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ABSTRACT

Controlled melting and solidification in encapsulated phase change materials (PCMs) is of practical inter-
est, for example, in latent heat storage applications. The choice of PCMs and the dynamic heat transfer
characteristics during phase change - affecting the transient charging/discharging rates - are decisive for
the energy and power density of the heat storage option. For example, highly conductive, high melt-
ing point (above 700K) metal alloys have a potential advantage as a high energy and power density
latent heat storage, compared to the widely used low conducting molten salt and paraffin wax. This
advantage depends on the relative dominance of heat transfer modes that vary depending on the ther-
mal properties of the PCM, shape of the encapsulation, and the load conditions, and must be quantified
to warrant a fair comparison. We developed a 2D transient phase change model of encapsulated PCMs,
accounting for phase change over a temperature range, volumetric expansion and contraction, and multi-
mode heat transfer within the encapsulated PCM. The enthalpy-porosity method was used to model the
phase change in a fixed grid. Validation was performed with literature data of low and high-conductivity
PCM experiments (RT27 and lead). Two types of PCMs were subsequently investigated in detail: a high-
conducting binary-eutectic alloy Al-12.6Si and a low-conducting commercially available RT27 paraffin wax
(Rubitherm GmbH). The model was used to compare the phase change process and the strength of the
various modes of heat transfer in the PCM filled cylindrical stainless-steel encapsulations in horizontal
and vertical orientation with constant temperature walls. A full parameter study and non-dimensional
analysis are presented for different PCMs. The results quantified the influence of boundary conditions,
thermophysical properties and geometrical parameters on the phase change process and the contribution
of the natural convection within the encapsulation. The non-dimensional analysis linked the melt fraction
and heat transfer rates to a combination of the Fourier, Stefan, Rayleigh and Nusselt numbers. Fitting of
the exponents of non-dimensional number groups to the heat transfer calculations allowed to provide
general correlations for melting time, melt fraction, heat transfer rates, and characteristics of melting.
Such correlations provide general understanding of the transient heat transfer in phase change media
and provide engineering tools for designing, for example, a latent heat storage unit.

© 2020 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

versa. The Stefan problem is encountered in a wide variety of ap-
plications such as metal casting [3], heat dissipation in electronic

The transient heat transfer problem of solid-liquid phase change
in a homogeneous PCM is described by the non-linear Stefan prob-
lem [1,2]. It is characterized by an dynamically evolving melt in-
terface, the state of which is interdependent with the latent heat
exchanged at the interface. The shape and position of the melt in-
terface changes the convective and conductive heat transfer in the
PCM and, therefore, control the latent heat exchanged, and vice
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equipment [4], and especially in latent heat storage for balanc-
ing energy demand and reducing energy requirements in indus-
trial processes such as aluminium smelting and glass manufactur-
ing. Thermal energy storage has been commercially harnessed in
more than 70% of the total installed capacity of concentrated solar
power plants (CSPs) [5]. The PCMs commonly used in thermal en-
ergy storage since the 1800s have a low thermal conductivity. At-
tempts to overcome this limitation include the usage of extended
surfaces [6], the use of multiple PCM or PCM mixtures [7], and
the incorporation of a high-conductivity matrix element into the
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Nomenclature

English symbols

u velocity vector (ms=1)

q heat flux (Wm™?)

Amush  Mushy constant (kgm ™ s—1)

Cp specific heat at constant pressure (J kg’1 K1)
g acceleration due to gravity (9.81ms2)
H height (m)

h specific enthalpy (Jkg™!)

L latent heat of melting (Jl(g_l)

R radius (m)

r2 coefficient of determination

T temperature (K)

u horizontal velocity (ms=1)

v vertical velocity (ms=1)

k conductivity (Wm~!1K-1)

X length along horizontal direction (m)

y length along vertical direction (m)

Greek Symbols

o thermal diffusivity (m%s-1)
B liquid melt fraction
n heat function (Wm™2)
% dynamic viscosity (Pas)
% kinematic viscosity (m2s-1)
Q momentum source term (kg m3 s
[0) thermal expansion coefficient (K1)
P density (kg m‘3)
o stress-strain tensor (Nm~2)
e small value ( ~ 0.001)
AT temperature difference (|Tw — Tm| K)
Non-dimensional numbers
; ky t
Foy Fourier number (plcp.l : P)
Nu, Nusselt number (\ngﬁ : ,{—l)
Pr Prandtl number (C”k—’l”)
Ray Rayleigh number (W)
Ste Stefan number w
Ty Dimensionless time (Ste - Foy)
Subscripts
1 liquid
min minimum
m melting point
ref reference
S solid
w wall
X horizontal direction
y vertical direction

PCM [8]. Metal alloys have conductivities two orders of magnitude
larger than paraffin waxes and molten salts [9], comparable en-
ergy densities, and higher melting temperatures [10]. These differ-
ent characteristics result in higher charge/discharge rates, higher
quality of heat stored, and larger exergetic efficiencies during dis-
charge. Aluminium alloys like Al-12.6Si (with a large heat of fusion
and high thermal conductivity) have been identified as interest-
ing high-temperature and high conductivity candidates, and cycling
tests for latent heat storage applications suggest their longevity is
reasonable [11].
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There are several studies reporting individually experimental
and numerical investigations of high and low Prandtl number
PCMs. However, there has never been a direct comparison of the
two in a phase change melting/solidification process. An accurate
prediction of the melt interface and the combined conductive-
convective heat transfer modes is fundamental to calculate the
melting/solidification rate and compare the PCMs accurately. Typi-
cally, studies neglect the variation in density during phase change
and the natural convection in the melt [12-14], which results in
inaccurate and unrealistic predictions. The use of analytical models
or conduction-only models (that neglect natural convection within
the PCMs) have been found to overestimate [15] the time taken
to melt. Also, the deformation of the solid PCM due to the pres-
ence of natural convection has an important effect on the phase
change rate. With the advent of computational power, the phase
change models must be more accurate and allow tracking of the
melt interface, predicting natural convection in the melt, predict-
ing close-contact melting, capturing phase change over a temper-
ature range, considering phase-dependent physical properties, and
accounting for volumetric expansion and contraction. Here, we di-
rectly compare by numerical modelling a high-conducting binary-
eutectic metal alloy (Al-12.6Si) and a low conducting paraffin wax
(RT27, Rubitherm GmbH) during phase change in equivalent con-
ditions (similar Stefan and Rayleigh numbers), in order to provide
general operational and design guidelines for arbitrary heat storage
systems.

Due to their frequent usage in thermal storage and their
low melting point that allows transparent encapsulations, sev-
eral low conductivity (i.e. high Prandtl number) PCMs have been
studied experimentally. Early experiments with n-octadecane (Pr
~ 54) in rectangular encapsulations with vertical heated side walls
[16,17] used thermocouples and photographic techniques to cap-
ture the melt interface. It was observed that convection followed
an initially conduction dominated regime. During the melting of
another paraffin wax, n-eicosane (Pr ~ 54) in a vertical cylin-
drical encapsulation heated on the vertical outer walls [18], pho-
tographs of the melt interface along with numerical simulations
helped to quantify the effect of convection. The initially conduction
dominated process showed a vertical melt interface followed by
a buoyancy driven convection warping the interface from the top.
The shapes observed during melting were found to resemble four
regimes [19]: pure conduction, conduction-convection, pure con-
vection, and shrinking solid. Similar effects of convection were also
observed in melting experiments with very high Prandtl number
PCMs like Lauric acid (Pr = 137) [20] inside a rectangular encapsu-
lation. In contrast, the presence of natural convection was observed
to slow down the solidification (and even to stop it completely
in cases with higher temperatures differences) during solidification
studies with n-eicosane [21] in a vertical cylindrical encapsulation
with a cold pipe at the axis and a heated outer wall. In this case,
the presence of a source and sink maintained a temperature differ-
ence that sustained the convection, unlike in other studies where
only a heat source was present [18]. Studies exploring other encap-
sulation geometries include melting and solidification in spherical
[22,23] and vertical cylindrical encapsulations [24] with the low
conducting paraffin RT27 (Pr = 41.04) in a constant temperature
water bath. The melt interface was recorded by a camera. Void
formation due to density change was observed during solidifica-
tion but natural convection showed negligible effects on the melt
interface. During melting, the buoyancy driven convection char-
acteristics observed in both shapes were quite similar, while the
close-contact melting was strong only in the spherical encapsula-
tion where the spherical bottom allows for a constant contact for
conduction. Close-contact melting, speeding up the melting pro-
cess, was observed in a similar study replicated using n-octadecane
[25].
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Gallium (Pr = 0.025) was one of the first high conductivity
PCMs experimentally studied, enabled by its very low melting
point. The first Ga studies [26,27] were conducted in rectangular
encapsulations and used temperature distribution and its fluctua-
tion as qualitative signs of natural convection during phase change.
Convection cells, formed by buoyancy driven natural convection,
were observed and their significant effect on the shape of the melt
interface during melting was demonstrated experimentally even
for such large conductivity PCMs. A transition to turbulent flow
was observed only when the heat source was at the bottom of the
encapsulation [26] and not when it was on the vertical side wall
[27]. The effect of natural convection was also investigated during
melting/solidification in tin (Pr = 0.015) [28,29], where the melt
interface was located by a traversing probe method, but natural
convection was negligible compared to large Pr PCMs. In a more
recent thermal test [30] of lead (Pr = 0.0241) used as shielding
material for radioactive materials, a rectangular steel encapsula-
tion was heated on the vertical side wall and neutron radiogra-
phy was used for non-intrusive and dynamic investigation of the
melt interface. It was observed that the melt interface moved faster
at the top of the encapsulation due to buoyancy induced convec-
tion. Similarly, in a study of the eutectic metal alloy Mg-51Zn (Pr
= 0.012) [31] in a cylindrical encapsulation using synthetic oil as
the heat transfer fluid (HTF), the melting process was dominated
by conduction-convection events whereas the solidification process
was dominated only by conduction. A subsequent numerical inves-
tigation into the effect of the thermal conductivity of the PCM on
the charging (melting) rate found that the modelling conduction-
convection mechanisms was crucial even in the case of low Pr
PCMs. But it was also observed that the HTF to PCM heat transfer
was limiting the charging rate in PCMs with conductivities larger
than 20Wm~1K-1,

Modelling phase change is an integral part in interpreting the
transient heat transfer during phase change. Analytical solutions to
the Stefan problem are available only for 1D, semi-infinite cases,
rarely practical cases. Finite element methods allow for modeling
complex geometries and can be categorized into adaptive grid and
fixed grid methods, depending on the desire to consider ‘sharp’
melt interfaces. Adaptive grid methods that explicitly track the
melt interface are computationally expensive and are inapplica-
ble to problems where the phase change occurs over a temper-
ature range [32]. Among the fixed grid methods, the enthalpy-
porosity method [33-36] has been successfully used to model Ste-
fan problems with the possibility to incorporate convection and
phase-dependent properties. The whole domain is reduced to a
single liquid phase system using a momentum source term (see
Section 2) to model the solid phase and the transition between
them - the ‘mushy zone’ - is represented by a porous medium.
The momentum source term is analogous to the pressure drop of
a fluid flowing in a packed bed calculated through the Carmen-
Kozeny equation [37] using the liquid melt fraction as porosity
and a material-dependent, non-physical term called the Mushy
constant (Apush)- Amusn €an vary by up to five orders of mag-
nitude, from 103kgm=—3s-1 to 108 kgm~3s~1 [30,38-40] and has
been widely investigated for modelling phase change in PCMs. The
mushy constant characterizes the large velocity change that occurs
in the mushy zone between the solid region (with zero velocity)
and the liquid region (with a finite velocity) during phase change.
For example, during solidification, a higher value of the constant
implies a sudden decrease in the fluid velocity to zero. The energy
equation (see Section 2) is solved in its enthalpy formulation (that
includes the latent heat) instead of temperature, resulting in the
enthalpy-porosity formulation. Alternative methods have also been
investigated to model the large velocity ramp during the phase
change, including the use of variable viscosity [41] or the use of
force balance equations to calculate the momentum source term

International Journal of Heat and Mass Transfer 164 (2021) 120525

[42]. The Mushy constant approach remains one of the simplest to
implement, validate and use.

Here, we implemented the Volume of Fluid (VOF) method (a
free-surface modelling technique to model immiscible fluids) along
with the enthalpy-porosity method to allow for a volumetric ex-
pansion/contraction of the PCM during phase change. We used an
expansion gap filled with a compressible gas at the top of the
encapsulation. In addition to phase-dependent specific heat and
conductivity, a phase-dependent density for the PCM was imple-
mented that simulates the volume change.

Non-dimensional analyses can provide a more broadly applica-
ble transient heat transfer characterisation of melting/solidification
processes and guide the design of, for example, latent heat stor-
age devices. The effect of the Rayleigh number, an indicator of
convection, on the variation of the Nusselt number has been
previously studied and a characteristic monotonic decrease was
found in conduction-only models [27,43]. One of the earliest non-
dimensional multi-mode heat transfer studies of a phase change
process in a rectangular enclosure heated from a vertical side wall
was reported by Jany et al. [19]. Theoretical correlations for the
Nusselt number as a function of the dimensionless time for each
heat transfer mode were obtained for a fictional PCM (Pr = 50)
and a numerical procedure based on the quasi-steady natural con-
vection approximation [27] was used to confirm the correlation.
Similar behavior of the Nusselt number has been observed in an
experimental melting study (with numerically calculated wall heat
fluxes) of three high Prandtl number PCMs, n-eicosane (Pr ~ 54)
[18], NaNO3 (Pr = 9) [40], and RT27 (Pr = 41.04) [22], in cylindri-
cal encapsulations. Combinations of the Fourier, Grashof and Ste-
fan numbers were used to obtain a correlation for the melt frac-
tion [22,40]. However, the generalized correlations do not quantify
the heat transfer in terms of the multiple regimes observed dur-
ing phase change. A more generalized correlation is needed that
clearly distinguishes the effect of convection and models its evo-
lution. Here, we extend the theoretical study of the effects of the
heat transfer modes during phase change on the Nusselt number
for both low and high Prandtl number PCMs and discuss the ef-
fects of Rayleigh, Prandtl and Stefan numbers. We quantify the ef-
fect of convection during phase change and discuss the differences
in physical phenomena observed during melting and solidification
and represent them in the generalized correlations. Using our 2D
melting and solidification simulations with different combinations
of non-dimensional numbers, we provide heat transfer correlations
for two specific low and high Prandtl number PCMs (RT27 and Al-
12.6Si) and extend these correlations to more general cases made
of PCM units with arbitrary thermophysical properties, designs and
operational conditions.

2. Numerical model

We developed a computational model of an encapsulated PCM
and implemented a transient enthalpy-porosity method to simu-
late the movement of the melt interface in a PCM storage unit, us-
ing the finite volume method and a commercial solver (ANSYS Flu-
ent). The simulation setup for the vertical and horizontal orienta-
tions of the cylindrical encapsulations are shown in Fig. 1 in which
the PCM was melted (charged) or solidified (discharged) with the
outer walls of the encapsulation maintained at a constant temper-
ature. The top and bottom faces were insulated in the vertical ori-
entation set-up. To initialize the melting simulation, an air gap oc-
cupying 15% of the volume was modelled inside each storage unit.
For the solidification simulation, we initialized a smaller air gap in
accordance with the thermally expanded PCM. Air was assumed as
an ideal gas and the pressure in the air gap was observed to not
affect the simulation results and thus was initialized at 1 bar. The
air gap-PCM interface was tracked using VOF method with explicit
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Fig. 1. (a) An axisymmetric vertical cylindrical encapsulation set-up and (b) a sym-
metric horizontal cylindrical encapsulation set-up, both for melting and solidifica-
tion simulations. The liquid and solid phases of the PCM with schematics of the
thermal boundary layers and the resulting convection cells being formed by their
interaction during one of the melting simulations are shown. The thermal expan-
sion gap, the insulated top and bottom faces for the vertical orientation, and the
constant temperature outer wall condition are indicated.

formulation without any phase interactions. In VOF, each cell in the
domain has a volume fraction of the air and PCM with the volume-
averaged properties of the materials present in the cell. The solid
PCM-molten PCM mushy interface was tracked using the enthalpy-
porosity method. The PCM is considered to be in the fluid phase
above the temperature T, in the mushy phase between Ts and T,
and in the solid phase below Ts. In binary-eutectic alloys and pure
substances (such as Al-12.6Si and RT27, respectively), the differ-
ence between Ts and T, is very small resulting in a sharp phase
change. With a temperature-range for phase change in the PCM,
the liquid melt fraction, 8, is defined to vary linearly with temper-
ature:

T-T;
b=t-7 (1)

with Ts < T < T;. The formulation assumes a porous material be-
haviour in the mushy zone with the porosity equal to the lig-
uid fraction of the cell. The mushy zone is modeled assuming a
mushy fluid model [35,36] in which the solid and fluid velocities
are equal in the mushy zone. This model is suitable for waxy PCMs
with sharp phase change [36]. The momentum conservation equa-
tion solved in the full computational domain (incl. solid, liquid and
mushy zone) is:

%(pu)JrV-(puu):—Vp+V-a+,og+§2-u (2)

A momentum source term, €2, mimicking the Carman-Kozeny
equation for porous flow, is used in the momentum conservation
Eq. (2):

(1-p)?

= m/\mush'

A small value & ~ 0.001 is used to prevent division by zero. In
the solid phase (8 — 0), the momentum source term Q2 = A usn/€
and thus the value of ¢ is validated automatically when the mushy
constant is validated to fit the experimental data. The continuity

(3)
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equation solved in the full domain is given by:

80 4V (=0 )
t

It was assumed that: i) the PCM is homogeneous and isotropic,
ii) the flow in the molten PCM is laminar (due to the low Grashof
numbers [27,44]|) and a Newtonian fluid, iii) the radiative heat
transfer within the encapsulation is negligible given the small tem-
perature differences, iv) no chemical reactions take place (i.e. no
formation of new compounds or intermetallics), v) no contact re-
sistance between the encapsulation and the PCM exists, and vi) the
axial flow in the horizontal orientation and angular flow in the ver-
tical orientation of the cylindrical model that lead to changes in
the Rayleigh-Bénard convection and heat transfer [45,46] are ne-
glected. The energy conservation equation solved in the full do-
main is:

%(ph) + V. (puh)—V.(kVT) =0 (5)

where the specific enthalpy h is expressed as:

T

h:href"l‘/ cpdT+ BL (6)
ref

L is the latent heat linearly added/removed during melting and so-

lidification, respectively, between Ts and T;. The assumption of a

mushy fluid model [35,36] also implies convection of both sensible

and latent heat in the mushy region as shown in Eq. (5).

We chose as example PCM Al-12.6Si (a high temperature, high
conductivity PCM) and RT27 paraffin wax by Rubitherm GmbH (a
low temperature, low conductivity PCM), given by their use as
thermal storage media [11,22]. For both PCMs, cylindrical encapsu-
lations of stainless steel (AISI 316L) with a wall thickness of 2 mm
and height of 10 cm were used. Point-wise linear interpolation was
used to specify the change in PCM material properties (density,
specific heat capacity, and thermal conductivity) during the phase
change, using the values from Table 1.

The energy, mass, and momentum conservation equations were
discretized using the second order upwind scheme with a first or-
der implicit time formulation. The SIMPLE method was used to
discretize the pressure-velocity coupling in the continuity equa-
tion, and PRESTO was used to discretize the pressure correction
equation. For the SIMPLE scheme to be stable, under-relaxation
factors were used: 0.3 for pressure, 0.7 for momentum and 0.9
for the melt fraction. Convergence was achieved within each time
step with unscaled residuals of 10~% for mass, 10~® for momen-
tum and 108 for energy. Mesh size (Fig. S1) and time-step de-
pendencies were investigated and chosen such that convergence,
as well as computational efficiency, was achieved (required about
300-500 seconds per second of physical time with 10 CPUs and
40GB RAM, with some cases taking several days). Around 16000
square shaped cells were used in the rectangular shaped domain
of the vertical cylinder cases with the biggest radius. Around 4000
cells were used for the largest semicircular domain of the horizon-
tal cylinder cases.

In the presence of convection, isotherms are not an ideal way
to present the results because they are only orthogonal to the di-
rection of energy flow in the case of conductive heat transfer. Heat
functions, based on enthalpy flow, are a better way of representing
the convective energy flow [49]. Specific to phase change simula-
tions, Eq. (5) at a specific point in time in 2D Cartesian coordinates
can be expressed as:

0 aT d oT
aX(,ouh—kax> +8y<pvh—k8y> =0 (7)

The vectors for the heat function 7 in the x and y directions are
defined as:
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Table 1
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Phase-dependent properties of Al-12.6Si [47,48] with L = 470k]kg~' and paraffin RT27 [22] with L = 179k]kg~'.

Al-12.6Si

Temperature T(K)  Density p (kgm—3)

Thermal Conductivity k (Wm~"K-1)

Specific Heat Capacity, ¢, (Jkg='K=')  Viscosity u (Pas)

273 2700.0 160
849 (Ty) 2587.5 160
851 (T;) 2460 70
950 2428.1 70

1070 -
1070 -
1170 1.30x 103
1170 1.30 x 103

Temperature T(K)  Density p (kgm—3)

Thermal Conductivity k (Wm~'K-1)

Specific Heat Capacity, ¢, (Jkg='K=')  Viscosity u(Pas)

273 870.0 0.24 2400 -
301.15 (Ts) 870.0 0.24 2400 -
303.15 (T) 760.0 0.15 1800 324 x 1073
373.15 7343 0.15 1800 3.24 x 103
1.0 —
an a aT
— = — | puh—k— 8
dy  Ix (’0 8x) (8)
0.8 .
on ad aT
— = =— | pvh—k— 9
dx  dy (p ay) )
Similar to the streamlines for velocities, the net heat flow across 0.6 1 .
each line with constant n is zero. Henceforth, heatlines will be «
used to display the heat flow through the PCM domain.
0.4+ =
3. Results
o m  Experimental
3.1. Validation of the phase change model 024 A e = 10°kgmis ]
=105 -3 o1
Determination of the material-dependent A, requires exper- Amush 106 kg m_3 3_1
imental validation by melt front tracking. Such experiments are — Anuen = 10° kg m™s
simpler for low-temperature PCMs due to the availability of trans- 0.0 T T T T T T
parent encapsulations that can sustain the low melting point tem- 0 400 800 1200 1600 2000 2400
peratures. Tuning A, allows fitting the numerically predicted t(s)

melt interface positions to the experimental data [50]. Aysn for
the melting process of paraffin RT27 has already been fit to the ex-
perimental data [22] and suggested A, = 10° kgm—3s~1. Inde-
pendently, we performed also a numerical fit of A, to the exper-
imental data of paraffin RT27 for the horizontally oriented cylindri-
cal encapsulation of radius R = 40 mm made of glass [22] with the
outer wall maintained at Ty + 10K. Fig. 2 shows our results and
the experimental data, confirming A, = 10° kgm—3s~1 for RT27.
Increasing A,,sn Pushes the natural convection region away from
the melt interface, resulting in slower melting rates.

The experimental determination of the melt interface positions
in high-temperature PCMs can be done either by interpolating the
melt interface based on thermal maps obtained by local temper-
ature measurements with thermocouples [26,27,31], or by imag-
ing techniques like neutron radiography [30]. The latter provides
higher precision. No such experimental phase change investiga-
tions have been reported for Al-12.6Si. Therefore, A, Of Al-12.6Si
(Pr=0.0217) was determined by using lead (Pr = 0.0241) experi-
ments, given the comparable properties of lead [30] and Al-12.6Si
(Table 1).

Changing A did not affect the rate of melting in the lead
case, consistent with previous observations [30] and unlike for the
low conductivity PCM. This is because A, only affects the con-
vective heat transfer, which has a small influence on the melting
rate in high conductivity PCMs (see Section 3.2.1). Our simulation
results were always found to over-predict the melting rate by 18%,
which might results from the assumed perfect insulation that dif-
fers from the experiment where heat losses on the insulated walls
are still occurring in the front and back face of the encapsulation.
However, Ap,,sn Was observed to change the physical shape of the

Fig. 2. Comparison of melt fraction simulated in this work and experimentally
measured [22] for RT27 encapsulated in a horizontally oriented glass cylinder with
R =40 mm and outer wall maintained 10K above the Ty,.

melt interface. A lower A, implies a smaller momentum source
term added to the static melting solid and, thus, a slower ramp
in fluid velocity during melting. Because of this, the bottom part
of the melt interface is static in the case of smaller Ay,q, (Fig. 3).
Compared with the experimental results [30], the melt interface
shape was well approximated with the mushy constant value of
Amush = 108 kgm~3 s~1. The supporting information, Fig. S2 and S3,
shows the development of the melt front as a function of the cho-
sen Apysh during melting and solidification in a cylindrical encap-
sulation of Al-12.6Si. At low A, the momentum source term is
not large enough to suppress the velocities in the solid Al-12.6Si
resulting in a malleable solid and the absence of shrinkage void
formation during solidification. Higher Ap,e, than 108 kgm—3s—!
was found to not affect the melt interface.

3.2. Non-dimensional study

In order to provide general guidelines and understanding of the
heat transfer in melting/solidifying encapsulated PCMs, we use a
non-dimensional analysis of the problem. We utilized Fourier, Ste-
fan, Rayleigh, Nusselt, and Prandtl numbers. The Stefan number,
Ste, is a measure of the ratio of heat stored in sensible and in
latent form. The Fourier number, Foy, characterizes the transient
heat conduction and specifically compares diffusive heat transport
to the stored sensible heat. The product of Ste and Foy is typically
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Table 2
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Cases analyzed in vertical and horizontal orientations for the high and low conductivity PCMs with the corresponding non-dimensional numbers.

Case R (cm) HJR Al-12.6Si, Pr = 0.0217

RT27, Pr = 41.04

AT (K)  Ste Ray (x10°) vertical ~ Rap (x10°) horizontal ~ AT (K)  Ste Ray (x107) vertical ~ Rap (x107) horizontal
1 2 5.0 0.51
2 3 333 808 0.02 081 1.74
3 4 2.5 414
4 2 5.0 1.30
5 3 333 2020 005 202 436
6 4 2.5 10.34
7 2 5.0 2.59 0.63
8 3 333 4040 010 4.04 8.72 10 010 9385 2.13
9 4 2.5 20.68 5.04
10 2 5.0 5.17 1.25
11 3 333 8080 020 8.08 17.45 20 020 1951 421
12 4 2.5 41.36 10.00
----- Experimental the small temperature differences and, consequently, large simula-
— Apusn = 10° kg m3s™! Anusn = 108 kg m3 s tion times. Scale analysis was also used to compare the magnitudes
——Apuen = 107 kgm3s! —— A =108 kgm3s of the different terms in the Navier-Stokes equations and predict
\ g . W W W their influence on the observed physics during phase change. In
N \\ : order to simplify the following scale analysis, it was assumed that
0.044 \\ \ \\ \) b the thermally varying properties of the PCMs are constant with
%\X—\\; — \\ \“J \\ only the liquid phase properties used and the 2D Navier-Stokes
\\\\ L \\\ N equation is in the incompressible form with a Boussinesq term
0.03 - AN X‘& K \\- for buoyancy. The scaling analysis also assumes that the fraction
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:0 02 \ \ \‘:H_ Ste is assumed to be small (which is true for the cases studied in
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Fig. 3. Experimental [30] and simulated melt interface positions for lead in a rect-
angular encapsulation of size 60 mm x 50 mm and 50 mm thick with a heat flux of
35.1kWm~2 applied to the right, vertical side wall.

used in phase change processes to describe a dimensionless time,
7y. The Rayleigh number, Ray, compares the time scale for conduc-
tion and convection, i.e. the ratio of viscous and buoyant forces.
The Nusselt number, Nuy, is a measure of the instantaneous heat
transfer rate expressed as ratio between total and conductive heat
transfer. The characteristic length of the non-dimensional numbers,
y, is the height, H, in a vertical configuration, and the diameter, D,
in a horizontal configuration, because the thermal boundary layers
forming during phase change are along the vertical dimension of
the setup (see Fig. 1). Pr is the only geometry independent non-
dimensional number, a ratio of momentum to thermal diffusivity,
and will be used to distinguish the PCMs (Pr = 41.04 for RT27 and
Pr = 0.0217 for Al-12.6Si). The set of cases analysed for the para-
metric study are summarized in Table 2. To investigate the effect of
a change in the wall temperature (AT = |Tw — Tm|), Ste was varied
by one order of magnitude. H was kept constant at 10 cm, while
the ratio H/R varied between 2.5 and 5. R was varied while keeping
Ste constant to observe the effect of Ra, (varied by one and two
orders of magnitude in the vertical and horizontal orientations, re-
spectively). To compare the low and high conductivity PCMs, Ste
were kept the same in the different cases by proportionally chang-
ing the AT. Cases 1-6 were not investigated for RT27 because of

3.2.1. Melting characteristics

Depending on the presence and strength of the heat trans-
fer modes, the phase change process during melting can be split
into four regimes [19]: i) a pure conduction regime, ii) a mixed
conduction-convection regime, iii) a pure convection regime, and
iv) a shrinking solid regime. Fig. 4a(i) and b(i) show the pure con-
duction regime, where the heat from the wall is almost entirely
absorbed into the fusion enthalpy with conduction being the only
mode of heat transfer due to the thin melt layer. Expressed us-
ing 7y, the Nuy obtained from a rearranged heat balance equation
scales (scaling is denoted as ~ ) according to Neumann'’s exact so-
lution [51]:

Nu, ~ 7,71/ (10)

which implies that convection at this early stage is negligible. This
dependence was observed in separate pure conduction simula-
tions, which we performed by ignoring the momentum equation
and solving only for the energy equation (see black dashed line in
Fig. 5). Our full CFD calculated Nuy curve was observed to follow
the pure conduction behavior at low 7y, as shown in Fig. 5 for Al-
12.6Si and RT27 in case 10. A pure conduction case results in a ra-
dially shrinking cylindrical solid PCM, resulting in a uniform heat
transfer rate along the wall as observed initially in the dynamic
heat transfer variation plots of Fig. 4. This conductive heat transfer
within the PCM defines one extreme case and forms the baseline
for the Nuy number. In the full CFD simulations, the Nuy, deviates
from the pure conduction case once the melting solid PCM shape
is deformed and not comparable with the cylindrical solid PCM in
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Fig. 4. Dynamic variation of multi-mode heat transfer at the heated wall for encapsulated (a) Al-12.6Si and (b) RT27 PCMs for case 10 in vertical configuration during melting.

Time-dependent temperature contours and heat function vectors, 1, within the melt show (i) pure conduction, (ii) mixed conduction-convection, (iii) pure convection, and
(iv) shrinking solid regimes.
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Fig. 5. Average Nuy during melting at the heated wall as a function of ty for case 10 in vertical orientation for (a) Al-12.6Si and (b) RT27. The colored areas indicate the
pure conduction, mixed conduction-convection, pure convection, and shrinking solid regimes.
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a pure conduction case. The pure conduction simulations lags be-
hind the full CFD simulations which results in the crossover of the
Nuy curves observed in Fig. 5. The pure conduction regime was ob-
served to persist longer relative to the time to melt in Al-12.6Si,
given by its smaller Pr. Larger initial Nu, numbers in the pure con-
duction regime are observed in cases with smaller Ste and smaller
Foy numbers.

As the melt layer thickness increases, conductive heat transfer
decreases, resulting from the decreased thermal gradient and the
reduced conductivity of the liquid phase of the PCMs. This allows
for the two thermal boundary layers to form: one next to the hot
wall and one next to the cooler melt interface as shown in Fig. 1,
initiating the mixed conduction-convection regime. Conduction re-
mains the dominant heat transfer mode in the lower section of the
melt. The recirculating liquid flowing vertically up from the lower
section transfers the heat from the wall to the top end of the en-
capsulation as observed in Fig. 4a(ii) and b(ii). In the liquid melt,
the mushy source term in the momentum conservation equation
is negligible because 8 — 1. So the velocity of the molten fluid is
obtained from the balance between the buoyancy, friction and in-
ertia terms in the rearranged vertical momentum equation of the
thermal boundary layer that scales as [19]:

(X)4Ra‘1Pr“ ~ <X>4Ra—1 + 1 (11)
s Y S Y —
~—————— ~——~—  Buoyancy

Inertia Friction

For PCMs with Pr « 1, the friction term is negligible due to low
momentum diffusivity resulting in mass transport limited melting.
For PCMs with Pr > 1, the inertial term is negligible due to low
thermal diffusivity resulting in thermal transport limited melting.
The corresponding Nuy is of the scale [19]:

if Pr>»1

if Pr« 1 (12)

N T-12 4 Ra, - 732
Y]t "2 +Ray - Pr. 32

The Nuy curve and, effectively, the average heat transfer flux per
unit temperature difference is the sum of an exponentially de-
creasing baseline conductive heat transfer and an Ray-dependent
exponentially increasing convective heat transfer, which also de-
pends on Pr for low Pr PCMs. Due to the presence of Pr in the
convective heat transfer term, the effect due to convection on the
net heat transfer is smaller in the case of PCMs with Pr « 1, as
observed comparing Al-12.6Si and RT27 (case 10 in Fig. 5). This is
also the reason for the smoother and lower order of magnitude
Nuy curves of Al-12.6Si compared with RT27. In both, for a given
Ste, the convective heat transfer effect scales with the Ray, which
implies that increasing the vertical dimension of the encapsulation
has a larger effect than increasing the AT. This is observed in the
horizontal orientation simulations in Fig. 6b and d, where the di-
ameter D is the characteristic length. For a specific Ste, Nu, de-
creases according to Eq. (12) with time and reaches a local mini-
mum:

Ra]/4

if Pr>1
Nu_y,mil'l ~ {(Réy . Pl‘)l/4

if Pr« 1 (13)

The local Nuy, i, scales with Ra, for a given Ste, as observed in
the plots of RT27 at a given Ste (Fig. 6¢ and d) in which Nuy, p,;
is labeled for Case 10. The local Nu, ;, was lower at higher Ste
because the heat flux through the wall, ¢, did not scale propor-
tionally with the AT. No specific local minimum can be observed
in Fig. 6a and b for Al-12.6Si because of its low Pr.
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With increasing time, decreasing conduction and increasing
convection leads to the pure convection regime. The convection
zone fills the entire domain and the melt interface is completely
deformed (i.e. the interface shape is not parallel to the wall, see
Fig. 4a(iii) and b(iii)). The thermal boundary layer thickness is pro-
portional to:

fy-Ray1e
y {y~(Ray~Pr)1/4

if Pr>> 1
if r«1 (14)
The thermal boundary layers are, therefore, thicker in the high
conductivity PCM case. Kelvin-Helmholtz instability convection
cells are formed due to the shearing flows of the thermal bound-
aries next to the wall and the melting solid. Nuy in the pure con-
vection regime follows the same scale as Nuy, iy, according to the
boundary layer convection scaling law [52]. The effect of Ste on
Nuy, was much weaker in the case of high-conductivity PCM due
to its higher thermal diffusivity.

After the melting front reaches the symmetry axis, the solid
PCM shrinks also along the vertical axis. The vertical size of the
solid PCM determines the size of the thermal boundary layer next
to the melt interface, limiting the heat transfer rate and resulting
in a steep decrease of Nuy (see Fig. 6 at large ty). The crossovers
observed between the Nuy curves of different Ste and Ra, during
melting in Fig. 6 imply that the cases with sufficiently higher Nu,
melt faster and finish at an earlier ty. The Nusselt number in this
regime has been found [19] to scale as:

[1-Ra)*(zy — ERa; ")

3/5
[1 —Ray/*(7y - % (Ray - Pr)‘l“)] /

]3/5 if Pr> 1

Nu, ~ (15)

if Pr<« 1

which indicates a steeper descent of the Nusselt number at higher
Ray values.

In the high Pr, PCM, the melting time in the vertical orienta-
tion was observed to decrease by a factor of 5 in the case 10 when
convection was simulated. For the horizontal orientation, we ob-
served the melting time to decrease due to convection by a factor
of 10 for case 10 (high Ste), due to the presence of close contact
melting unlike the vertical orientation, and by a factor of 16 times
for case 7 (low Ste). In contrast, for case 10 in the low Pr, PCM,
we observe only an decrease in melting time by a factor of 1.07
and 1.22 for the vertical and horizontal orientations, respectively,
which clearly illustrates the importance of modeling convection in
high Pry PCMs.

3.2.2. Solidification characteristics

The variation of the average Nuy during solidification in a ver-
tical cylinder configuration for Al-12.6Si and RT27 are shown in
Fig. 7. Even though convection was observed in the molten PCM,
the layer of solidifying PCM between the cool wall and molten
PCM forces the heat transfer to be limited by conduction. Only a
single thermal boundary layer - next to the solidified PCM - is
present in the solidification case. A single convection cell span-
ning the length of the melt interface is observed during solidifi-
cation. This is different compared to melting where multiple con-
vection cells were formed as the two thermal boundary layers in-
teract. Conductivity of the solid PCM is lower than the conductiv-
ity of the liquid PCM for Al-12.6Si and RT27. Thus the entire lig-
uid PCM (its temperature already close the melting point) experi-
ences a very small thermal gradient resulting in lower convection
velocities (one magnitude lower than during melting) and negligi-
ble convection effects, that further decrease with time. This is con-
firmed when comparing the results with a pure conduction simu-
lation (simulated by ignoring the momentum equation and solving
only the energy equation) for case 10 in Al12Si (Fig. 7a), nearly
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Fig. 6. Average Nu, during melting at the heated wall as a function of 7, in vertical and horizontal orientations for Al-12.6Si (a and b) and RT27 (c and d). Nuy y, is

indicated for Case 10 of RT27 for both orientations.

overlapping with the simulation including convection (root mean
square error of 0.091). In the pure conduction regime, Nuy scales
by Eq. (10). Convection effects are observed during the solidifica-
tion of RT27 (Fig. 7b) but the exponential decrease of the Nuy in-
dicate a conduction dominated heat transfer. The simulation with-
out convection for case 10 was found to underestimate the melt-
ing time by a factor of 1.3 for the high Pr, PCM. Increased convec-
tion effects during solidification have been experimentally only ob-
served in the presence of a hot and cold wall on either side of the
solidifying PCM [21]. At the end of solidification, a phenomenon

similar to the shrinking solid regime is observed due to the de-
creased area of melt interface for heat transfer, decreasing Nup.

3.2.3. Generalization

To generalize the results obtained for different PCMs, orienta-
tions and boundary conditions, relations between dimensionless
groups (Nu, Foy, Ste, Ray) were identified and fitted by minimiza-
tion of least mean squares. The correlations and simulated data
points are shown in Fig. 8. The aspect ratio, H/R, was used for
the generalization to include cases with different radii. The gen-
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Fig. 7. Average Nuy during solidification at the cooled wall as a function of ty for (a) Al-12.6Si and (b) RT27 in vertical orientation.

eralized melt fraction and heat transfer curves are of similar but
distinguishable shapes depending on the type of PCM (i.e. Pr) and
orientation of the encapsulation. The identified relations enable the
prediction of melting time and heat transfer at the walls for cylin-
drical encapsulations of any material, dimension or operating con-
dition. Because the generalizations are dependent on thermophys-
ical properties of the PCM, the corresponding correlations can also
be used to predict the loss of storage capacity of an encapsulated
PCM that degrades with time (i.e. its thermal properties vary with
time), for example, by the formation of intermetallic interlayers as
observed in Al-12.6Si encapsulated by stainless steel [11].

Analytical correlations were formulated for the different cases
with an exponential approximation for the melt fraction variation
(Eq. (16), negative sign for melting and positive sign for solidifi-
cation), and a combination of three Gaussian curves approxima-
tion for the non-dimensional heat transfer rate variation (Eq. (17)).
The three Gaussian curves account for the exponentially varying
conduction and convective terms, and the steep decrease in the
shrinking solid regime.

melt fraction = aq & e Do*+0 (16)

X 2 X+ 2 X+ 2
Nuy - Ste 7). Ra; %% = g e () +a, () +a; ()

conduction convection shrinking solid

(17)

where x = Fo, - Ste” -Ra,*2. (H/R)'“, and y =0.75 for Al-12.6Si
(small Pr cases) and y = 0.25 for RT27 (large Pr cases). The values
of the coefficients for the different cases are given in the Tables 3
and 4 along with the goodness of the fit (quantified by the co-
efficient of determination r2). The heat transfer due to the close
contact melting in the horizontal orientations is assumed to be

10

Table 3
Coefficients of the generalized Eq. (16), describing the melt fraction in horizon-
tal and vertical configurations for the two PCMs. r> goodness of the fit is also
shown.

Material Model Coefficients r?
ao bg Co

Al-12.6Si Vertical Melting 1.122 0355 0.156  0.996
Horizontal Melting 1.322 0.209 0.293 0.996
Vertical Solidification =~ -0.285 0367 0.298  0.996

RT27 Vertical Melting 1.131 0.724  0.157  0.955
Horizontal Melting 2.091 0.354 0.751 0.993
Vertical Solidification ~ -0.014  0.650 0.0 0.959

included in the convection term. For solidification, a similar cor-
relation holds true, i.e. convection is present and a smaller ther-
mal boundary layer is observed at the end of solidification due to
thermal shrinkage, even though the effect of convection on the
melting rate was observed to be negligible. In Eq. (17), a nega-
tive value of b,/c, indicates an exponentially increasing and then
decreasing convection term while a positive value indicates a de-
creasing convection term. The value of b,/c, is positive in Al-
12.6Si during both melting and solidification, indicating that the
effect of convection has been decreasing since the beginning of the
phase change. In RT27 during melting, the increasing-decreasing
behavior of the convection term was observed due to the nega-
tive value of by/c,. During solidification of RT27, a positive value
of by/c, shows only the decreasing effect of convection. The gen-
eralized equations are thus capable of modeling, identifying, and
separating the multiple heat transfer modes observed during the
phase change. They are can aid in predicting phase change and
heat transfer behavior of other PCMs with a wide range of Pr
numbers.
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Fig. 8. Melt fraction (a and c) and non-dimensional heat transfer rate variation (b and d) for melting and solidification simulations of Al-12.6Si and for melting simulations
of RT27 in vertical and horizontal orientations of the cylindrical encapsulations plotted against dimensionless time.

Table 4

Coefficients of the generalized Eq. (17), describing the heat transfer characteristics of melting and solidification in horizontal and vertical configurations

for the two PCMs. r2 goodness of the fit is also shown.

Material Model Coefficients r
a by o a b, 23 as bs c3

Al-12.6Si Vertical Melting 4471 x 10° 1.763 0.463 0.340 6.621 7.179 —0.009 -7.514 0.188 0.889
Horizontal Melting 1.094 x 108 11.749 2.574 0.151 12.699 13.842 -0.019 -7.326 0.508 0.845
Vertical Solidification 2.015 x 106 2.388 0.593 0.374 5.751 6.501 —0.0224 —5.242 1.047 0.931

RT27 Vertical Melting 1.756 x 107 1.556 0.373 0.188 —0.761 1.308 -0.011 —-4.01 0.179 0.878
Horizontal Melting 2.564 x 107  2.452 0.568 0.174  —0.841 1.110 —0.061 -2.168  0.277  0.859
Vertical Solidification 2.296 x 108 2.582 0.575 4.458 3.473 2.097 0.031 -2.387 4.346 0.9611
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4. Conclusions

The heat transfer and phase change behavior in encapsulated
phase change materials is of interest for heat storage and heat
management applications in energy supply, medial equipment, or
power electronics. A generalized and comprehensive understanding
of the heat transfer modes (conduction and convection) affecting
the heat transfer rates and, consequently, the power density dur-
ing the phase change is essential for the design of heat storage
and heat exchange applications. Melt fraction quantification and
heat transfer correlations using non-dimensional numbers incorpo-
rating a large range of Prandtl numbers (i.e. a variety of different
PCMs) summarize the characteristics in a compact form for vari-
ous materials, different boundary conditions (i.e. load conditions),
and for different designs (size, shape, or orientation). The pro-
cess of phase change inside cylindrical encapsulations in horizontal
and vertical orientations with a constant temperature wall was ex-
plored numerically for two distinct phase change materials (PCMs):
a commercially available paraffin RT27 with low conductivity and
a metal alloy Al-12.6Si with high conductivity. Enthalpy-porosity
method along with the VOF method was used to model the phase
change including phase-dependent properties, thermal expansion,
close-contact melting, and shrink void formation during solidifica-
tion. Experimental-numerical comparison of melt rate and melt in-
terface was performed in order to fit the mushy constant, Ay, @
non-physical parameter of the model. Experiments with RT27 for
the low conductivity PCM suggested A, = 10°kgm—3s-! and
experiments with lead (a PCM with properties similar to Al-12.6Si)
for the high conductivity PCM suggested Ap,en = 108 kgm—3s—1,
Varying the mushy constant was observed to influence the melting
rate only in low conductivity PCMs, while only the melt interface
shape was affected by A, for high conductivity PCMs. This was
because A,n affects the convective heat transfer which has negli-
gible contribution in high conductivity PCMs. Comparison between
experiments and model also provided a validation of the model.

A parametric scaling study was then performed for a range of
radii and wall temperatures. Fourier, Stefan, and Nusselt numbers
were used to non-dimensionalize the results and compare the mul-
tiple cases in terms of configuration (vertical, horizontal), operating
condition (wall temperature), dimension (H/R), and thermophysical
properties of the PCMs (low Pr Al-12.6Si, and high Pr RT27). The
phase change during melting followed different regimes (pure con-
duction, conduction-convection, pure convection, shrinking solid):
i) in a pure conduction regime Nu, exponentially decreases with
time, ii) in a mixed conduction-convection regime, the onset of
convection prevents the exponential decrease of the Nuy, iii) in a
pure convection regime, developing convection cells increase the
heat transfer during melting, and iv) in a shrinking solid regime
in which Nuy decreases fast until the solid completely melts. For
cylindrical encapsulations, increasing the height or vertical to hor-
izontal aspect ratio has a larger effect on Nu, than increasing the
wall temperature. Increasing Ray, at a given Ste, increases the in-
fluence of convection in the melt.

It was observed that simulating convective heat transfer for
phase change simulations is indispensable, especially in the case of
PCMs with large Pr and Ra, where convection dominates the heat
transfer (reduction in melting time by up to 500% in vertical and
1600% in horizontal orientation). In the case of low Prandtl number
PCM:s, the effect of convection is less significant, given by the large
conductivity of the PCM, causing change in melting time of less
than 7% in vertical and 22% in the horizontal orientation. Horizon-
tal orientations were observed to have a larger impact due to the
presence of close contact melting at the bottom of the encapsula-
tion. During solidification, convective heat transfer was absent in
the low Prandtl number PCM cases as opposed to the high Prandtl
number cases where simulating convection changes the solidifica-
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tion time by more than 30%. The effect of convection during solidi-
fication is not as crucial as during melting due to the low conduct-
ing solid layer between the cooling wall and the melt interface,
forcing a conduction dominated heat transfer, similar to the pure
conduction regime during melting.

Generalization of all results were presented as a combination
of the non-dimensional numbers, allowing us to provide general
correlations for melt fraction and normalized heat transfer (Nuy, -
ste’ 7). Ra, %) as a function of Foy - Ste” - Ra,*? - (H/R)!4, with
y = 0.75 for Al-12.6Si (small Pr cases) and y = 0.25 for RT27 (large
Pr cases). The clear separation of the multi-mode heat transfer is
observed with the sign of the coefficients, modeling the increasing-
decreasing behavior of the buoyancy driven convection term. These
correlations can be used as engineering input for the design of
melting and solidification processes in encapsulated PCMs and ap-
plied in heat storage and thermal management.
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