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Gradient porosity
Phase change material
Melting rate

the internal phase change material (PCM). Conventional enhancement using metal foam could
accelerate PCM melting, but it markedly increased the structural weight of the device and could
even lead to higher parasitic energy consumption. To address this challenge, the present study
investigated a radially layered porosity strategy for copper foam. Through combined experiments
and numerical simulations, the temporal and spatial evolution of liquid fraction and temperature
under different gradient directions and gradient magnitudes was examined, and the temperature
uniformity, power output, and power-to-weight performance were evaluated. The results showed
that a lower porosity led to a faster melting rate; specifically, the copper-foam configuration with
a porosity of 0.8 reduced the complete melting time by 48.7% compared with pure PCM. Both
positive and negative graded configurations improved the temperature uniformity by
15.4-42.4%. Finally, although the low-porosity layer provided a higher effective thermal con-
ductivity, it weakened natural convection and thereby suppressed the melting process, whereas a
moderate positive porosity gradient maintained a balance between self-weight and thermal
performance. This work thus offered useful insights for the development of high-power-density
OTEC thermal engine.

Nomenclature

Abbreviations SxSy source terms
OTEC ocean thermal energy conversion t time(s)
PCM phase change material tm total melting time(s)
MF metal foam T temperature(°C)

Vrem volume of the PCM volume
Gra.N negative porosity gradient U Velocity(m/s)
Gra.P positive porosity gradient A volume(m®)
PPI pores per inch Greek symbols
Symbols ag interfacial surface area per unit volume(1/m)
Apush mushy-zone constant B thermal expansion coefficient of PCM(1/K)
[ specific heat capacity (J/(kg-K)) 3 porosity
C; inertia coefficient A thermal conductivity(W/(m-K))
d effective pore length(m) u dynamic viscosity (Pa s)
d, equivalent pore size size(m) P density(kg/m®)
E energy density(W/kg) Om time-averaged RMS temperature difference(°C)
fm liquid fraction 4 transient RMS temperature difference(°C)
g gravitational acceleration(m/s2) ® pore density parameter
hst interfacial heat transfer coefficient(W/m~2 - K1) T normalized melting progress
K permeability(m?) Subscripts
L latent heat(J/kg) cf copper foam
P storage power e effective

1 liquid phase
p pressure(Pa) max maximum value
Pa average pressure in the accumulator(Pa) pcm phase change material
Pr Prandtl number s solid phase
Ray Rayleigh number X,y spatial coordinates

1. Introduction

Profiling floats and underwater gliders have become important platforms for long-duration ocean observation, marine resource
exploration, environmental monitoring, and military applications [1-3]. Their endurance, however, remains strongly constrained by
the limited onboard energy supply. Ocean thermal energy conversion (OTEC) provides an attractive solution for underwater vehicles
because it can harvest the naturally existing temperature difference between warm surface seawater and cold deep seawater.
Compared with conventional batteries, an OTEC-based power system has the potential to provide repeated and in-situ energy
replenishment during vertical profiling motion. In such systems, PCM-based thermal engines are particularly promising because
solid-liquid phase change can convert ocean thermal energy into mechanical or hydraulic energy through volumetric expansion [4-6]
For PCM-based OTEC thermal engines, the phase-change process inside the heat-exchange/storage chamber directly governs the
thermal response and energy-output capability. When the vehicle ascends into the warm surface layer, the PCM absorbs heat and
melts; the associated volume expansion drives hydraulic oil into an accumulator, where the absorbed thermal energy is stored in
mechanical form. The response rate of this process determines the charging rate of the accumulator, the operating frequency of the
thermal engine, and ultimately the mission endurance of the underwater vehicle. Although alkane-based PCMs possess suitable
phase-change temperatures and relatively large volume expansion, their inherently low thermal conductivity severely limits heat
absorption and release. As a result, melting and solidification proceed slowly, leading to a long thermal-cycle time and a reduced
energy-output rate.

Various heat-transfer enhancement methods have been explored to overcome the low thermal conductivity of PCMs. Nanoparticle
addition is one widely used approach. For example, Sahan et al. [7] improved the thermal conductivity of paraffin by adding
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nano-magnetic iron oxide, Singh et al. [8] developed graphite-foam/MgCl, composites for latent heat storage, and Harikrishnan et al.
[9] showed that Al;03 nanoparticles can reduce the melting time of PCM. Nevertheless, nanoparticle-enhanced PCMs may suffer from
agglomeration, sedimentation, saturation of enhancement effects, and long-term stability issues during repeated thermal cycling [10].
Fins provide another effective pathway for increasing the heat-transfer area and reducing thermal resistance. Li et al. [11]introduced
fins into an ocean thermal energy storage unit and reported an improved storage efficiency. However, fins occupy PCM volume, in-
crease system weight, and may suppress local natural convection when the fin density [12] or geometric blockage becomes excessive
[13,14]. These limitations are particularly important for underwater vehicles, where both thermal response and mass penalty must be
carefully controlled.

Metal foams have attracted considerable attention because they provide a continuous high-conductivity skeleton inside the PCM
while maintaining interconnected pores for liquid PCM motion [15-17]. By embedding metal foam into PCM, the effective thermal
conductivity can be significantly increased, and the melting front can propagate more rapidly than in pure PCM. Recent studies have
further shown that the performance of PCM-metal foam composites is sensitive to the arrangement of flow channels, heating elements,
porous structures, and charging/discharging modes [18-23]. Wei et al. [24] investigated heat transfer in composite PCMs with uni-
form porosity, while Zhang et al. [25] numerically investigated the energy storage characteristics of cuboid aluminum foam and found
that when the porosity exceeds 91.3%, the energy storage density is positively correlated with the equivalent porosity during phase
change. They further pointed out that configurations with a positive porosity gradient outperform those with a negative gradient. Si
et al. [26] showed that the total melting time of the PCM can be shortened by an appropriately designed linear porosity gradient, and
the average power density can be enhanced by about 15.8% when compared with a uniform-porosity structure. Zhao et al. [27]
experimentally showed that the heat transfer rate can be significantly enhanced by embedding copper foam with a graded pore dis-
tribution into paraffin; furthermore, with an optimized pore structure, the maximum temperature difference was reduced by
approximately 71.4%, and a much more uniform PCM temperature field was obtained.

These findings indicate that metal-foam enhancement is not governed solely by the increase in effective thermal conductivity, but
also by the spatial distribution of pore space and flow resistance. Metal foams with graded porosity have thus been proposed as an
improved solution to reconcile energy storage density and heat transfer performance [28]. By redistributing the high-conductivity
metal skeleton and the liquid-flow passages within the PCM domain, graded foams provide an additional degree of freedom for
regulating the competition between conduction enhancement and natural convection. According to Venkateshwar [29], although
smaller morphological parameters are associated with a higher average heat transfer efficiency during the early stages of solidification,
the relationship reverses as solidification proceeds, and an opposite trend is observed in the later stages. Lafdi et al. [30] experi-
mentally found that high-porosity composites exhibit higher heat transfer efficiency, attributing this to the fact that lower porosity
induces larger flow resistance and suppresses natural convection in the PCM. Consistently, the results of Zhu et al. [31] also indicate
that lower porosity does not necessarily guarantee superior overall performance.

These studies have clarified important heat-transfer mechanisms in metal-foam/PCM composites, especially the trade-off among
effective thermal conductivity, permeability, natural convection, and PCM volume fraction. Nevertheless, most existing studies on
graded metal-foam/PCM systems have been developed for conventional latent heat storage units, such as cuboid storage modules,
annular enclosures, shell-and-tube systems, or generalized thermal management devices. Accordingly, their performance evaluations
have mainly focused on thermal indicators. These indicators are essential for conventional thermal-storage applications, but they do
not fully reflect the application-specific requirements of PCM-based OTEC thermal engines. In an OTEC thermal engine, the PCM is not
only a thermal storage medium; its melting-induced volumetric expansion is also used to drive hydraulic oil into an accumulator,
thereby converting absorbed ocean thermal energy into mechanical energy. Therefore, a graded-porosity configuration that shortens
the melting time may not necessarily be optimal if it introduces excessive metal-foam mass, reduces the available PCM volume,
weakens liquid-PCM motion, or lowers the mass-specific power output of the underwater vehicle. From this perspective, the design of
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Fig. 1. Working principle of OTEC engine.
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graded metal foam for OTEC thermal engines requires an OTEC-oriented evaluation framework that couples melting behavior, tem-
perature uniformity, mechanical energy storage, structural mass, and power-to-weight performance.

Motivated by these application-specific requirements, the present study proposes a radially layered copper-foam strategy for the
PCM heat-exchange/storage chamber of an OTEC thermal engine. As schematically illustrated in Fig. 1, the working principle of the
OTEC system is established by coupling the temperature-stratified ocean environment with a PCM-based storage-and-conversion
process. When the profiler ascends into the warm surface layer, PCM melting accompanied by volumetric expansion is triggered, which
drives hydraulic oil into an accumulator so that the absorbed ocean thermal energy is ultimately stored in mechanical form. In this
work, numerical simulations are performed to compare the thermal performance of a thermal storage unit configured as PCM filled
with uniform-porosity copper foam, and PCM filled with various radially graded-porosity copper foams, thereby enabling a consistent
evaluation across representative structural configurations. In the present OTEC thermal engine, PCM melting is accompanied by
volume expansion, which drives hydraulic oil into the accumulator and directly determines the energy-storage rate and output power.
Therefore particular attention is paid to the extent to which the porosity gradient profile and the gradient magnitude govern the PCM
melting rate, temperature distribution, and specific power output density during the heat-absorption stage. The present study focuses
on the melting process as the primary stage for evaluating the proposed graded-porosity strategy.

2. Experimental design
2.1. Experiment system

As illustrated in Fig. 2, the experimental system consists of a heating and cooling machine and a circulating water tank that provide
controlled thermal boundary conditions, together with the OTEC heat-engine module instrumented by sensors and data acquisition
devices. The water bath is employed to reproduce the temperature difference between the surface and deep seawater so that the
operating thermal conditions relevant to the OTEC heat engine can be represented in a controlled manner. The metal-foam (MF)
structure of the module was filled with n-hexadecane as the phase change material (PCM), with the corresponding thermophysical
properties listed Table 1. A rubber bladder located beneath the module is filled with hydraulic oil. The oil-measurement cylinder
connected to the bladder records the volumetric changes during the phase transition via a displacement sensor, enabling identification
of the phase-change progress. Meanwhile, the temperature evolution over the entire phase transition process is recorded by K-type
thermocouples to enable a continuous characterization of phase-transition progression.

According to previous study [11], in the operational region of the OTEC thermal engine, the surface seawater temperature typically
lies between 23 and 27 °C, whereas the deep cold seawater temperature is generally in the range of 4-8 °C, constant water-bath
temperatures of 8 °C and 26 °C are maintained for the cold and hot modes, respectively. The temperature measurement point is
located at (r/2, h/2). The OTEC heat engine was initially placed in a cold water tank before the experiment started, so that a controlled
solidification state could be established prior to subsequent heating. When the temperature measured by the internal thermocouple
became stable and approached the external water temperature, it was considered to be completely solidified, and the zero point of the
displacement of the phase change cylinder was recorded. Then the heat engine was moved to a hot water tank. The PCM melted and
expanded when heated, pushing the piston rod of the measuring cylinder to extend. When the displacement stopped rising and the
temperature of the internal thermocouple was consistent with the external water temperature, it was regarded as completely melted.
The sampling interval of temperature data was set to 1 s.
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Fig. 2. Experimental system.
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Table 1

Thermo-physical properties of materials used in this study.
Property n-hexadecane Aluminium alloy Copper

solid liquid

p(kg /m3) 864 776 2703 8910
c(J /kgK) 1640 2090 963 380
A(W /m K) 0.313 0.14 180 400
u(Pa-s) / 0.0032 / /
Ts(K) 289.15 / /
Ty(K) 291.15 / /
L(J /kg) 236000 / /
p(1 /K) 0.00089 / /

2.2. Uncertainty analysis

The uncertainty of the experimental instruments are listed in Table 2. By accounting for the accuracy limits of both the sensors and
the data acquisition system, the standard errors were determined to be +0.876% for the liquid-fraction measurement and +0.871% for
the temperature measurement, respectively.

2.3. Experimental results

As shown in Fig. 3(a) the experimentally measured liquid fraction during melting at a porosity of 96% is compared with the data
reported by Xia et al. [32]. The maximum deviation is 5.38%, indicating that the numerical results fall within a reasonable error range.
Fig. 3 (b) compares the simulated and experimental temperature evolution at the central measurement point during melting for a
copper foam of 0.96 porosity and 10 PPI. It can be observed that prior to the onset of phase change, the simulated temperature is
slightly higher than the measured value, whereas after completion of the phase change, it becomes slightly lower. These discrepancies
may be attributed to non-uniform porosity distribution of the actual metal foam and slight deviations in sensor positioning. Never-
theless, the overall melting-time trend is consistent, supporting the validity of the model for subsequent evaluation.

3. Numerical model
3.1. Governing equations

In this study, the enthalpy-porosity method is employed to simulate the phase change process [24], in which the mushy region
where solid and liquid coexist is treated as a porous medium so that phase interaction can be represented within a unified formulation.
For computational simplification while preserving the dominant physics, a 2D axisymmetric model is adopted. The following as-
sumptions are adopted.

(1) The flow of liquid PCM is assumed to be incompressible and laminar;

(2) The Darcy-Brinkman model is used to describe flow resistance within the porous medium;

(3) Density variations of the PCM follow the Boussinesq approximation;

(4) The specific heat and thermal conductivity are fitted by piecewise functions and the remaining thermophysical properties are
assumed constant;

(5) The copper foam and PCM are assumed to be isotropic and homogeneous.

In addition, each copper-foam layer is treated as a homogeneous and isotropic porous medium under a volume-averaged frame-
work. The stochastic three-dimensional pore morphology is not explicitly resolved; instead, its macroscopic effects are represented by
porosity-dependent permeability, inertial coefficient, interfacial area density, and effective thermal conductivity. At the interfaces
between adjacent radial layers, a conformal mesh is used, and temperature and heat flux are assumed to be continuous, corresponding
to an ideal thermal-contact condition.

Continuity:
vU=0 (@D)]
Table 2
Uncertainty of the experimental instruments.
Temperature controller/°C Pore density/% Thermocouple Displacement Data logger/%
/°C /mm
Uncertainty +0.2 +0.5 +0.2 +0.1 +0.1
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Here, p represents the density of PCM and e represents the porosity of copper foam, and S, S, denote the source terms in the
momentum equations; moreover, the mushy-zone constant A, is set to 1 x 105, ¢ is a constant term set to 0.001. The viscosity and
inertial effects are related to the permeability (K). # denotes the volumetric thermal expansion coefficient of PCM [33].
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Where, lepem and Z. represent the effective thermal conductivity of the PCM and copper foam, respectively. The pore structure
parameters of copper foam are defined as the follows:
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According to Pourakabar [35], the effective thermal conductivity is calculated as:

1

Ae = (10)
V2(Mp + Mg + M¢ + Mp)
Where,
M — 40
47 (2e2 + 70(1 — e))k. + (4 — 2¢% — no(1 — e))k,
(e—20)?
Mg =
(e —20)e%k, + (2e — 40 — (e — 20)e2)k,
" (V2 -~ 2¢)’
€7 2702 (1 - 2v2e)k, +2(V2 — 2¢ — 7107 (1 — 2V2¢) )k, -
M, 2e

“ &k, + (4— ek,

| V2(2-5/8¢*V2 — 2¢)
- (3 —4ev2 —e)

e =0.339

Interfacial surface area per unit volume ay is defined as
—1—
(1 —e 0.04F)

- (an
(059d,)*

Agr = 3

During melting, the liquid phase change material (PCM) flows through the pore network of the copper foam. The empirical cor-
relation is employed to calculate the interfacial heat transfer coefficient hy [36]:

2

1/6
h Ko |06 0387Ra a2

o/1678/27
0.559
1+<%) }

Where, Ray denotes Rayleigh number and Pr denotes the Prandtl number.

The PCM/copper-foam composite is described as a porous medium with porosity-dependent thermophysical and flow-resistance
parameters. A local thermal non-equilibrium formulation is adopted, in which the PCM and copper foam have separate tempera-
ture fields and are coupled through the interfacial heat-transfer term hsfasf(TC — Tpcm).

The phase-change process is described using the enthalpy-porosity method, and the liquid fraction is defined as:

0,T<T;
T-T;
= T, <T<T 13
f TZ_T57 s> >~ 17 ( )

1,T>T,

The boundary and initial conditions are specified as follows:
The initial state was set as a fully solidified PCM domain, with Tpen, = Ty = To
At the solid-liquid interface, the heat flux satisfies the energy conservation, which can be mathematically expressed as:

h=Ts 14

oT\ . (0T
(%)=~ (%) o

Where /s, J; represent the thermal conductivity coefficients of the PCM in the solid phase and liquid phase, respectively.

3.2. Model independence verification

In the commercial CFD package ANSYS Fluent, the solid-liquid phase change problem is solved using the SIMPLE algorithm for
pressure-velocity coupling. The PRESTO! scheme is adopted for pressure discretization, while a second-order upwind scheme is
employed for the spatial discretization of the momentum and energy equations. The convergence criteria for the residuals of the
continuity, momentum, and energy equations are set to sufficiently stringent levels to 1073, 103 and 10~° ensure numerical accuracy.
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The melting process of the PCM with a uniformly porous metal foam ¢ = 0.96 was examined under different grid resolutions, with
cell counts of 28604, 46248, 74358, 176382, and 286354, respectively. As shown in Fig. 4(a), the total melting time was evaluated for
time steps of 0.02s,0.055s, 0.1s, 0.2 s, and 0.3 s. It can be seen that a time step of 0.1 s is able to accurately capture the melting process
while maintaining acceptable computational efficiency. Fig. 4 (b) presents the total melting time for different mesh sizes, from which it
is observed that a mesh with 176,382 cells already yields sufficiently grid-independent results. Therefore, a mesh containing
176382 cells and a time step of 0.1 s are adopted in all subsequent simulations.

4. Results and discussions
4.1. Effect of different uniform porosity

Fig. 5 compares the evolution of the liquid fraction with time for structures with different uniform porosities. The results indicate
that, in the early stage of melting, the increase in liquid fraction is similar for all cases. However, in the middle and late stages of
melting, the liquid fraction for low-porosity configurations approaches unity much more rapidly, whereas high-porosity configurations
exhibit a pronounced delay. This discrepancy can be attributed to the fact that the initial melting process is dominated by thermal
conduction. This trend indicates that the effect of porosity is more pronounced after a sufficient liquid layer has formed. In the early
stage, melting is mainly controlled by heat conduction near the heated wall, whereas in the middle and late stages the copper skeleton
provides additional heat-transfer paths and accelerates the inward movement of the melting front.

Fig. 6 compares the total melting time for each configuration. Relative to the case without foam, filling the cavity with copper foam
markedly shortens the melting duration: for configuration 1, the total melting time is reduced by 30.5%. As the porosity is further
decreased by each additional 5%, the total melting time is reduced by 755 s, 382 s, and 262 s, respectively. The decreasing reduction in
melting time suggests a saturation tendency of conductive enhancement. Although a lower porosity increases the effective thermal
conductivity, it also reduces permeability and weakens liquid PCM circulation; therefore, further porosity reduction does not lead to a
proportional improvement in melting rate.

To elucidate the spatial discrepancies induced by different porosity configurations, Fig. 7 compares the liquid fraction field (left)
and temperature field (right) at 500s, 1000s, 1500, 2000s, and 2500s. In all configurations, the solid-liquid interface is nearly
vertical before 500 s. After 500 s, as melting proceeds, the melting efficiency is significantly enhanced by the insertion of copper foam.
The melted liquid PCM is driven upward by buoyancy, causing the upper part of the solid-liquid interface to bulge toward the PCM
region, which indicates that heat accumulates near the upper zone and then starts to propagate inward and downward. At the early
melting stage, heat is mainly conducted from the heated wall to the solid PCM. Once the liquid phase appears, the density difference
between solid and liquid phases gives rise to buoyancy-driven flow, and the liquid PCM undergoes natural convection. In the later stage
of melting, the temperature field becomes nearly symmetric with the liquid fraction field, suggesting that a lower porosity suppresses
natural convection, so that heat transfer is dominated by conduction, leading to a reduction in the melting rate. The deformation of the
melting front reflects the onset of buoyancy-driven liquid PCM motion after the formation of a liquid layer. For lower-porosity foams,
this deformation becomes less evident because the porous skeleton imposes stronger flow resistance, causing heat transfer to become
more conduction-dominated. This trend is also consistent with the results shown in Fig. 5.

To characterize the spatial temperature uniformity, Egs. (15) and (16) are introduced to quantify the root-mean-square (RMS)
temperature difference[37] between monitoring points and its corresponding time-averaged value.

(16)

a7

Fig. 8 presents the evolution of temperature non-uniformity for different porosities. It can be observed that, over the entire melting
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Fig. 6. Comparison of total melting time for different uniform porosity.

period, the o, generally decreases with decreasing porosity. For all configurations, the curves exhibit two distinct stages of “first
increasing and then decreasing”: the initial rise reflects the sharp temperature increase near the heat source at the onset of melting,
which aggravates temperature non-uniformity; subsequently, as liquid PCM appears, heat diffuses toward the remote regions, thereby
mitigating the thermal non-uniformity. The second increase in the non-uniformity index at a later stage indicates delayed melting of
PCM near the inner cold region, which increases the local thermal resistance. When the porosity is 0.8, the RMS temperature difference
is 0.556 °C, lower than the value of 1.084 °C at a porosity of 0.95, implying a 48.7% improvement in temperature uniformity. The
reduced temperature non-uniformity is mainly associated with the more connected copper network at lower porosity, which spreads
heat from the heated side to the inner PCM region. Thus, the improvement in temperature uniformity is primarily caused by enhanced
conductive heat redistribution rather than stronger natural convection.

However, due to the relatively high bulk density of copper foam, low-porosity structures, although capable of significantly
shortening the melting time, inevitably increase the self-weight of the device. For an OTEC heat engine, shortening the melting time
and improving the power-to-mass ratio are both crucial for enhancing the sampling frequency and energy utilization efficiency [38].
Therefore, it is necessary to introduce the storage power P and the energy density E to comprehensively evaluate the overall system:

p_Pa 'ﬁT' Voem (18)

P

P S
PrevVrem + Pur Ve
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where, p, is the average pressure in the accumulator, which is taken as 10 MPa in this work, and Vpcy denotes the volume of the PCM
volume in solid.

Fig. 9is plotted to illustrate the total melting time T,,, storage power P, and energy density E under different porosity configurations.
As the porosity decreases from 0.95 to 0.8, the stored mechanical energy is slightly reduced, whereas the melting time is shortened, and
the power increases from approximately 0.47 W to 0.72 W. Nevertheless, the energy density decreases because of the increased total
mass, dropping gradually from 0.257 to 0.193. These results indicate that the thermal benefit of copper foam should be evaluated
together with its mass penalty. A lower porosity shortens the melting time and increases storage power, but it also reduces the PCM
volume and increases the copper-foam weight, which limits the improvement in energy density and power-to-weight performance.
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Fig. 9. Performance comparison for different uniform porosity.

4.2. Effect of porosity gradient difference

A graded-porosity configuration is proposed in this study to improve the utilization efficiency of copper foam. The graded-porosity
configurations were selected by considering manufacturability, prototype size, structural stability, and system-level mass/buoyancy
constraints. Since the porosity fabrication and measurement uncertainty of the copper foam manufactured by Kunshan Guangjiayuan
New Material Co., Ltd. was approximately 0.01 in porosity, the minimum adjacent-layer porosity difference was set to 0.02 to ensure
practical distinguishability and manufacturability. Meanwhile, the maximum outer diameter of the PCM chamber was limited to
100 mm according to the previous-generation prototype design, which constrained the number of radial layers; therefore, a four-layer
structure was adopted to represent the radial gradient while avoiding deformation of overly thin annular copper-foam layers.
Considering the mass penalty caused by the much higher density of copper than that of the PCM, the average porosity was fixed at 0.85.
On this basis, gradient magnitudes of 0.02, 0.04, and 0.06 were used to represent weak, moderate, and strong gradients, corresponding
to porosity ranges of 0.82-0.88. As shown schematically in Fig. 10, the two-dimensional cross-section illustrates a positive radial
gradient structure (Gra.P), in which the porosity increases from the inner to the outer region, and a negative radial gradient structure
(Gra.N), in which the porosity decreases radially outward. Table 3summarizes the distributions corresponding to different porosity
increment rates (Gra.P1, Gra. P2, Gra. P3) and decrement rates (Gra.N1, Gra. N2, Gra. N3), while maintaining the same average
porosity of 0.85. These configurations are used to investigate the influence of porosity gradients on the thermal response of the system.

As shown in Fig. 11, the temporal evolution of the liquid fraction (f;,,) exhibits pronounced differences among the graded-porosity
configurations. In the early melting stage, the melting rate of the positive-gradient group (Gra.P) is lower than that of the negative-
gradient group (Gra.N), and a larger gradient difference leads to a slower melting rate. Meanwhile, the differences in melting rate
among the configurations within the negative-gradient group are not significant, indicating that the negative-gradient distribution
enhances the melting rate of the outer layer, but this enhancement becomes less pronounced as the outer-layer porosity decreases.

The negative-gradient group (Gra.N) shows a higher growth rate of the liquid fraction at the beginning of melting, and the cor-
responding curves exhibit a clear trend of first increasing and then decreasing. It is worth noting that, once the liquid fraction f, > 0.8,

Gra. P Gra. N

&
—

v
200mm

h

vy

o X

Fig. 10. Schematic distribution of graded-porosity configurations with different gradient magnitudes.
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Table 3
Graded porosity configurations.
el €2 €3 €4

Gra.P1 0.82 0.84 0.86 0.88
Gra.P2 0.79 0.83 0.87 0.91
Gra.P3 0.76 0.82 0.88 0.94
Gra.N1 0.88 0.86 0.84 0.82
Gra.N2 0.91 0.87 0.83 0.79
Gra.N3 0.94 0.88 0.82 0.76

—o—(Gra. P1

0.9 —=—Gra. P2

0.8 e [ )}  —&—Gra.P3
- ©--Gra. N1
0.7 - -a--Gra. N2
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Fig. 11. Evolution of the liquid fraction for different porosity gradient magnitudes.

this growth rate drops markedly and gradually becomes lower than that of the positive-gradient group (Gra.P), ultimately leading to
the longest total melting time for configuration Gra. N3, which has the largest gradient difference. The different liquid-fraction
evolutions result from the redistribution of low- and high-porosity layers. In the negative-gradient cases, the low-porosity outer
layer enhances early heat conduction near the heated wall, whereas in the positive-gradient cases the lower-porosity inner region
becomes more effective when the melting front approaches the residual solid PCM.

Fig. 12 compares the total melting times for different positive and negative gradient magnitudes. For all gradient differences, the
negative-gradient structures (Gra.N) exhibit longer complete melting times: the complete melting times of Gra. N1-N3 fall in the range
of 2116-2497 s, which are all higher than the 1988-2248 s of Gra. P1-P3. It is noteworthy that, as the gradient difference increases, the
discrepancy between the positive- and negative-gradient configurations gradually becomes larger, indicating that the regulatory effect
of the porosity gradient distribution tends to saturate within a certain range. The influence of gradient magnitude is therefore not
monotonic. A larger gradient strengthens the local contrast in thermal conductivity and permeability, but an excessive contrast may

3500 I Gra P I Gra N

et

2000

Tm/s

1500

Gra.l Gra.2 Gra.3

Fig. 12. Comparison of complete melting time for different porosity gradient magnitudes.
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Fig. 13. Evolution of the liquid-fraction and velocity fields under different porosity gradient magnitude.

weaken heat-transfer continuity or liquid PCM circulation in part of the domain.

To elucidate the relationship between natural convection strength and the melting process, Fig. 13 depicts the evolution of the
liquid fraction field (left) and the velocity field (right) for different porosity-gradient configurations. It can be seen that, for the
negative-gradient cases, the melting front rapidly propagates inward at the early stage. This behavior is attributed to the lower porosity
in the outer region, where melting is initiated earlier, while the higher porosity in the inner region provides stronger fluid permeability,
thereby establishing a natural convection circulation that accelerates heat transfer toward the un-melted zone. In contrast, for the
positive-gradient configurations, the velocity field advances downward earlier than in the negative-gradient cases during the later
stage and ultimately completes the melting process first, indicating that the phase-change process of the inner PCM is more dependent
on the low-porosity layer with a high specific surface area. The velocity fields further show that the role of natural convection varies
with melting stage. Negative-gradient structures promote earlier liquid motion near the heated region, whereas positive-gradient
structures maintain more effective heat transfer toward the inner residual solid PCM during the later stage, which explains their
better overall melting performance.

To further quantify the natural-convection shown in Fig. 13, the maximum velocity of liquid PCM and the normalized melting
progress was showed in Fig. 14. The normalized melting progress is defined as:

T= & (20)

- 1

U= | Unas(r)d (21)
0

Uma_x,peak = max(Umax) (22)

In this study, the early, middle, and late stages were defined as 0 < 7 < 0.4, 0.4 < 7 < 0.8, and 0.8 < 7 < 1 respectively. It can be
observed that the negative-gradient configurations develop stronger liquid motion at an earlier stage. In particular, Gra. N2 and Gra.
N3 show a rapid increase in U, before r = 0.4, whereas the positive-gradient configurations exhibit a delayed increase in Uyax. This
indicates that the negative-gradient configurations promote the earlier establishment of buoyancy-driven circulation. The average
value of U, _ for the negative-gradient group is 4.223 x 10~*m - s™!, which is 69.15% higher than that of the positive-gradient group
(2.497 x 10~*m - s71). This confirms that the negative-gradient configurations generate stronger local liquid motion during the overall
melting process. The difference is even more pronounced in the early stage. The early-stage average maximum velocity of the negative-
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Fig. 14. Evolution of maximum velocity during the normalized melting process.

gradient group reaches 1.123 x 10~*m - s~!. During the middle stage, the negative-gradient group still maintains a 127.26% higher
average maximum velocity. In the late stage (0.8 < 7 < 1), the positive-gradient group shows a slightly higher average maximum
velocity than the negative-gradient group, with an increase of 4.44%. For example, the late-stage average maximum velocity of Gra. P2
is 8.13% higher than that of Gra. N2, which is consistent with the velocity-field evolution shown in Fig. 13.

Fig. 15 illustrates the temporal variation of the temperature-uniformity index for different graded-porosity configurations. Overall,
in the early melting stage dominated by heat conduction in the solid PCM, the negative-gradient configurations exhibit a higher
effective thermal conductivity and thus a more uniform temperature distribution. The fact that they reach the minimum value earlier
than the positive-gradient cases indicates that they enter the latent-heat absorption stage at an earlier time. In the later melting stage,
however, the temperature distribution in the negative-gradient configurations becomes more non-uniform as the gradient magnitude
increases, while the RMS value of the positive-gradient cases becomes lower than that of the negative-gradient ones. This suggests that,
at this stage, placing the lower-porosity layers with higher specific surface area near the inner region provides an optimized heat-
transfer pathway. During the melting process, the positive-gradient porosity configurations improve the time-averaged RMS tem-
perature index by 39.3%, 40.9%, and 42.4%, respectively, compared with the uniform-porosity case, whereas the corresponding
improvements for the negative-gradient configurations are 33.2%, 27.2%, and 15.4%.

The above analysis indicates that there exists a trade-off between the magnitude and direction of the porosity gradient and the
melting efficiency. Therefore, the present study further evaluates the total melting time, storage power, weight, stored energy, and
power density for different gradient directions and gradient magnitudes. As illustrated by the radar chart in Fig. 16, in comparison with
the uniform porosity of 0.85, the negative-gradient configurations lead to inferior performance in all these metrics and thus should be
adopted with caution. By contrast, all positive-gradient configurations exhibit advantages in terms of stored energy and self-weight.
Among them, configuration Gra. P2, which has a moderate positive gradient difference, achieves the best overall performance.

om = 0.393
om = 0.382
om = 0.373
om = 0.433
om = 0.472

om = (0.548

7/ %

Fig. 15. Evolution of temperature uniformity for different porosity gradient magnitudes.
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Fig. 16. Performance comparison for various porosity gradient magnitudes.
5. Conclusions

In this study, a radially graded-porosity copper foam strategy was proposed for the phase-change chamber of an ocean thermal
energy conversion (OTEC) thermal engine. The objective was to enhance the melting response of the PCM while maintaining favorable
energy-output density and power-to-weight performance. Through combined experimental validation and numerical analysis, the
effects of pure PCM, uniform-porosity copper foam, and graded-porosity copper foam on liquid-fraction evolution, temperature
uniformity, melting time, storage power, stored energy, and power density were systematically investigated. The main conclusions
were summarized as follows.

(1) Embedding copper foam into the PCM significantly accelerated the melting process by providing a high-conductivity heat-
transfer network. For the uniform-porosity configurations, decreasing porosity shortened the complete melting time, and the
copper-foam configuration with a porosity of 0.8 reduced the complete melting time by 48.7% compared with pure PCM.
However, the reduction in melting time gradually approached saturation as the porosity decreased. This is because lower
porosity enhances conductive heat transfer through the copper skeleton but simultaneously increases flow resistance and
suppresses the natural convection of liquid PCM.

(2) The negative-gradient porosity structures induced stronger liquid PCM motion in the early and middle stages, with the process-
averaged maximum velocity being 69.15% higher than that of the positive-gradient group. However, this stronger early-stage
convection did not translate into shorter complete melting time. The positive-gradient structures maintained slightly higher
late-stage maximum velocity and provided a more favorable conduction-convection coupling for melting the remaining inner
PCM, thereby achieving better overall melting performance.

(3) The graded-porosity structures improved the temperature uniformity of the PCM domain. Compared with the uniform-porosity
case, the time-averaged RMS temperature index was improved by 33.2%, 27.2%, and 15.4% for the negative-gradient con-
figurations, and by 39.3%, 40.9%, and 42.4% for the positive-gradient configurations, respectively. These results indicate that
the positive-gradient arrangement is more effective in maintaining temperature uniformity over the full melting process,
especially during the middle and late stages.

(4) It was noteworthy that, although a stronger heat-transfer enhancement can be achieved by increasing the copper-foam fraction,
excessive copper content reduces the PCM volume and increases structural mass. Among the graded configurations, the
moderate positive-gradient case achieved the best comprehensive performance because it balanced melting acceleration,
temperature uniformity, energy storage capacity, and power-to-weight output.

In summary, this work provides a practical trade-off framework for designing high-power-density OTEC thermal engines by
balancing heat-transfer enhancement, structural weight, and PCM volume. The proposed four-layer graded-porosity structure should
be regarded as a prototype-level discrete implementation of the radial-gradient concept rather than a universal optimum for all scales.
For full-scale OTEC thermal engines, radial thickness ratio, and continuous gradient function should be further optimized under
coupled thermal, structural and buoyancy constraints. Moreover, although the present study focuses on the melting process because it
directly determines the heat-absorption and mechanical-energy-storage performance, practical OTEC systems operate under repeated
melting—solidification cycles. Future work should further evaluate solidification performance, thermal hysteresis and long-term sta-
bility of the PCM/copper-foam composite.
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