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Abstract: Phase change material (PCM) based thermal energy storage (TES) is an important solution
to the waste of heat and intermittency of new energy sources. However, the thermal conductivity
of most PCMs is low, which severely affects the thermal energy storage performance. Oscillation of
the tube bundles in a TES unit can intensify the convection of liquid PCM and, therefore, enhance
heat transfer. However, the energy storage performance of bundled-tube TES systems in response
to oscillation at different amplitudes and frequencies has not been well understood yet, and the
optimum time to apply the oscillation during phase transition remains unexplored. To address this
issue, this present study was carried out. First, the melting behaviour of PCM with oscillation starting
at different times was investigated. Then, the influences of oscillation frequency and amplitude on
the melting performance were explored. Finally, the solidification behaviour of PCM with oscillation
starting at different times was examined. Results show that the oscillation can accelerate the phase
transition process by enhancing convective heat transfer. Compared to the case without oscillation,
the complete melting and solidification times are reduced by 8.2 and 6.7% for the case with oscillation
starting at 200 s, respectively. The effect of oscillation frequency on the melting enhancement is
negligible, while the oscillation amplitude has an important effect on the melting enhancement.

Keywords: thermal energy storage; tube-bundle; oscillation; heat transfer enhancement

1. Introduction

The mismatch between energy demand and supply is the main issue in the utilisation
of new energy sources due to its intermittent and random nature. Energy storage technolo-
gies that store surplus energy and release it at an appropriate time make the utilisation
process much more efficient [1,2], among which thermal energy storage (TES) technology is
an important one due to the simple, cheap and mature methods to store heat [2,3]. Latent
heat storage (LHS) with phase change material (PCM) is the most popular thermal energy
storage technique because of its high energy density and stable operating temperature [4].
However, a few issues associated with the LHS systems, such as low thermal efficiency and
non-uniform heat transfer, hinder its application [5].

A lot of strategies have been introduced to address the aforementioned issues related
to LHS systems. These strategies to augment the melting rate are categorised primarily into
three groups: (i) increasing the heat transfer surface area, (ii) boosting effective thermal
conductivity, and (iii) enhancing fluid motion in the melting zone. The majority of extant
research concentrates on passive techniques for increasing melting efficiency, which include
modifying the TES unit geometry [6,7], employing multiple PCMs [8,9], microencapsula-
tion of PCM [10], optimising operating conditions [11,12] and adding high conductivity
enhancers into the PCM to directly increase the effective thermal conductivity [13]. These
enhancers include fins [14–16], nanoparticles [17–19], metal foam [20–22], heat pipe [23,24]
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and the combination of them [25,26]. However, these passive techniques suffer from the
reduction of PCM volume, the increase in the TES unit weight and specialised construction
requirements. In contrast, active methods, especially those improving the melting proce-
dure, have been less frequently investigated. Selvakumar et al. [27] proposed a novel design
of an LHTES module with charging rate enhancement through charge injection-induced
electrohydrodynamic (EHD) flow, and the results showed that EHD flow can intensify the
flow velocity, alter the flow structure, and thus increase the heat transfer.

More recently, several researchers explored the effect of LHS unit motion on its thermal
performance. Yang et al. [28] found that the rotation of the LHS unit changes the natural
convection flow direction of PCM and then enhances convective heat transfer. Kurnia and
Sasmito [29] reported that the melting and solidification times of a rotating horizontal shell-
tube LHS unit decreased by 25 and 41% compared to the non-rotating one, respectively.
Soltani et al. [30] found the melting and solidification times of horizontal finned shell-tube
LHS units decrease with the increase in rotational speed. Qu et al. [31] reported the melting
and solidification heat transfer coefficients of PCM capsules by the oscillating movement
were improved by 50% and 94%, respectively. Zheng et al. [32] concluded that a rotating
finned tube can enhance the convection of liquid PCM and reduce the melting time by
30.3% compared to a static finned tube. Huang et al. [33] concluded that the combination
rotation conditions moderately reduced the adverse effects caused by metal nanoparticles.

The bundled-tube heat exchanger is a simple, highly efficient equipment with low
maintenance requirements in thermal engineering applications [34,35]. However, limited
research investigated the thermal performance of bundled-tube LHS. Dubovsky et al. [36]
established an analytical model of the tube bundle LHS system and the prediction formulas
of heat transfer rate, through which the thermal storage capacity and melting time are
obtained. Erza and Ziskind [37] studied the thermal performance of the tube bundle filled
with multi-level PCMs and proposed an optimal method for the optimal configuration of
multi-level PCMs. Promoppatum et al. [38] investigated the thermal storage characteristics
of the bundled-tube TES unit with staggered arrangement and explored the effect of tube
row number, operation time and tube diameter on the heat storage performance. Liu
and Xu [39] numerically studied the melting process of PCM in the staggered bundled
tube and examined the effect of airflow rate and fin arrangement on the thermal storage
rate. Alhusseny et al. [40] investigated the effects of metal foam, tube bundle number
and water flow rate on paraffin melting and solidification performance. Tang et al. [41]
investigated the effects of tube bundle arrangement and fins arrangement on LHS system
performance. Kang et al. [42] numerically studied the TES containers with different tube
bundle layouts. A peripheral distribution layout mode of the heat exchanger tube improved
the heat charging efficiency by 12.6% compared to the traditional uniform layout. Pignata
et al. [43] proposed a control strategy to evaluate the load modulation of the LHS system
with variable fin heights and HTF tube arrangements, which depend on the pitch of the
tube bundle.

Previous studies of bundled-tube TES systems mainly focused on phase transition
enhancement by optimising the configuration of the tube, the arrangement of multiple
PCMs or the introduction of enhancers. However, the phase transition enhancement of
bundled-tube TES systems through the oscillation of tube bundles, which can intensify the
convection of liquid PCM and, therefore, enhance heat transfer, has not been studied yet.
The energy storage performance of bundled-tube TES systems in response to the oscillation
at different amplitudes and frequencies has not been well understood yet, and the optimum
time to apply the oscillation during phase transition remains unexplored. To address this
issue, this present study was carried out. A series of numerical simulations were conducted
to examine the melting and solidification characteristics of the bundled-tube LHS system.
The contours of the solid-liquid interface and velocity, velocity vectors, and the variation
of PCM liquid fraction at different oscillation conditions were analysed, and the effects
of oscillation time, frequency and amplitude on the PCM phase transition process were
analysed.
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2. Mathematical Formulation
2.1. Problem Description

The considered TES unit is configured according to a staggered tube bundle heat
exchanger, in which the PCM is filled inside the tubes, and the heat transfer fluid (HTF)
flows outside from the unit bottom, as shown in Figure 1. The tube bundle consists of N
groups of staggered tubes in the horizontal direction. Each group contains 10 staggered
tubes, as shown in Figure 1a. Due to the periodic arrangement of tubes along the horizontal
direction, the region shown in Figure 1b is selected for the numerical analysis. The 2D
model was selected because it can significantly save computational time while ensuring
calculation accuracy, considering that the tube length is much greater than the tube diameter.
The height and width of the selected region are 500 and 40 mm, respectively. The inner
and outer diameters of the tubes are 30 and 32 mm, respectively. The tube pitches in x-
and y-direction (p) are 40.00 and 34.64 mm, respectively. The distance from the bottom
tube to the unit bottom (hi) is 50 mm. For the purpose of enhancing heat transfer, the
tube bundles oscillate along the vertical direction at a speed of v = A × sin(2πw × t),
where A and w are the oscillation amplitude and frequency, respectively. Paraffin wax is
taken as the PCM since it is cheap and has excellent performance, such as noncorrosive,
odourless, long-lasting, etc. [44]. Water is the HTF. The tubes are made of copper. Detailed
thermophysical properties of the materials are summarized in Table 1.
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Figure 1. Schematic description of the TES units considered in the present study: (a) physical model;
(b) selected computational domain.

Table 1. The thermophysical properties of the paraffin, water and copper.

k (W/m·K) ρ (kg/m3) cp (J/kg·K) Ts (K) Tl (K) L (J/kg) µ (Pa·s) β (K−1)

Paraffin 0.2 850/760 2000 302.15 309.15 165,000 0.0254 0.00005
Water 0.6 998.2 4182 - - - 0.001 -

Copper 387.6 8978 381 - - - - -

2.2. Governing Equation

The enthalpy-porosity model was used in the present study to handle the phase
transition in the TES unit. The following assumptions are considered in the development
of the mathematical model: (1) The density of paraffin wax is constant at solid and liquid
state except when the Boussinesq approximation was used to handle the natural convection
in liquid region, (2) The liquid paraffin is incompressible and its flow is laminar and
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unsteady, (3) The thermophysical properties of paraffin, water and copper are invariable
with temperature considering that the temperature variation range is not large. The
governing equations can then be described as follows:

Continuity equation:
∇ · u = 0 (1)

Momentum equation:

ρ

(
∂u
∂t

+ (u · ∇)u
)
= −∇P + µ

(
∇2u

)
+ Su + ρgβ(T − Tm) (2)

Energy equation:

ρcp
∂T
∂t

+ ρcpu · ∇T = ∇ · (k∇T) + Sh (3)

For HTF zones, Su and Sh equal 0. For PCM zones Su = −Amush
(1− f )2

f 3+ε
u and

Sh = −ρL ∂ f
∂t . For metal zones, u, Su and Sh are equal to 0. Su is used for damping the

velocity in the mushy zone, in which Amush is the mushy zone constant (104–107 kg/m3·s)
and δ is a small constant (0.001) to prevent division by zero. Amush = 105 kg/m3·s is set
in the present work. ρgβ(T − Tm) is buoyancy force, in which β is the thermal expansion
coefficient, and g is the gravity force. f is the local liquid fraction and expressed as:

f =


0 T < Ts
T−Ts
Tl−Ts

Ts < T < Tl

1 T > Tl

(4)

2.3. Initial and Boundary Conditions

The initial conditions for all zones are:
Melting process:

At (x, y, t = 0 s); u = v = 0, T = 298 K (5a)

Solidification process:

At (x, y, t = 0 s); u = v = 0, T = 353 K (5b)

The conditions at the water inlet are:
Melting process:

u = 0, v = 0.001 m/s, Tf = 353 K (6a)

Solidification process:

u = 0, v = 0.001 m/s, Tf = 298 K (6b)

The conditions at the water outlet are:

At (x, y = H, t);
∂u
∂y

=
∂v
∂y

= 0,
∂Tf

∂y
= 0 (7)

The conditions at the left and right symmetric boundaries are:

At (x, y, t);
∂u
∂x

=
∂v
∂x

= 0,
∂Tf

∂x
= 0 (8)

The conditions at the tube walls in contact with the heating water and PCM are:

At (x, y, t); u = v = 0,−λ f
∂Tf

∂n
= −λs

∂Ts

∂n
(9)
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2.4. Dynamic Mesh and Mesh Generation

The oscillation of tube bundles was handled using the dynamic mesh technique. The
spring-based smoothing method coupled with the re-meshing algorithm was adopted
for the dynamic meshing. The geometrical model was then meshed using the ANSYS
Meshing, which includes quadrilateral elements in the solid and PCM zones, as well as
hybrid elements in the HTF zone. In the HTF zone, a concentric annulus region around
the solid zone is established, and the quadrilateral elements are employed in this region,
while the triangular elements are employed in the rest region, as shown in Figure 2. The
annulus region was built with finer grids to capture the steep temperature gradient in the
boundary layer and set it as the rigid body in the dynamic mesh set. The rest of the region
of the HTF zone and its boundaries are set as the deforming type. The inlet and outlet
boundaries are static zones. The rest zones and boundaries are the rigid body. The motion
of the rigid body is programmed using user-defined functions (UDFs) in ANSYS Fluent for
compilation, which sets the speed v = A × sin(2πw × t) to every tube at the same time.
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3. Numerical Considerations
3.1. Numerical Method

The computational fluid dynamics (CFD) software ANSYS FLUENT 2021R1 was
employed to conduct the numerical simulation. The SIMPLE algorithm was used for the
coupling of pressure and velocity [45]. The PRESTO! scheme was implemented for pressure
correction. The second-order upwind scheme was used for discretising the momentum and
energy equations. Under-relaxation factors for the energy equation, momentum equation
and pressure correction were set as 1, 0.7 and 0.3, respectively. Residual convergences for
continuity, momentum and energy were set to be 10−5, 10−5 and 10−6, respectively.

3.2. Independence Analysis

Grid independence of the numerical solution was checked by comparing the evolution
of PCM liquid fraction for the case without oscillation at four grid numbers of 15,251,
42,684, 279,751 and 339,211, as shown in Figure 3a. It can be seen that the liquid fraction
curves with the third and fourth mesh systems are essentially overlapped. Therefore, the
mesh system with a grid number of 279,751 was employed in the following analysis. Three
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time steps of 0.01, 0.02, and 0.05 s were examined for the same case, as shown in Figure 3b.
It can be seen that the two liquid fraction curves of the time step of 0.01 and 0.02 s are
identical. Thus, the time step of 0.02 s was selected.
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grid numbers and (b) time steps.

3.3. Model Validation

The present numerical model was validated by the numerical results reported by Darzi
et al. [46]. It is noted that these numerical results were validated by experimental data
reported by Dhaidan et al. [47] by comparing the shape of melting fronts. In their study,
N-eicosane was filled in an annular container with an inner diameter of 40 mm and an outer
diameter of 80 mm. Four fins with a thickness of 1 mm and length of 15 mm were inserted
into the PCM. The same physical model was adopted, and the simulation was then carried
out using the present numerical model. The comparison of the evolution of liquid fractions
calculated by the present model with their results is shown in Figure 4. It is seen that the
maximum difference between the two liquid fraction curves is 1.1%, which validates the
numerical model. The possible reason for the difference is that different mesh systems were
used in the simulations, although both were demonstrated to be mesh-independent.
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4. Results and Discussion
4.1. Effect of Oscillation Time

To examine the effect of oscillation time, the cases with no oscillation and oscillation
starting at 200, 400, and 800 s were simulated, and the corresponding liquid fraction
contours are shown in Figure 5. The oscillation frequency and amplitude are 1.0 Hz and
1.0 mm, respectively. For the case without oscillating, the solid-liquid interface moves
nearly uniformly from the walls of the tube to the centres of the tubes before t = 400 s,
indicating heat conduction is dominant at this stage. The PCM in the tubes near the bottom
melts faster than that near the top since the HTF enters from the bottom. As the melting
progresses, more liquid PCM is present in the tubes, and the natural convection starts to
develop. As shown, natural convection brings the heat upward from the tube bottom, and
a few high-temperature regions are formed in tubes near the bottom at t = 800 s, indicating
that heat convection becomes important in the following melting process. For the case
with oscillation starting at 200 s, it is seen that the high-temperature regions near the tube
bottom are much larger than those of the case without oscillation at t = 800 and 1200 s,
meaning the heat convection is intensified with the presence of oscillation. As a result, the
PCM melts completely in more tubes with oscillation than without at t = 1600 s. With the
starting of oscillation delays from 200 to 400 s, the high-temperature regions near the tube’s
bottom become smaller since the convection heat transfer is later enhanced by oscillation.
With the further delay of oscillation, the high-temperature region becomes even smaller,
and larger solid regions are present in the tubes at the same time.

To examine the effect of oscillation on the convection, Figure 6 shows the velocity
distribution of HTF and PCM in the TES unit without oscillation and with oscillation
starting at t = 200 s. For the case without oscillation, the flow of HTF reaches a steady
state at t = 200 s, as can be seen, and the velocity does not change afterwards. The
maximum velocity equals 6.97 × 10−3 m/s and is located at the thinnest part between two
neighbouring tubes. In contrast, the HTF velocity changes during the PCM melting process
for cases with oscillation. For example, the highest velocities are equal to 1.00 × 10−2,
8.99 × 10−3 and 4.69 × 10−3 m/s at t = 400, 800 and 1200 s, respectively. This can be
explained as follows. When the tubes are moving downward under the effect of oscillation,
the liquid PCM in contact with the tubes has to move downward due to the non-slip
boundary condition. Meanwhile, according to mass balance, the mass flow rate at each
horizontal cross-section has to be the same and equal to the mass flow rate at the inlet.
As a result, the upward flow near the centres between two neighbouring tubes has to
be intensified to compensate for the downward flow near the tube surface, and then the
highest velocity is significantly increased. Li et al. [48] reported that the fluctuating HTF
velocity brings better heat transfer performance than the steady HTF velocity. Additionally,
the flow direction of melted PCM varies with oscillation during the melting process. Taking
a case with oscillation at 200 s as an example, the melted PCM flows downward at t = 800 s
and upward flow at t = 1200 s due to the movement of tubes. This indicates that the tube
bundle oscillation can change the convective heat transfer dominant region. Furthermore,
the velocity of PCM with oscillation is larger than that without oscillation. For example,
the value is 3.45 × 10−2 m/s at t = 400 s for the case with oscillation starting at 200 s, while
it is 3.45 × 10−3 m/s for the case without oscillation. This is because the oscillation can
accelerate the motion of liquid PCM, which can further enhance convective heat transfer
and lead to quicker melting of PCM in tubes for the cases with oscillation.
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Figure 7 compares the instantaneous PCM liquid fraction of cases with and without 
oscillation as a function of time. The liquid fraction of the case with oscillation starting at 
t = 200 s is just slightly higher than other cases at t = 400 s as the oscillation does not en-
hance heat convection much when only very little liquid PCM is formed. As melting pro-
gresses, the liquid fraction becomes obviously higher with the starting of oscillation. The 
earlier the oscillation starts, the higher the liquid fraction. Compared to the case without 
oscillating (1964 s), the complete melting time is reduced by 8.3, 8.1 and 5.2% for cases 
with oscillation starting at 200 (1800 s), 400 (1805 s) and 800 s (1862 s), respectively. The 

Figure 6. Velocity distribution of cases without oscillation and with oscillates at t = 200 s: (a) Velocity
contours of HTF and PCM at different times. (b) Velocity vectors of liquid PCM in the tube at row six
at t = 800, 1000 and 1200 s.

Figure 7 compares the instantaneous PCM liquid fraction of cases with and without
oscillation as a function of time. The liquid fraction of the case with oscillation starting at
t = 200 s is just slightly higher than other cases at t = 400 s as the oscillation does not enhance
heat convection much when only very little liquid PCM is formed. As melting progresses,
the liquid fraction becomes obviously higher with the starting of oscillation. The earlier the
oscillation starts, the higher the liquid fraction. Compared to the case without oscillating
(1964 s), the complete melting time is reduced by 8.3, 8.1 and 5.2% for cases with oscillation
starting at 200 (1800 s), 400 (1805 s) and 800 s (1862 s), respectively. The complete melting time
of the cases with oscillation starting at 200 and 400 s are nearly the same, suggesting that a
too-early oscillation of the tubes is not necessary since the liquid region is too small at the
initial stage to form convection, and thus, the convective heat transfer can hardly be enhanced.
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4.2. Effect of Oscillation Frequency

Figure 8 shows the distribution of PCM liquid fraction at the oscillation frequencies
of 0.2, 1.0, 5.0 and 8.0 Hz and an oscillation amplitude of 1.0 mm. The oscillation starts at
200 s for all cases. It can be seen in Figure 8 that a higher oscillation frequency tends to
make the solid-liquid interface more uneven at t = 400 s. Those uneven solid-liquid interfaces
actually start convection, and this suggests that a higher oscillation frequency can facilitate the
formation of convection. This phenomenon can further be seen in the liquid fraction contours
at t = 1000 s. More high-temperature regions can be observed near the tube’s bottom at the
frequency of 8.0 Hz than that at 0.2 Hz. At t = 1600 s, it is seen that the case with an oscillation
frequency of 0.2 Hz has more solid PCM present in the top tube, while it has more tubes with
completely melted PCM. This result shows that a higher oscillation frequency does not lead to
faster melting of PCM, but it makes the melting process more uniform.
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The evolution of liquid fraction for cases with different oscillation frequencies is
further shown in Figure 9. As seen, the liquid fraction curves with these four different
oscillation frequencies are nearly identical, suggesting the oscillation frequency has little
effect on the total melting amount of PCM. The high oscillation frequency (8.0 Hz) leads to
a slightly higher liquid fraction at the former melting stage, as a high oscillation can better
enhance heat convection with a small amount of liquid PCM. However, the low oscillation
frequency (0.2 Hz) results in a slightly higher liquid fraction at the later melting stage and
the main reason might be that a high oscillation frequency can suppress the convection
as the liquid PCM is forced to move to the opposite direction too frequently. Finally, the
PCM melts completely at nearly the same time with different oscillation frequencies, and
the complete melting time of PCM with oscillation frequencies of 0.2, 1.0, 5.0 and 8.0 Hz
are 1797, 1800, 1801 and 1803 s, respectively, indicating that the oscillation frequency has a
negligible effect on the PCM liquid fraction evolution among the considered cases. This
can be explained as follows: the acceleration of liquid PCM to a certain speed at a direction,
i.e., the formation of convection, requires time, and a too-high frequency shifts the motion
direction of tubes too quickly and thus prevents the formation of high-speed liquid PCM.
Thus, a higher frequency does not further enhance the melting.

Energies 2024, 17, x FOR PEER REVIEW 13 of 19 
 

 

can be explained as follows: the acceleration of liquid PCM to a certain speed at a direc-
tion, i.e., the formation of convection, requires time, and a too-high frequency shifts the 
motion direction of tubes too quickly and thus prevents the formation of high-speed liq-
uid PCM. Thus, a higher frequency does not further enhance the melting. 

 
Figure 9. The evolution of PCM liquid fraction at different oscillation frequencies. 

4.3. Effect of Oscillation Amplitude 
Figure 10 shows the liquid fraction contours for PCM with oscillation amplitudes of 

0.5, 1.0, and 1.5 mm and an oscillation frequency of 0.2 Hz. Again, the oscillation starts at 
200 s for all cases. As shown, the solid PCM regions become slightly smaller with the in-
crease of oscillation amplitude, indicating that the melting process is better enhanced with 
a higher oscillation amplitude. This can be clearly observed by comparing the liquid frac-
tion contours at t = 1600 s, in which less solid is present for the case with higher oscillation 
amplitude. The evolution of liquid fraction for cases with different oscillation amplitude 
is further shown in Figure 11. During the whole melting process, the liquid fraction is 
always higher with a higher oscillation amplitude, especially at the later melting stage 
when a large amount of liquid PCM is present to enhance the effect of oscillation. The 
complete melting time of PCM with oscillation amplitudes of 0.5, 1.0, and 1.5 mm is 1832, 
1800, and 1746 s, respectively, which further proves that the oscillation amplitude has an 
important effect on the melting enhancement. This is because the tubes have to move at a 
higher speed at a higher oscillation amplitude, and then the convection is greatly en-
hanced and melting time shortened. 

  

Figure 9. The evolution of PCM liquid fraction at different oscillation frequencies.

4.3. Effect of Oscillation Amplitude

Figure 10 shows the liquid fraction contours for PCM with oscillation amplitudes of
0.5, 1.0, and 1.5 mm and an oscillation frequency of 0.2 Hz. Again, the oscillation starts
at 200 s for all cases. As shown, the solid PCM regions become slightly smaller with the
increase of oscillation amplitude, indicating that the melting process is better enhanced
with a higher oscillation amplitude. This can be clearly observed by comparing the liquid
fraction contours at t = 1600 s, in which less solid is present for the case with higher
oscillation amplitude. The evolution of liquid fraction for cases with different oscillation
amplitude is further shown in Figure 11. During the whole melting process, the liquid
fraction is always higher with a higher oscillation amplitude, especially at the later melting
stage when a large amount of liquid PCM is present to enhance the effect of oscillation. The
complete melting time of PCM with oscillation amplitudes of 0.5, 1.0, and 1.5 mm is 1832,
1800, and 1746 s, respectively, which further proves that the oscillation amplitude has an
important effect on the melting enhancement. This is because the tubes have to move at a
higher speed at a higher oscillation amplitude, and then the convection is greatly enhanced
and melting time shortened.
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4.4. Solidification Process

To examine the effect of oscillation on the PCM solidification process, the cases with oscil-
lation starting at different times during solidification were simulated. The initial temperature
of PCM is 353 K, and the inlet water temperature is 295 K. Other boundary conditions are
kept the same as the melting process. Figure 12 shows the liquid fraction contours of PCM
at different instants during solidification without oscillation and with oscillation starting at
100, 200, and 300 s at A = 1.0 mm and w = 1.0 Hz. As shown, PCM solidifies faster at the
lower portion of each tube than at the upper portion since the HTF enters from the bottom.
The PCM solidifies faster for the case with oscillation than without, as can be clearly seen by
comparing the liquid fraction contours at t = 1200 s. The cases with oscillation show very
few differences in liquid fraction contours during the solidification process, indicating that
the effect of oscillation on the solidification process is not significant. To further check the
differences in solidification between these cases, the evolution of liquid fraction is shown
in Figure 13. As seen, the liquid fraction curves are obviously lower with oscillation than
without during the later solidification process at t > 400 s, suggesting that the oscillation
mainly enhances the solidification at the later stage. The complete solidification time for the
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case without oscillation is 1444 s, and those with oscillation starting at 100, 200 and 300 s
are 1338, 1345 and 1355 s, respectively. With oscillation, the solidification time is obviously
reduced compared to the case without oscillation. However, the solidification times difference
for the cases with oscillation is negligible, although the results show that an early oscillation
can lead to a shorter solidification time. The reason is mainly because the effect of oscillation
becomes significant only at the later solidification process at t > 400 s.
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Figure 12. Liquid fraction contours for PCM with oscillation starting at different times during
solidification.



Energies 2024, 17, 1973 14 of 17

Energies 2024, 17, x FOR PEER REVIEW 16 of 19 
 

 

Figure 12. Liquid fraction contours for PCM with oscillation starting at different times during solid-
ification. 

 
Figure 13. The evolution of PCM liquid fraction with oscillation starting at different times during 
solidification. 

5. Conclusions 
A TES unit with PCM filled-in tube bundles and HTF flows outside was studied. The 

oscillation of the tube bundle was applied to enhance the phase transition process. The 
main conclusions are as follows. 
(1) The oscillation of the tube bundle can shorten the melting time of the TES system 

since the convection in liquid PCM is enhanced through the movement of tubes. The 
case with a frequency of 1 Hz and amplitude of 1 mm oscillation starting at t = 200 s 
has an 8.3% shorter melting time compared to the case without oscillation.  

(2) A too early oscillation is not necessary for the melting enhancement as too little liquid 
PCM is present at the early melting stage and thus convection is negligible. The cases 
with the oscillation starting at 200 and 400 s show nearly the same melting time, 
which are 1800 and 1805 s, respectively.  

(3) The effect of oscillation frequency on the PCM melting is not significant among all 
considered cases. A high oscillation frequency can slightly enhance convection at the 
former melting stage and slightly suppress convection at the later melting stage. The 
cases with oscillation frequencies of 0.2, 1.0, 5.0 and 8.0 Hz show nearly the same 
melting times, which are 1797, 1800, 1801 and 1803 s, respectively. 

(4) The effect of oscillation amplitude on the PCM melting is important, and a higher 
oscillation amplitude can further shorten the melting time compared to a lower os-
cillation amplitude. Due to a large amount of liquid PCM, the increase of oscillation 
amplitude leads to the significant enhancement of convection. The melting time of 
cases with oscillation amplitudes of 0.5, 1.0, and 1.5 mm are 1832, 1800 and 1746 s, 
respectively. 

(5) The solidification process can also be accelerated by the oscillation of tubes, and the 
solidification times of the cases without oscillation, with oscillation starting at 100, 
200 and 300 s, are 1444, 1338, 1345 and 1355 s, respectively. The effect of oscillation 
on solidification becomes significant at the later solidification stage as the liquid frac-
tion curves show clear discrepancies at t > 400 s. 

(6) The best phase transition performance can be obtained with the oscillation starting 
at an early time and a higher oscillation amplitude. The case with oscillation starting 
at 200 s and an amplitude of 1.5 mm gives the shortest melting time among all cases, 
which is 1746 s. 

Figure 13. The evolution of PCM liquid fraction with oscillation starting at different times during
solidification.

5. Conclusions

A TES unit with PCM filled-in tube bundles and HTF flows outside was studied. The
oscillation of the tube bundle was applied to enhance the phase transition process. The
main conclusions are as follows.

(1) The oscillation of the tube bundle can shorten the melting time of the TES system
since the convection in liquid PCM is enhanced through the movement of tubes. The
case with a frequency of 1 Hz and amplitude of 1 mm oscillation starting at t = 200 s
has an 8.3% shorter melting time compared to the case without oscillation.

(2) A too early oscillation is not necessary for the melting enhancement as too little liquid
PCM is present at the early melting stage and thus convection is negligible. The cases
with the oscillation starting at 200 and 400 s show nearly the same melting time, which
are 1800 and 1805 s, respectively.

(3) The effect of oscillation frequency on the PCM melting is not significant among all
considered cases. A high oscillation frequency can slightly enhance convection at the
former melting stage and slightly suppress convection at the later melting stage. The
cases with oscillation frequencies of 0.2, 1.0, 5.0 and 8.0 Hz show nearly the same
melting times, which are 1797, 1800, 1801 and 1803 s, respectively.

(4) The effect of oscillation amplitude on the PCM melting is important, and a higher
oscillation amplitude can further shorten the melting time compared to a lower
oscillation amplitude. Due to a large amount of liquid PCM, the increase of oscillation
amplitude leads to the significant enhancement of convection. The melting time of
cases with oscillation amplitudes of 0.5, 1.0, and 1.5 mm are 1832, 1800 and 1746 s,
respectively.

(5) The solidification process can also be accelerated by the oscillation of tubes, and the
solidification times of the cases without oscillation, with oscillation starting at 100,
200 and 300 s, are 1444, 1338, 1345 and 1355 s, respectively. The effect of oscillation on
solidification becomes significant at the later solidification stage as the liquid fraction
curves show clear discrepancies at t > 400 s.

(6) The best phase transition performance can be obtained with the oscillation starting at
an early time and a higher oscillation amplitude. The case with oscillation starting
at 200 s and an amplitude of 1.5 mm gives the shortest melting time among all cases,
which is 1746 s.

This present study shows the oscillation of a tube bundle can enhance the melting and
solidification of the bundled-tube TES system at the same time. It should be noted that
this study only examines the effect of oscillation of tubes at the vertical direction under a
specific heat transfer condition, and the effects of oscillation directions under various inlet
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temperatures, different arrangements of multiple PCMs, and working fluid can be further
explored.
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