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A B S T R A C T   

The heat transfer performance of most cold thermal energy storage (CTES) devices is limited by the low thermal 
conductivity of phase change materials (PCMs) and the increase in the thickness of PCMs. A comparative work 
was performed to explore the heat transfer performance of CTES systems with a fin structure (Fin-CTES) and a 
fin–foam structure (Fin–foam-CTES). The heat transfer performance, temperature distribution, and thermal 
effectiveness of Fin-CTES and Fin–foam-CTES at different inlet temperatures and volume flow rates of heat 
transfer fluid were investigated and compared. Results demonstrated that the overall heat transfer performance 
of Fin–foam-CTES is better than that of Fin-CTES. However, compared with the PCM in Fin-CTES, that in 
Fin–foam-CTES has a greater degree of supercooling, reaching 4.35 ◦C at the maximum. In the discharging 
(melting) process, Fin-CTES and Fin–foam-CTES have almost similar heat transfer effectiveness, in which the 
maximum difference is only 0.0107. That is, the enhanced heat transfer effect of the natural convection of the 
liquid PCM and the metal foam is basically the same during the discharging process.   

1. Introduction 

With the economic development and the rapid urbanization, the 
demand for and the consumption of commercial electric power have 
gradually increased worldwide. The peak of urban power grids is also 
increased in the requirements of new large buildings and building 
comfort. Therefore, the safety and stability of power supply are facing 
great challenges due to the peak–valley difference of power grids. To 
ensure the safety and stable operation of grids, power load adjustment is 
crucial [1,2]. 

Power load adjustment includes the supply-side adjustment of the 
means of expanding/adjusting power generation equipment and the 
demand-side adjustment of the means of transferring/adjusting elec-
tricity time. Given that the former is restricted by investment and fossil 
energy consumption/pollution, the latter has received increasing 
attention gradually [3]. As the main source of peak commercial power 
consumption, the operating load for air conditioning accounts for 20%– 
40% of the commercial electricity load; thus, adjusting the air condi-
tioning time is beneficial to load shifting [4,5]. Load shifting with a 

diurnal cool storage system is the technology of storing the cold of night 
and releasing the cold energy during the day, and it is an effective means 
of weakening the peak of power [6]. 

As an important part of load shifting with a diurnal cool storage 
system, a cold thermal energy storage (CTES) system with high heat 
transfer efficiency ensures the high efficiency of the system [7]. Water is 
widely used as a phase change material (PCM) for cold storage due to its 
advantages of low cost, easy availability, and large latent heat of phase 
change. Researchers have developed various ice cold storage devices, 
including coil type [8,9], encapsulation type [10], sleeve type [11], tube 
bundle type [12], and heat pipe type [13], to meet the needs of cold 
storage air conditioners. 

However, the challenge in the above structure is that the heat 
transfer rate gradually decreases with the increase in the thickness of the 
ice layer, and the evaporation temperature of the refrigerator will also 
decrease [14]. The methods of extending the heat exchange area 
[15,16], optimizing the structure [17,18], and utilizing composite PCMs 
[19,20] have been adopted to solve this problem. Jannesari [15] used 
experiments and simulation methods to study the influence of the 
structural parameters of two CTES systems with annular fins or rings on 
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ice solidification rate. The results showed that compared with a bare 
tube, the annular fins and rings could increase the solidification rate of 
ice by 21% and 34%, respectively. Zheng [16] established a numerical 
model of concentric tube CTES and studied the effects of different pipe 
diameters and materials on the ice melting and solidification behavior. 
The results indicated that increasing the tube diameter could accelerate 
the heat transfer rate of ice, but increasing the thermal conductivity of 
the tube would not significantly improve the heat transfer rate. Kayan-
sayan [17] used experimental and numerical simulation methods to 
study the effects of different structural parameters of a fin tube, 
including fin spacing and size, on the melting and solidification rates of 
ice. The results showed that compared with the energy storage rate of a 
bare tube, that of a fin tube with a fin density of 31 fins/m and a 
dimensionless diameter of 3.2 was increased by more than 45%. Hamzeh 
[18] established a two-dimensional ice-on-coil numerical model and 
studied the influences of fin structural parameters, fin number, and tube 
arrangement on the thermal performance of CTES. The author found 
that the number and height of fins were the main factors affecting the 
thermal performance. Yang [19] used experiments and numerical 
simulation methods to study the solidification behavior of a composite 
PCM of copper foam–water at different porosities and pore densities. 
The results showed that the porosity of the foam was the dominant factor 
affecting the thermal performance of CTES. To study the influence of 
metal foam contact conditions on the thermal performance of CTES, 
Feng [20] tested the solidification performance of composite PCMs of 
foamed copper–water under three contact conditions: natural contact, 
pressure contact, and high-thermal-conductivity silicone bonding. The 
results showed that the CTES had a similar solidification rate under the 
above three contact conditions. However, Feng [20] ignored the effect of 
contact conditions on PCM supercooling and only considered the effect 
on ice growth. 

The methods of using fins to expand the heat transfer area and using 
foam–water composite PCM are two common ways to enhance the heat 
transfer rate of CTES. Comparison of these two methods shows that 
metal fins, which are characterized by high thermal penetration, can 
transmit heat through PCM rapidly but cannot improve the heat diffu-
sion rate of PCM. The unique structure of metal foams with high porosity 
and high specific surface area is conducive to the heat diffusion of PCM, 

but the thermal penetration is relatively weak. A new structure that 
combines fin and metal foam should be developed, given that this 
structure may have the advantages of the fin and metal foam. In [21], 
Fang used an experimental method to study the solidification charac-
teristics of ice in a CTES system with a fin–foam structure. The author 
considered the impact of the structural parameters of fin size and 
number on the performance of CTES with fin–foam. The results showed 
that the solidification rate of ice could be accelerated when a fin was 
inserted into the metal foam. Fins would strengthen the natural con-
vection of liquid PCM, whereas metal foams would inhibit that [22]. 
However, Fang only studied/compared the heat transfer performance of 
CTES systems with a pure foam copper structure and a fin–foam struc-
ture. The heat transfer performance of CTES systems with a fin–foam 
structure and a pure fin structure was not evaluated in the comparative 
study, and only the solidification (charging) process was studied by the 
author. Whether the heat transfer performance of a CTES system with a 
fin–foam structure is better than that of a CTES system with a pure fin 
structure is worth exploring. 

For filling the abovementioned research gaps, this study established 
two CTES systems with straight fins (Fin-CTES) and with fin–foam 
(Fin–foam-CTES) as enhanced heat transfer measures. The heat transfer 
performance, temperature distribution, and thermal effectiveness of Fin- 
CTES and Fin–foam-CTES were investigated and compared. The main 
contributions of this study are as follows: 

1. A metal foam and straight fin coupled heat transfer structure was 
used to accelerate the output of cold energy. 

2. The heat transfer performance of Fin-CTES and Fin–foam-CTES in 
the charging and discharging processes was compared, which provided a 
reference for the design of related CTES. 

This research first elucidated the experimental device. Then, the 
charging and discharging performance of Fin-CTES and Fin–foam-CTES 
at different inlet temperatures and volume flow rates of heat transfer 
fluid (HTF) was experimentally studied. Lastly, effectiveness was used to 
evaluate/compare the heat transfer performance of Fin-CTES and 
Fin–foam-CTES structures. 

2. Experimental setup and procedure 

2.1. Experimental setup 

The schemes for the experimental setup are shown in Figs. 1, 2, and 
3. Both devices had a multichannel flat tube with tiny fins as HTF 
channels. A glycol–water solution with a volume concentration of 30% 
was used as HTF. Distilled water was used as PCM and encapsulated into 
the gap of fins or foamed metal with polycarbonate plates. The differ-
ence between the two devices was that one used straight fins to enhance 
the heat transfer on the ice side (Fin-CTES), whereas the other added 
foam iron in the fin gap (Fin–foam-CTES). To reduce the contact thermal 
resistance, thermal silica with thermal conductivity of 1.2 W/(m⋅K) was 
used to attach straight fins to the surface of the multichannel flat tube. In 
Fin–foam-CTES, a natural contact existed between the foam iron and the 
straight fins, and no adhesive was used. To make the heat exchange 
performance of Fin-CTES and Fin–foam-CTES comparable, the same 
mass (2.6 kg) of distilled water was filled into the two devices. In 
consideration of the volume expansion of PCM during solidification, the 
filling rates for liquid PCM of the two devices were 89% and 92%. The 
actual volume ratio of metal in the iron foam was 1.58% (the ratio of the 
volume of metal to the volume of the test section of CTES). The struc-
tural parameters of the multichannel flat tube, straight fin, and foam 
iron are shown in Table 1. The physical properties of the glycol–water 
solution (with 0 ◦C as an example) and foam iron are shown in Table 2. 

2.2. Experimental system 

A schematic of the experimental setup is presented in Fig. 4. The 
system mainly consisted of three parts: 

Nomenclature 

CTES Cold thermal energy storage 
HTF Heat transfer fluid 
PCM Phase change material 

Dimensional variables 
cp Specific heat capacity (J/kg⋅◦C) 
H Latent heat (J/kg) 
Re Reynolds number 
t Time (s) 
T Temperature (◦C) 
Ste Stefan number 
x Independent variable of equipment 
y Experimental result 
ε Effectiveness 
ε Average effectiveness 

Subscripts 
in Inlet 
i / n Number of independent variables 
pcm Phase change material 
out Outlet 
u Supercooling  
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(1) The tested device, Fin-CEST or Fin–foam-CEST, was wrapped in 
insulation cotton to reduce heat loss.  

(2) The HTF circulation system mainly included a low-temperature 
ethylene glycol bath, a valve, a flowmeter, and a PVC pipeline. 
The ethylene glycol bath served as a cold/heat source 
(− 10 ◦C–90 ◦C) and provided the circulating power for HTF at the 
same time. 

(3) The data acquisition system was composed of resistance ther-
mometers, a data collector, and a computer. 

The experiment was mainly divided into two processes: cold storage 
and cold release. The solidification process of PCM was the filling of cold 
energy, hereinafter referred to as “charging.” On the contrary, the 
melting process of PCM was the release of cold energy, hereinafter 
referred to as “discharging”. The thermal performance of the two devices 
under different inlet temperatures and HTF flow rates was tested and 

compared. Table 3 shows the accuracy and error of the measurement 
parameters of the experimental instrument. 

Figs. 5 and 6 respectively present the positions of resistance ther-
mometers for temperature measurement in Fin-CTES and Fin–foam- 
CTES. From Fig. 5, nine resistance thermometers (T101, T102, T103, 
T104, T105 and T106, T107, T103, T108) were evenly arranged in the 
length (gravity) and width (horizontal) directions of the straight fin to 
monitor the temperature changes of PCM. Three resistance thermome-
ters (T109, T103, and T110) were arranged in the height direction of the 
straight fin. Four resistance thermometers were arranged at the inlet 
(T111 and T112) and outlet (T113 and T114) of the device to monitor 
the energy transfer of HTF. The arrangement of resistance thermometers 
in Fin–foam-CTES was similar, but the number started with T3-. 

Fig. 1. Structure of Fin-CTES.  

Fig. 2. Structure of Fin–foam-CTES.  
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2.3. Error analysis 

The measurement error of the experimental instruments was the 
cause of the relative error of the experimental data. If the data y were a 
function of independent variables x1, x2, x3, …, xn, then 

y = xa1
1 xa2

2 xa3
3 ⋅⋅⋅xan

n (1) 

The relative error was defined as [23] 

wy

y
=

[
∑n

i=1

(
aiwxi

xi

)2
]1

2

(2)  

where wy and wxi are the uncertainty in y and the measurement of in-
dependent variable xi, respectively. i and n are the numbers of inde-
pendent variables. Effectiveness, a dimensionless performance 
parameter, was used to evaluate the heat transfer performance of CTES 
(Eq. (3)). With reference to Table 3 and Eq. (2), the maximum relative 
errors of the effectiveness of Fin-CTES and Fin–foam-CTES in the 
charging and discharging processes were 7.81% and 5.96%, 
respectively. 

3. Results and discussion 

3.1. Temperature distribution within CTES systems 

Fig. 7 presents the temperature distribution of PCM in the gravity 
direction in Fin-CTES and Fin–foam-CTES during the charging process. 
The inlet temperature and flow rate of HTF of both devices are − 5 ◦C 
and 1 L/min, respectively, and the initial temperature of the two devices 
is the same at 5 ◦C. 

From Fig. 7, the solidification process can be divided into three 
stages: sensible heat stage (stage 1), subcooling stage (stage 2), and 
solidification stage (stage 3). The sensible heat stage is when the liquid 
water drops from 5 ◦C to 0 ◦C. The supercooling stage is further divided 
into nucleation and grain growth stages. The solidification stage is 
mainly the formation and spread of solid ice. The temperature of the 
PCM in both devices is basically consistent before 75 min. After 75 min, 
the liquid PCM in CTES gradually completes the solidification process in 
the order from the bottom to the top. The temperature distribution in 
CTES does not change significantly in the charging (solidification) 
process after a metal foam is added. The straight fins, which are char-
acterized by high thermal penetration, dominate the heat transfer on the 
PCM side in both devices. However, the supercooling degree of PCM (Tu) 
near T301 in Fin–foam-CTES is significantly higher than that in Fin- 
CTES, reaching 4.35 ◦C. In Fin-CTES and Fin-foam-CTES, solid ice is 
first produced on the fin wall and substrate surface. The difference is 
that in Fin-foam-CTES, metal foam promotes the rapid transfer of heat 

Fig. 3. Setup images of Fin-CTES and Fin–foam-CTES.  

Table 1 
Structural parameters of the multichannel flat tube, straight fin, and foam iron.  

Parameters Value 

Straight fin pitch 7 mm 
Straight fin thickness 1 mm 
Straight fin size (length × width × height) 450 mm × 110 mm × 28.3 

mm 
Multichannel flat tube size (length × width ×

height) 
600 mm × 120 mm × 7 mm 

Single channel size (length × width × height) 450 mm × 5 mm × 5 mm 
Number of flat tube channels 21 
Foam iron porosity 96% 
Foam iron PPI 8 
Foam iron size (length × width × height) 450 mm × 6 mm × 26 mm  

Table 2 
Physical properties of the glycol–water solution (with 0 ◦C as an example), fin, 
and foam iron.  

Physical properties Value 

Thermal conductivity of iron foam 43.2 W/(m⋅K) 
Density of iron foam 7790 kg/m3 

Specific heat capacity of iron foam 470 J/(kg⋅K) 
Thermal conductivity of fin 162 W/(m⋅K) 
Density of fin 2660 kg/m3 

Specific heat capacity of fin 871 J/(kg⋅K) 
Thermal conductivity of glycol–water solution 0.429 W/(m⋅K) 
Density of glycol–water solution 1051.78 kg/m3 

Specific heat capacity of glycol–water solution 3890 J/(kg⋅K) 
Dynamic viscosity of glycol–water solution 0.00415 Pa⋅s  
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from liquid water that has not reached the phase transition temperature 
to the fin and substrate surface, causing the liquid-cooled this way to 
undergo a metastable state when it reaches the nominal phase transition 
point. Hence, it should be pointed out that all phase change occurs in 
metastable conditions. In the metastable region, substances cannot 
spontaneously change phase, they are influenced by external impurities/ 

structures and energy [24]. The metal foam’s unique porous structure 
increases the metastable ice formation time. That is, the nucleation and 
nucleation growth of this part of the liquid will be delayed, resulting in 
more proactive cooling below the nominal solidification point. In Fin- 
CTES that without metal foam, the fin and substrate surface cannot 
suck heat from the liquid as fast as that in Fin-foam-CTES. Therefore, the 
metastable condition time emphasized above will be shorter, while the 
sub-cooling phenomenon will be less evident. 

Fig. 8 illustrates the temperature distribution of PCM in the gravity 
direction in Fin-CTES and Fin–foam-CTES during the discharging pro-
cess (melting). Fig. 9 shows the field maps of Fin-CTES and Fin–foam- 
CTES during charging and discharging. The inlet temperature and flow 
rate of HTF of both devices are 10 ◦C and 1 L/min, respectively, and the 
initial temperature of the two devices is the same at − 5 ◦C. T101 and 
T301 indicate that the melting rate of PCM in Fin–foam-CTES is faster 

Fig. 4. Schematic of the experimental system.  

Table 3 
Accuracy/error of the instruments used in the experiment.  

Name Model Range Accuracy 

Ethylene glycol bath DTY-20 − 10 ◦C–90 ◦C ± 0.1 ◦C 
Agilent (data collector) 34970A – – 
Resistance thermometer PT100 − 50 ◦C–200 ◦C ± 0.2 ◦C 
Flowmeter LDG-10SF 0–5 L/min ± 0.2%  

Fig. 5. Locations of resistance thermometers in Fin-CTES.  
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Fig. 6. Locations of resistance thermometers in Fin–foam-CTES.  

Fig. 7. Temperature distribution of Fin-CTES (left) and Fin–foam-CTES (right) during the charging process.  

Fig. 8. Temperature distribution of Fin-CTES (left) and Fin–foam-CTES (right) during the discharging process.  
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than that in Fin-CTES. Although the natural convection of liquid PCM in 
Fin–foam-CTES is suppressed, the higher thermal conductivity of com-
posite PCMs will compensate for this deficiency. The temperature uni-
formity of the PCM inside both Fin-CTES and Fin–foam-CTES is poor. A 
high-temperature HTF (10 ◦C) is injected from the lower part of the 
CTES, which will inevitably lead to an increase in the temperature of the 
PCM in Fin-CTES and Fin–foam-CTES from bottom to top. Owing to the 
effect of volume shrinkage during the ice melting process, air gaps will 
exist in the ice layer near the T105/T305 point (Fig. 9), causing the ice 
melting rate here to be significantly slow. As shown in Fig. 9, the 
gas–liquid interface is located between the two dashed lines. 

3.2. Effect of inlet temperature on the CTES performance 

Fig. 10 illustrates the temperature of PCM at the central point in Fin- 
CTES (T103) and Fin–foam-CTES (T303) during the charging process at 
different inlet temperatures (− 3 ◦C, − 4 ◦C, − 5 ◦C, − 6 ◦C, and − 7 ◦C). 
The initial temperature and flow rate of HTF of both devices are 5 ◦C and 

1 L/min, respectively. From Fig. 10, the effect of inlet temperature on 
the heat exchange performance of the two devices is evident, even if 
there is only an increment of 1 ◦C. For Fin-CTES, the inlet temperature is 
reduced from − 3 ◦C to − 7 ◦C, and the time to complete solidification of 
the T103 point is reduced from 237 min to 88 min, indicating a reduc-
tion of approximately 78%. The reduction in inlet temperature speeds up 
the solidification rate of PCM from two aspects: reducing the super-
cooling degree and increasing the cooling rate. For Fin–foam-CTES, the 
supercooling degree of the PCM is greater than 3 ◦C. Thus, the PCM 
cannot start the phase change when the inlet temperature is − 3 ◦C, and 
it maintains the state of supercooling. In particular, when the inlet 
temperature drops from − 4 ◦C to − 7 ◦C, the phase change completion 
time of the PCM at the T303 point is inconsiderably different, all at 
approximately t = 66 min. The temperature drop rate of ice only ac-
celerates with inlet temperature drop. Comparison of the supercooling 
degree of PCM at different inlet temperatures in the two sets of experi-
mental data shows that inlet temperature (or cooling rate) is an 
important factor that affects the supercooling degree. The higher the 

Fig. 9. Field maps of Fin-CTES and Fin–foam-CTES during charging (A) and discharging (B).  

Fig. 10. Temperature curves of PCM in Fin-CTES (left) and Fin–foam-CTES (right) at different inlet temperatures during the charging process.  
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cooling temperature is, the lower the supercooling degree of the PCM 
will be. 

Fig. 11 shows the temperature of PCM at the central point in Fin- 
CTES (T103) and Fin–foam-CTES (T303) during the discharging pro-
cess at different inlet temperatures (8 ◦C, 9 ◦C, 10 ◦C, 11 ◦C, and 22 ◦C). 
The initial temperature and flow rate of HTF of both devices are − 5 ◦C 
and 1 L/min, respectively. From the figure, the effect of inlet tempera-
ture on the melting rate of PCM is evident, even if the temperature 
change value is only 1 ◦C. For Fin-CTES, when the inlet temperature 
drops from 12 ◦C to 9 ◦C, the melting time of PCM near T103 is increased 
from 58 min to 90 min, i.e., by 55%. For Fin–foam-CTES, the impact of 
inlet temperature on the melting process is mainly focused on the tem-
perature rise stage of PCM. This phenomenon is different from the in-
fluence of the inlet temperature of Fin-CTES. The natural convection of 
liquid PCM is suppressed in Fin–foam-CTES, but the heat transfer is 
enhanced by increasing the thermal conductivity of PCM. During the 
melting stage, heat can be rapidly conducted inside Fin–foam-CTES 
while keeping the internal temperature uniform. During the tempera-
ture rise stage of liquid water, due to the relatively low thermal con-
ductivity of water (the effective thermal conductivity of composite PCMs 
is also reduced), the temperature uniformity in Fin–foam-CTES becomes 
poor, which shows that it is highly sensitive to the change in inlet 
temperature. 

3.3. Effect of HTF flow rate on the CTES performance 

Fig. 12 demonstrates the temperature of PCM at the central point in 
Fin-CTES (T103) and Fin–foam-CTES (T303) during the charging pro-
cess at different volume flow rates of 0.75, 1.00, 1.25, 1.50, 1.75, and 
2.00 L/min. The Reynolds numbers corresponding to a single channel 
are 209, 273, 337, 401, 465, and 529. The initial temperature and inlet 
temperature of HTF of both devices are 5 ◦C and − 5 ◦C, respectively. 
Volume flow rate is an ignored factor affecting the thermal performance 
of CTES. The volume flow rate of HTF increases from 0.75 L/min to 2.00 
L/min, and the time to complete solidification of PCM in Fin-CTES and 
Fin–foam-CTES is reduced by 65 min (42.5%) and 78 min (65.0%), 
respectively. For Fin-CTES, the improvement in the solidification rate of 
PCM is not linear as the flow rate increases. When the flow increases to 
1.5 L/min, the influence of flow rate on its thermal transfer performance 
basically disappears. On this basis, the heat resistance of Fin-CTES is 
mainly concentrated on the PCM side at this time. Hence, when the heat 
exchange performance of the HTF side is increased, the solidification 
rate of PCM no longer changes significantly. On the contrary, this phe-
nomenon does not appear in Fin–foam-CTES. The flow rate of HTF still 
affects the heat exchange performance of Fin–foam-CTES. After the 
addition of metal foam, the effective thermal conductivity of the 

composite PCM is indeed improved. 
Fig. 13 demonstrates the temperature of PCM at the central point in 

Fin-CTES (T103) and Fin–foam-CTES (T303) during the discharging 
process at different volume flow rates of 0.75, 1.00, 1.25, 1.50, 1.75, and 
2.00 L/min. The initial temperature and inlet temperature of HTF of 
both devices are − 5 ◦C and 10 ◦C, respectively. The comparison in 
Fig. 12 depicts that the effect of volume flows rates on the heat transfer 
performance of Fin-CTES is continuous between 0.75 and 2 L/min. 
Increasing the volume flow rate of HTF will reduce the thermal resis-
tance on the side of the multichannel flat tube. At the same time, the 
overall heat transfer thermal resistance of CTES will also decrease. 
Relevant studies have shown that the main heat transfer resistance of 
CTES is mainly concentrated on the PCM side [25]. However, in Fin- 
CTES, the natural convection effect of liquid PCM reduces the heat 
transfer thermal resistance on the PCM side. This situation results in 
increased sensitivity of the PCM temperature to the changes in the 
volume flow of HTF. For Fin–foam-CTES, the volume flow rate weakly 
affects the speed of PCM during the phase change period (35–50 min). 
This phenomenon is consistent with the charging process. Overall, the 
heat transfer performance of Fin–foam-CTES is better than that of Fin- 
CTES during the discharging process under similar conditions. 

3.4. Thermal performance evaluation of Fin-CTES and Fin–foam-CTES 

To compare the heat transfer performance of Fin-CTES and 
Fin–foam-CTES further, the dimensionless performance parameter 
effectiveness (ε), which represents the ratio of the actual heat exchange 
to the theoretical maximum heat exchange amount, is used to represent 
the heat transfer performance of both devices [26,27]. The instanta-
neous and average ε are as follows: 

ε =
Tin − Tout

Tin − Tpcm
(3)  

ε =
1
Δt

⋅
∫ tend

tbegin

εdt (4)  

where Tin, Tout, and Tpcm are the inlet temperature of HTF, the outlet 
temperature of HTF, and the phase change temperature of PCM (0 ◦C), 
respectively. Δt = tend − tbegin, where tend and tbegin are the start and end 
times of the phase transition of PCM, respectively. The Stefan number is 
a dimensionless parameter, which not only represents the energy density 
of the energy storage system but also reflects the heat transfer driving 
force (i.e., temperature difference) of the system [28,29]. It is composed 
of latent heat (H), specific heat (cp), and heat exchange temperature 
difference (Tin − Tpcm): 

Fig. 11. Temperature curves of PCM in Fin-CTES (left) and Fin–foam-CTES (right) at different inlet temperatures during the discharging process.  
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Ste =
cp
⃒
⃒Tin − Tpcm

⃒
⃒

H
(5) 

Fig. 14 shows the variation in average effectiveness of Fin-CTES and 
Fin–foam-CTES with Ste in the charging process (left) and discharging 

process (right) and Re = 273 (constant). The data do not include the 
supercooling period of PCM but only represent the phase change heat 
transfer process. In consideration of the phenomenon of supercooling 
discussed earlier, a control variable is needed here. The average effec-
tiveness gradually decreases as the number of Ste increases. Given Tpcm 

Fig. 12. Temperature curves of PCM in Fin-CTES (left) and Fin–foam-CTES (right) at different volume flow rates during the charging process.  

Fig. 13. Temperature curves of PCM in Fin-CTES (left) and Fin–foam-CTES (right) at different volume flow rates during the discharging process.  

Fig. 14. Average effectiveness of Fin-CTES and Fin–foam-CTES at different Ste during the charging process (left) and discharging process (right), Re = 273.  
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= 0, Eq. (3) is simplified to ε =(Tin − Tout)/Tin. The curve of Fin-CTES 
during charging is regarded as an example. When Ste increases from 
0.043 to 0.076 (Tin decreases from − 4 ◦C to − 7 ◦C), the cooling loss of 
the device per unit time increases gradually, resulting in that Tin − Tout 
does not change linearly with the linear change in Tin. This condition 
results in a gradual decrease in the effectiveness value as Ste (or Tin) 
increases. However, the scope of this reduction is small at the range of 
0–0.05. The addition of a metal foam undoubtedly enhances the heat 
transfer performance of CTES in the charging and discharging processes. 
In particular, adding a metal foam can improve the average effectiveness 
with a maximum increase of 0.1159 (approximately 20.62%) during the 
solidification period. Nevertheless, compared with the situation in the 
charging process, the effectiveness of Fin-CTES and Fin–foam-CTES is 
considerably close in the discharging process, with a maximum differ-
ence of only 0.0107 (approximately 2.70%). During charging, the nat-
ural convection of PCM in Fin-CTES is relatively weaker than that during 
discharging [25], while the effective thermal conductivity of PCM in 
Fin–foam-CTES increases (even though the natural convection of PCM is 
also weak). This phenomenon enables Fin–foam-CTES to have a higher 
heat transfer rate, which thus leads to a large difference in the effec-
tiveness of Fin-CTES and Fin–foam-CTES during charging. However, in 
the discharging process, the two respectively rely on natural convection 
and increase the thermal conductivity of PCM to enhance the heat 
transfer. This condition results in almost equal effectiveness of Fin-CTES 
and Fin–foam-CTES during discharging. 

Fig. 15 presents the variation curves of the average effectiveness of 
Fin-CTES and Fin–foam-CTES at different Reynolds numbers during 
charging and discharging processes. These values are obtained from the 
phase transition period. Comparison of Figs. 14 and 15 indicates that the 
effectiveness of CTES decreases with the increase in Ste and Re. This 
phenomenon can be explained from a thermodynamic point of view. 
Exergy efficiency is defined as the ratio of available energy to input 
energy, and its physical meaning is similar to effectiveness. Bi [30] 
performed an exergy analysis of a CTES and found that with the increase 
in the difference between the HTF temperature and the phase transition 
temperature of PCM, the ratio of the available energy of CTES decreased. 
Bejan [31] studied the effect of different flow rates on the second law 
efficiency of an energy storage device and concluded that with the in-
crease in flow rate (Re), the second law efficiency or exergy efficiency of 
the device decreased. Therefore, the effectiveness of CTES decreases 
with the increase in Ste and Re. The effect of adding a metal foam on the 
charging process is greater than that on the discharging process because 
the heat exchange temperature difference in the charging process is 
smaller than that in the discharging process. The addition of a metal 
foam can indeed increase the heat transfer rate of CTES, especially 
during the solidification period. However, in consideration of the high 
cost and high subcooling degree of Fin–foam-CTES, even if supercooling 
can be improved using other methods, the Fin–foam structure may not 
be a perfect choice for the discharging process. 

4. Conclusion 

To evaluate the effects of a pure fin structure and a fin–foam struc-
ture on the heat transfer performance of CTES, two devices, Fin-CTES 
and Fin–foam-CTES, were built in this study. The charging and dis-
charging performance of the two devices at different inlet temperatures 
and volume flow rates was experimentally studied. Lastly, the heat 
transfer performance of the two devices was evaluated. The main con-
clusions are as follows: 

1. Compared with the temperature distribution in Fin-CTES, that in 
Fin–foam-CTES is insignificantly improved. On the contrary, the 
maximum supercooling degree of PCM in Fin–foam-CTES reaches 
4.35 ◦C, which indicates an increase of 1.92 ◦C compared with that in 
Fin-CTES. 

2. Increasing the heat exchange temperature difference between the 
inlet temperature of HTF and the melting point of PCM can significantly 

improve the heat exchange rate of CTES even if the temperature increase 
is only 1 ◦C. When the inlet temperature is increased from − 7 ◦C (9 ◦C) 
to − 3 ◦C (12 ◦C), the solidification (melting) time of PCMs in Fin-CTES 
decreases by 78% (55%). In Fin–foam-CTES, the influence of inlet 
temperature on heat transfer is mainly concentrated in the temperature 
drop (rise) period during the charging (discharging) process. In addi-
tion, the higher the inlet temperature (low cooling rate) is, the greater 
the supercooling degree of PCM is. 

3. Compared with Fin-CTES, Fin–foam-CTES is more sensitive to the 
changes in HTF volume flow rate. The volume flow rate of HTF increases 
from 0.75 L/min to 2.00 L/min, while the time to complete solidification 
(melting) of PCM in Fin-CTES and Fin–foam-CTES is reduced by 42.5% 
(28.9%) and 65.0% (34.0%), respectively, during the charging (dis-
charging) process. 

4. The improvement in the heat transfer performance of CTES via a 
fin–foam structure is mainly concentrated in the solidification process 
and has a minimal effect on the melting process. Compared with the 
thermal effectiveness of Fin-CTES, that of Fin–foam-CTES is increased by 
0.1159 (approximately 20.62%) in the charging process. However, 
given that the pure fin structure is more conducive to the natural con-
vection of liquid PCM, the heat transfer effectiveness of Fin-CTES and 
Fin–foam-CTES is basically the same, with a difference of only 0.0107. 
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[31] R. Domański, G. Fellah, Exergy analysis for the evaluation of a thermal storage 
system employing PCMS with different melting temperatures, Appl. Therm. Eng. 
16 (1996) 907–919. 

C. Chen et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S1359-4311(23)00488-X/h0005
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0005
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0005
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0010
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0010
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0015
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0015
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0015
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0020
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0020
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0020
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0025
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0025
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0025
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0030
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0030
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0030
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0035
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0035
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0035
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0040
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0040
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0040
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0045
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0045
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0045
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0050
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0050
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0050
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0055
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0055
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0055
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0055
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0060
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0060
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0065
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0065
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0065
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0070
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0070
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0070
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0075
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0075
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0075
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0080
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0080
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0085
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0085
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0090
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0090
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0090
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0100
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0100
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0100
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0105
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0105
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0105
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0110
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0110
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0110
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0110
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0120
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0120
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0125
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0125
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0125
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0135
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0135
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0135
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0140
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0140
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0145
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0145
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0145
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0150
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0150
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0155
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0155
http://refhub.elsevier.com/S1359-4311(23)00488-X/h0155

	Thermal performance of cold thermal energy storage system with fin and fin–foam structures
	1 Introduction
	2 Experimental setup and procedure
	2.1 Experimental setup
	2.2 Experimental system
	2.3 Error analysis

	3 Results and discussion
	3.1 Temperature distribution within CTES systems
	3.2 Effect of inlet temperature on the CTES performance
	3.3 Effect of HTF flow rate on the CTES performance
	3.4 Thermal performance evaluation of Fin-CTES and Fin–foam-CTES

	4 Conclusion
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


