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Abstract
In the present work, a 2D Cartesian numerical model is implemented to simulate the transient
behaviour of a latent heat thermal energy storage system under the effect of the dynamic melting
enhancement technique. This enhancement technique consists of recirculating the liquid phase
change material (PCM) during the melting process with an external pump and therefore increasing
the overall heat transfer coefficient. Several simulations were carried out to study the influence
of the PCM flow direction, the PCM velocity, and the heat gains in the PCM recirculation loop,
showing in all cases the benefits of implementing this enhancement technique. Results from the
simulations show that when the PCM flows from top to bottom, higher enhancements are obtained
when compared to the PCM flowing from bottom to top. Moreover, it is observed that the higher
the PCM velocity, the better the enhancement in terms of process duration and heat transfer rates.
Additionally, the PCM velocity also has an influence over the evolution of the PCM melting front
and thus over the evolution of the PCM temperature profiles. It is shown that the intensity of the
enhancements, as well as the evolution of the melting front and temperature profiles, are more
influenced by the PCM velocity than by the ratio between the heat transfer fluid (HTF) and PCM
velocities. Finally, heat gains should be avoided in the PCM recirculation loop since they decrease
the heat transfer rate between the PCM and the HTF.
Keywords: Thermal energy storage; Phase change material; Heat transfer enhancement; Dynamic
melting; Numerical study; Forced Convection.
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Nomenclature
𝐴

Mushy zone constant

Cp

Specific heat, J/kgꞏK

𝐷 𝑇

Gaussian function centered about the melting temperature

E

Energy, J or kWh

𝐹⃗

Volume force

g

Gravity, m/s2

k

Thermal conductivity, W/mꞏK

L

Latent heat, J/kg

𝑚

Mass flow rate, kg/s

P

Pressure, Pa

𝑄

Heat transfer rate, W

𝑆⃗

Source term

𝑆 𝑇

Carman-Kozeny function

t

Time, s

T

Temperature, K

∆Tm

Phase change temperature range, K

v

Velocity, m/s

𝑢⃗

Velocity vector, m/s

β

Coefficient of expansion, 1/K

𝜀

Arbitrary constant which takes a value to avoid division by zero

𝜌

Density, kg/m3

μ

Dynamic viscosity, mPaꞏs

Subscripts
f

Fusion

in

Inlet

l

Liquid

m

Melting

out

Outlet

s

Solid

t

Total

0

Initial or reference
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Abbreviations
DM_CF

Dynamic melting with PCM flowing from bottom to top

DM_PF

Dynamic melting with PCM flowing from top to bottom

HTF

Heat transfer fluid

HTR

Heat transfer rate

LHTES

Latent heat thermal energy storage

MF

Melt fraction

PCM

Phase change material

SM

Static melting

TES

Thermal energy storage
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1. Introduction
Latent heat thermal energy storage (LHTES) systems have been widely studied during the last
decades because of their high energy storage densities and almost isothermal operating
characteristic, which allow improving the thermal performance of the energy system they are
coupled to [1]. However, the low thermal conductivity of the most extensively studied phase
change materials (PCMs) hinders the full implementation of these systems for daily life
applications. Different authors reviewed the research which has been carried out regarding the
implementation of heat transfer enhancement techniques, such as adding highly conductive
extended surfaces and combining highly conductive materials with the PCM, in order to overcome
the low thermal conductivity problem and increase the overall heat transfer rates in and out of
LHTES systems [2–4]. Even though these techniques are found to be very effective in terms of
heat transfer enhancement, they are invasive, since a lower quantity of PCM can be placed within
the LHTES system. Consequently, there is a decrease in the packing factor, which is the ratio
between the volume of PCM and the volume of LHTES system, and in the energy storage
capacity. In order to overcome these disadvantages, other authors focused on studying noninvasive heat transfer enhancement such as PCM slurries, direct contact PCM systems, close
contact melting, and dynamic PCM systems [5–7].
The working principle of dynamic PCM systems is the movement or agitation of the PCM during
the phase change process. They can be categorized into four different groups. The first technique
is the implementation of ultrasonic vibration in the LHTES system with the enhancements mainly
due to the combination of cavitation, acoustic streaming, and thermally oscillating flow initiated
by the ultrasonic vibration [8–12]. Oh et al. [8] experimentally investigated it during the melting
process. They observed that they could accelerate the melting process up to 2.5 times if compared
to the rate of natural melting. Other authors experimentally and numerically investigated the
implementation of this technique during the solidification process [9–12]. They focused on
preventing the adhesion of the PCM solid layers to the cooling wall and on the generation of solid
PCM slurries in subcooled liquid PCM, obtaining better results because of the longer absence of
these solid layers.
The second technique is known as double screw heat exchanger and consists of transporting the
PCM within a constantly moving helicoidally heat transfer surface of a heat exchanger during
both the charging and discharging processes [13]. Few experimental results are available, which
show that thermal power up to 9.3 ± 0.8 kW can be obtained using sodium nitrate as PCM and
thermal oil as heat transfer fluid (HTF) [5]. The third technique is the PCM flux concept, which
consists of a transportation line that moves PCM blocks parallel to a heat transfer surface [14].
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Therefore, by controlling the speed of the transportation line, the heat flux can be controlled.
Experimental results showed that a nearly constant power over time could be obtained, whose
level mainly depended on the ratio between the velocity of the PCM block and the velocity of the
system heat flux.
Finally, the fourth technique, which is numerically evaluated in the present paper, is the dynamic
melting concept. This technique consists of recirculating the liquid PCM during the melting
process with an external device, which is used to control the PCM flow rate and the heat transfer
rate. The continuous movement and mixing of the PCM not only increases the overall heat
transfer, but it also reduces the charging time and increases the effectiveness of the system by
promoting forced convection. In addition, this technique prevents phase segregation and PCM
degradation, while maintaining the high packing factor. Tay et al. [15,16] and Gasia et al. [17]
numerically and experimentally studied this technique, observing enhancements in terms of
effectiveness, heat transfer, and melting duration.
The work presented in this paper goes in depth in the dynamic melting concept by providing new
results and statements with the aim of increasing the knowledge of this topic. The novelty of this
article is the evaluation of the effect of the PCM flow direction, the evaluation of the TES system
thermal behaviour under the influence of different HTF and PCM velocities, and under the
influence of different heat gains in the PCM recirculation loop, and finally, the description of the
PCM fluid dynamics behaviour in the PCM enclosure when the dynamic melting is set. This study
is done to determine the qualitative impact of these parameters on a LHTES system and to explain
the nature of experimental results obtained in previous studies [15,16,18]. Therefore, a 2D
numerical model using the modified specific heat-porosity method is selected and used to explain
some trends and aspects observed in Gasia et al. [17].

2. Numerical and physical model
2.1. Geometry and boundary conditions
The 2D Cartesian geometry used to carry out the numerical study is shown in Figure 1. The choice
of a 2D model instead of a 3D lies on the computational and convergence cost, and facilitate the
explanation of the thermodynamics and fluid dynamics of the PCM under the effect of dynamic
melting. Hence, this study is not a recreation of the experimentation shown in Gasia et al. [17],
but it is a study on its own to look at overarching behaviours. The geometry shown in Figure 1
represents, from left to right, the HTF duct, the intermediate wall, and the PCM enclosure. The
HTF duct, through which the HTF flows, has a height of 100 mm and a width of 9 mm. The
5

intermediate wall, which is made of stainless steel and separates the HTF and the PCM, has a
height of 100 mm and a width of 1 mm. Finally, the PCM enclosure, which is the cavity where
the PCM is located, has a height of 100 mm and a width of 30 mm. In this cavity, two small ducts
of 2 mm width are attached at 0 mm to the HTF intermediate wall to simulate the inlet and outlet
of the PCM recirculation loop during the dynamic melting process. In a LHTES system using the
dynamic melting enhancement technique, the PCM recirculation loop is the external pipe
connected to a recirculation pump which is used to move the liquid PCM. Thus, the inlet of this
loop is where the liquid PCM enters the LHTES system and the outlet is where the liquid PCM
leaves the LHTES system.
The initial and boundary conditions are the followings:


Only the melting process is evaluated.



The initial temperature of the entire system is set at T0 = 268.15 K to ensure that water
which is the PCM used is fully solidified and is consistent with the previous experimental
work [17].



When the discharging process starts, the HTF flows downwards from the top of the HTF
duct at velocity vHTF. During the first 10 s, the HTF progressively increases from the initial
system temperature T0 to a constant final inlet temperature Tin = 283.15 K in order to
avoid divergences during the simulation.



Only half of the system is considered since there is symmetry with respect of the vertical
symmetry line existing in the HTF duct (Figure 1).



All the outside walls are thermally insulated, with the exceptions of the inlet and outlet
of the PCM recirculation loop during the performance of the dynamic melting process.



The liquid PCM is recirculated by setting a velocity boundary condition at the two PCM
ducts which represent the inlet and outlet of the PCM recirculation loop.



No-slip conditions are set on the surfaces of the system, with the exception of the vertical
symmetry line in the HTF duct.



The dynamic melting processes are started at tdischarge = 1200 s with the liquid PCM
circulating at velocity vPCM. This value ensured that the PCM around the PCM inlet and
outlet ducts was completely melted.
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Figure 1. Geometry and boundary conditions of the study

2.2. Materials properties
The thermophysical properties of the HTF, intermediate wall and PCM are listed in Table 1. The
fluids are incompressible, and therefore, with a constant density value incompressible for
convergence and computational cost purposes. For the simulation work, the density of the PCM
has been considered as an average value between the value of the ice density and the value of the
water density at 10 °C, 959.5 kg/m3.
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Table 1. Thermophysical properties of simulated materials.

PCM
[¡Error! No
se
Properties

Units

encuentra
el origen
de la
referencia.]

[¡Error! No se

encuentra el

encuentra el origen

origen de la

de la referencia.]

referencia.]

and water solution

273.15

-

-

K

2

-

-

J/kg

3.34ꞏ105

-

-

-

-

Melting temperature (Tm)

K

Coefficient of expansion (β)

No se

steel alloy

Water

Latent heat (Lf)

HTF

Potassium formate

-

temperature range (ΔTm)

wall [¡Error!

AISI 4340

Material

Phase change

Intermediate

1/K

8ꞏ10

-4

Thermal

solid state (ks)

W/mꞏK

2.30

44.5

-

conductivity

liquid state (kl)

W/mꞏK

0.56

-

0.485

solid state (ρs)

kg/m3

919

7850

-

liquid state (ρl)

kg/m3

1000

-

1351

Specific

solid state (cp,s)

kJ/kgꞏK

2.027

0.475

-

heat

liquid state (cp,l)

kJ/kgꞏK

4.186

-

2.661

liquid state (μl)

mPaꞏs

1.52

-

4.7

Density

Dynamic
viscosity

2.3. Numerical model
The numerical model used in this study is based on the modified heat capacity–porosity method.
The modified heat capacity accounts for the latent heat present during phase change while the
porosity component of the model deals with the impact of natural convection in the liquid melt.
The physical processes which occur on each element of the system are explained below:
1. Heat transfer fluid
The fluid dynamic behaviour of the HTF was simulated through the Navier-Stokes equations,
which consist of time-dependent equations to solve for mass, momentum and energy
conservation. Both the mass and the momentum conservation equations were solved
simultaneously. The heat transfer between the HTF and the intermediate wall occurs by
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convection, which is introduced in the material derivative term of the energy conservation
equation. These governing equations, assuming fluid incompressibility, take the following
forms:



Continuity:
𝛻 𝑢⃗

0

(1)

where and 𝑢⃗ is the velocity vector.


Momentum:
𝜌

𝐷𝑢⃗
𝐷𝑡

∇𝑃

(2)

𝜇∇ 𝑢⃗

where 𝜌 is the density, P is the pressure and 𝜇 is the viscosity.


Energy:
𝜌𝑐

𝐷𝑇
𝐷𝑡

(3)

𝑘∇ 𝑇

where 𝑐 is the specific heat, k is the thermal conductivity, and T is the temperature.
2. Intermediate wall
The heat transfer through the intermediate wall is only by conduction, and it is described by
the following equation:
𝜌𝑐

𝜕𝑇
𝜕𝑡

(4)

𝑘∇ 𝑇

3. Phase change material
In this study, the authors implemented a modified heat capacity-porosity method to study the
behaviour of the PCM. This method has been verified and proven to be able to properly
account for energy conservation during phase change, velocities in the flow and interface
behaviour in previous work by the authors [19,20] and other researchers [21]. This method
will be used as a predictive tool for this study. It treats the PCM as a liquid regardless of it
being in the liquid or in the solid state and uses additional functions to avoid material
movement when the PCM is below its melting temperature (and hence solid). Moreover, the
modified heat capacity–porosity method considers that the phase change transition from solid
to liquid, or vice versa, does not occur at a single defined temperature, but over a finite
temperature range (ΔTm), defining an artificial transition region known as the mushy zone, in
which the melt fraction (𝑀𝐹 𝑇 ) varies from zero in the solid to one in the liquid, following
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the piecewise function presented in Eq. (5). A phase change temperature range (∆Tm) of 2 K
was selected as a compromise between simulation time, mesh size, and accuracy of results
[21].

𝑀𝐹 𝑇

⎧𝑇

0

,𝑇
Δ𝑇 /2

𝑇

,𝑇

Δ𝑇
1

⎨
⎩

,𝑇

𝑇

Δ𝑇 /2

Δ𝑇 /2
𝑇

𝑇

𝑇

Δ𝑇
2

(5)

Δ𝑇 /2

The governing equations are the Navier-Stokes equations, which assume incompressibility
with variable viscosity:


Continuity conservation is expressed using Eq. (1).



Momentum:

𝜌

𝐷𝑢⃗
𝐷𝑡

∇𝑃

𝜇∇ 𝑢⃗

𝑆⃗

(6)

𝐹

the PCM always being considered a liquid in this method, the Navier-Stokes
equations will calculate liquid velocities at every point in the PCM, even in the solid
state. In order to speed up calculations and to avoid potential divergences during the
simulation, a source term (𝑆⃗ ) is added to the momentum conservation equation (Eq.
7).
𝑆⃗

(7)

𝑆 𝑇 ∙ 𝑢⃗

where 𝑆 𝑇 is the Carman-Kozeny function defined by Eq. (8). It acts as a damping
function as explained by Voller and Prakash [22]: When the PCM is liquid, the
Carman-Kozeny function takes a zero value and the momentum equation is not
altered. When the PCM is in the mushy zone close to the liquid region, the CarmanKozeny function starts to take important values and the source term 𝑆⃗ starts to
dominate the transient, convective, and diffusive terms. On the contrary, when the
PCM is in the mushy zone close to the solid region, the Carman-Kozeny function
takes large values and the source term 𝑆⃗ dominate all other terms in the momentum
equation, forcing the PCM velocity to values close to zero. Finally, in the solid region,
and for analogous reasoning, the PCM velocities are zero.
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𝑆 𝑇

1 𝑀𝐹 𝑇
𝑀𝐹 𝑇
𝜀

𝐴

where 𝐴

(8)

is the mushy-zone constant, a parameter that controls the degree of

penetration of the convection field into the mushy region [23]. In the present study,
this parameter takes a value of 104, according to the findings of Kheirabadi and
Groulx [19]. 𝜀 is an arbitrary constant which takes a value of 10-3 to avoid division
by zero when the PCM is in solid state.
Furthermore, 𝐹⃗ is a volume force which is added to the momentum conservation
equation to account for the buoyancy force that gives rise to natural convection in the
liquid phase. It is modelled through the Boussinesq approximation as follows:
𝐹⃗

𝜌 𝛽𝑔 𝑇

(9)

𝑇

where 𝜌 is the reference density which is taken to be the density of the liquid PCM
at the melting temperature, 𝛽 is the thermal expansion coefficient, g is the gravity
acceleration, and 𝑇 is the reference temperature which is taken to be the melting
temperature.
Moreover, in order to better describe the velocity profile and to improve the time of
convergence, some studies showed that the viscosity has to be defined as a
temperature dependent fluid viscosity through the Carman-Kozeny term 𝑆 𝑇 as
shown in Eq. (10) [21,24]. By implementing this modification, the modified viscosity
takes the material liquid viscosity (𝜇 ) value when the temperature is higher than
𝑇

Δ𝑇 /2, it takes extremely large values when the temperature is lower than

𝑇

Δ𝑇 /2, and therefore forcing the material to behave as a solid, and it damps

following the profile given by the Carman-Kozeny term 𝑆 𝑇 within the mushy
region, from large values in the solid state to the liquid viscosity value to the liquid
state.
𝜇 𝑇


𝜇 1

𝑆 𝑇

(10)

Energy:
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𝜌𝑐 𝑇

𝐷𝑇
𝐷𝑡

(11)

∇ ∙ 𝑘 𝑇 ∙ ∇𝑇

where 𝑐 𝑇 is the modified heat capacity, which accounts in the same equation for
the latent heat during the phase change. It is calculated as follows:
𝑐 𝑇

c

,

MF 𝑇 𝑐

𝑐

,

,

𝐿∙𝐷 𝑇

(12)

where the subscripts ‘s’ and ‘l’ represent the solid and liquid phases, respectively, and
L is the latent heat. The latent heat contribution to the specific heat is modelled using
a Gaussian function centred about the melting temperature (𝐷 𝑇 ), as shown below:
1

𝐷 𝑇

𝜋 Δ𝑇 /4

𝑒

(13)

/

In order to model the solid and liquid phases of the PCM, the thermal conductivity is
also temperature dependant, and consequently, the system of equations is rendered
non-linear (Eq. 14).
𝑘 𝑇

𝑘

MF 𝑇 𝑘

𝑘

(14)

2.4. Model mesh
The mesh used in this study is a physics-controlled mesh with a fine size element (Figure 2). This
selection was done after performing a mesh convergence study which ensured a mesh independent
solution with a deviation in the melt fraction lower than 8% in comparison to best results. The
whole domain was discretized in 7066 elements, being 89.73% of them triangular and 10.27%
quadrilateral.
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Figure 2. Mesh used in this study
2.5. Numerical study
The numerical study consisted of the 14 simulations which are summarized in Table 2. These
simulations were ran in COMSOL Multiphysics 5.3 on an Intel Xeon 16 Core processor (2.40
GHz) with 128 GB of RAM. The studies evaluated the effect of the dynamic melting enhancement
technique for different PCM flow directions, different heat gains in the PCM recirculation loop,
and different PCM and HTF inlet velocities. Thus, to properly evaluate the temperatures over
time, several monitor points were added in the PCM enclosure and in the HTF duct (Figure 3).

Velocity [m/s]

PCM

Velocity [m/s]

HTF

Heat gains [W]

direction

PCM flow

direction

HTF flow

melting

Dynamic

Case study

Table 2. Simulations carried out in the present numerical study

1

No

Top to bottom

-

-

0.05

0.00

2

Yes

Top to bottom

Top to bottom

No

0.05

0.05

3

Yes

Top to bottom

Bottom to top

No

0.05

0.05

4

Yes

Top to bottom

Top to bottom

10 W

0.05

0.05

5

Yes

Top to bottom

Top to bottom

25 W

0.05

0.05

6

Yes

Top to bottom

Top to bottom

100 W

0.05

0.05

7

Yes

Top to bottom

Top to bottom

No

0.05

0.025

8

Yes

Top to bottom

Top to bottom

No

0.05

0.10

9

Yes

Top to bottom

Top to bottom

No

0.05

0.20
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10

No

Top to bottom

-

-

0.025

0.00

11

Yes

Top to bottom

Top to bottom

No

0.025

0.0125

12

Yes

Top to bottom

Top to bottom

No

0.025

0.025

13

Yes

Top to bottom

Top to bottom

No

0.025

0.05

14

Yes

Top to bottom

Top to bottom

No

0.025

0.10

Figure 3. Monitor points used to measure the PCM temperature

2.6. Calculation procedure
The melt fraction (MF) is the portion of PCM which is in liquid state in a domain at a given time.
In a 2D Cartesian model, it is defined as the surface integral of all PCM elements with a
temperature higher than the upper temperature of the melting range, divided by the total area of
all elements (Eq. 15).
𝑀𝐹

∬ 𝐴𝑟𝑒𝑎 𝑤𝑖𝑡ℎ 𝑇

where 𝑚

∆𝑇/2 ∙ 𝑑𝑥 ∙ 𝑑𝑦

𝐴

The heat transfer rate (𝑄
𝑄

𝑇

𝑚

∙ 𝐶𝑝

(15)

) of the HTF is obtained as Eq (16) shows:
∙ 𝑇

.

𝑇

(16)

.

is the HTF mass flow rate, 𝐶𝑝

is the specific heat, THTF.in is the temperature at

the inlet of the duct, and THTF.out is the temperature at the outlet of the duct. Note that both HTF
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temperatures in Eq. (15) are mean temperatures of the fluid as defined for internal forced
convection problems.
Finally, integrating the previous equation over the process time, one can obtain the energy
released by the HTF as shown in Eq. (16):
𝐸

𝑄

(17)

∙ 𝑑𝑡

3. Results and discussion
3.1. Influence of the flow arrangement
Figure 4 shows the evolution of the PCM temperature recorded by the monitor points T.PCM.3,
T.PCM.6, and T.PCM.9 for the case studies 1, 2 and 3 presented in Table 2. The HTF flows from
top to bottom at a velocity of 0.05 m/s, while the PCM does not flow in the static melting process
(SM), and it flows at an average PCM velocity of 0.05 m/s during the dynamic melting process.
The direction of the PCM flow depends on the flow arrangement, from top to bottom in the
parallel flow arrangement (DM_PF), and from bottom to top in the counter-flow arrangement
(DM_CF).
In Figure 4, it can be seen that during the first 1200 s that the three monitoring points show the
same behaviour since the dynamic melting process is not active. However, the temperature
profiles start to differ with the activation of the dynamic melting process. With the absence of
PCM recirculation in the LHTES system (SM), the PCM located at the upper part of the enclosure
melts faster than when the PCM is recirculated. Natural convection plays an important role and
results in the rise of the warmer PCM, which leads to increasing the heat transfer in the top region.
Therefore, the influence of natural convection causes the PCM located at the bottom region to
melt last. On the other hand, when dynamic melting takes place, the flow arrangement determines
which regions of the LHTES systems melt first. When the PCM is recirculated from top to bottom
(DM_PF) the PCM located at the middle region melts in the first place, followed by the PCM
located at the upper and at the bottom regions, respectively. This is also consistent with the
experimental work conducted by Gasia et al. [17], where this behaviour occurred when the PCM
flow rate was higher than the HTF flow rate. The liquid PCM from the bottom region of the
LHTES system, which is at a lower temperature than the PCM located at the upper region, is
externally recirculated to the top of the LHTES system. Thus, higher heat transfer rates occur
between the HTF and the PCM as a result of an increase of the temperature gradient, accelerating
both the melting process and the modification of the melting front shape. On the contrary, when
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the PCM flows from bottom to top (DM_CF), the PCM melts following the same pattern than the
case with no PCM recirculation.
Figure 5 presents the evolution of the melting front at different moments of the discharging
process. It is found that this result differs from the one observed by Gasia et al. [17], who
experimentally studied the same phenomenon. In that study, the authors observed that the solid
pieces of ice which were detached from the system surfaces, floated and remained around the
upper portion for a long period of time thus, affected to the temperature distribution. The impact
of the floating ice was not implemented in this numerical model for computational reasons, which
explains this difference. As the melting process goes on, the influence of the PCM recirculation
was observed in the PCM temperature (Figure 4), the evolution of the melting front (Figure 5),
and the velocity profiles (Figure 6).
When the dynamic melting process is activated (tdischarge=1200 s) the melting front presents an
irregular shape, no matter which flow arrangement is set (Figure 5). Therefore, the liquid PCM
flow channel inside the enclosure does not present a homogeneous cross-sectional area. The liquid
PCM flow channel is defined as the section of liquid PCM limited by solid walls, which in the
current study are the HTF intermediate wall and the melting front. In the upper region, the melting
front is found halfway in the PCM enclosure, while in the bottom region the melting front is found
very close to the duct of PCM recirculation loop. This situation causes that when the PCM is
recirculated from top to bottom (DM_PF), the PCM initially follows the theoretical linear path
that connects the inlet and outlet of the PCM recirculation loop. Continuously, it gradually
diverges towards the outer wall of the LHTES system, modifying the melting front shape as seen
in Figure 5 (b). This is due to the sudden expansion caused by the liquid PCM when it enters the
top of the LHTES system, which has a large cross-sectional area, coming from the PCM
recirculation loop, which has a lower cross-sectional area. This effect is increased by the existence
of a sharp 90º turn in this section of the LHTES system that makes the liquid PCM flow streamline
to separate from the wall and to take the above-mentioned diverging pattern towards the external
wall of the LHTES system (Figure 6) and, as a consequence, to hit the PCM melting front further
downstream at a distance which depends on the Reynolds number [25–27]. Moreover, as a result
of this sudden expansion, the PCM is decelerated and it suffers an increase in its pressure, creating
a pressure difference between the regions with different cross-sectional areas in the direction of
the flow. Furthermore, the liquid PCM located in the right-top corner region, which is out of direct
influence of the PCM flow streamline, suffers a reverse recirculation since its low kinematic
energy cannot overcome the adverse pressure increase created in the direction of the flow
streamline (Figure 6). A similar behaviour is observed in the liquid PCM located in the region
close to the HTF intermediate wall. The adverse pressure gradient generated in the enclosure
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causes a detachment of the liquid PCM flow streamline from the surface of the HTF wall, and a
further reattachment to the wall at a certain distance downstream, which also depends on the
Reynolds number [¡Error! No se encuentra el origen de la referencia.-¡Error! No se
encuentra el origen de la referencia.]. As a result, a reverse recirculation zone is generated
within the space between both detachment and reattachment points, for analogous reasoning.
When the PCM is recirculated from bottom to top (DM_CF), the previous behaviour is not
observed anymore, and the PCM follows during the whole process the theoretical linear path
which connects the inlet and outlet of the PCM recirculation loop. At the beginning of the dynamic
melting process, the liquid PCM flow channel at the bottom region of the LHTES system has a
cross-sectional area which is almost identical to the cross-sectional area of the PCM recirculation
loop inlet. This characteristic does not allow a sudden expansion of the incoming liquid PCM as
seen before. However, the cross-sectional area of the liquid PCM flow channel gradually increases
as it moves upwards the enclosure because of the effect of the natural convection on the early
stages of the process, becoming more remarkable at the upper region. Furthermore, the sudden
and sharp contraction that the liquid PCM suffers at the top region when it leaves the LHTES
system creates a recirculation zone between the outlet of the PCM recirculation loop and the
melting front due to the pressure gradients which are generated (Figure 6). As the process
continues, the region of liquid PCM which is not directly influenced by the liquid PCM flow
streamline is affected by the effects of the natural convection. Thus, it results into a temperature
profile and melting front evolution similar to the evolution observed when the process has no
PCM recirculation, but with a faster response, confirming the benefits of forced convection.
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Figure 4. Temperature of the PCM at the upper-right corner (T.PCM.3), centre-right side (T.PCM.6), and
bottom-right corner (T.PCM.9) of the LHTES system. Influence of the PCM flow arrangement for an
HTF flowing from top to bottom at an average velocity of 0.05 m/s: No dynamic melting (SM), PCM
flowing from top to bottom (DM_PF), PCM flowing from bottom to top (DM_CF).

(a)

(b)

(c)

Figure 5. Melting front at t=1200 s, t=1800 s, t=3600 s, and t=5400 s. Influence of the PCM flow
arrangement for an HTF flowing from top to bottom at an average velocity of 0.05 m/s: (a) No dynamic
melting (SM); (b) PCM flowing from top to bottom (DM_PF); (c) PCM flowing from bottom to top
(DM_CF).

tdischarge = 1800 s

tdischarge = 3600 s
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HTF

DM_CF

Recirculation
zone

Figure 6. Velocity profiles at t=1800 s, t=3600 s, and t=5400 s. Influence of the PCM flow arrangement
for an HTF flowing from top to bottom at an average velocity of 0.05 m/s: No dynamic melting (SM),
PCM flowing from top to bottom (DM_PF), PCM flowing from bottom to top (DM_CF). The white line
represents the boundary where the PCM is at the melting temperature.

The influence of the PCM recirculation can be easily observed in the evolution of the heat transfer
rate (Figure 7) and the melting fraction (Figure 8) profiles. Notice that when the dynamic melting
process is activated (tdischarge = 1200 s), differences are observed in the three cases studied. The
average value of the heat transfer rate during the discharge is 104.7 W when there is no PCM
recirculation (SM). The heat transfer rate is increased to 173.8 W (+ 66.1%) when the PCM flow
from top to bottom (DM_PF), while the heat transfer rate becomes 152.5 W (+45.7%) when the
PCM flows from bottom to top (DM_CF). These results indicate that the recirculation of the liquid
PCM increases the heat transfer rates in comparison to the case with no PCM recirculation. When
the PCM is recirculated from top to bottom, the colder liquid PCM is sucked from the bottom
region of the system and poured to the top region, which makes the temperature gradient between
the inlets of the HTF and the PCM higher than when the PCM is recirculated from bottom to top.
In such case, warmer PCM from the top is externally pumped to the bottom, allowing the colder
water from the bottom to internally flow towards the upper region of the system but at a higher
average temperature. The presence of higher values of heat transfer rates leads to the melting
process finishing 40% earlier in the parallel flow arrangement (tMF=1 = 6000 s) and 32.7% earlier
in the counter flow arrangement (t MF=1 = 6730 s) when compared to the case with no PCM
recirculation (tMF=1 = 10000 s).
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Figure 7. Evolution of the HTF heat transfer rate. Influence of the PCM flow arrangement for an HTF
flowing from top to bottom at an average velocity of 0.05 m/s: No dynamic melting (SM), PCM flowing
from top to bottom (DM_PF), PCM flowing from bottom to top (DM_CF).

Figure 8. Evolution of the melting fraction. Influence of the PCM flow arrangement for an HTF flowing
from top to bottom at an average velocity of 0.05 m/s: No dynamic melting (SM), PCM flowing from top
to bottom (DM_PF), PCM flowing from bottom to top (DM_CF).
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3.2. Influence of the PCM velocity
Having determined that recirculating the liquid PCM from top to bottom provides an added heat
transfer rate, the following step is to study the influence of the PCM velocity in the recirculation
loop on the heat transfer and energy storage behaviour (case studies 1, 2, 7, 8, and 9 presented in
Table 2). Moreover, the authors also investigated the possible relationship between the
enhancements observed because of the dynamic melting and the ratio between the HTF and PCM
velocities as stated by Tay et al. [15] and Gasia et al. [17] from previous experimental studies.
Figure 9 displays the evolution of the melting fraction for an average HTF velocity of 0.05 m/s
and different PCM velocities, both fluids flowing from top to bottom. It can be observed that
increasing the value of the average PCM velocity translates to a decrease of the time needed to
fully melt the entire PCM inside the LHTES system. Results from the simulations shows that
when the PCM velocity is set to be half of the HTF velocity (i.e vPCM = 0.025 m/s), the time needed
to entirely melt the PCM is 6910 s, which represents a reduction of 30.9% as compared to the
case with no PCM recirculation (tSM.MF=1 = 10000 s). If the PCM velocity is increased, the time
needed to fully melt the PCM is 6000 s (vPCM = 0.05 m/s), 5120 s (vPCM = 0.1 m/s), and 4560 s
(vPCM = 0.2 m/s), which represents a reduction of 40%, 48.8%, and 54.4% as compared to the case
with no PCM recirculation, respectively. The reduction of the melting period is due to the increase
in heat transfer rates between the HTF and the PCM, as shown in Figure 10. Notice that when the
PCM velocities are increased, both the peak and average values of the heat transfer rates are
increased. Results from simulations show that when the PCM velocities are 0.025 m/s, 0.05 m/s,
0.1 m/s, and 0.2 m/s, the average heat transfer values are 150 W, 173.8 W, 200.3 W, and 220.7
W, respectively. Hence, if compared to the case with no PCM recirculation, the enhancements are
43.3%, 66.1%, 91.3%, and 110.8%, respectively. When the PCM velocity is higher, the liquid
PCM temperature does not change as much within between the inlet and the outlet of the PCM
recirculation loop. Thus, the temperature difference between HTF and PCM stays higher, since
lower temperature PCM from the bottom region of the LHTES system is pumped to the top, and
as a consequence it increases the heat transfer. Moreover, since the HTF flow is laminar, the heat
transfer coefficient is constant, and the heat transfer rate mainly depends on the temperature
gradients between the HTF and the PCM.
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Figure 9. Evolution of the melting fraction. Influence of the liquid PCM velocity for an average HTF
velocity of 0.05 m/s. Both PCM and HTF flow from top to bottom.

Figure 10. Evolution of the HTF heat transfer rate. Influence of the liquid PCM velocity for an average
HTF velocity of 0.05 m/s. Both PCM and HTF flow from top to bottom.

The results from the simulation also show a different behaviour in the evolution of temperature
profiles of the PCM located at the right side of the LHTES system (Figure 11) and the evolution
of the melting front (Figure 12) depending on the PCM velocity. Notice that when the PCM
velocity is 0 m/s or 0.025 m/s the PCM located at the upper-right corner increases its temperature
faster than the PCM located at centre-right side and the bottom-right corner. When the PCM
velocity is 0.05 m/s or 0.1 m/s, the PCM located at the centre-right region melts faster than the
PCM located at the upper- and bottom-right corners. Finally, when the PCM velocity is 0.2 m/s,
the PCM located at the bottom-right corner increases its temperature faster than the PCM located
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at the upper- and centre-right regions. It is observed that the size and structure of the two
recirculation zones above-mentioned (the one generated at the intermediate wall and the one
generated in the upper region of the LHTES system as a result of the sharp corner) is strongly
dependant on the PCM velocity, consistent with [25–27]. For lower velocities, the pressure
gradients generated by the sudden expansion cause the liquid PCM streamline to move towards
the upper region of the external wall of the LHTES. As a result, the detachment point from the
intermediate wall is located at the upper region of the LHTES system and therefore big
recirculation zones are created on this wall, while the recirculation zone generated at the upper
regions decrease its size. On the other hand, for higher velocities, the liquid PCM streamline is
attached to the wall for a longer length and the detachment point is located downwards. Thus, the
recirculation zone generated on the wall has a smaller size while the other one increases its size.
These results are consistent with the experimental results obtained in Gasia et al. [17], where a
similar behaviour on the temperature profiles were observed.

Figure 11. Temperature of the PCM at the upper-right corner (T.PCM.3), centre-right side (T.PCM.6), and
bottom-right corner (T.PCM.9) of the LHTES system. Influence of the PCM velocity for an average HTF
velocity of 0.05 m/s. Both PCM and HTF flow from top to bottom.

24

(a)

(b)

(d)

(e)

(c)

Figure 12. Melting front at t=1200 s, t=1800 s, t=3600 s, and t=5400 s. Influence of the PCM velocity for
an average HTF velocity of 0.05 m/s: (a) vPCM=0, (b) vPCM=0.025 m/s, (c) vPCM=0.05 m/s, (d) vPCM=0.10
m/s, and (e) vPCM=0.20 m/s. Both PCM and HTF flow from top to bottom.

The influence of the ratio between the PCM and the HTF velocities (vPCM / vHTF) is also studied to
evaluate if the dynamic melting enhancement is influenced by this ratio, or it is uniquely
influenced by the PCM velocity (Case studies 10, 11, 12, 13, and 14 presented in Table 2). Hence,
the average HTF velocity was reduced to 0.025 m/s while the ratio between both velocities was
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the same than in the previous case study (vPCM /vHTF = 0, 0.5, 2, and 4. Hence, the new PCM
velocities are: vPCM= 0, 0.0125, 0.025, 0.5, and 0.1 m/s, respectively). Figure 13 shows the
evolution of the melting front at different moments of the process for the five above-mentioned
PCM velocities. As compared to the previous case study (Figure 12), it can be observed that for
the same PCM velocity, the melting front follows practically the same pattern over time (i.e.
Figure 12(b) and Figure 13(c), Figure 12(c) and Figure 13(d), Figure 12(d) and Figure 13(e)). The
only difference is that the melting front profile has slightly moved more towards the right border
of the enclosure when the HTF velocity is higher (vHTF=0.5 m/s). The reason lies on the fact that
with lower HTF velocities, the heat transfer rates are lower and therefore, lower quantity of PCM
is melted (Figure 14). Thus, it can be concluded that in absence of heat gains in the LHTES
system, the enhancement obtained by the implementation of the dynamic melting concept is
mostly due to the PCM velocity. Hence, there is no threshold in the ratio between the PCM and
HTF velocities below which there is no enhancement in terms of heat transfer, opposite to what
it was stated in Tay et al. [15] and Gasia et al. [17].
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Figure 13. Melting front at t=1200 s, t=1800 s, t=3600 s, and t=5400 s. Influence of the PCM velocity for
an average HTF velocity of 0.025 m/s: (a) vPCM=0, (b) vPCM=0.0125 m/s, (c) vPCM= 0.025 m/s, (d)
vPCM=0.05 m/s, and (e) vPCM=0.10 m/s.

27

Figure 14. Evolution of the HTF heat transfer rate. Influence of the liquid PCM velocity for an average
HTF velocity of 0.025 m/s.

3.3. Influence of heat gains in the dynamic melting loop
This section aims to show the influence on the LHTES system thermal behaviour of the heat gains
from the PCM recirculation loop. The goal of cooling down the HTF in the LHTES system for
refrigeration purposes is to obtain a colder temperature at the outlet of the HTF duct. Hence, heat
gains in the PCM recirculation loop makes the PCM temperature increase faster and therefore,
reduces the amount of “cold” which can be obtained from the PCM. These heat gains can be
generated by two factors. The first factor is due to poor insulation of the PCM recirculation piping,
which causes the PCM to absorb energy from the environment. The second factor is by the
mechanical losses of the PCM recirculation pump, which increases the internal energy of the
liquid PCM. As a result of these heat gains, the PCM increases its temperature and modifies the
LHTES system behaviour.
In the present study, five different cases are compared and discussed (Case studies 1, 2, 4, 5, and
6 presented in Table 2). First, a static melting process with the HTF flowing from top to bottom
at a constant velocity of vHTF = 0.05 m/s without the effect of the dynamic melting (DM). Second,
a dynamic melting process with the same HTF flow arrangement, and the liquid PCM flowing
from top to bottom at a constant velocity of vPCM = 0.05 m/s without heat gains (DM_PF). Finally,
the same dynamic melting processes with heat gains on the PCM recirculation loop of 10 W, 25
W, and 100 W (DM_PF_10W, DM_PF_25W, DM_PF_100W, respectively).
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Results from the simulations show that the increase on the inlet temperature of the PCM at the
top of the LHTES system, as a result of the heat gains in the recirculation loop, causes the PCM
to melt faster than with absence of heat gains (Figure 15). Indeed, the time needed to fully melt
the PCM when the heat gains are 10 W, 25 W, and 100 W are 5820 s, 5600 s, and 4700 s,
respectively, in comparison to the 6000 s needed when no heat gains are being absorbed by the
PCM. Therefore, the melting process is affected, and the time needed to complete it is reduced up
to 21.7% if there are constant heat gains of 100 W. However, this reduction is not beneficial as it
can be seen in Figure 16 and Figure 17. The fact of increasing the inlet PCM temperature directly
affects the heat transfer between the HTF and the PCM, therefore the heat released by the HTF
during the melting process. As observed in section 3.1, the fact of recirculating colder PCM from
the lower regions of the LHTES system to its upper regions dramatically increases the heat
transfer. However, if warmer PCM is pumped to the LHTES system, the temperature gradient
between the HTF and the PCM is decreased, and so does the heat transfer. Results from the
simulation show that the average heat transfer rate from the beginning of the process until the
PCM is fully melted is 171.1 W, 167.6 W, and 151.6 W, when the heat gains are 10 W, 25 W,
and 100 W, respectively. This means a reduction of up to 12.8% as compared to the dynamic
melting process without heat gains. Moreover, there is one point at which the HTF stops releasing
energy to the PCM and starts absorbing energy from the PCM (heat transfer = 0 W). At this point,
the LHTES system becomes worthless as cold LHTES system and it should be stopped. Finally,
the melting front is also affected by the heat gains (Figure 18) in a similar way than the melting
fraction. Despite the fact that its profile is not being modified like it is observed in the previous
sections, it moves along faster as the heat gains are higher.
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Figure 15. Evolution of the melting fraction. Influence of the heat gains in the PCM recirculation loop for
the HTF and PCM flowing from top to bottom at an average velocity of 0.05 m/s.

Figure 16. Evolution of the HTF heat transfer rate. Influence of the heat gains in the PCM recirculation
loop for the HTF and PCM flowing from top to bottom at an average velocity of 0.05 m/s.
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Figure 17. Evolution of the accumulated energy released by the HTF during the melting process.
Influence of the heat gains in the PCM recirculation loop for the HTF and PCM flowing from top to
bottom at an average velocity of 0.05 m/s.
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(a)

(b)

(d)

(e)
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Figure 18. Melting front at t=1200 s, t=1800 s, t=3600 s, and t=5400 s. Influence of the heat gains in the
PCM recirculation loop for the HTF and PCM flowing from top to bottom at an average velocity of 0.05
m/s: (a) Heat gains=0W (vPCM=0 m/s), (b) Heat gains=0W, (c) Heat gains=10W, (d) Heat gains=25W,
and (e) Heat gains=100W.

3.4. Summary of the results
Finally, Table 3 summarizes the main results obtained for the 14 simulations carried out in the
present work.
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Table 3. Summary of the results obtained for the different simulations carried out in the present work. The
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No

2
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3

Yes
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Yes

5

Yes

6
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7
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8

Yes

9

Yes

10

No

11

Yes

12

Yes

13

Yes
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Yes
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bottom

-

Top to
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Top to
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bottom

to top

Top to
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Top to
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Top to
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Top to

Top to
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Top to

Top to
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bottom

Top to

Top to
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-

Top to

Top to
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Top to

Top to

bottom

bottom

Top to

Top to

bottom

bottom

Top to

Top to

bottom

bottom

-

0.05

0.00

No

0.05

0.05

No

0.05

0.05

10 W

0.05

0.05

25 W

0.05

0.05

100 W

0.05

0.05

No

0.05

0.025

No

0.05

0.10

No

0.05

0.20

-

0.025

0.00

No

0.025

0.0125

No

0.025

0.025

No

0.025

0.05

No

0.025

0.10
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transfer [W]

Average heat

period [s]

Melting process

Velocity [m/s]

PCM

Velocity [m/s]

HTF

Heat gains [W]

direction

PCM flow

direction

HTF flow

melting

Dynamic

Study

percentage difference in comparison to the two cases with no PCM recirculation are shown in brackets.

10000

104.7

(-)

(-)

6000

173.8

(-40%)

(+66.1%)

6730

152.5

(-32.7%)

(+45.7%)

5820

171.1

(-41.8%)

(+63.4%)

5600

167.6

(-44%)

(+60.1%)

4700

151.6

(-53%)

(+44.8%)

6910

150

(-30.9%)

(+43.3%)

5120

200.3

(-48.8%)

(+91.3%)

4560

220.7

(-54.4%)

(+110.8%)

10800

96.4

(-)

(-)

7940

129.5

(-26.6%)

(+34.3%)

7300

140.5

(-32.4%)

(+45.7%)

6310

163.3

(-41.6%)

(+69.4%)

5530

184.1

(-48.8%)

(+91.0%)

3.5. Comparison of the behaviour and trends between experimental and numerical studies
Numerical results for the top to bottom PCM flow arrangements have been used to compare
against experimental results in previous studies [15, 17]. The geometry and the main operation
conditions such as boundary conditions and temperature locations of the current numerical study
were not the same than the previous experimental studies and therefore, only the behaviour and
trends between the studies are compared.
It can be observed that for this PCM flow arrangement, the PCM velocity defines which region
of the PCM enclosure melts first, and therefore the melting fraction shape. It is observed that for
lower PCM velocities, the upper regions of the PCM enclosure melt first, and the increase of this
parameter makes the region which melts first to move downwards (Figure 19). The main
differences observed in both studies are mainly attributed to the floating ice effect and the lack of
a wide range of PCM velocities in the experimental studies. In the experimental study the solid
pieces of ice which were detached from the system surfaces, floated and remained around the
upper portion for a long period of time and thus, affected to the temperature distribution. In the
numerical study, the floating ice effect was not simulated, and the upper region was only
influenced by the PCM velocity. It is also found that when the PCM velocity is increased the time
needed to melt the PCM is reduced, which is consistent with the experimental results. The
differences in the percentage of enhancement between the numerical and experimental studies is
mainly due to the differences in the PCM flow conditions.
Investigation on the ratio between HTF and PCM velocities, using the same values than the ones
in the experimental work [15,17] was conducted, and discharging process time analysed. Finally,
the numerical study also explores if the heat transfer enhancement is influenced by the ratio
between the PCM and the HTF velocities or if it is uniquely influenced by the PCM velocity. It
is observed that the enhancement because of the dynamic melting technique is mostly due to the
PCM velocity, and therefore there is no threshold in the ratio between the PCM and HTF
velocities below which there is no enhancement in terms of heat transfer, which refutes the
statement of the experimental studies [15,17], where only HTF velocity was analysed.
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(a)

(b)
Figure 19. Comparison of the behaviour and trends between experimental and numerical studies: (a)
Experimental study [17]; (b) Current numerical study.

4. Conclusions
This work presents a numerical study focused on studying the influence of the dynamic melting
concept in a two-dimensional Cartesian LHTES system, with the HTF flowing from top to bottom
at 0.05 m/s and the PCM is stored in a rectangular enclosure. Dynamic melting is an enhancement
technique which consists of recirculating the liquid PCM during the melting process with an
external device and therefore, increasing the overall heat transfer coefficient. Fourteen different
simulations were carried out with the aim of studying the influence of the PCM flow direction,
the PCM velocity, and the heat gains in the PCM recirculation loop.
The study of the influence of the PCM flow direction shows that when the PCM is recirculated
from top to bottom, which means parallel to the HTF flow direction, higher heat transfer rates and
lower melting process periods are obtained than when the PCM is recirculated from bottom to
top. Results from the simulations showed that heat transfer rates, in comparison to the case with
no recirculation are 66.1% and 45.7% higher, respectively, while the melting process periods are
40% and 32.7% lower, respectively. Moreover, different melting front and temperature profiles
are observed in each scenario. On the other hand, the study of the influence of the PCM velocity
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shows that the higher the velocity the higher the heat transfer rates and the lower the melting
process periods. Specifically, with PCM velocity between 0.025 m/s and 0.20 m/s, results showed
enhancement in the heat transfer rates between 43.3% and 110.8%, while reduction in the melting
process periods between 30.9% and 54.4%, respectively. Additionally, two other issues were
observed in this study First, that the enhancement was uniquely due to PCM velocity, and not to
the ratio between the PCM and HTF velocities and second, that the PCM velocity strongly
affected the melting fronts and temperature profiles within the LHTES system. The previous
studies were carried out with the absence of heat gains in the PCM recirculation loop, which
causes the increase of the PCM temperature at the inlet of the LHTES system. The increase of the
heat gains is translated to a decrease of the average heat transfer rates and a decrease of the melting
process periods. Results showed a difference of 21.3% in the heat transfer rate between the case
study with absence of heat gains and the case study with constant heat gains of 100 W. Moreover,
it is observed that there is one point that the HTF stops releasing energy to the PCM and it starts
absorbing energy, as a result of the PCM temperature increase.
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