5 mm, which meets the calculation requirements.

Coolant

Figure 3. Structured grid division for PCHEU-LPM and water channels.
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Figure 4. Grid independence test results.

2.4. Model Validation

The experimental setup utilized to validate the aforementioned PCHEU-LPM simu-
lation model is illustrated in Figures 5 and 6. In Figure 5, the PCHEU-LPM (depicted in
Figure 6b) is thermally interfaced within a water-cooled compression cycle system (de-
picted in Figure 6a). At the top of the PCHEU-LPM, an aluminum alloy plate, partially
embedded with copper wires, serves as the heating plate (depicted in Figure 6e) to simulate
a 12 W heat source. This heating plate is connected to a direct current power supply.
Surrounding the PCHEU-LPM is a 3D-printed framework (depicted in Figure 6c) designed
for insulation, composed of cured silicone rubber material. The framework features 1 mm
apertures on one side, allowing for the insertion of nine K-type thermocouples (depicted
in Figure 6d). The bottom of the framework is hollowed out and directly connected to a
copper water-cooling head through screws (depicted in Figure 6f).

Water bloc;‘rk PCHEU-LPM Heating plate

uorIdg
1891

Integrated water-cooled
compression cycle

Computer

Data acquisition unit

Figure 5. Experimental setup for the validation of PCHEU-LPM model effectiveness.



Aerospace 2024, 11, 487 8 of 22

i
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X (e)Heating plate (fiwater block (g)Test section
(a)Test system

Figure 6. Photographs of components inside the test section.

The experiment is set as two heating modes: constant heat flux heating and pulsed
heat flux heating. In the constant heat flux heating mode, the heating power is set at
3.22 W, and the heating duration is 600 s. In the pulsed heat flux heating mode, the peak
heating power is 6.15 W, the valley heating power is 0 W, the heating duration is 30 s, and
the cooling duration is 110 s. The inlet temperature of the water-cooling system is set at
12 °C with an inlet flow velocity of 0.3 m/s. Three temperature measurement points are
arranged along the y-direction in the center of the PCHEU-LPM surface, corresponding to
y =0mm, y = 3.5 mm, and y = 7 mm, respectively. The experimentally measured tempera-
tures are compared with the numerical results, and the comparative results are depicted in
Figure 7a,b. From Figure 7, the temperature difference between the experiment and simula-
tion is less than 5%. The temperature discrepancy is minimal on the top heating surface
and maximal on the bottom cooling surface, attributed to the instability introduced by the
cooling capacity of the water-cooling system being controlled by the compressor speed.

390 - - 400
Experimental results — — - Numerical results

— — - Experimental results Numerical results

Constant heating

380 - resg / Pulse heating b

w
(2]
o

340

Temperature /K
Temperature /K

w
N
o

300

0 20 40 60 80 100 120 140
44

(b)

Figure 7. Comparison between experimental temperature results and numerical results. (a) Constant
heating mode; (b) Pulse heating mode.

3. Simulation Results and Discussion
3.1. Influence of Thermal Boundary Conditions on Temperature and Velocity Fields

The loading form of the combination boundary conditions have a direct impact on the
distribution of temperature and phase fields in the PCHEU-LPM. On the top of the PCHEU-
LPM, a pulsed heat flux is uniformly applied with a heat flux density of 50,000 W /m?,
while four different cooling methods are applied at the bottom: 1. Natural cooling (NC),
2. Fan cooling (FC), 3. Water cooling (WC), and 4. Microchannel cooling (MC), with
corresponding convective heat transfer coefficients of 20 W/ m2-K [17], 100 W/m?2-K [18],



Aerospace 2024, 11, 487

9 of 22

1500 W/m?-K [19], and 10,000 W/m?2-K [19], respectively. The corresponding interface
temperature results are plotted in Figure 8. From Figure 8, it can be observed that the
use of natural cooling and fan cooling results in poor heat dissipation, with the interface
temperature rapidly rising beyond the permissible temperature range of the device. Water
cooling exhibits better heat dissipation performance, with lower interface temperature
and smaller temperature fluctuations. For microchannel cooling, due to its excessive heat
dissipation coefficient, when the pulsed heat flux at the top is loaded to a valley point,
the temperature of the PCM rapidly decreases below the phase transition temperature
zone, resulting in an increase in interface temperature fluctuations. This is because the
PCM'’s thermal conductivity plays a dominant role in the internal total thermal resistance,
and the excessively high convective heat transfer coefficients are meaningless when the
thermal conductivity of the PCM is limited. For the PCM with a thermal conductivity of
approximately 12 W/m-K, water cooling proves to be the most suitable cooling method.

380 T T T T ' T '

= NC FC

ol — WC ——MC

340

Maxium allowable temperature

TR

320 _.,&;._'; _______ i - _____ : ’ ....... _,,_-.."....'.L:::.:

300 ff

280 L | s | L | n
0 100 200 300 400

t/s

Figure 8. Influence of different heat dissipation methods on the hot end temperature of PCHEU-LPM.

Furthermore, the non-steady-state pulsed heating and uneven water cooling will
impact the temperature and phase field distribution of the PCHEU-LPM. When subjecting
the PCM to a uniformly distributed constant heat flux at the top hot end and a uniformly
distributed constant cold flux at the bottom cold end (with a negative surface heat flux
density), the resulting temperature field is depicted in Figure 9a, while the corresponding
velocity field is illustrated in Figure 10a. Alternatively, when a uniformly distributed
constant heat flux is applied to the top of the PCM, and a cooling fluid undergoes cooling
from the left to the right at the bottom, the resulting temperature and velocity fields are
presented in Figures 9b and 10b, respectively. In the case of a uniformly distributed pulse
heat flux at the top of the PCM and simultaneous cooling of a fluid from left to right at the
bottom, the resulting temperature and velocity fields are shown in Figures 9c and 10c. The
analysis of Figures 9 and 10 reveals that under the scenario where both the hot and cold ends
experience uniformly distributed constant heat flux, the temperature field exhibits a layered
structure with uniform variation along the direction of the heat flux. However, when the
cold end transitions into a cooling fluid flowing from left to right, heat exchange between
the cold fluid and the PCM occurs. This leads to the absorption of heat by the cold fluid
throughout the process, resulting in a gradual increase in its temperature. Consequently,
the temperature difference between the PCM and the cold fluid decreases, manifesting as a
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temperature difference between the inlet and outlet and a larger cross-sectional velocity
field along the process. In the situation where the hot end experiences a pulse heat flow
and the cold end becomes a cooling fluid flowing from left to right, the combined effect of
frequently changing heat flow and cold flow induces a transformation in the temperature
field of the PCM into an uneven surface. Simultaneously, the size of the velocity field
rapidly decreases. Although no apparent flow vortices are generated, localized small
vortices with minimal changes in velocity gradient are observed.
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Figure 9. Temperature field distribution under different boundary condition combinations. (a) Con-
stant heat flux with constant cold flow; (b) Constant heat flux with coolant flow; (c) Pulsed heat flux
with coolant flow.
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Figure 10. Velocity field distribution under different boundary condition combinations. (a) Constant
heat flux with constant cold flow; (b) Constant heat flux with coolant flow; (c) Pulsed heat flux with
coolant flow.
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3.2. Thermal Response of Incoming Flow Temperature

To investigate the impact of the incoming coolant flow temperature on the temperature
response of the PCHEU-LPM heating surface, the coolant’s incoming temperature was
varied from 283 K to 303 K while keeping the other parameters constant. Figure 11 depicts
the response curves of the heating surface interface temperature Tj, for different incoming
flow temperatures. Figure 12 presents the maximum temperature values T}, ,,,,,, and the
temperature fluctuations AT}, at the interface for different incoming flow temperatures
Ty. Figure 13 shows the maximum gradient of interface temperature VT}, . at the corre-
sponding peak and valley values of pulse thermal excitation with different Ty. Figure 14
shows the three-dimensional velocity profiles and phase field contours of the PCHEU-LPM
at the same time instances. The results depicted in Figures 11 and 12 indicate that a higher
incoming flow temperature leads to a reduced temperature difference between the bottom
of the PCHEU-LPM and the cooling fluid, resulting in an elevated overall temperature level
and an increase in the interface temperature. However, the temperature fluctuations of the
heating surface exhibit a decreasing trend followed by an increasing trend as the incoming
flow temperature rises. This observation suggests the existence of an optimal coolant tem-
perature. When the incoming flow temperature is below 283 K, the convective heat transfer
temperature difference becomes excessively large, causing the interface temperature of
the PCHEU-LPM to rapidly decline by more than 15 K during the pulse cycle when the
heat stimulus is zero, dropping below the phase transition temperature. Conversely, when
the incoming flow temperature exceeds 283 K, the convective heat transfer temperature
difference becomes too small, resulting in a rapid increase in the interface temperature dur-
ing the pulse cycle when the heat stimulus is 50,000 W/m?. In the absence of heat stimuli,
effective heat dissipation becomes challenging, leading to heat accumulation. According to
Figure 13, the inlet temperature of the coolant mainly affects the uniformity of the interface
temperature at the peak moment of thermal excitation. The higher the inlet temperature,
the larger the corresponding temperature gradient. Based on the analysis of the results
in Figures 12-14, it is found that the distribution of the phase zone is the reason for the
interface temperature response and temperature uniformity changes. When the interface
is in the two-phase region instead of being undercooled or overheated, corresponding to
Ty =283 K in Figure 14, the temperature fluctuation is the lowest. When the flow intensity
in the liquid phase region of Figure 14 increases with Ty, the temperature non-uniformity
in Figure 13 increases with the increase in natural convection intensity.

380 — T T T T T T T T T
- —T/=278K 77'/22831( E
370 —— 7}.: 288 K Tf.: 293 K -
3 —Tf=298K —Tf=303K E
360 |- -
350 -
v 340

&7 330
320
310 |

300

Yo 0 ) I E P R R I R R
0 50 100 150 200 250 300 350 400 450

Figure 11. Response curves of the heating surface interface temperature Tj, for different incoming
flow temperatures.
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for different incoming flow temperatures.
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Figure 13. Maximum gradient of interface temperature V T}, ,,, with different T;.

In summary, the interface temperature fluctuations and temperature uniformity of
the PCHEU-LPM are influenced by the motion mode of the phase interface position. The
position of the phase interface is related to the inlet temperature of the coolant. When the
inlet temperature is appropriate, the phase interface always maintains oscillatory motion
near the end face, as shown in Figure 15.
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Figure 14. Velocity profiles and phase field contours at 450 s of the pulse cycle, considering various
incoming flow temperatures.
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3.3. Thermal Response of Incoming Flow Velocity

To investigate the impact of the incoming coolant flow velocity on the temperature
response of the PCHEU-LPM heating surface, the incoming velocity Uy was varied from
0.1 m/s to 2.5 m/s while keeping other parameters constant. Figure 16 presents the
response curves of the heating surface interface temperature T, for different Uy, while
Figure 17 displays the corresponding maximum temperature values Tj, ymax and tempera-
ture fluctuations AT}, at the interface. Additionally, Figure 18 shows the maximum gradient
of interface temperature V T}, ., at the corresponding peak and valley values of pulse ther-
mal excitation with different Us. Moreover, Figure 19 provides three-dimensional velocity
profiles and phase field contour plots of the PCHEU-LPM at the valley time (t =400 s)
and peak time (t = 450 s) of the pulse cycle for different incoming flow velocities. The
results depicted in Figures 16 and 17 indicate that a higher incoming flow velocity leads
to a larger convective heat transfer coefficient, resulting in the PCHEU-LPM reaching a
temperature that closely aligns with and remains constant at the cooling fluid temperature.
Consequently, the peak temperature at the surface decreases, and temperature fluctua-
tions diminish. However, Figure 17 reveals that the suppression effect on temperature
fluctuations follows a parabolic curve, gradually diminishing as the incoming flow velocity
increases. As shown in Figure 18, VT}, ;. decreases as Uy increases, and the decreasing
trend gradually flattens. Although the larger the Uy is, the better the heat dissipation effect;
for the PCHEU-LPM, there is a limit to its heat dissipation capacity, which depends on the
thermal conductivity of the PCM. The reason is consistent with the analysis in Section 3.1,
because the thermal conductivity accounts for the dominant factor in the total thermal
resistance of the heat transfer system. Figure 19 illustrates that the distribution of the phase
zone affects the temperature fluctuations and uniformity at the interface. When the phase
interface approaches the PCM interface as Uy increases, the interface is in a phase transition
process and temperature fluctuations are suppressed. The lower the velocity field that
characterizes the intensity of natural convection, the smaller the interface temperature
gradient, and the better the uniformity.

380 — T T T T T T
—U,=0.1m/s — U,=05m/s 4
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Figure 16. Response curves of the heating surface interface temperature T}, for different incoming
flow velocities.
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Figure 17. Maximum temperature values Ty, max with different Uy T}, and temperature fluctuations

ATy, at the interface for different incoming flow velocities.
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Figure 18. Maximum gradient of interface temperature VT, ,,, with different Uy.

Overall, the interface position of the PCHEU-LPM is inversely correlated with the
inlet velocity of the coolant. The position of the phase interface affects the temperature
fluctuations and uniformity of the interface. The higher the inlet flow velocity, the closer
the phase interface is to the PCM end face, but there is a certain extreme value, as shown in
Figure 20.
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Figure 19. Velocity profiles and phase field contours at 450 s of the pulse cycle, considering various
incoming flow velocities.

1.0 g : . : -
08 |
0.6

—&—U,=0.1m/s
—® U,=0.5m/s
—A—U,=1m/s
—v—U,=1.5m/s
0.2 - U, =2m/s E
U,=2.5m/s

x/L

04

0.0 . 1 . 1 . 1 . 1
0 100 200 300 400

t/s

Figure 20. The variation of non-dimensional phase interface position with different Uy.



Aerospace 2024, 11, 487

18 of 22

3.4. Method for Solving Optimal Values

Existing literature [20] suggests that under simple harmonic boundary condition
excitation, the phase interface position X(t) correlates with parameters such as k, L, density
p, and latent heat Ah. By using the method of separating variables, the interface temperature
can be decomposed into T1 and T2, as shown in Equations (13) and (14):

(Te = To){x — X(£)}

p— —_ — 2 —
Ti(x,t) = To + A(t)[x — X(t)] + B(t)[x — X(t)] H{1 = X(t)/H+1/Bi} (13)
an’m>(t — 1)
A & (=1)"=1 N [tdx(t) —————
= —2— ~ 7 _ L
T (x, t) 2— X ,; " X sm( I x) e dt  (14)
In the above equation, the term A(t) and B(t) present, respectively:
_ L deqy X(t)
A= sxw |V T T (1)
L degh X (t) ?
B(t) = ——— | -1 1—-— (16)
8c{X(t)} kL

The term H in the above equation needs to be supplemented with the transcendental
equation for the position of the phase interface as a constraint:

To ~Ty _H(1 H-x
Bi ' H

(17)

Juw ks

Recognizing that Equation (13) encompasses both non-steady-state boundary condi-
tions and a transcendental term H, rendering a direct solution challenging, the Response
Surface Analysis (RSA) method is employed. Initially, parameters associated with tempera-
ture fluctuations, as expressed in Equation (18), are identified. Subsequently, a target func-
tion for minimizing temperature fluctuations, as depicted in Equation (19), is formulated.
Finally, a Response Surface Model (RSM) is established to represent the relationship be-
tween the target function and the set of parameters. Analysis results based on Equation (18)
indicate that, in addition to the inlet temperature and inlet velocity parameters of the
cooling fluid at the heat dissipation boundary, the interface temperature fluctuation is
influenced by the thermal conductivity, thickness, density, and latent heat of the phase
change material (PCM). To simplify the model, sensitivity analysis is conducted on these
four sets of material properties with respect to temperature fluctuations, yielding the results
presented in Figure 21. According to the results depicted in Figure 21, parameters p and A
are identified as highly sensitive, while & and A belong to the category of low-sensitivity
parameters. Consequently, p and A are treated as fixed values, and an RSM model is
exclusively established for o and A, as illustrated in Figure 22. Ultimately, by identifying
the parameter set corresponding to the lowest point in Figure 22, the optimal values for the
rectangular PCHEU are determined and documented in Table 2. By comparing with the
unoptimized interface temperature curve, the temperature fluctuation value decreased to
77.9% after adopting the optimal parameter value, as shown in Figure 23.

AT = fi(k, L, p, Ah) x f(Tf, Uy) (18)

OBJ = min(AT) (19)
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Figure 22. Response Surface Analysis results.
Table 2. Calculation results of optimal parameters.
Parameter Name Value Maximum Temperafure
Temperature Fluctuation
k 15.53 (W/mK)
L 0.042 m
Ty 296 K 313.2K 115K

Uf 25m/s
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Figure 23. Comparison of interface temperature results between optimizing parameters with bench-
mark parameters.

4. Conclusions

In this paper, we present a three-dimensional model of a heat transfer system, which is
coupled with pulsed heating and forced convective heat dissipation boundary conditions,
to investigate the temperature response of the heated interface. The key findings are
as follows:

(1) The emergence of high thermal conductivity phase change materials has made it
possible for PCMs to be used as a substrate for heat exchangers rather than heat accumulators.

(2) It is important to choose the appropriate heat dissipation method for phase change
material heat exchangers. This article selects the PCHEU-LPM with a thermal conductivity
of 12 W/m-K, and the most suitable heat dissipation method is water cooling.

(3) The temperature fluctuation and uniformity of the PCM interface are directly
related to the position of the phase interface, and the temperature fluctuation is minimized
when the oscillation motion of the phase interface is always maintained near the interface
under pulse thermal excitation. The position of the phase interface is related to the inlet
temperature and inlet velocity of the coolant. The inlet temperature cannot be too high or
too low, and there is an optimal value. The higher the inlet speed, the better, but there is a
limit, beyond which the temperature control effect no longer changes.

(4) The optimal values of coolant inlet temperature and inlet velocity are also related to
the thermal conductivity and thickness of PCMs. Through response surface methodology, the
optimal parameter set can be obtained with the goal of minimizing temperature fluctuations.

By investigating these aspects, our study enhances the understanding of compos-
ite heat transfer systems and provides valuable insights for optimizing the design and
performance of phase change heat exchangers.

Author Contributions: Conceptualization, J.-Y.Z.; Methodology, R.-].Z.; Software, R.-].Z.; Validation,
R.-J.Z.; Formal Analysis, R.-J.Z. and ]J.-Y.Z.; Investigation, R.-].Z. and J.-Y.Z.; Resources, ].-Y.Z.; Data
Curation, J.-Y.Z.; Writing—Original Draft Preparation, R.-].Z.; Writing—Review & Editing, J.-Z.Z.;
Project Administration, J.-Z.Z. Funding Acquisition, J.-Z.Z. All authors have read and agreed to the
published version of the manuscript.



Aerospace 2024, 11, 487

21 of 22

Funding: The authors gratefully acknowledge the financial supports from the National Natural
Science Foundation of China (Nos. 51776097 and 52206091), the Aeronautical Science Foundation
of China (No. 201928052008), the Natural Science Foundation of Jiangsu Province, China (No.
BK20210303), Advanced Jet Propulsion Innovation (Grant No.: HKCX2022-01-001).

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature
Parameter name
L Length mm
H Width mm
6 Height mm
q Heat flow W/m?
T Temperature K
u X-direction speed m/s
Vv Y-direction speed m/s
W Z-direction speed m/s
S Body-force N/m?
S Phase interface location m
h Convective heat transfer coefficient W/m2-K
Ah Latent heat of phase change KJ/kg
Greek alphabet
T Time s
€ Porosity or liquid phase ratio
U Sport viscosity Pa-s
0 Density Kg/ m3
k Thermal conductivity W/m-k
Y Latent heat of phase change KJ/kg
o Thermal diffusion coefficient m?/s
¢ Liquid fraction
Subscript
L Liquid phase
s Solid phase
n Directional vector at the phase interface
W External thermal excitation
M Phase change state
C Cold fluids
0 Initial state
Ss Steady state, time-averaged value of transient temperature fluctuations
Abbreviation
PCHEU-LPM Phase Change Heat Exchange Unit with Layered Porous Media
NC Natural cooling
FC Fan cooling
WC Water cooling
MC Microchannel cooling
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