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ARTICLE INFO ABSTRACT
Keywords: Solar energy, as a kind of renewable energy, offers a large reserve to be harvested at a reasonably low cost for
Solar energy engineering applications. To decouple the temporal and spatial relevance of the continuous energy supply of

Phase change heat storage
Fin-copper foam composite
Experimental measurement

solar energy, latent heat thermal energy storage can deal with this problem at different temperatures. Aiming to
improve energy efficiency, a novel hybrid metal foam-pin fin structure is designed and assessed. Upon con-
ducting measurements on a well-designed experimental bench, the phase change processes of paraffin that is
filled in fins, metal foam, and a combination of both (hybrid structure) are evaluated. During the experiments,
the transient melting interface is snapshotted and temperature development is documented under five different
heat source temperatures of 61 °C, 63 °C, 65 °C, 68 °C, and 70 °C. In the foreground of the novel hybrid structure,
each segment of the hybrid is also justified and discussed. Results indicate that the hybrid structure augments
marked heat transfer. Compared to pure PCM, complete melting time decreases by 63.4% and simultaneously the
temperature response rate increases by 143.9% as implementing the hybrid. Attempts to design hybrid structure
find a solution to assess and operate thermal storage applications for solar engineering.

techniques are implemented to increase the thermal conductivity, for
instance by using triplex tubes [13,14], fins [15,16], microencapsula-
tion [17,18], nanoparticles [17,18], packed bed [19,20], metal foam
[21,22], graphite foams [23,24], heat pipes [25] and thermal siphons
[26].

In various methods to enhance heat transfer, metal foam is one of
them worthy of attention. The experimental tests found that the open-
cell metal foam has a superior heat transfer enhancement effect on
PCM [27,28]. The main reason is that the open-cell metal foam has a
large specific surface area and high thermal conductivity metal skeleton.
Hu et al. [29] measured the temperature field of PCM inside aluminum
foam with low porosity. Both the melting and the temperature unifor-
mity were enhanced. It was recommended that a more uniform tem-
perature distribution (improved by 83.3%) was achieved inside
PCM-foam block than the PCM. Huang et al. [30] experimentally
observed the melting behaviors in paraffin filled copper foam. The
documented melting front indicated that the phase interface was not
smooth at mesoporous scale. Al-Jethelah et al. [31] explored the in-
fluences of nanoparticle-enhanced PCM and metal foam on the melting
process. They recommended that adding nanoparticles to metal foam

1. Introduction

As a kind of renewable energy, solar energy has been addressing the
vital interests owing to its clean, large reserves and pollution-free
characteristics [1]. Solar energy offers a large reserve to be harvested
at a reasonably low cost for engineering applications. Intermittent
problem of solar energy, however, mandates the need to store energy.
Thermal energy storage (TES) offers to store heat at different tempera-
tures either for direct use or its conversion to another form of energy like
electricity [2]. For such systems, the latent heat absorbed in the phase
change material (PCM) is often used for heat storage at a relatively
constant temperature [3,4]. The application and development prospects
of PCMs in different solar systems include solar thermal power plants [5,
6], solar water heaters [7,8], solar air heaters [9,10], and building
heating and cooling sector [11,12]. Paraffin wax, as a typical organic
solid-liquid PCM, offers good stability, no corrosiveness and super-
cooling, high latent heat density, and small density variation during
phase change. However, its low thermal conductivity is a vital reason for
its slow charging and discharging efficiency. Therefore, a number of
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Nomenclature

Abbreviation
LTES Latent thermal energy storage
MEPCM Microencapsulated phase change material

PCMs Phase change materials
PCM Phase change material
PID Proportion Integration Differentiation
TES Thermal energy storage
Symbols
RR Temperature response rate
T Temperature (°C)
Twall Wall temperature (°C)
Thase Base plate temperature (°C)
Tinickness  Thickness directional temperature (°C)
Thn Fin temperature (°C)
Theight Height directional temperature (°C)
t Time (s)
trotal Complete melting time (s)
oT Measurement uncertainty
0T, Thermocouple in the temperature range of permissible error
6Ty Thermocouple compensating conductor error
6T, Instrumentation error
Table 1
Physical property.
Property  Density / Thermal Specific heat Latent heat
kgem 3 conductivity / W- capacity / Jkg™!+  / kJkg™!
m K K
Copper 8978 381 387.6 None
Paraffin 800 0.2 (solid) / 0.1 2000 102
(liquid)

Table 2
Uncertainty in the testing bench system.
Source of uncertainty Value/°C
oT,
¢ +0.2
5T,
+0.15
oT.
+0.1

positively affected the melting process and can accelerate the heat
storage rate. Marri and Balaji [32] measured the melting improvement
of metal foam. They claimed that the performance was achieved 4.4
times higher than the original PCM. Besides, they also optimized the
porosity distribution and obtained another 28% improvement compared
with the uniform foam. Li et al. [33] built a test bench to examine the
melting procedure of PCM with copper foam. A series of experimental
observations are made under different foam parameters. The partial
configuration on metal foam porosity decreased the melting time by
8.03% using the same foam mass.

The experimental explorations of the characteristics of the foam
composite PCM are limited by experimental conditions. Numerical
simulation can supplement the experiment to understand the heat
transfer mechanism better. The volume average method represents
metal foam in the fluid properties of composite materials, and the
physical properties are displayed on a macro scale, which reduces the
calculation time and maintains actual properties. Moussa et al. [34]
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Fig. 1. Sketch of the fin-foam sample (half) and positions for the
thermocouples.
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Fig. 2. Fin-metal foam sample and the grooves for holding thermocouples.

attempted to simulate the melting of porous media with distinctive
porosities. Two-temperature equation models and local non-thermal
equilibrium assumptions accounted for the interstitial heat transfer be-
tween PCM and the metallic framework. Joshi and Rathod [35] further
studied the metal foam-paraffin composite and compared numerical
simulation with experimental results to find the applicability of the
two-temperature equation models. Melting characteristics under
different filling ratios were numerically tested. Results revealed that the
partially-filling pattern had better improvement. Buonomo et al. [36]
used Darcy-Fochheimer’s law and local thermal equilibrium model to
numerically describe the heat transfer between metal foam and PCM.
Guo et al. [37] attempted to investigate the influences of compression
upon melting of paraffin-foam hybrid. Compared with uncompressed
foam, observations revealed that compression had a predominated effect
on melting, at a reduction rate of 13.9% in melting time. Except for
volume average method, pore-scale simulation [38] and Lattice Boltz-
mann method [39] have also been employed for simulation. Wang et al.
[40] simulated the heat transfer in composite PCM at pore scale and
found that the foam pore size exerted limited contribution to heat
transfer, while the porosity affected the thermal conductivity of the
composite profoundly. Besides, the phase interface was affected by the
metal foam microstructure. Abishek et al. [41] investigated the micro-
scopic properties of PCM saturated in aluminum foam. Pores, frame-
work, specific surface, and pore size were examined. An empirical
relationship of the dimensionless specific surface area was proposed.
Results documented that the specific surface dominated the melting
rate. Ferfera et al. [42] justified the influences of porosity upon com-
posite PCM at pore scale, and found that a decrease in porosity would
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Fig. 3. Paraffin-copper foam vacuum infusion and the prepared sample.
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Fig. 4. Phase change heat exchanger testing system.

result in faster heat diffusion in PCM and an increase in thermal con-
ductivity. Gaedtke et al. [43] and He et al. [44] elaborated on the Lattice
Boltzmann method and its applications with the solid-liquid phase
change in porous structures, which is suitable for simulating thermo-
fluidic models on more complex boundaries. Pore-scale simulation and
Lattice Boltzmann method focus on the microscopic characteristics of
the metal foam, which can better reflect the internal characteristics, but
require more calculation time.

As an alternative, fins have also been used to serve the same purpose,
that is, to enhance the conductivity leading to faster charge and
discharge. Xu et al. [45] replaced a pure paraffin tank with the one filled
by three layers of paraffin with different melting temperatures.

Compared with the pure PCM, adding fins effectively saves up to 71% of
melting time. Yildiz et al. [46] investigated the interplay between the
fins and natural convection when the PCM melted into liquid. Besides,
Fekadu and Assaye [47] justified the influence of fin parameters on the
melting process in a rectangular shell under adiabatic conditions. De
Césaro Oliveski et al. [48] studied the effect of changing area fraction
and aspect ratio on the melting process in a rectangular cavity with
single fin. To further improve the phase change performance, conven-
tional fins are innovated with various shapes. Compared with uniform
fins, the bifurcated fin [49], rectangular and triangular combined fins
[50], and gradient tree-shaped fins [51] could enhance the heat transfer
and shorten the charging time. The fin number, spiral period, and
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Fig. 5. Wall temperatures at three selected points under a heat source tem-
perature of 61 °C.

thickness are key parameters that affect the thermal storage perfor-
mance in the spiral fin [52]. In addition, Deng et al. [53] designed the
fern fractal fin structure according to the bionic principle and optimized
the parameters. Compared with the straight fin, the average heat storage
rate of the fractal fin was increased by 88.3%. Previous studies
demonstrated that the innovated fins were more efficient than the
conventional rectangular fins.

Except for the design on fin shapes to improve the melting phase
change, the inclusion of enhancers, including porous foam [54,55] and
nanomaterials [56], can further accelerate melting since the conduc-
tivity enhancers markedly increase the thermal conductivity of PCM in a
more uniform fashion. The heat storage/release performance of annular
fin-metal foam [57] and plate fin-metal foam structure [58] were
analyzed by numerical simulation. The results showed that the new
structure could strengthen the solidification process better than the
melting process. Yang et al. [59] calculated the phase transition effi-
ciency of gradient metal foams on the solidification process in pin fin
foam structure. Chen et al. [60] studied parameters of finned metal foam
structure under different super-gravity conditions. Meng et al. [61]
changed the shape of the plate fins in the copper foam structure with
fins, and observed the thermal performance of seven trapezoidal fins.
The above research had only focused on numerical simulation. Besides,
previous studies lack experimental testing of structures over the com-
mon temperature range of solar energy utilization or other
low-temperature heat sources. However, these results not only need to
be verified experimentally, but the experiments can better reflect the
actual heat storage performance and heat loss.

While either the foams and fins are extensively studied in the liter-
ature, there are only relatively few studies that combine the benefits of
both metal foams and fins in existing numerical investigations. In gen-
eral, most of them focus on how various parameters of plate/annular fins
affect the melting/solidification process. The experimental results are
relatively few, and sometimes the plate fin cannot produce a more
uniform heat transfer than the pin fin. Compared with previous struc-
tures, pin fins can theoretically take up less volume to strengthen the
local heat transfer, thereby improving the overall heat storage and
release efficiency. Therefore, this paper addresses manufacturing a
hybrid pin fin-foam structure, which is then tested under different
operating conditions in a well-designed test bench system. To assess the
benefits of this new design, tests are also conducted for pure paraffin as
well as two other designs one with fins and the other one with metal
foams.

2. Experimental bench system
2.1. Fin-foam hybrid structure

The main materials used in the construction of the four structures in
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this paper are paraffin, copper and copper foam. The physical properties
of copper and paraffin are listed in Table 1. Copper foam that is used for
this test is characterized using its porosity (0.97) and pore density (10
PPI, pore per inch). The foam is a rectangular parallelepiped block of 68
mm X 34 mm x 30 mm in size. There are totally 12 pin fins of square
cross section inserted in the foam block, and half of the sample is pre-
sented in Fig. 1. The fins are set horizontally in-line 7 mm apart where
gravity pulls in the positive X direction for arrangement in experiments.
A 4-mm-thick copper base plate separates the fin-foam compound from
the heat source. The pin fin size is 6 mm x 6 mm x 30 mm. Thermal
conductive silver adhesive (Arctic Silver-Premium Silver Thermal
Cooling Adhesive) is used to glue the fin-foam hybrid structure itself and
to the copper base plate. The high conductivity of the copper plate is
expected to result in a uniform temperature distribution over the plate.
The base plate temperature uniformity is verified using three thermo-
couples inserted in 2-mm-diameter grooves drilled to 39 mm, 34 mm,
and 29 mm depth as shown in Fig. 2 (denoted by P1-P3). A total of 12 T-
type thermocouples with a diameter of 2 x 0.255 mm are arranged in-
side the copper foam specimen, with a temperature measurement range
of —200 °C ~ 260 °C. In Fig. 2, three thermocouples are arranged in the
thickness direction (the positive Z axis), the height direction (the posi-
tive X axis), and the fins, in respective.

The vacuum infusion technique is used to ensure the PCM infiltration
in the hybrid fin-foam sample, as shown in Fig. 3. The air inside metal
foam will bring greater resistance to filling PCM in the air. In addition,
filling PCM directly may result in bubbles forming inside the PCM.
However, the vacuum infusion technique can pre-emptive evacuation
the air inside the metal foam to avoid these problems. Therefore, the
vacuum infusion is selected in this study. The hybrid foam-fin structure
is placed in a vacuum tank which is then filled with solid paraffin. A
vacuum pump brings the gauge pressure down to 0.01 MPa while the
vacuum tank is immersed in the water bath and kept at 100 °C for 2 h.
Upon these processes, the PCM is then completely melted. Subsequently,
the vacuum tank is pulled out and left to cool down to room temperature
to ensure that the PCM is completely solidified. Excessive parts of the
paraffin layer, as shown in Fig. 3, is then removed so that the sample can
set in the test section.

2.2. Experimental system

A well-designed experimental bench system allowing melting phase
change test is designed and assembled in Fig. 4. The experimental bench
is designed into three parts: the thermal fluid circulation part, the phase
change test part, and the real-time data acquisition part.

The constant temperature water bath, heat transfer fluid (HTF), ball
valve, and plastic hose form the thermal fluid circulation part. The HTF
temperature is controlled by the constant temperature water bath, and
the HTF (deionized water) is sent into the plastic hose through the built-
in circulating pump. At this time, the internal and external circulation
can be regulated by the valves for first internal circulation to make the
HTF reach a predetermined temperature and then for the outer circu-
lation to carry out phase change tests. The constant temperature water
bath used in the experiment is the CORIO CD-1001 F universal heating
and refrigeration circulator produced by JULABO. A 2-kW heating and
cooling unit is incorporated inside the circulator water bath. The oper-
ating temperature range is —38°C ~ 100 °C. It is controlled by Pro-
portion Integration Differentiation (PID) with temperature stability of
+0.03 °C.

For the melting test part, a rectangle Plexiglas tank is fabricated to
house the fin-foam hybrid to allow for visual access. A microchannel
heat exchanger that is embedded in the polyurethane foam serves as the
bottom for the Plexiglas tank (see the enlargement in Fig. 4). The hybrid
specimen is placed in the center of the micro-channel heat exchanger, in
which the heat-conducting silicone grease is uniformly smeared to
reduce the heat transfer resistance. A 5 mm height chamber is reserved
on the upper part of the Plexiglas tank to allow for volume expansion of
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Fig. 6. Phase interface change under different heat source temperatures.

PCM. An insulation cotton covers the whole Plexiglas tank to reduce
heat losses.

The real-time data acquisition part is composed of collector, camera,
computer, and accessories. A data acquisition system (KEYSIGHT, model
34970 A) is devised. A camera is setup on one side of the tank to take
pictures (at a fixed interval of 5 min) and record the interface movement
during melting. BenchLink Data Logger software of KEYSIGHT provides

real-time Data display and storage analysis for the temperature
measurement.

2.3. Experimental measurement uncertainty

In this experiment, the main targeted variable is temperature in the
process of melting, using T-type thermocouple and Agilent data collector
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Fig. 7. Complete melting time under different heating temperatures.

(Agilent 34970a) for data collection. Occurring in the process of mea-
surement uncertainty (5T) includes thermocouples in the temperature
range of permissible error (6T,), thermocouple compensating conductor
error (6T), and the instrumentation error of acquisition instrument
(8T.). The uncertainty in the testing bench system is listed in Table 2. To
sum up, the temperature uncertainty in this experiment is:

oT = \/ (6T,)* + (6T)* + (8T.)* =0.27°C o

The final measurement uncertainty for temperature (0.27 °C) can
meet the experimental requirements, indicating the high reliability of
experimental data. The errors are demonstrated in.

3. Results and discussions

Here we first compare the new design to the existing heat transfer
augmentation techniques and, of course, all cases will be compared
against pure PCM melting as a benchmark case. Then we move on to
presenting the characteristics for the hybrid fin-foam case.

3.1. Substrate wall temperature (Tya)

Five source temperatures of 61 °C, 63 °C, 65 °C, 68 °C, and 70 °C are
guaranteed for thermal storage. Here, the case with source temperature
of 61 °C is displayed. As for the wall temperature, the measurement
points are displayed in Fig. 5. The three points P1, P2, and P3 are 39 mm,
34 mm, and 29 mm away from the origin in the X direction, and the left
and right distances between the three are 5 mm in the Y direction, in
respective. As seen, the three thermocouples record very close readings
(within 0.36 °C). This reassures the anticipated base plate temperature
uniformity. It should be mentioned here that the temperatures of the
three are finally stabilized at 59.9 °C, lower than the heat source (water
tank) temperature of 61 °C, owing mainly to the heat losses from the
circulating pipes and valves.

3.2. Melting front evolution

Tests are conducted for five values of heat source temperatures being
61 °C, 63 °C, 65 °C, 68 °C, and 70 °C. As illustrated by Fig. 6, successive
images taken by the camera allow for heat transfer and flow visualiza-
tion, favoring the conclusion that heating temperature has a significant
improvement on melting process. As seen, with three lower heat source
temperatures, i.e., 61 °C, 63 °C and 65 °C, there is no sign of melting the
paraffin wax during the first 1200 s of the tests. The heat is obviously

stored in the compound and increases the PCM (sensible heat) temper-
ature; yet below the melting point. A melting front is noted with time,
which then moves away from the heated surfaces. As expected, melting
starts from the heated wall (the left side in the figure is the heating side).
The melting front appears as a vertical line initially. With time elapsing,
the melting front follows fin patterns. This can be explained as fins offer
lower conduction resistance compared with PCM-filled pores of the
foam. Interestingly, the presence of the fin and foams minimizes the
shrinking stage which, in the absence of thermal conductivity enhancer,
i.e., with pure PCM, can significantly prolong the melting process. The
images indicate that heat is mainly conducted and that the contribution
of convective heat transfer is comparably insignificant. This interesting
observation can significantly help numerical simulation of such systems
where the convective terms can be dropped and a conduction heat
transfer problem can lead to accurate (enough) results.

3.3. Complete melting time

For a TES design, the time required to charge the system fully is of
great importance. As shown in Fig. 7, the time to fully melt the PCM is
9300 s, 7500 s, 6300 s, 4200 s, and 3000 s when the heat source tem-
perature is 61 °C, 63 °C, 65 °C, 68 °C, and 70 °C, respectively. In the
range of 61 °C ~ 68 °C, for every 1 °C increase in heat source temper-
ature, the total melting time will decrease by 700 s on average. While at
70 °C, the heat source temperature will increase by 2 °C compared with
68 °C, and the complete melting time will decrease by 1200 s. With the
heat source temperature increasing, the average reduction in complete
melting time at 61 °C ~ 68 °C is greater than the average reduction in
complete melting time at 68 °C ~ 70 °C, indicating that simply
increasing the heat source temperature capably reduces the melting
time. Nevertheless, increasing heat source temperature in the high
temperature region does not lead to better desired heat transfer
improvement. Therefore, it is necessary to find the most suitable heat
source temperature.

3.4. Comparison among four different structures

3.4.1. Comparison of phase interface

Fig. 8 is presented to visually compare the melting process of pure
PCM with three other techniques used here for heat transfer augmen-
tation. Four images are taken for each scenario, and for all cases, the
heat source temperature is set at 70 °C. A quick visual inspection shows
that the hybrid design outperforms the other three cases. Much faster
melting and less shrinkage compared with the other three cases favor the
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Fig. 8. Comparison of phase interface in four structures under a heat source temperature of 70 °C.

choice of the hybrid design.

Starting with the image taken at 900 s, all four cases demonstrate a
thin near-wall liquid layer. Moving on 1800 s, all designs, except for the
hybrid one, show some degree of free convection heat transfer. Pure
paraffin clearly follows the four-stage phase change process described in
Jany and Bejan [62]. The design with metal foam shows free convection
effects as the interface is not a perfectly vertical line to demonstrate the
influence of free convection upon forming interface shape and location.
As one would expect, a 3D buoyancy-induced flow is observed with
pin-fins. This can be attributed to different melting rates in plane be-
tween the fins compared with a plane away from the fins. A faster
melting rate at the fin leads to a higher liquid fraction in the vicinity of

the fins (red line) compared with regions away from the fin (blue line).
With time, the liquid is overheated while the solid phase temperature is
limited (lower than the melting point). This local difference derives a
buoyancy-induced flow which is more noticeable in the image taken
after 2700 s. One notes two different shades of the solid fraction; the one
is closer to the light source instead of the darker shade of the solid phase,
which obviously demonstrates a slower melting rate away from the fins.
To better convey the point, we use blue dashed lines to show the
interface captured on two different planes. The red solid line shows the
interface over a plane containing fins while the blue dashed line clearly
shows the melting front at a parallel plane that crosses no fins. At the
same time, in the fin-foam case, thanks to the composite improving
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Fig. 10. Comparison of temperature changes at measuring point P8 under
four structures.

factors of thermal conductivity of fins and foam, the natural convection
effect of liquid paraffin is significantly weakened as described in the
previous sub-section.

Comparing the overall performance of the four designs, the total
melting time of pure paraffin, fin, copper foam, and the hybrid fin-foam
design (as Fig. 9(a)) are 8200 s, 5900 s, 4200 s and 3000 s, respectively.
Compared with the pure paraffin, taken as our benchmark case here, fin,
metal foam, and the hybrid fin-foam design can reduce the melting time
by 28.1%, 48.8% and 63.4%, in respective. As seen, adding fins only
slightly improves the melting process compared with the benchmark

108.83

PCM Fin Metal-foam Fin-metal foam

Fig. 11. Temperature response rate comparison under four structures.

case here. While fins and metal foams are both made of copper, the foam
offers more uniform access for heat to be transferred to the PCM in the
tank. Fins lead to a higher local liquid fraction in the vicinity of the fins
but as shown before the un-finned volume of the tank, away from the
fins, still transfer heat like the pure PCM. The hybrid design offered here,
overcomes the “access” issue mentioned above and the foam leads to a
uniform distribution of heat in the tank while fins act as low-resistance
corridors to transfer heat deep into the tank away from the heated wall.

The melting time per unit mass PCM is calculated to eliminate
paraffin volume changes caused by fins and copper foams, expressed as:
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Table 3
Heating costs and benefits of four structures.
PCM FIN MF FMF Unit
cost
Heat storage 2.28 1.64 1.17 0.83
time (h)
Cost of PCM 35000 35000 35000 35000 7 yuan/
(yuan) kg
Cost of fin 0 76104.21 0 78457.95 18
(yuan) yuan/kg
Cost of metal 0 0 193299 193298.97 30000
foam yuan/
(yuan) m>
Cost of 50000 60000 60000 70000
installation
(yuan)
Initial 85000.00 171104.21 288298.97 376756.92
investment
(yuan)
Operating 1750.00 5555.21 11414.95 15337.85
cost (yuan)
Annual 18439.02 25627.12 36000.00 50400.00
revenue
(yuan)
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Fig. 12. Comparisons of NPV.
1,
bnass = total (2)
pV

where tigss and t;oq are the melting time per unit mass PCM and melting
time for the tank, p and V denote the density and volume for the PCM.
The paraffin volumes of PCM, FIN, MF and FMF groups are 6.94 x 107>
m3, 6.45 x 107°m?, 6.73 x 10> m® and 6.26 x 107> m?, respectively.
Compared to the original pure PCM, the volume of paraffin in the other
three groups decreased by 7.0%, 3.0% and 9.8%, respectively. As
noticed in Fig. 9(b), tnqss gradually decreases if fin, metal foam, and both
two are inserted into the pure PCM. Compared to the original pure PCM,
the other three structures reduce tyqss by 22.6%, 47.2%, and 59.4%, in
respective. This proves that although fins and copper foams reduce part
of paraffin volume, they can still achieve a positive gain in accelerating
the melting process.

3.4.2. Comparison of temperature

For a fixed location, P8 (see Fig. 1), the temporal temperature vari-
ation for the four considered designs are demonstrated in Fig. 10. To
ensure the same location of the points in four different structures, the
point of P8 is 20 mm from the wall surface and 15 mm from the bottom
plate.
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As seen, different trends are observed for different designs. The
temperature curve of P8 in pure PCM tank is significantly slower than
that of the other three. As expected, the temperature for fin-foam hybrid
PCM is higher than that of foam-PCM composite. However, interest-
ingly, the finned tank’s temperature leads to an increase in temperature
among the four cases. The fin design is off to a faster start compared to
the foam case but after about 2800 s, the hybrid design line crosses over.
This is mainly owing to the fact that P8 is located at the fin center for the
finned tank. Given the lower thermal resistance of the fin compared with
the PCM, more heat is transferred to the fin than to the surrounding
PCM. With the hybrid design, the fin still offers lower resistance but the
foam structure near the fin has much lower resistance compared to that
of the pure PCM. Hence, the heat is split between the fin and the foam
leading to a slower response for the hybrid design.

To supplement the data presented in Figs. 10 and 11 is presented to
compare the (P8) temperature response rate for the four designs
considered here. As seen, the addition of highly conductive metal (be it
foam or fin) leads to much faster response rate compared with the
benchmark case. That is, compared to pure PCM, temperature response
rates of fin, foam, and hybrid design increase by 51.08%, 86.89%, and
143.90%, respectively. For PCM, the three strengthening methods can
significantly improve the temperature response rate, and the combina-
tion of the two methods is the most beneficial.

3.4.3. Economic analysis

In the current subsection, the economics of the four structures are
analyzed in the context of a solar thermal storage system. The building
area is 1000 m?. Phase change regenerators with four structures are used
to store heat for 9 h a day. The prices of materials are based on the local
market. It is assumed that the weight of PCM used is 5000 kg, and other
parameters are calculated according to the data in Table 3. The initial
investment is the sum of PCM, fin, metal foam and installation cost.
Operating expenses are assumed to be 5% of the total cost of materials.
According to municipal government regulations, for the annual income,
the heating period is 120 days, and the heating income is 0.25 yuan/
KWH. Net profit is the difference between annual revenue minus oper-
ating costs. According to Fig. 12, the investment payback period of PCM,
FIN, MF and FMF are 6, 10, 15 and 13 years respectively. In addition, we
calculated the net present value (NPV) as shown in the figure below. The
calculation formula is:

NPV = Z (c1—co),(1+i)™ 3)

=0

where CI, CO, n and i represent the annual revenue, operating cost, the
life cycle (assumed to be 30 years) and the discount rate (assumed to be
2.54%), in respective. As can be seen from Fig. 12, the NPV growth trend
of PCM, FIN and MF groups is similar. However, the NPV trend for these
three structures is PCM > FIN > MF in the life cycle due to the difference
in initial investment. It should be noted that the NPV trend of FMF is
significantly different from that of other structures. Although the FMF
group has the maximum initial investment, its profit growth rate is the
fastest. The main reason is that the PCM melting time in the FMF is
drastically shortened. Therefore, the energy storage efficiency is mark-
edly improved. As seen, Around the 21-th years, the economic benefits
of FMF surpassed those of the other three groups. Although the initial
investment of FMF group is large and the payback period is long, the
NPV of FMF group is the highest in the actual service life, which is a
measure that can be considered in practical application.

3.5. Temperature response

3.5.1. Temperature at PCM

The temperature curves for PCM at P10 and P12 are demonstrated in
Fig. 13(a) and (b). Temperature at the point is almost the same from 0 s
to 500 s under five heating scenarios. And the temperature deviation
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Fig. 13. Temperatures for PCM at (a) P10; or fin at (b) P8 under five heating conditions.
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Fig. 14. Temperature comparison between fin and height direction.

starts to appear after 500 s, peaking at 3000 s. For the heating source
temperatures of 61 °C and 63 °C, the PCM temperature rises in a rapid
fashion before 1000 s, and the increasing ratio gradually declines, then
tends to plateau. As for the other three higher source temperatures, there
does not exist plateau period for temperature development. This can be
understood, since the temperature difference of the five cases is not the
same, which makes the temperature of the measuring point present a
non-linear change trend related to the various temperature difference
(driving force).

Fins are inserted into porous foam for further enhancement on
thermal conduction capability. Fig. 13(c) and (d) demonstrate the
temperature variation with time on two selected fin surfaces as shown in
Fig. 1. The measuring points are all located at the center of the fin. P8 is
located in the middle of the gravity direction, and P9 is 17 mm lower
than the point. Very similar variation trend is noted for fin temperature
at different locations. This indicates a better temperature uniformity
that can be achieved by the fin-foam hybrid.

10

3.5.2. Temperature response rate comparison

To assess the temperature rise quantitatively at P8 for different cases,
a quantity that describes the increasing rate for temperature is intro-
duced here as

o towal ] T,—T,
RR = / — gdt
0 tmml (tn - tn—l)

where RR describes the mean temperature response rate, T and t are the
temperature and time, in respective; t,,q denotes the total melting time,
subscript n and n — 1 represent the number of sequence. For the equa-
tion, according to dimensional analysis, the units of T, — Tp-1, th — th-1
and t,yq are °C, s and s, respectively. Therefore, the unit of t[lﬁ % dt
is .= °C/s. Fig. 14 illustrates the temperature response rate at nine
measuring points (Fig. 1 depicts the measurement points P4-P12) for
five different heat source temperature values. As increasing heat source
temperature, the temperature response rate of all measuring points
grows in a rapid fashion. Using the heat source temperature of 61 °C as
the benchmark, the average temperature of measuring points increases
the temperature response rate by 27.95%, 60.53%, 84.20% and 98.62%
respectively. Besides, the average temperature response rates at P7, P8
and P9 are highest compared to other points since they are located at the
fin surface. However, the difference is not significant, indicating a better
temperature uniformity that can be achieved by the fin-foam hybrid.

C)

4. Conclusions

This paper reports the melting process of the composite phase change
material in copper foam, fins, and hybrid of them at different temper-
atures. The phase interface changes and the real-time temperature
response of each measuring point at different temperatures are recorded,
with discussing the influence of different heat source temperatures on
the melting process. Four structures (pure paraffin, fin, metal foam, and
fin-metal foam hybrid) are compared to verify the strengthening effect
of the hybrid structure.
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Following conclusions are drawn:

(1) The melting rate of the phase interface at the fin is faster than that

(2)

(3)

far away from it, causing an uneven shape for the phase interface.
Natural convection plays a dominating role in forming phase
interface in pure PCM and PCM-foam scenarios. With fin inserted,
heat conduction contributes more profoundly to melting.

The increase in heat source temperature markedly reduces the
complete melting time. 70 °C heating can save 67.7% of melting
time compared to the 61 °C heating. For every 1 °C increase in the
heat source temperature from 61 °C to 70 °C, the complete
melting time decreases by 700 s on average.

Compared with pure PCM, the complete melting time of fin-metal
foam hybrid is reduced by 63.4% and the temperature response
rate is increased by 146.44%. This reveals the competing solution
to improving the melting process.

(4) A more uniform temperature distribution is achieved by the

hybrid, compared to the segment structure.
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