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Abstract: In this paper, the effect of melting characteristics of CuO/paraffin wax composite phase
change material in a spherical heat storage unit in a constant temperature water bath is investigated.
Experiments were conducted in three different water bath temperatures (65 ◦C, 70 ◦C, and 75 ◦C).
The inner surface of the sphere was fixed with two, four, and six pin-shaped fins 3 mm in diameter.
The spheres were filled with different mass fractions of CuO nanoparticles/paraffin phase change
materials. Experimental CCD was used to model and optimize the spherical thermal storage unit.
Regression models were developed to predict the effects of various operational factors on the melting
time of the composite PCM. The factors in the model included the number of pin fins in the spherical
heat storage unit, the water bath temperature, and the content of added CuO nanoparticles in the
PCM, and ANOVA was used to statistically validate the regression model. The results showed
that the interaction between the water bath temperature and the number of pin fins had the most
significant effect on the melting time. With the melting time of the phase change material as the
optimized objective function, the optimized optimal working condition was six pin fins, a water bath
temperature of 75 ◦C, and the addition of 5 wt% CuO nanoparticles/paraffin phase change material,
and the actual melting time under this condition was 78.9 min, which was lower than the predicted
value of 79.4 min, with an error of 0.63% between them.

Keywords: phase change material; spherical heat storage unit; fin; response surface methodology

1. Introduction

In recent years, phase change thermal storage technology has been used in areas such
as waste heat recovery and solar energy storage to cover the differences in quantity, form,
and space between energy supply and demand. Phase change thermal storage materials
are widely used in latent heat storage because of their high heat storage density, almost
constant temperature during the heat storage/exothermic process, wide melting point
distribution, chemical stability, and corrosion resistance [1]. Paraffin waxes are stable
as phase change materials, free from subcooling and phase separation, cheap, and non-
toxic, but they also have drawbacks, such as low thermal conductivity. With the rapid
development of nanotechnology, the addition of nanoparticles (e.g., CuO [2,3], Al2O3 [4,5],
Fe3O4 [6,7], SiO2 [8,9], etc.) with high thermal conductivity to paraffin wax has become
an emerging means [10]. Chen [11] prepared CuO/paraffin nanopowder composite phase
change materials with mass fractions of 0.01–0.1%. The results showed that the addition
of CuO nanopowder to paraffin wax could greatly improve the solar thermal conversion
capacity by enhancing the light absorption capacity of the PCM. At low mass concentrations
(0–0.1%), the steady-state temperature gradually increased with increasing mass fraction of
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CuO nanoparticles, with a maximum increase of about 2.3 times. A nanocomposite for en-
ergy storage was prepared by Lin [12] by adding 20 nm nanoparticles of Cu to paraffin wax.
The addition of 2.0% Cu nanoparticles to paraffin wax was found to increase the thermal
conductivity of the Cu/paraffin phase change material by 46.3%. Kumar [13] dispersed
ZnO nanoparticles in paraffin and analyzed their thermal properties. The experimental
results showed that ZnO nanoparticles distributed inside the paraffin wax without affect-
ing its chemical structure greatly improved its thermal stability and increased its thermal
conductivity to 41.67% at 2.0 wt%. Pasupathi [14] experimentally investigated the effect of
hybrid nanoparticles containing SiO2 and CeO2 nanoparticles on the thermophysical prop-
erties of paraffin-based phase change materials (PCMs). The experimental results showed
that the mixed nanoparticles spread uniformly in the paraffin matrix without affecting the
chemical arrangement of paraffin molecules. When hybrid nanoparticles were dispersed in
paraffin, the relative thermal stability and relative thermal conductivity of paraffin were
increased synergically, reaching 115.49% and 165.56%, respectively. In addition, the hybrid
nanoparticles appropriately changed the melting point and crystallization point of the
paraffin wax and reduced the degree of supercooling of the paraffin wax; the maximum
degree of supercooling was reduced by 35.81%. Li [15] conducted an experimental study of
the melting and solidification processes and the enhancement of thermal conductivity of
PCM inside a sphere. The enhancement of the thermal conductivity of PCM by aluminum
powder was investigated via homogeneous diffusion and sedimentation methods. The
results showed that the addition of aluminum powder accelerated the melting and solidifi-
cation processes of PCM within the sphere. However, the settling of the aluminum powder
during the melting process was more conducive to accelerated heat transfer throughout
the sphere than the uniform diffusion of the aluminum powder in the PCM.

As the main component of a phase change heat storage system, the phase change unit
is a key part of the heat transfer efficiency of the system, and the heat transfer performance
is closely related to its shape and structure. Common geometries for phase change heat
storage units include square, cylindrical, spherical, and toroidal. The spherical shape has
the largest heat transfer area for the same volume of heat storage unit. Ismail [16] visualized
the solid–liquid interface inside a spherical capsule through experiments and numerical
simulations. Asker [17] performed a numerical analysis of the inward solidification of PCM
in spherical capsules. The results show that large-diameter spherical capsules have longer
solidification times than small-diameter capsules. The entropy generation increases with
increasing spherical capsule diameter and decreases after reaching a maximum.

The enhancement of heat transfer by adding fins to the heat storage unit has been
investigated [18]. Li [19] installed fins on PCM shells in horizontal and vertical directions.
The results showed that the triple fins in the vertical direction and double fins in the hori-
zontal direction had the best melting enhancement for PCM with the best fire use efficiency.
Koizumi [20] inserted copper plates inside spherical capsules to improve the latent heat
storage rate of solid PCM and found that the latent heat storage rate was significantly
increased. Bouguila [21] proposed a novel heat sink model consisting of nano-enhanced
phase change materials and pin fins for the thermal management of electronic devices. The
effects of fin thickness and fin number on the performance of PCM fins were investigated.
The results showed that the increase in fin volume fraction and nanoparticle concentration
did not improve the performance of the heat sink. Because of the high thermal conductivity
of the fin, the dispersion of nanoparticles in the fin radiator had no significant effect on
the thermal response. Fan [22] investigated the heat transfer process of PCM-confined
melting in spherical capsules through experiments and numerical simulations and found a
30% reduction in melting time when the largest fin height was used. Aziz [23] used Ansys
CFX to simulate the heat storage and release of PCM encapsulated in spheres, using pins
and copper plating to improve the heat transfer of PCM within the spheres. The results
showed that copper-plated spheres with pins had a 37% reduction in phase transition
time compared to normal PCM spheres. Premnath [24] experimentally investigated frozen
water in stainless-steel spherical containers with inner fins of different lengths. The results
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show that in a spherical vessel with a diameter of 75 mm, it is recommended to install
four 13.5 mm–long heat sinks to achieve maximum heat flux.v. The highly conductive fins
helped accelerate the phase change and obtain the best energy-saving effect. Meghari [25]
investigated the melting process of PCM inside a spherical capsule using numerical sim-
ulation. The melting processes of regular fins and hollow fins at different angles were
compared. The results showed that the fins and their geometry play a key role in the
melting process. Changing the inclination angle of the fins does not always enhance the
heat transfer. However, adding hollow fins is more effective than regular fins. Sharma [26]
investigated the effect of fin position within a spherical capsule on melting time, with
an enhancement of 107.28% when the fins were centrally located. Lou [27] studied the
strengthening effects of metal foams and fins on ice storage spheres through numerical
simulations. The temperature field, ice front evolution, solidification fraction, total solidifi-
cation time, and cold storage capacity under four different strengthening modes (plane,
fins, metal foam, and metal foam composite fins) were analyzed, and the optimal porosity
was obtained. Amin [28] studied the enhanced heat transfer of a single PCM sphere in
TES systems. The results showed that adding pins to the sphere reduced the charging
time by 34%. Sun [29] proposed a new double-layer spherical phase change heat storage
structural unit and investigated the effect of fins on its melting behavior by numerical
simulation to elucidate the mechanism of enhanced heat transfer coupling between dual
local natural convection and heat conduction in the spherical heat storage unit. Combining
factors such as complete melting time and entropy production, the optimal installation
position of the fins was determined as the outer side of the inner sphere. The optimal
combination of double-layer spherical fins was obtained through single-factor analysis of
the number, height, and thickness of double-layer spherical fins. For a spherical capsule
with an outer diameter of 50 mm and an inner diameter of 30 mm, the optimal combination
of fin parameters was Num = 3, H/L = 80%, and D = 0.5 mm.

Based on the above studies, it can be seen that there are various methods to enhance
thermal storage technology. There are studies conducted for phase change materials,
and there are also studies on the strengthening of thermal storage structures. However,
mostly only one of the enhanced methods has been analyzed, with a lack of research on
the combination of multiple factors. Doss [30] investigated the effect of fin length, bath
temperature, and frozen mass on solidification time using the RSM. The results of the
study are instructive for this paper. This study focuses on the addition of pin fins inside a
spherical heat storage unit filled with nanocomposite phase change materials and uses the
response surface method to comprehensively analyze the effect of different means on the
enhanced heat transfer effect.

The objectives of this study were to (a) investigate the effect of pin fins on the melting
characteristics of PCM in spherical thermal storage units; (b) determine the parameters
affecting the melting time of PCM; and (c) develop a regression model for the melting time
of PCM and predict new data after experimental confirmation.

2. Experimental Procedure
2.1. Design of Experiments

Paraffin mainly comprises straight-chain compounds. The latent heat and temperature
of the phase transition of paraffin change with the growth of the carbon chain and increase
with the growth of the carbon chain under normal circumstances. As the carbon chain
grows and the melting point increases, the growth rate starts out fast, but it becomes slower
and slower as the chain increases. However, the thermal conductivity of paraffin wax
is low. Obviously, this lower thermal conductivity results in a low heat storage/release
rate. In order to solve the problems of the low thermal conductivity, uneven temperature
distribution, and low heat storage/release rate of pure paraffin PCMs, this study used
composite PCMs to improve the thermal performance of paraffin PCMs.

Paraffin wax was used as the phase change material. With the “two-step” method, a
certain amount of paraffin wax was weighed into a beaker and then placed in a constant
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temperature water bath at 80 ◦C to melt the paraffin wax completely, while a certain
amount of CuO nanoparticles were weighed and added to the melted paraffin wax. The
CuO nanoparticles were added to the melted paraffin wax and stirred with a magnetic
stirrer for 30 min to make them fully integrated and then treated with an ultrasonic shaker
for 60 min to disperse the CuO nanoparticles evenly in the paraffin wax to prepare a
CuO/paraffin wax composite phase change material. Figure 1 shows the variation curve of
the latent heat of phase transition of CuO/paraffin wax composite phase change materials
in the case of different mass fractions measured using DSC.
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Figure 1. Curve of latent heat of phase change materials using DSC.

Two 304 stainless-steel hemispherical vessels were selected and flanged externally,
and the two hemispheres were encapsulated into a complete spherical vessel using bolts,
resulting in the spherical shell of the phase change heat storage unit used in this study. The
inner diameter of the sphere was 97 mm, the thickness was 1.5 mm, and the sphere was
welded with 3 mm–diameter pin fins made of aluminum alloy in quantities of 2, 4, and 6,
as shown in Figure 2.
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Figure 2. Distribution of fins inside the phase change heat storage sphere.

The composite phase change materials filled the heat storage sphere through small
holes in the top of the sphere shell. The sphere shell was heated using an electric heating
furnace to completely melt the composite phase change materials, which were added to
the sphere in small quantities. Considering the thermal expansion of the phase change
materials, the filling was terminated when the liquid phase change materials filled in the
spheres reached a fixed height to ensure that no overflow would occur.

The experimental test system for melting within a spherical heat storage unit is shown
in Figure 3. It mainly consisted of a constant temperature water bath, TP700 multi-channel
data logger, thermocouples, and a heat storage sphere. K-type thermocouples were used for
temperature testing and were arranged inside the sphere to record the internal temperature
changes of the phase change materials during the melting process in real time. The locations
of the thermocouples are shown in Figure 3. The duration the temperature at all monitoring
points took to reach a steady-state value of 0.99 was taken as the melting time.
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Figure 3. Diagram of melting experiment system.

At a water bath temperature of 70 ◦C, the temperature variation of pure paraffin with
three fin quantities is shown in Figure 4a. Figure 4b shows the temperature variation in
the heat storage unit for different mass fractions of CuO. For all cases, at the beginning of
melting, the heat in the water bath was transferred to the solid PCM, which absorbed heat
and warmed up. When the temperature approached the phase change temperature, the
solid PCM started to undergo phase change, and all the absorbed heat was used for latent
heat. Thus, the temperature underwent a period of slower change. When the solid PCM
phase change was completely transformed into liquid PCM, the absorbed heat made the
liquid PCM temperature rise. At the same time, owing to the influence of natural convection,
the hotter liquid PCM moved to the upper part of the sphere so that the temperature of
measurement point 3 rapidly rose to the water bath temperature and tended to stabilize. As
the number of fins/CuO mass fraction increased, the heat transfer to measurement point 3
was faster, and the final time to reach the water bath temperature was shorter.
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2.2. Design of RSM

Response surface methodology (RSM) has been widely used in recent years for experi-
mental design and optimization. RSM is an optimization method for experimental design
that combines mathematics and statistics to enable correlation between the independent
and dependent variables. The optimal working conditions are determined by analyzing
the mathematical model established using RSM. Central composite design (CCD) is one of
the most widely used experimental design methods in RSM that helps reduce the number
of experiments used to achieve optimal conditions and analyze the interactions between
parameters. In this study, CCD was applied to optimize the design of the complete melting
time of phase change materials. The number of pin fins (N), water bath temperature (T),
and the content of CuO in the nanocomposite phase change materials (M) were used as the
factors for the study, and the effect of the three parameters on the complete melting time
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was analyzed using the response surface methodology. According to the central composite
design principle, the values of three parameters were designed: 1 ≤ N ≤ 7, 62 ◦C ≤ T ≤ 78 ◦C,
and 0 wt% ≤ M ≤ 6 wt%. The real values of each parameter were code-transformed to
facilitate response surface analysis. After the coding conversion to determine the range
of values, specific experimental conditions were designed, and the experiments were ar-
ranged on the melting test system according to the designed experimental conditions. The
experimental data under each experimental condition were recorded. The coding levels
of the influence factors of the operational parameters are shown in Table 1, and Table 2
shows the design scheme and results. For the measurement error of the measurement time,
the experiment was conducted three times for each group under the same experimental
conditions, and the melting time in Table 2 is the mean value of the three experiments.
Table 3 shows the uncertainty analysis that existed during this experimentation

Table 1. Actual and coded values of the independent variables used for the experimental design.

Variable Symbol
Real Values of Code Levels

−α −1 0 1 −α

N X1 1 2 4 6 7
T (◦C) X2 62 65 70 75 78

M (wt%) X3 0 1 3 5 6

Table 2. CCD experimental design and the obtained responses.

Run
Number

Design Factors Responses

X1 X2 X3
t (min)

N T (◦C) M (wt%)

No. Actual Code Actual Code Actual Code

1 6 +1 65 −1 1 −1 101.0
2 6 +1 65 −1 5 +1 97.3
3 6 +1 75 +1 1 −1 86.9
4 6 +1 75 +1 5 +1 78.9
5 2 −1 65 −1 1 −1 110.8
6 2 −1 65 −1 5 +1 106.9
7 2 −1 75 +1 1 −1 99.7
8 2 −1 75 +1 5 +1 93.6
9 7 +1.68 70 0 3 0 86.7
10 1 −1.68 70 0 3 0 99.8
11 4 0 78 +1.68 3 0 87.9
12 4 0 62 −1.68 3 0 105.8
13 4 0 70 0 6 +1.68 99.7
14 4 0 70 0 0 −1.68 96.8
15 4 0 70 0 3 0 94.4
16 4 0 70 0 3 0 94.8
17 4 0 70 0 3 0 95.6
18 4 0 70 0 3 0 93.5
19 4 0 70 0 3 0 93.0
20 4 0 70 0 3 0 94.6

Table 3. Uncertainty analysis.

Quantities Uncertainties

Diameter ±0.02 mm
Temperature ±0.5 ◦C

Mass ±0.001 g
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3. Results and Discussion

The experimental CCD included 20 groups. Groups 1–8 were orthogonal designs,
and groups 9–14 formed a central composite design with α = ±1.68. Groups 15–20 were
centroid designs used to estimate the experimental error. The experimental data obtained
from Table 2 were analyzed using the second-order polynomial model obtained from
Equation (1).

y = β0 +
3

∑
i=1

βiXi +
3

∑
i=1

βiiXi
2 + ∑

j

3

∑
i=1 i<j

βijXiXj + ε (1)

where y is the predicted response value; Xi and Xj are coded independent variables; β0,
β1,..., βk, βij are regression coefficients; and ε is the statistical error. The least-squares
method was used to determine the regression coefficients β. For each response, regression
coefficients were obtained using coded variables, and then regression coefficients were
calculated for the actual variables. Analysis of variance (ANOVA) was used to determine
the valid parameters of the model and to interpret its significance.

After the regression fitting of each operational parameter, the regression model for the
coding level of the complete melting time t is obtained as

t = 94.04 − 5.32X1 − 6.52X2 − 2.53X3 − 1.01X12 − 0.2125X13 − 0.8125X23
+0.2274X1

2 + 1.54X2
2 + 0.3385X3

2 (2)

The regression model for the actual level of complete melting time is

t = 458.09 + 4.13N − 9.30T + 4.13M − 0.101NT − 0.053NM − 0.081TM
+0.057N2 + 0.062T2 + 0.085M2 (3)

From Equation (2), it can be seen that the water bath temperature has a greater effect
on the melting time because the absolute value coefficient of the water bath temperature is
greater than the absolute value coefficient of the number of pin fins and the mass fraction of
CuO nanoparticles. Although the three primary term coefficients are negative, the required
melting time is as short as possible, so all three factors have a coordinating effect on the
complete melting time. In the actual level of the quadratic regression mathematical model,
comparing the magnitude of each interaction term coefficient, the order of interaction
between interaction term factors can be derived from Equation (3), which shows that the
order of interaction between interaction factors is M2 > T2 > N2 > NT > NM > TM.

Table 4 shows the ANOVA data for the complete melting time. The F-value was used
to determine the statistical significance of the second-order regression model. When p < 0.05,
the corresponding parameters were all significant, and when p < 0.0001 and F = 34.37 in
the complete melting time model, the model was apparently significant. The coefficient
of determination R2 is the ratio of the response contribution of the regression model, and
the closer it is to one, the higher the model explanation. R2 = 0.9687. This indicates that
more than 96.87% of the data deviations can be explained. The adequacy of the model
can be tested by the correction decision coefficient R2

adj, and R2
adj = 0.9405, indicating a

strong interaction between the predicted response values and the experimental results. AP
is defined as a measure of the ratio of signal to noise, and AP > 4 is desirable. The model
has AP = 22.2023, indicating that the regression equation is well-adapted.

Table 4. Results of ANOVA.

Source Sum of
Square

Degree of
Freedom

Mean
Square F-Value p-Value R2 Adjusted R2 Adequate

Precision

Model 1036.96 9 115.22 34.37 <0.0001 0.9687 0.9405 22.2023
Error 4.37 5 0.8737 - - - - -
Total 1070.48 19 - - - - - -



Appl. Sci. 2023, 13, 8595 8 of 13

The residuals are the values fitted by the regression model subtracted from the ex-
perimental measurements. The smaller the residuals, the more accurately the regression
model describes the experimental results. Figure 5a shows the relationship between the
experimental values and the response prediction values. From the ideal linear distribution
curve, we can see that the experimental and simulated values are basically distributed
along a straight line, indicating that the experimental and simulated values are highly fitted.
A normal plot of the experimental residuals can be used to determine the fit of the model,
as shown in Figure 5b, which shows the fit of the residuals to the standard deviation. If the
distribution of points on the plot is a straight line, the residuals are normally distributed.
As can be seen from the figure, most of the experimental values fall on the predicted values
in a linear distribution, indicating that the model fits the actual results well. Figure 5c,d
shows the relationship between the residuals and the predicted values. The points in the
diagnostic plot that are beyond the upper and lower boundary lines are anomalies, and
these anomalies can indicate whether the model has large deviations. It can be seen from
the figure that no points are located outside the boundary line, indicating that the model
and the data match. Moreover, there are no large interference points in the model points,
and the distribution of model points is also concentrated, so the model diagnostic plot
results match the ANOVA data.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 9 of 14 

 

Model 1036.96 9 115.22 34.37 <0.0001 0.9687 0.9405 22.2023 

Error 4.37 5 0.8737 - - - - - 

Total 1070.48 19 - - - - - - 

The residuals are the values fitted by the regression model subtracted from the ex-
perimental measurements. The smaller the residuals, the more accurately the regression 
model describes the experimental results. Figure 5a shows the relationship between the 
experimental values and the response prediction values. From the ideal linear distribution 
curve, we can see that the experimental and simulated values are basically distributed 
along a straight line, indicating that the experimental and simulated values are highly 
fitted. A normal plot of the experimental residuals can be used to determine the fit of the 
model, as shown in Figure 5b, which shows the fit of the residuals to the standard devia-
tion. If the distribution of points on the plot is a straight line, the residuals are normally 
distributed. As can be seen from the figure, most of the experimental values fall on the 
predicted values in a linear distribution, indicating that the model fits the actual results 
well. Figure 5c,d shows the relationship between the residuals and the predicted values. 
The points in the diagnostic plot that are beyond the upper and lower boundary lines are 
anomalies, and these anomalies can indicate whether the model has large deviations. It 
can be seen from the figure that no points are located outside the boundary line, indicating 
that the model and the data match. Moreover, there are no large interference points in the 
model points, and the distribution of model points is also concentrated, so the model di-
agnostic plot results match the ANOVA data. 

  

(a) (b) 

  

(c) (d) 

Figure 5. The diagnostic plots of RSM models: (a) actual vs. predicted values for complete
melting time; (b) normal probability plots; (c) residuals vs. experimental runs; (d) residuals vs.
predicted values.

Response surfaces are used to analyze the interaction between the factors and the
optimal response values at the optimal factor conditions. Using Design-Expert 13.0, 3D
surface plots of the response values were obtained, and the contour lines were circular for
insignificant interaction of the two factors and elliptical for significant interaction. The
melting time of PCM in a spherical thermal storage unit is affected by the number of pin
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fins, the water bath temperature, and the content of CuO nanoparticles, all three of which
have a synergistic effect on the complete melting time.

Figure 6 shows the effect of the number of pin fins and the water bath temperature
on the melting time. The complete melting time decreases with increasing the number
of pin fins and increases with decreasing the water bath temperature, and the water bath
temperature has a greater effect on the melting time than the number of pin fins. This is
because the melting of PCM is mainly influenced by temperature; the higher the external
ambient temperature, the faster the PCM reaches the phase change point. Therefore, if the
water bath temperature is high, the heat that can be absorbed by the PCM in the spherical
unit increases; the melting rate is faster, and the melting time decreases. During the melting
of the phase change material, the melting of the material in the units is faster because of
the large temperature difference between the inner wall of the sphere and the solid phase
change material, and the heat transfer is mainly heat conduction. As melting proceeds, the
thickness of the liquid PCM layer increases, leading to an increase in thermal resistance and
resulting in a gradual decrease in the melting rate. At this point, the addition of internal pin
ribs is equivalent to increasing the heat transfer area in contact with the inside of the sphere,
which speeds up the melting process to a certain extent and shortens the melting time.
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temperature on the complete melting time.

Figure 7 shows the interaction effect of the number of pin fins and the mass fraction of
CuO nanoparticles, which is not significant, as shown by the circular shape of the contour
plot. From Equation (2), it is clear that the number of pin fins has a greater effect on the
melting time of PCM than the CuO nanoparticles content. The melting process of PCM
within an externally heated spherical unit is quite complex. The unmelted solid moves
because of the density difference between the solid and liquid phases, and typically, contact
melting occurs at the bottom of the spherical unit because of the sinking of the heavier solid
PCM. At this time, adding pin fins inside the spherical unit speeds up the melting of the
internal PCM, and the more pin fins, the stronger the internal heat transfer effect, which
correspondingly shortens the melting time of the PCM.
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The increase in water bath temperature and the increase of CuO nanoparticles content
in Figure 8 both accelerate the melting of PCM within the spherical thermal storage unit
accordingly. The addition of CuO nanoparticles increases the thermal conductivity of
PCM and enhances the melting heat transfer within the spherical thermal storage unit.
However, the change in thermal conductivity has a relatively small effect on the melting
time compared to the increase in water bath temperature.
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The main objective of optimization using the response surface method is to obtain
the shortest melting time. Within the range of values of the three factors, the optimum
combination is chosen such that the value of melting time t is minimized. Optimization
analysis of the system was carried out using Design-Expert software to obtain the optimum
level of influence factors of the system as well as the optimum melting time t.

The predicted value of t was 79.7 min, and the optimal level of each influence factor
was obtained from the optimization analysis: N = 6, T = 75 ◦C, and M = 5 wt%. In this study,
response surface methodology was applied to simulate and optimize the operational impact
parameters of the melting process in a spherical thermal storage unit with a minimum
number of experiments, and the mathematical analysis of variance of the response surface
model verified the accuracy of the model. Experiments showed that the response surface
method is accurate and reliable for optimizing the operational parameters of PCM melting
in spherical thermal storage units.

4. Conclusions

In this study, by building an experimental system for melting spherical heat storage
units, selecting the number of pin fins, water bath temperature, and the content of CuO
nanoparticles added in paraffin as variables and the melting time of composite PCM
as the target value, the following conclusions were obtained using the response surface
methodology to optimize the target value:

(1) CCD was used to design the experimental conditions, and the data were imported
into Design-Expert software to obtain the quadratic polynomial regression model
of melting time. The analysis of variance showed that the regression model was
significant, and the comparison analysis between the experimental and predicted
values of melting time further proved that the obtained model had high reliability in
fitting the melting time throughout the experimental design range.

(2) The effect of the interaction between the factors on the melting time was analyzed
using the response surface methodology. Among them, the water bath temperature
has a large effect on the response value of PCM melting time in the spherical heat
storage unit, and the interaction between the water bath temperature and the number
of pin fins has the most significant effect on the melting time. The addition of CuO
nanoparticles enhances heat transfer, but the effect is not particularly significant
compared to the other two influencing parameters.

(3) Using the optimal module of Design-Expert software, the optimal operating condi-
tions of the system were obtained as follows: six pin fins were added to the spherical
thermal storage unit, the water bath temperature was 75 ◦C, the mass fraction of CuO
nanoparticles was 5 wt%, and the melting time of PCM was the shortest, 79.7 min.
Using the response surface method, a model for predicting the melting time was fur-
ther developed, and the results of this study are useful for the design of the spherical
thermal storage unit. The results of this study will have a guiding significance for the
design of spherical thermal storage units.

Computational analysis using the RSM is used to improve and optimize the statistical
properties of the optimization objective to some extent. This research has achieved some
results; however, there is still some distance from the practical application. The spherical
phase change heat storage unit is not used alone in practical applications, and subsequent
research should continue to explore other influencing factors that may affect the heat storage
and release performance of the spherical phase change heat storage unit for in-depth study.
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