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Numerical study of melting of a phase change material (PCM) enhanced by deformation of a liquid-gas interface
Yangkyun Kim, Akter Hossain, Yuji Nakamura

Division of Mechanical and Space Engineering. Hokkaido University. N 13, W 8, Kita-Ku. 060-8628. Sapporo.
Japan.

ABSTRACT

Numerical simulations are performed in order to examine the time-dependent melting, and heavily deforming
processes of phase change material (PCM) subjected to local heating. By comparing cases with and without
deformation, the impact of the inclusion of a deformation model is firstly addressed to understand what
influences the precise melting behavior. Mass, momentum and energy conservation equations are solved in a 2-D
system based on a fixed grid by means of a finite volume method. The Volume of Fluid (VOF) method and the
Enthalpy-Porosity method are applied to model the deformable liquid-gas interface and the melting processes,
respectively. Results successfully show the melting, subsequent deformation and dropping-off behavior of the
molten PCM. 1t is found that the inclusion of the deformation model enhances the melting owing to the increase
of the total received heat; namely, widening of the contact area at the melting front and induced flow motion
inside molten PCM improve the heat transfer toward the melting front. Parametric studies by varying the applied
Stefan number so as to change the surface tension are also made to ensure the above-mentioned enhancement
mechanism is universally applicable.
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NOMENCLATURE

Apush morphology constant, kg/(m? s)

¢ specific heat at constant pressure, J/(kg K)
Fsr surface force (per unit volume), N/m®

g gravity acceleration, m/s”

AH latent heat, J/kg

h enthalpy, J/kg

Ry reference enthalpy, J/kg

k thermal conductivity, W/(mK)

L latent heat of fusion, J/kg

ng interface normal

P pressure, Pa

Ste Stefan number ( ¢, (Tg — Tiiguigus) / L)

Sk volumetric source for latent heat, W/m®
Sum sink term (per unit volume), N/m’

T temperature, K

Tk temperature of external thermal input, K

Tiiquiass  liquidus temperature, K
Tsolidus solidus temperature, K
Tror reference temperature, K
t time, s

v velocity, m/s



Va initial volume of air, m>
3

Vpa pendant and detached liquid volume in initial volume of air, m

Vsp volume of solid state PCM, m>

Vrip total volume of PCM, m’

Greek symbols

a volume fraction

ap averaged pendant volume fraction

s liquid fraction

b averaged liquid volume fraction

ABL deviation of the averaged liquid volume fraction between the cases of deformable and non-deformable

PCM-air interface

O Dirac function

& computational constant (0.001)
K curvature of free surface, 1/m

u viscosity, kg/(m s)

p density, kg/m’

o surface tension coefficient, N/m
Subscript

A air

g gas

L-PCM liquid state PCM

/ liquid

m melting

mush mushy zone

P4 pendant and detached molten PCM
ref reference

S-PCM  solid state PCM

SP solid state PCM

TP total PCM



1. Introduction

Combustion over insulated electric wire has been investigated as an important fire safety issue in connection
with a variety of aspects of building fires. According to reported statistics, fires involving electrical wiring
account for 13,000 fires and $ 0.5 billion in property loss during a year in USA [1] and account for 3 % (971
cases) of all fires in Japan [2]. Thus it is desirable to prevent fires through an accurate understanding of their
causes. Over the past few decades, a series of experimental studies on burning behavior of electric wire has been
conducted, providing a rich experimental database [3-6]. In particular, Nakamura et al. studied flame spread over
electric wires insulated by polyethylene (PE) under sub-atmospheric pressure in normal gravity [7-9], and
reported that molten PE significantly deformed and eventually dropped from the bulk of the insulation during the
spreading event (see Fig. 3 in [8]). The timing of the dropping off of PE was not random, but rather was
periodic, and the frequency depended on the applied environmental conditions such as the type of burning
materials. Importantly, this observation of significant PE-deformation concerns two major problems involved in
predicting the associated fire hazard. One is the non-steadiness of the spreading rate owing to the continuous
change of the size of the molten PE caused by frequent accumulation and dropping off [9]. This is important in
fire science because a steady fire spread rate can be treated as the system eigenvalue, simplifying the
determination of analytical or numerical solutions. The second is the enlargement of fire damage, not limited to
the region around the cable but also extending to the space underneath owing to the dropping of the PE. In
particular, the temperature of the PE must be higher than its gasification temperature at 622 K in the absence of
surrounding flames, and could be up to 800 K in their presence. Understanding the enlargement of fire damage
in three dimensions is an important issue for establishing better safety strategies to prevent the growth of fire.
Hence the precise prediction of dropping timing is crucial; this can be done by evaluating the heat transfer during
the processes of melting and dropping off.

Numerical observation is advantageous since it is hard to track the complete history of melting in experiment.
However, only a few numerical attempts have been made on this subject because of the complexity of the
numerical modeling representing the melting and dynamic behavior simultaneously. Zheng et al. [10-12],
numerically investigated diffusion flame over a solid surface and the associated melting effect, showing that an
increase of Stefan number increases the flame spread rate and the size of the flame. However, their focus was
limited to the energy change caused by melting under a flat surface with constant density, and no consideration
of fluid motion was made, either inside or on the molten surface. Schiller et al. [13] and Di Blasi [14-15]
simulated flame spread over liquid fuel with the inclusion of surface tension effects, and revealed that
considerable motion near the gasifying surface ahead of flame is initiated by thermo-capillary flow. Obviously
this study of liquid combustion did not involve melting. More recently, Butler et al. [16] and Ofiate et al. [17]
successfully simulated the time-dependent behavior of melt flow and gasification of polymeric materials exposed
to radiant heating using the Particle Finite Element Method (PFEM). Their numerical results revealed that PFEM
can calculate both melting and dynamic motion of polymers. However, their simulation did not include a precise
analysis of heat transfer associated with melting. At present, therefore, the impact of the inclusion of deformation
in the melting and dropping processes is not fully understood, especially with regards to the effect of abrupt
dynamic motion on melting. It is therefore strongly desirable to compare two generic cases for modeling, i.e.
with and without (dynamic) deformation, in order to examine whether enhanced heat transfer occurs and whether
it significantly modifies the melting process or not.

In this work, we consider the most fundamental case, namely, no species transport and chemical reaction are
taken into account and only heat and mass transfers play a major role in dynamic motion effect on melting. The
problem then becomes a phenomenon of pure melting and dynamic motion without flaming. In this regard, the
governing equations can only consist of the fundamental conservation equations (for mass, momentum and
energy) under a multi-phase framework. We use the Enthalpy-Porosity [18-19] and Volume of Fluid methods
(VOF) [20] in order to model the melting and dynamic motion of molten matter suspended from a metal plate.
This simplified geometry provides a physically similar analogy of the wire combustion case (see, e.g., [7-9]). We
also investigate the role of abrupt dynamic motion on melting through the time-dependent total heat flux on the
melting front, and thereby gauge whether the inclusion of deformation enhances the melting or not. The variation
of the averaged liquid volume fraction in time is also examined by adopting different Stefan numbers and surface



tension forces in order to verify the generality of above-mentioned feature. This study is done with commercial
software (FLUENT 12.0) based on the finite volume method [21].

2. Mathematical and numerical model

Our numerical model calculates the time-dependent melting, deforming and dropping processes to enable the
investigation of the effect of abrupt deformation of phase change material (PCM) attached beneath a solid metal
plate during melting. The target phenomenon in this study involves two moving interfaces: the melting front
mainly driven by energy absorption and the liquid-gas interface driven by momentum balance. In order to
calculate the melting front involving solid-liquid and liquid-gas interface, Enthalpy-Porosity method (for details,
see [18-19]) and Volume of Fluid (VOF) method (for details, see [20]) were employed, respectively. By
exploiting a combination of these methods, melting combined with a three-phase problem was properly
considered. In order to reduce the numerical difficulty in calculating the transport properties, a piecewise
polynomial approximation was applied that takes into account jumps of material properties between solid-liquid
phases. Note that PCM represents the universal expression of any meltable material including general polymers,
and the transient range between solid and liquid has the same physical meaning as the mushy zone in metallic
alloy.

2.1. Governing equations

We use continuum mechanics to model the melting, deforming and dropping PCM induced by localized
thermal input. The process is governed by a set of balance equations involving the one-field assumption inside
the PCM and air with an appropriate jump condition by implementing volume-averaging principle with phase
indicator function. We restrict our treatment to constant material properties in each phase, assuming Newtonian
fluid behavior, and neglecting the effect of compressibility, viscous dissipation and temperature effect in the bulk
phases. The interfaces between gas and other materials are assumed to be sharp enough to take account of the
singular characteristics of the problem [22], under the assumption that the representative volume element is
small enough to resolve the interface topology. However, due to the characteristics of the mushy region between
the solid and liquid, this region is modeled by assuming a thick interface [18]. This is illustrated for the case of
the spatial density distribution near the interface in the schematic of Fig. 1.

Under these conditions, the governing equations for mass, momentum and energy are

o (1)
a(gtV) +V(pv®V) =-Vp+V [u(Vv+ Vv )]+ F; +pg+S,,, .

Here, p, v, p, h, T and « are, respectively, density, velocity, pressure, sensible enthalpy, temperature and volume
fraction. u, g and k are viscosity, acceleration of gravity and conductivity, respectively. The RHS of the
momentum equation (Eq. (2)) consists of a surface force, Fgr, and sink term, Sy, as well as pressure gradient,
viscosity and gravitational force. Since phase change is not considered at the interface between the gas and the
solid or liquid, we assume that there is no flow across the interface. According to the interfacial momentum
balance, momentum flux, which is introduced from the bulk phases during volume averaging, balances with the
surface force, Fgr (third term of RHS in Eq. (2)). This force is modeled as a continuum surface force (CSF), as
proposed by Brackbill et al. [23], and this force is specified as a volumetric source term in the momentum
equation:

(ox,n,)o, with n, =——. 4)



Here, o and J; are the surface tension coefficient and Dirac’s delta function at the interface, and the subscripts g
and / denote the gas and liquid phases, respectively. ng is the interfacial unit normal, which determines the
orientation of the curve within the cell that contains the interface. For better accuracy and robustness in the
calculation, smoothed (filtered) volume fraction & is used in the definition of the unit normal. Smoothed
volume fraction is calculated as follows: first the volume fraction at the cell corners is reconstituted by using the
value stored at the cell center. Then, taking the average reconstituted volume fraction at the cell corners, the
smoothed volume fraction at the cell center is obtained again. k. is the curvature of the free surface, and is
defined in terms of the divergence of the interfacial unit normal, ny:
K. =V-n_. 5)

The position of the free surface between the gas and the adjacent material is implicitly calculated by the VOF
method through the phase indicator function in addition to the momentum equation. The phase indicator function,
a, takes the value 0 for the gas and 1 for other phases. From mass balance in the absence of generation and
consumption, this scalar quantity « should satisfy the following transport equation:

Do _A%) v . (va)=
T = o FV (va)=0. ©)

Here zero on the RHS stands for no gasification. The indicator function in each computational cell corresponds
to the phase volume fraction which is either purely representative of the phase or of the interface depending upon
the volume fraction value:

1 =liquid or solid,
a=< 0<a<1=the cell contains the interface, (7
0= gas.

The momentum equation, Eq. (2), is solved for the gas, liquid and mushy regions according to the one-field
assumption under the volume averaging framework [24-25]. To do so, we assume that the velocity and mixture
pressure is shared in each phase. In particular, we assume that the spatial distribution of solid and liquid in the
mushy region are homogeneously distributed and that solid fragments in the mushy region are shrunk or
dissipated from the macroscopic points of view. Given these restrictions, the microscopic momentum equation
becomes a macroscopic equation with an additional sink term, Sy as last term in Eq. (2), where

. a-py
SM - Anmsh (ﬂ3 + 5) V. (8)

Here, A, is a constant (1.0x10° (kg/(m® s)) accounting for the mushy region morphology. Since there is no
universal value for 4,,,, in modelling by Enthalpy-Porosity method, different values have been used in different
systems [19, 26]. As clearly shown in [27], melt fraction and solid shape evolution are highly dependent on 4,,,,
and there exists an optimum value of 4,,,, for each system. Thus, careful determination of correct A4,,,, for our
system is necessary. In this study, we choose 1.0x10° (kg/(m®s) as A,,,s, because melting behaviour is reasonably
realized for our system. ¢ is a representive small value (0.001) introduced to prevent the numerical singularity at
£ =0. f is the fraction of liquid in the cell, which behaves effectively as a porous media [18]. Mathematically,
this Sy term arises from the dissipative interfacial stress during the volume averaging process [28], and is
modelled as a momentum sink term using a knowledge of the permeability of the porous medium [29]. Diverse
modelling approaches to deal with such a permeability tensor have been studied in research on porous media
[30-32]. In this study we represent it as a type of Carman-Kozeny permeability tensor [33]. As described in Ref.
[19], the basic principle underlying the force Sy relates to a gradual increase in velocity from zero in the solid to
a finite value in the liquid over the cells that are undergoing a phase change. Thus when f = 1 the sink term
becomes zero, and the general momentum equation is solved for the liquid, but when f§ # 1 the permeability



tensor dominates over the transient, convective and diffusive term, and the momentum equation becomes
identical to the so-called Carman-Kozeny equation.
In the energy equation, 4 is the sensible enthalpy, given by

T
h=T,+ j c,dT, )

T

where, #,, is the reference enthalpy, T,/ is the reference temperature and c, is the specific heat (at constant
pressure). Sy is a volumetric source that takes into account the latent heat defined as

Sy =a(pa—AtH)+V-(vaH). (10)

AH is defined as AH = SL, where L is latent heat of melting and f is the liquid fraction that determines whether a
computational cell is solid or not. § is a function of temperature, and can be described as

0 if T< T;:olidus’
ﬁ: 1 1f T>Tliquidu5’ (11)
(T - T;olidus ) / (T}iu]uidus - T;alidus) lf T;nlidus <T< T}iquidus ’

where Ti,jiqus, sOlidus temperature, is defoned as temperature at which melting of PCM begins. Tjiguigus, liquidus
temperature, is the temperature at which PCM is completely melted.

In addition to the interfacial volumetric source term as a jump condition, several additional conditions at the
interfaces are necessary to achieve a mathematical solution. Concerning the flow condition, we first assume that
there is no flow in the solid phase as well as in the vicinity of the solid surface, so that there is no flow jump
across the solid-liquid interface. Since no phase change occurs at the gas-liquid and gas-solid interfaces, no flow
exists across these interfaces. Thus the interfacial normal velocity of the fluids is equal to the normal velocity of
the bulk phases at the gas-liquid and gas-solid interfaces. For point where a molten PCM/air interface meets a
copper surface, we assume that the contact angle is 90 degrees, which could exclude any adhesion effect (i.e., the
interface is normal to the adjacent copper surface). As the thermal boundary condition, two-side heat balance
(the so-called conjugated heat transfer condition) is considered at the solid-liquid interface:

or . oT
copper @ - "PCM @ (12)

Material properties are phase-dependent values, determined by phase indicator function, a, and temperature
dependent liquid fraction, £, as

P = Cpeay Prem T A Pgr M= pepMpem T g Mg s

(13)
k= apepkpey + A K, C, = ApeyiCp port +OC, -
Where,
Prem = Ps_pem + B(Ps_pew = Pr_pem)r Hpcw = Hi_pea s (14)

kpear = Ks_pes + Bks_pers —ki_per)s Cp=Cpspem T ﬂ(cp, s-pcM — Cp, L-PcM )-

Thus, one can be simplify as



P = Cpcy (pS—PCM +B(Ps_pcv = Pr-pem )) +a,0,,
H = Cpcp Hpeu + Og My s
k= apey (kS—PCM + B(ks_pem —ki_pem )) taK,,

€, = Apcym (Cp, s-pcm T ﬁ(cp, s-pcm ~Cp, prcm)) ta.c, ..

(15)

All properties used in the present study are summarized in Table 1.
2.2. Computational details

The physical configuration is schematically illustrated in Fig. 2. The 2-D computational domain consists of
copper, PCM and air. The total horizontal and vertical lengths are 8.0 and 7.0 cm respectively, and the thickness
of the PCM is 0.5 cm. A normal downwardly-directed gravity field is considered (with corresponding
gravitational acceleration 9.81 m/s”). A localized external thermal input at temperature 500 K is placed on the
top surface of the copper to initiate melting of the PCM, and the temperature 300 K is used over the whole
domain as the initial thermal condition. The melting process evolves with an increase of the local temperature in
the PCM. As the volume of molten PCM increases, the liquid-gas interface starts to severely deform, and PCM
is eventually detached from the main part of the molten PCM owing to gravity. We assumed that the solid is
homogeneously distributed in the mushy region.

Time integration is performed by a first-order explicit Euler method incorporating a variable time stepping
method dependent on the local CFL condition [21]. The discretization of the convective term was done using a
second-order scheme, and the diffusive term in the equations was evaluated using a central-differencing scheme.
The SIMPLE scheme was used for pressure-velocity coupling. PRESTO (the Pressure Staggering Option) was
used to interpolate the pressure at the face from the cell-center values [34]. For the transport of the volume
fraction a, the flux was calculated in a geometrical way by the use of a PLIC (a Piecewise Linear Interpolation
Calculation) to avoid numerical diffusion [35].

3. Results and discussion

In this paper, we limit the discussion to the effect of the abrupt deformation of the molten PCM up to first
falling, since quite complicated phenomena (i.e., re-solidification, tiny second dropping of molten PCM, and
breaking molten PCM film on the copper surface etc.) appear after that.

In our previous study [36], 2-D calculation results for convection-diffusion melting in a gallium cavity was
performed with the identical modeling method and compared with the experimental result of Gau and Viskanta
[37]. Good agreement of these numerical simulations with experiment were obtained (see [36]), validating the
numerical model applied in the present work.

3.1 General observation on the time dependent melting and dropping

Fig. 3 shows a scalar distribution, (a + £) /2, with and without consideration of deformable PCM-air

interface to visualize the overall process of the melting and dropping. The white, red, green and blue colors
correspond to computational cells filled with copper, air, molten PCM and solid PCM, respectively. Fig. 3a
clearly shows how the PCM is melting and growing. The PCM starts to melt with the appearance of a mushy
region on the upper-right side, and melting proceeds after that. At around 2.8 s, the interface between the molten
PCM and the air tends to deform with increase of volume of the molten region, and because of this deformation
the volume of molten PCM on the right is forced to move left. At the same time, molten PCM starts to grow in
size, resulting in a pinching of the fluid neck between the main and suspended PCM. Eventually, generated
molten PCM is detached from the main part, and soon disappears from computational domain. At 3.75 s, a liquid
spot between the detached and cone-shaped molten PCM is maintained along the un-melted (solid) part.
According to Fig. 3, it is hard to distinguish whether the spot is a satellite droplet [38] or a thin line representing
a point of singularity in the diameter [39-41], because typically a satellite droplet is very small (e.g., possessing a



volume less than 1% of that of the detached molten matter [42]) and also a point of singularity (e.g., a micro-
thread) that approaches its limiting size of the order of 1 um [43]. To simulate such satellite droplets or points of
singularity satisfactorily, the fixed grid resolution should be fine enough. Because our interest here is limited to
the pre-dropping process, the details of the tiny secondary droplet and the point of singularity are out of the
scope of this paper.

Fig. 4 shows the temperature distribution at the same times shown in Fig. 3a. The position of the melting front
and the liquid-gas interface are approximated by f = 0.5 and o = 0.5, respectively. Heat generated from the
external thermal input diffuses by conduction first through the copper and is absorbed in the PCM to initiate the
melting, and is then released to the ambient air. Following the deformation of the free surface triggered by a
volume increase of the molten area, the temperature profile also becomes distorted. In particular, the temperature
profile tends to spread out as molten PCM drops off.

The volume increase of the molten and suspended, molten PCM are illustrated in Fig. 5. This figure depicts the
time-dependent variation of the averaged pendant volume fraction and the averaged liquid volume fraction,
defined as follows:

Averaged pendant volume fraction: «, =V, /V,, (16)

Averaged liquid volume fraction: g, =1-V, / V. a7
Here, Vpa is the volume of pendant and detached molten PCM in the initial volume of air, V, is the initial
volume of air, Vsp is the volume of the solid-state PCM, and Vrp is the total volume of PCM. The averaged
pendant volume fraction (ap) represents the volume of pendant or detached molten PCM within the
computational space, and is calculated by counting how much liquid volume is projected toward the air domain.
More precisely, we calculate the volume of cells filled with liquid PCM inside the initially given total number of
cells filled with gas, and then this quantity is divided by the initial volume of gas. The averaged liquid volume
fraction, f;, represents how much PCM is melted in total volume of PCM, including the mushy region as part of
the molten PCM.

The averaged pendant volume fraction (ap) keeps zero till 2.8 s, then the associated acceleration area is
suddenly increased owing to a loss of equilibrium of the forces at the PCM-air interface. Eventually it suddenly
decreases from its maximum value at around 3.75 s (as shown) while the suspended molten PCM is dropping.
The sudden decrease in the averaged pendant volume fraction (ap) does not count the volume of detached PCM.
As can be seen from the distribution of the averaged liquid volume fraction (f;), melting initiates at around 0.3 s,
and then continuously increases although the increment gradually becomes gentle. This “bending” feature arises
from (1) the position of heat source being fixed at right upper side, and (2) the heat transferred from external
thermal input not only being used to enhance the melting, but also being released into the air. Immediately
before dropping of molten PCM at around 3.75 s, f; locally increases, but after dropping-off it momentarily
plateaus. This increase and momentarily plateau of f; offers the key to an understanding of the role of the
dynamic motion effect on melting. In section 3.2 we will discuss this process in more detail.

3.2. Effect of abrupt dynamic motion on melting fraction
3.2.1. Heat transfer in case with and without deformable PCM-air interface during dynamic motion

In order to get insight into effect of the abrupt dynamic motion on melting, we performed the simulation
without deformation of molten matter: namely, the melting is assumed to occur without any local volume change
of the molten PCM. In Fig. 6, the dashed line stands for the time-dependent variation of the liquid volume
fraction for a fixed position of the PCM-air interface, and the solid line represents the case of a deformable
interface. After a time of 2.8 s, coincident with the acceleration region shown with the averaged pendant volume
fraction in Fig. 5, the deviation of the averaged liquid volume fraction (f;) is initiated with and without
consideration of deformable PCM-air interface. Fig. 6 shows the maximum deviation, at a time when the molten
PCM starts to drop off. This means that the abrupt dynamic motion of the molten PCM locally enhances the
melting. After the detachment of molten PCM, the deviation of §; from the cases with and without deformable
PCM-air interfaces decreases owing to the loss of molten PCM in which heat has accumulated.



The local enhancement of melting by dynamic motion can be explained through the heat balance at the melting
front and at the copper-PCM interface. In order to investigate this heat balance, the time-dependent total heat
flux distributions at a specified line on the copper-PCM interface and at the melting front are shown in Fig. 7.
The specified line is defined by a liquid fraction ranging from = 0.0 to f = 0.5. The red and blue colors stand
for the heat flux at the copper-PCM interface and at the melting front, respectively. The solid and dashed lines
correspond to cases with and without a deformable PCM-air interface, respectively. As can be seen in this figure,
the total heat flux at different locations has the same order of magnitude, revealing that the total heat flux at both
the specified line on the copper-PCM and the melting front have a significant effect on the melting rate. Keeping
these facts in mind, when we look at the case of a non-deformable PCM-air interface (dashed lines) after 0.9 s,
the total heat flux at the specified line on the copper-PCM interface is always higher than that at the melting
front. In other words, the heat transfer from the copper is relatively stronger than that from the melted PCM
during the melting process after 0.9 s. In contrast, the case of a deformable PCM-air interface represented by
solid lines in Fig. 7 shows that total heat flux at the melting front becomes higher than at the specified line after
3.2 s. This indicates that the heat transfer from liquid PCM to the melting front is stronger than that from the
copper during the deforming and dropping process. According to the time-dependent total heat flux distribution,
the liquid fraction of deformable PCM-air interface becomes higher than that of the non-deformable interface
during deformation. The range of the liquid fraction (0.0 < f < 0.5) is intentionally selected in order to
investigate heat transfer process in molten PCM so that heat flux could be changed with change of the range of
the liquid fraction. However, qualitative arguments are invariant.

3.2.2. Heat transfer through the copper-PCM interface

One can see from Fig. 7 that the total heat flux of the deformable PCM-air interface at the specified line on the
copper-PCM interface (see the red solid line) decreases with time after 2.8 s as compared to that of the non-
deformable case. This is caused by the heat transfer through the copper-PCM interface. Fig. 8 depicts the
velocity vectors in the vicinity of the deformed PCM at 3.3 s, where the color represents the magnitude of the
velocity. Although the maximum velocity appears along the PCM-air interface while the molten PCM is moving,
we can clearly see that the amount of fluid motion inside the molten PCM is toward to melting front. Such fluid
motion conveys heat and potentially enhances the melting. Fig. 9 shows the surface heat flux along the copper-
PCM interface in cases (a) without and (b) with the deformable PCM-air interface. The surface heat flux directed
from the copper to PCM is defined as positive. Due to the fixed position of the thermal input, the surface heat
flux tends to decrease in time both with and without a deformable PCM-air interface. However, as seen at 3.5
and 3.7 s in Fig. 9b, a negative heat flux, i.e. directed from PCM to the copper, is only found at the surface
adjacent to the molten PCM. Such negative heat transfer is more clearly seen in Fig. 10, which shows the
temperature distribution without and with the deformable PCM-air interface along the surface. The solid and
dashed lines, respectively, represent a position corresponding to a vertical 1-mm distance from the copper-PCM
interface to the copper and to the PCM at a time of 3.5 s. In the case without the deformable PCM-air interface,
the conductive heat is always transferred from the copper to PCM, since the heat conduction from a localized
thermal input through the copper is higher than that of the PCM. In contrast, the case with the deformable PCM-
air interface shows a negative heat flux (see the range between 5.8 and 6.5 cm). Since these cases differ in
whether the motion of PCM-air interface is considered, this proves that the negative heat flux is driven by the
convection induced by the fluid motion of the molten PCM. In particular, the negative heat flux nearly
disappears below 400 K, which corresponds to the melting temperature in this calculation. Even though flow
could appear in the mushy region, its effect is not strong compared with the effect of the conduction from the
copper to PCM. Thus the convective heat transfer, which can change the direction of heat transfer to work
against conduction from the copper to PCM, only occurs in completely molten PCM. Consequently, Figs. 8-10
reveal that the convective heat transfer in PCM induced by collapse of the PCM-air interface initiates the
negative heat flux in the molten PCM, resulting in heat loss to the copper. This is directly reflected by the
differences in heat flux on the specified line of the copper-PCM interface between these two cases, as shown in
Fig. 7.

3.2.3 Heat transfer through melting front



In Fig. 7, the total heat flux of the deformable PCM-air interface at the melting front increases form 2.8 s to 3.8
s compared to that of the non-deformable case. Such a sudden increase of heat flux might be caused by the
following two effects. The first is the effect of the internal liquid convection inside the molten PCM initiated by
the deforming and dropping process. As mentioned in 3.2.1, since the temperature of the bulk molten PCM is
higher than that in the vicinity of the melting front, the fluid motion in the molten PCM can deliver the heat to
sustain the high temperature gradient in the vicinity of the melting front while the molten PCM is moving and
dropping. The second is the effect of length increase of melting front. Fig. 11 shows the time-dependent length
distribution of the melting front for the cases with (solid line) and without (dashed line) a deformable PCM-air
interface. As shown in the inset in Fig. 11, the melting front first propagates left and downward. However, once
the melting front reaches the PCM-gas interface, the melting front mainly propagates to the left while losing heat
toward the air. Thus the length of the melting front increases sharply up to 1.1 s, and then decreases until the
time of deformation, 2.8 s. After this time, the length of the melting front increases until the dropping of molten
PCM, because the suspended molten PCM, which has a relatively high temperature compared to the solidus
temperature (350 K), increases the contact area between solid and liquid PCM. Therefore, an increase of the
length of the melting front gives a better chance of transferring heat from the suspended molten PCM to the
melting front.

3.3 Behavior of time-dependent liquid fraction for the various Stefan numbers and surface tension coefficients

Calculations were performed both in the cases with and without a deformable PCM-air interface for various
Stefan numbers and surface tension coefficients. The Stefan number is defined as Ste = ¢,(Tg - TLiquidus)/L, Where,
T is the temperature of the external thermal input. Figs. 12 and 13 show the time-dependent distributions of the
averaged liquid volume fraction (f;) for various Stefan numbers and surface tension coefficients, respectively.
The solid and dashed lines, respectively, stand for the cases with and without a deformable PCM-air interface.
Since melting could occur very quickly under the combustion condition as compare with general slow melting
process (e.g. ice melting, melting in thermal storage system), high Stefan number is considered in Fig. 12. As
expected, it is shown that f; increases with increasing Stefan number in Fig. 12. This trend is consistent with the
results of Hirata [42] and Assis [43], showing that the larger the ratio of sensible heat to the latent heat of fusion
of the material, the higher the melting rate. Hence, the volume of accumulated molten PCM should grow more
quickly with increase of the Stefan number. Consequently, dropping is quickly experienced at high Stefan
number.

Fig. 13 clearly shows that a change in the averaged liquid volume fraction (f;) for the various surface tension
coefficients only occurs when dynamic motion exists; since a higher surface tension creates a higher internal
pressure, molten PCM can be suspended along the copper surface longer and more easily. A high surface tension
coefficient evidently delays the dropping time, as can be seen in Fig. 14. It is found in particular that f; in case
of a deformable PCM-air interface is always higher than that of non-deformable PCM-air interface over the
chosen range of Stefan numbers and surface tension coefficients. Although after the molten PCM drops off
several complicated physical processes simultaneously appear (as mentioned at beginning of Section 3) and the
heat balance at all interfaces is sharply changed, one can conclude from this study that abrupt dynamic motion
always enhances the melting rate compared with the case of a non-deformable PCM-air interface. In general, we
can conclude that a consideration of the dynamic motion effect associated with melting is highly desirable for
better predictions of heat transfer at melting surfaces in order to understand the dropping timing.

3.4 Effect of abrupt dynamic motion on melting rate for different Stefan number and surface tension

Results concerning the effect of abrupt dynamic motion on melting, in particular the difference of the averaged
liquid volume fraction AS; between the cases of deformable and non-deformable PCM-air interface at the time of
dropping of molten PCM, are shown in Fig. 15 over a range of Stefan numbers and surface tension coefficients.
We expect Af;, to arise purely from the effect of deforming and dropping of molten PCM. In Fig. 15, Af; is seen
to become larger when the applied Stefan number is either small (< 2) or large (> 5). Large Stefan number
results in an increase in the temperature gradient in molten PCM, an effect which contributes the further melting.
This is consistent with the previous works [46-48]. In case of small Stefan number, the length of the melting



front increases, as shown in Fig. 16. Even if conduction is not prominent, the increase of Af; results in an
enhancement in the melting rate. Fig. 15 also clearly shows that an increase in surface tension results in an
increase in Af, this is because, as explained in Section 4.3, a large surface tension results in a longer suspension
time for the molten PCM. The length of the melting front therefore becomes larger, as can be seen in Fig. 16.

4, Conclusions

The time-dependent melting and dropping processes involving three phases was numerically investigated by a
set of balance equations derived from local instantaneous bulk conservation equations with appropriate jump
conditions using the VOF coupled with the Enthalpy-Porosity methods under a volume-averaging framework.
The effect of the deformation of the liquid-gas interface on melting was precisely investigated. The following
conclusions can be drawn.

1. The deformable PCM-air interface enhances the melting from the time of deformation to that of dropping as
compared with the case that of a non-deformable PCM-air interface.

2. The enhancement of the melting rate associated with a deformable PCM-air interface is mainly caused by
considerable internal liquid motion in the PCM triggered by surface fluid motion and an increase of surface
area of the melting front during the deforming and dropping processes.

3. Noticeable heat loss from the PCM to the copper is present while the deformed molten PCM undergoes
dropping. This reduced the melting rate, but this as was relatively small effect compared to the enhanced
melting rate owing to convection and the increase of surface area.

4. For varying surface tension coefficients and Stefan numbers, the melting rate in the case of a deformable
PCM-air interface is always higher than that of a non-deformable PCM-air interface, suggesting that the
inclusion of the deformation model is essential for a proper understanding and prediction of melting.

5. The pure effect of deformation, described as Af;, in this study, increased with increase in surface tension
owing to the increase of length of the melting front, with Stefan number lager than 5 owing to an increase of
the convection effect, and with Stefan number smaller than 2 due to an increase in length of the melting front.

We can conclude through this study that the VOF method coupled with the Enthalpy-Porosity method can deal
with the dynamic behavior of multiphase flow involving phase transitions. Current numerical models thus have
the potential to model combustion in multiphase conditions. In future, the dynamic contact angle, which is not
considered in this study, could be included in the modeling because it is expected to play a role in wire
combustion.
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Table 1 Physical properties used in the present calculation

Parameter Symbol Value Units

Air (gas phase)

3

Density Py 1.225 kg/m

Thermal conductivity k, 0.0242 W(m K)
Specific heat Coe 1006.43 J/(kg K)
Viscosity Hy 1.789x10° kg/(m s)

Copper (solid phase)
Density p. 8978 kg/m®



Thermal conductivity k. 387.6 W/(m K)
Specific heat Coc 381 J/(kg K)
PCM (solid phase)
Density Ps 980 kg/m®
Thermal conductivity k, 24 W/(m K)
Specific heat Cos 1360 J/(kg K)
Latent heat of melting L 1.8x10° Jkg
Melting temperature T, 400 K
PCM (liquid phase)
Density £ 900 kg/m®
Thermal conductivity k, 15 W/(m K)
Specific heat Cpi 680 J/(kg K)
Viscosity H 0.1 kg/(ms)
Solidification temperature T, 350 K




