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We carry out extensive numerical simulations on the melting of the Phase Change Material n-octadecane
subjected to thermocapillary driving at a free surface on geometries with the form of circular sections of
radius in order of centimeters. Simulations employ Stefan numbers Ste ¼ 0:22 and Ste ¼ 0:67. We com-
pare the heat transfer performance with melting induced only by conduction and find a reduction of
melting times by thermocapillarity up to a factor five for semicircular geometries. As a consequence,
we propose the use of this mechanism in applications of thermoregulation in microgravity that require
fast charge and discharge cycles. We show how a longer free surface enhances the effect of thermocap-
illarity on the heat transfer performance due to a greater contact area of solid PCM with regions of melted
PCM dominated by thermocapillary flows. The length of the free surface has more impact on the heat
transfer performance than the contact area between PCM and heat source in the geometries studied in
this work. Besides, we observe as well how greater thermal gradients for higher Stefan number augment
the importance of thermocapillary effects on the heat transfer performance.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The high latent heat involved in the solid/liquid phase change is
the key feature that allows Phase Change Materials (PCM) to store
or release a large amount of thermal energy during melting or
solidification, barely changing the temperature. Chemical composi-
tion allows to classify them in organic such as paraffins, inorganic
such as salt hydrates, and eutectic mixtures [34,33]. Many techno-
logical applications take advantage of this stability on temperature
changes and thermal storage capacity to use these materials in
electronic cooling, air conditioning in buildings, waste heat recov-
ery, to compensate the time offset between energy production and
consumption in solar power plants, or combining with construc-
tion materials to increase the thermal energy storage capacity of
construction elements in light structures [3,24,32,46].

In addition to ground applications, the usual cycles of operation
of devices onboard spacecrafts suit well with the heat storage and
discharge cycles of PCMs. Thus thermal control using PCMs in
microgravity has been widely used in space systems for low and
high temperature applications to avoid temperature peaks coming
from electronic devices, power electrical components, control bat-
tery temperature in lunar and Mars rovers, or even to refrigerate
food and biological waste samples in manned spacecrafts [28]. Fur-
thermore, PCMs involve technology with high potential in many
proposed future missions that require very tight and stable tem-
perature (�1 �C), deep cryogenic temperatures, high flux acquisi-
tion (> 100 W=cm2) and minimization of mass and power use [16].

Nowadays, hundredths of natural and synthetic PCMs are
known at a broad range of operating temperatures. However, a
major issue in thermal regulation with these materials is their
low conductivity, specially in paraffins at room temperatures. This
leads to very long times during the heat storage and discharge
phases and reduces their usability and performance on heat con-
trol. The natural trend for lower conductivity with higher latent
heat exacerbates this problem [43,10].

On ground applications, the main choice to reduce the problem
of low conductivity is to promote convective motions within the
liquid phase of the PCM. Convective motions driven by gradients
of density induced by differences of temperature can enhance the
heat transfer rate about an order of magnitude with respect to con-
ductive heat transfer [11,26,42]. However, this strategy is not
applicable in microgravity. Another approach to accelerate the heat
transfer is to place a large area of PCM in contact with high conduc-
tivity materials such as metallic fins or metallic foams [2,25,15].
Whereas this solution is applicable as well under microgravity con-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2017.02.025&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2017.02.025
mailto:santiago.madruga@upm.es
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2017.02.025
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


Nomenclature

PCM Phase Change Material
q density
c specific heat
r surface tension
T temperature
a volume expansion coefficient
f l liquid fraction
C Darcy coefficient
l dynamic viscosity
k thermal conductivity
c surface tension with respect to the temperature
L latent heat
u ¼ ðu;wÞ velocity

t time

Dimensionless numbers
Ra Rayleigh number
Pr Prandtl number
Ma Marangoni number
Ste Stefan number

Subscripts
l; s liquid and solid phase
h hot

Table 1
Thermophysical properties of n-octadecane. Values for the solid and liquid states are
listed for the cases distinguished in the equations of the PCMmodel used in this work.

q (kg m�3) [21] 776

l (N s m�2) [21] 3:6 � 10�3

csjcl (J kg�1 K�1) [4] 1934j2196
ksjkl (W m�1 K) [21] 0:358j0:13
c (N m�1 K�1) [29] 8:4 � 10�5

TsjTl (K) [21] 298:25j299:65
L (J kg�1) [21] 243:5 � 103

a (K�1) [14] 9:1 � 10�4
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ditions, it increases the mass and size of the devices and convective
driving is reduced or even suppressed.

Prompted by the above considerations, a mechanism to
enhance the heat transfer on PCMs in microgravity, without
increasing mass and volume, is to benefit from the Marangoni flow
induced by thermal gradients of surface tension. The study of the
influence of thermocapillarity on PCM melting is the main goal of
this work. This requires selecting a PCM with a phase change tem-
perature complying with design limits, high latent heat and the
best possible thermal conductivity in liquid and solid phases. As
a case of interest, we aim at studying the melting dynamic of n-
octadecane, which exhibits a solid/liquid phase change within
the temperature range of spacecraft payloads, and belongs to the
PCM group of paraffins widely used due to their stability and no
undercooling.

Whereas melting of a solid in the presence of thermocapillary
effects has been subjected to intense scrutiny on crystal growth
or laser processing of materials [37], the focus on PCMs for terres-
trial applications has diverted attention from PCM heat transfer
dynamics under microgravity conditions and few works haven
been published [19,20,23,41,45]. In addition, a large number of
experiments in simple and complex geometries have been dedi-
cated to tracking the advance of the solid/liquid interface under
natural convection [7,17,13]. However, similar experiments under
microgravity conditions have not been carried out. It is worth men-
tioning that the interplay between Marangoni flow induced by
thermal gradients and phase change in PCMs under microgravity
has only been specifically studied by Giangi et al. [19] to the best
of our knowledge.

Along with the type of PCM, the geometry of the enclosure is a
very influential factor in the dynamic and heat transfer properties
of PCMs. Most of the studies have focused in regular geometries,
such as square, rectangular [17,18,7] or with circular symmetry
[9,27,42,22]. However, modern software facilitates the analysis of
the dynamics of PCMs for non-symmetric or irregular geometries,
closer to many engineering applications in thermoregulating sys-
tems in power plants, waste energy recovery, etc. [13]. The loss
of spatial symmetries, such as rotational, has been studied in the
melting between two eccentric cylinders with shifted centers
between inner and outer cylinders, where it has been shown that
the progressive shift leads to an increased melting rate [12]. Trape-
zoidal geometries produce a higher heat transfer rate compared to
a square geometry of the same area in nano-enhanced materials
[36].

We use in this work two bi-dimensional geometries in the form
of circular sections with a conductive curved boundary and adia-
batic flat upper surface. These exhibit a broken mid-plane symme-
try and are relevant in microgravity. This is because the differences
in density between the liquid and solid phases generate empty
spaces in the container. Although at microgravity the location of
the void is not necessarily at the top of the container, and a distri-
bution of small voids can be created we consider for simplicity the
formation of a void on the top with our geometry. This generates
unfilled spherical geometries which have been studied within the
PCM literature under gravity [5,22,40]. The void breaks the mid-
plane symmetry of the geometry and complicates the thermal
boundary conditions because the upper free surface is open to
the air and the curved part is in contact with the enclosure.

In Section 2 we present the governing equations of the PCM
model, emphasizing the effect of the dependence of the surface
tension with the temperature in the boundary conditions, and
the geometries selected to study the melting process under ther-
mocapillary effects. Section 3 explains the algorithms we follow
to solve the equations and how our code is validated with experi-
mental and numerical results available in the literature of PCMs
and Marangoni convection. The results of our simulations are dis-
cussed in Section 4, where we present the melting dynamic when
the phase change is combined with thermocapillarity. This section
includes a comparative of the melting process for (i) conductive
transport, (ii) thermocapillarity driven convection, (iii) natural
convection and (iv) combined thermocapillary and natural convec-
tion. Finally, conclusions of our work are provided in Section 5.
2. Governing equations and geometry

We have chosen for our simulations the PCM n-octadecane. This
is a typical viscous paraffin with Prandtl number Pr ¼ 60:3 and
latent heat usual as well in these type of materials

L ¼ 243:5 � 103 J kg�1. The thermophysical properties of the liquid
and solid phases used in the simulations are listed in Table 1. We
have employed two geometries with axial symmetry in this work
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with the same internal area (6:3 cm2) to asses the effect of geom-
etry for fixed PCM mass. The first, from now on half, is a semicircle
of radius 2 cm and arclength 6.3 cm (c.f. Fig. 1(a)). The second
geometry, from now on up, is a circular section of radius
1.577 cm and arclength 6.6 cm where the section h > p=6 has been
truncated and replaced by a horizontal line (c.f. Fig. 1(b)).

The curved part of the domain is conductive and held at con-
stant temperature Th, higher than the melting temperature of the
n-octadecane (Tl ¼ 26:5 �C), which is held initially at a solid phase
(Ti ¼ 25 �C). The flat part of both geometries is adiabatic to exclude
heat exchange with the surroundings. The Stefan numbers of the
melting process Ste ¼ clðTh � TlÞ=L used in this work are 0.22 and
0.67 for Th ¼ 50 �C and Th ¼ 100 �C, respectively. Geometry half
will be the primary reference along the work and exhibits a 5:1%
shorter conductive boundary than up.

The dependence of the interfacial tension with the temperature
at the upper free surface of the PCM is approximated by the linear
state equation

r ¼ r0 � cðT � Tref Þ ð1Þ
where r0 is the interfacial tension at the reference temperature Tref ,
and c ¼ �@r=@TjTref accounts for the dependence of the interfacial

tension with temperature, which is the mechanism responsible
for Marangoni convection. Marangoni mechanism drives the fluid
from regions of lower to higher surface tension. Usually, cis a pos-
itive constant, leading to lower interfacial tension in hot regions
and higher in colder regions.

2.1. Momentum equation

We consider the flow laminar, two-dimensional, incompressible
and neglect viscous dissipation. The governing equation expressing
the balance of momentum has the vectorial form

q
@u
@t

þ u � rð Þu
� �

¼ �rpþ lr2u� qg 1� aðT � Tref Þ
� �

ey

þ Cð1� f lÞ2
dþ f 3l

u; ð2Þ

where r ¼ ð@x; @yÞ and @t are the spatial and temporal operators. T
is a temperature averaged within a control volume which can con-
tain pure solid (liquid volume fraction f l ¼ 0), liquid (liquid volume
fraction f l ¼ 1) or a mixture of both phases (0 < f l < 1) in local ther-
mal equilibrium; u ¼ ðu;wÞ is the fluid velocity, being u and w the
horizontal and vertical components; q is the density whose changes
between liquid and solid phases are neglected; l is the dynamic vis-
cosity, p is the pressure, g the magnitude of gravity acceleration, ey

an unit vector pointing in the vertical direction upwards, Tref is a
reference temperature where physical properties are given and a
Fig. 1. Sketch of the two computational domains used in this work. The inner uncomplete
The curved boundary is subjected to a constant temperature Th , above n-octadecane m
where thermocapillarity is acting. Geometry half (left figure) is a semicircle of radius R1 ¼
Both geometries contain equal mass of PCM.
is the thermal expansion coefficient. The bulk physical properties
are supposed to be constant within the range of temperatures stud-
ied, except the density in the buoyancy term, which is only included
in the equations when natural convection is considered to compare
our results in microgravity.

The last term in the momentum equation provides an empirical
proportionality relationship, due to Darcy, between the pressure
gradient in a porous medium and the fluid velocity within it. It is
a good approximation for the typical creepy flowwithin the mushy
zone (0 < f l < 1) and is modeled using the Carman-Kozeny equa-
tion, which accounts for the drag forces in a porous mushy layer.
In this term d � 1 is a tiny constant to avoid division by zero with-
out physical meaning, and C is a constant for the mushy region that
depends on the media. We set the Darcy coefficient
C ¼ 1:6 � 106 kg m�3 s in compliance with previous works [35].
When a control volume is completely liquid (f l ¼ 1) the Darcy term
is null, like in a single phase fluid, when it is completely solid
(f l ¼ 0) the Darcy term diverges and the velocity of the liquid
becomes null, like in a solid. For intermediate values of f l the
PCM is within the mushy zone described as a porous media where
the porosity in each cell is equal to the liquid fraction. Through this
formulation, the Darcy term allows the usage of the momentum
equation in the whole domain and model the phase change when
fluid motion is present without the complication of tracking the
solid/liquid interface [6].

2.2. Energy equation

The thermal energy of the system comes from the contribution
of the standard sensible heat, due to changes of temperature
within the solid and liquid phases of the PCM, and from the latent
heat content. Assuming the same density in each phase, the energy
equation can be expressed as a function of the temperature as
follows

@

@t
þ u � r

� �
q ð1� f lÞcs þ f lclð ÞT ¼ r ð1� f lÞks þ f lklð ÞrT � qL

@f l
@t

ð3Þ
where cs (cl) and ks (kl) are the specific heats and conductivities of
the PCM in the solid (liquid) phase, averaged with the liquid frac-
tion, and L is the latent heat of the solid/liquid phase change of
the PCM.

2.3. Coupling between temperature field and momentum equation

The latent heat absorbed by a control volume during the solid to
liquid phase change depends on the amount of melted PCM given
by liquid fraction DH ¼ f lqL. As a consequence, the coupling
between the energy and momentum equation is given through
d circle represents the solid phase of the PCM, and the outer region the liquid phase.
elting temperature, and the upper flat part of the boundary is an adiabatic surface
2 cm, and up (right figure) is a circle of radius R2 ¼ 1:577 cm truncated at h ¼ p=6.
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the liquid fraction field f l, which in turn depends on the tempera-
ture, the master variable of the phase change process. We model
the liquid fraction in the mushy zone using a linear relationship
between the solidus and liquidus temperatures

f l ¼ DH=ðqLÞ ¼
0; T 6 Ts

1; T P Tl

ðT � TsÞ=ðTl � TsÞ; Ts < T < Tl

8><
>: ð4Þ

DH ranges from 0 (PCM completely solid) to qL (PCM completely
melted). For intermediate values liquid and solid phases coexist.

2.4. Boundary conditions

The circular part of the geometry is held at constant tempera-
ture Th. This generates a horizontal temperature gradient at the
upper free surface, which is supposed to be non-deformable, creat-
ing a Marangoni flow from the balance between shear force and
surface tension described by

l@zu ¼ �c@xT at the free surface ð5Þ
this boundary condition is responsible for the thermocapillary
effects on the melted phase of the PCM. Since there is no penetra-
tion of the liquid on the free surface the normal component of the
velocity is null, and for simplicity the free surface is supposed to
be adiabatic.

w ¼ 0 at free surface ð6Þ
@T
@z

¼ 0 at the free surface ð7Þ

We suppose that the circular part of the domain is conductive,
held at temperature Th, and rigid with no slip of the velocity field

T ¼ Th ð8Þ
u ¼ 0 ð9Þ
where Th is above the PCM melting temperature Tl.

In short, we suppose that the liquid phase of the PCM is a lam-
inar and incompressible fluid. The mushy region is modeled as a
porous media whose porosity is given by the local volume liquid
fraction. The energy equation has been extended to include a
source term due to the latent heat. In this equation the specific
heat and conductivity of any control volume are evaluated averag-
ing the values of the solid and liquid phases with the liquid frac-
tion. Finally, we use a shear stress boundary condition at the free
source responsible for the Marangoni flow from hotter to colder
regions. This boundary condition is necessary to have convective
heat transport under microgravity.

3. Numerical method and validation

We use the open source software OpenFOAM, based on finite
volumes to simulate the time evolution of the model discussed
in the previous section. The proper implementation of the bulk
equations, without Marangoni driving, has been extensively stud-
ied to ensure the stability and accuracy or our code, with special
care for the treatment of the source term of the energy equation
in Ref. Madruga and Mischlich [30]. The implementation is very
successful in modeling the strong coupling between momentum
and energy equations typical of phase change problems in rectan-
gular and circular geometries.

The convective terms are discretized using a second order
upwind scheme. We have adopted a second order Crank-Nicolson
scheme for time integration. The solver automatically limits the
time step using a maximum Courant-Friedrichs-Lewy condition
< 1. In addition, we have imposed a maximum temporal step of
0.05 s to ensure robustness for all the tested conditions.

The source term in the energy equation requires special atten-
tion, since it couples strongly the temperature and liquid fraction
fields. Following Voller and Swaminathan [44], it is linearized as
a function depending on the temperature, split in an explicit (zero
order term) and implicit part (first order term), and the liquid frac-
tion updated at every iteration.

A Rhie-Chow interpolation method is used to solve the enthalpy
porosity equations to avoid checkerboard solutions. The momen-
tum and continuity equation are solved using the PIMPLE algo-
rithm, which ensures a right pressure-velocity coupling by
combining SIMPLE and PISO algorithms [1]. The temperature equa-
tion is solved for each PIMPLE outer-iteration, ensuring the conver-
gence of the velocity, pressure, and temperature fields. To improve
convergence under-relaxation factors are used in the velocity,
pressure and temperature with values 0.7, 0.3 and 0.5 respectively.

After the linearization and discretization of the equations, the
original PDE problem is transformed in a system of linear equa-
tions solved at each iteration using a multi-grid solver with toler-
ance 10�8 for the pressure, velocity and temperature fields, and
10�6 for the liquid fraction.

The shear stress boundary condition (Eq. (5)) introduces high
velocity fields at the free surface of the domain, and obligates to
use a fine mesh to guarantee stability and accuracy of our model.
In particular, some states show a packing of isotherms and stream-
lines near the corners (for instance see Fig. 4) demanding a very
fine mesh to resolve the flow in these regions. Despite the fact that
temperature and velocity states are not very sensitive to the grid,
the overall liquid fraction is sensitive and arguably one of the most
important measures of heat transfer performance on PCMs.
Because of that, we have verified the dependence of the liquid frac-
tion curve as a function of time on cell density. Increasing the num-
ber of cells reduces progressively the difference between curves of
liquid fraction, and we find that from 90,000 cells the global liquid
fraction curves are almost superposed, with tiny differences
between them. Thus we stick with that number in our simulations.

To validate the implementation of the shear stress boundary
condition induced by the Marangoni effect we compare our results
with Bergman and Keller [8], who simulated the combined effect of
buoyancy and thermocapillary. These authors carried out simula-
tions in melted aluminum, with positive c and aluminum-tin alloy
with negative c leading the latter to an anomalous Marangoni
effect, within a 20 mm square cavity with conductive left and right
walls held at 100 �C difference, and adiabatic bottom and upper
free surface. The free surface was assumed to be flat without slip
at the walls. They used a finite difference solver with a SIMPLER
algorithm and a coarse mesh of 30� 30 cells refined at the bound-
aries. In Fig. 2 is presented the local Nusselt number for aluminum
in the hot (dashed line) and cold (solid line) sides as a function of
the vertical coordinate. Fig. 2(a) corresponds to Bond number 3.13,
and Fig. 2(b) exhibits the case of aluminum-tin alloy with Bond
number �5:34. Our results match reasonably well with Bergman
and Keller for positive and negative c taking into account the dif-
ference of numerical methods, finite volumes versus finite differ-
ences and mesh used.

Additionally (no presented here) we have compared the posi-
tion of solid/liquid interface with Fig. 3 of Giangi et al. [19]. They
studied the melting of bismuth subjected to only thermocapillary
effects within a rectangular geometry and non-homogeneous
boundary conditions for the temperature field. We obtain even
better agreement than above for all Marangoni numbers, with
curves superposed in most of the domain. This is probably due to
Giangi et al. using as well a finite volume technique.



Fig. 2. Comparison of our results (lines) for local Nusselt number at the hot (dashed
line) and cold (solid lines) as function of the vertical coordinate with Fig. 3 of [8]
(symbols) for (a) Bo ¼ 3:13 and (b) Bo ¼ �5:34.

Fig. 3. (a) Evolution of the overall liquid fraction as a function of time when only
conductive transport is considered for geometries up, half for Th ¼ 50� , and 100� . (b)
Depth of melted PCM along the vertical symmetry axis with respect to the time in
log-log scale.
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4. Results and discussion

4.1. Conductive transport

The melting process driven only by conductive heat transport is
a benchmark to evaluate the effect of convective motion, and
understand the different dynamic regimes of PCM melting. We
study this case simulating the energy Eq. (3) with null velocity
field. The evolution of the overall liquid fraction as a function of
time is shown in Fig. 3(a) for geometries up and half with the con-
ductive boundary subjected to constant temperatures Th ¼ 50 �C
and Th ¼ 100 �C. Melting time of the PCM for geometries up and
half at Th ¼ 50 �C, is � 7936 s and � 8932 s respectively. This
shows how the shorter conductive boundary of geometry half
increases the melting time 12:6% respect to geometries up, which
has 5:1% longer the conductive boundary. For Th ¼ 100 �C we
obtain 3052 s (up) and 3474 s (half) with a difference of 13:8% of
melting time respect to the half, showing that differences between
geometries are enhanced for higher Th due to the promotion of
more intense thermal gradients.

The higher conductivity of the solid phase of the PCM with
respect to the liquid phase (c.f. Table 1) leads to a quick advance
of the overall liquid fraction during the first stage of melting. How-
ever, once the liquid phase of the PCM becomes more abundant,
the melting slows down, requiring � 86% of the total melting time
to liquefy the remaining 50% of the PCM for both geometries and
Th.

The curves of liquid fraction in Fig. 3(a) are clustered by Th. This
is further illustrated in Fig. 3(b), which shows the depth of the
melted PCM phase below the solidus along the vertical symmetry
axis as a function of time on a log-log scale. The front solid/liquid
of Th ¼ 100� advances much faster than for Th ¼ 50�, as expected.
However, the curves of both temperatures follow numerically a
similar power law hðtÞ � t0:52. The value of this exponent agrees
remarkably well with the position of the solid/liquid interface of
the analytic two-phase Stefan problem in a semi-infinite slab
� t1=2. In this problem the heat equation is solved with unknown
temperature and location of the interface, and the interface is sup-
posed to be sharp with zero thickness. It is interesting to notice
that in spite of the diffuse interface for the formulation adopted
in this work the numerical results are so close to the idealized Ste-
fan problem.
4.2. Convective transport

We now present the results for heat transfer rate and dynamic
of n-octadecane melting when convective transport is included in
the following forms: (i) only thermocapillary convection, (ii) only
natural convection and (iii) the combined effect of natural plus
thermocapillary convection.
4.2.1. Thermocapillary driven convection
The model presented in Section 2 allows the study of the com-

bined evolution of phase change and thermocapillary flows driven
by gradients of surface tension. The geometry of circular sections
used in this work introduces a lateral heating along the free sur-
face. As a liquid layer is heated vertically is well established that
a critical temperature gradient must be crossed to destabilize the
conductive state and induce convective motion. However, when
the heating is applied horizontally, a global base flow is created
accompanied with a non-linear temperature profile, disappearing



506 S. Madruga, C. Mendoza / International Journal of Heat and Mass Transfer 109 (2017) 501–510
the reference conductive state [39,31]. This second case represents
better the physical problem of this work.

The liquid gap below the surface is progressively deepening
during melting. Moreover, this gap varies along the horizontal axis,
with a large inclination up to detachment of the solid phase from
the free surface. Thus we have chosen to estimate a Marangoni

number as Ma ¼ � cbh2

jm where b is the horizontal gradient of tem-
perature along the free surface at detachment time, and h the
gap of the melted phase at the tipping point of the solid/liquid
interface. Which corresponds roughly to the depth of influence of
the thermocapillary flows. Thus the Marangoni number in geome-
try half for Th ¼ 50 �C isMa � 4:4 � 103, and when a greater thermal
gradient is imposed for Th ¼ 100 �C almost the double value is
obtained Ma � 7:8 � 103. Notice how these values are well above
the instability threshold of the primary bifurcation of an infinite
liquid layer subjected to lateral heating for moderate Prandtl num-
bers [38].

Fig. 4 exhibits snapshots of streamlines and temperature fields
across representative times of the melting process of n-octadecane
for geometry half when Th ¼ 50 �C (two upper rows) and
Th ¼ 100 �C (two bottom rows). The liquefied PCM flows from the
hotter corners nearby the free surface and later returns cooler
approaching the solid/liquid interface creating a large convective
cell between both corners, which contains smaller cells whose
thickness decreases approaching the vertical symmetry axis (c.f.
Fig. 4. Representative snapshots at different times of the temperature field (second and
rows) and Th ¼ 100 �C (third and fourth rows) for PCM melting when thermocapillary e
Fig. 4 at t ¼ 200 s for Th ¼ 50 �C and t ¼ 60 s for Th ¼ 100 �C). As
time advances, the solid/liquid front advances further towards
the symmetry axis. Both melted regions around the vertical sym-
metry axis become deeper and larger until the fronts contact. At
this moment there is a detachment of the solid phase of the PCM
from the free surface (t � 420 s for Th ¼ 50 �C and t � 90 s for
Th ¼ 100 �C). Following the detachment, there are two large
counter-rotating cells below the free surface, and the deeper liquid
gap facilitates the growth of the inner smaller cells (c.f. Fig. 4 at
t ¼ 700 s for Th ¼ 50 �C and t ¼ 200 s for Th ¼ 100 �C). Later the liq-
uid gap is increased through a recombination of the small cells
leading to a simplified dynamic behavior, which consists of two
large counter-rotating cells at every side of the vertical symmetry
axis (c.f. Fig. 4 at t ¼ 1500 s for Th ¼ 50 �C and t ¼ 420 s for
Th ¼ 100 �C). This global structure is conserved up to complete
melting of the PCM. The temperature field at the same times in
Fig. 4 shows a liquefied conductive thermal boundary layer parallel
to the conductive wall. The symmetry with the curved wall is bro-
ken near the corners by the influence of the thermocapillary flow.
As a consequence, the melting is driven by thermocapillary flows
in the upper part of the domain and conductive transport in the
bottom.

Notice that in spite of the heat flux normal to the conductive
wall being the responsible of the phase change process, as time
progresses the melted phase above the solid PCM (as measured
along the vertical symmetry axis) is thicker than below, closer to
fourth rows) and streamlines (first and third rows) for Th ¼ 50 �C (first and second
ffects are present with zero gravity.



Fig. 6. Evolution of the overall liquid fraction of n-octadecane for Th ¼ 50 �C (up)
and Th ¼ 100 �C (bottom) as a function of the time. Solid lines correspond to
geometry half and dashed lines to up. The symbols denote Marangoni convection
only (squares), and combined with buoyancy (triangles).
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the heat source. This shows how convective motion driven by ther-
mocapillary generates a faster heat transfer than conductive trans-
port, leading to a more rapid advance of the solid/liquid interface
along and perpendicular to the free surface. The speed of the
solid/liquid front along the vertical symmetry axis provides an esti-
mate of the relative importance of conductive versus convective
transport in the melting dynamic. Fig. 5 exhibits the position along
this axis of the solid/liquid interface below and above the solidus,
for geometry half (solid lines) and up (dashed lines) for Th ¼ 50 �C
and Th ¼ 100 �C. The position of the lower front follows numeri-
cally a power law � t0:52, as expected in a zone governed by con-
ductive transport as discussed in Section 4.1. However convective
transport induced by thermocapillary driving generates a faster
advance of the upper front. The advance of this front is slightly
more involved in geometry up, with less smooth curves; however,
the speed of this advance is similar for both geometries. The sym-
bols of Fig. 5 denote the detachment time of the solid PCM from the
upper free surface. This detachment is quicker for higher Th and
geometry up. The latter is due to the faster increase of mean tem-
perature at the surface Ts due to the shorter free surface, as
observed in Fig. 7(b).

The curves of the overall liquid fraction provide the volume
fraction of melted PCM in the whole domain with respect to the
time. Fig. 6 shows these curves for the geometries and tempera-
tures discussed above. The melting times for Th ¼ 50 �C is 2462 s
for geometry half and 0:4% longer for geometry up. For
Th ¼ 100 �C is 664 s for geometry half, while 10% longer for geom-
etry up. These results show how 5:1% longer conductive boundary
of geometry up is not enough to compensate the enhanced heat
transfer induced by the extended convective cells of geometry half
due to a 46% longer free surface of the latter. Differences in melting
times between both geometries are as well enhanced for the more
intense thermal gradients of Th ¼ 100� with respect to Th ¼ 50�.
Another effect of the convective flows induced by thermocapillar-
ity is to reduce to 74% (71%) the time to liquefy the last 50% of soli-
dus PCM for Th ¼ 50� (Th ¼ 100�), tapering the effect of different
conductivities between solid and liquid phases in heat transfer rate
observed for only conductive transport.

We noted in Fig. 5 as the speed of the upper solid/liquid front is
similar in both geometries. However, the longer free surface of
geometry half leads to more extended convective cells. These
expose a larger region of solidus to the liquid phase where convec-
tive motion takes place, resulting in a faster shrinkage of the solid
Fig. 5. Position of the solid/liquid interface along the vertical axis of symmetry from
the lowest point of the domain as a function of time for geometries half (solid lines)
and up (dashed lines) when only thermocapillarity drives the convective motion.
Inner curves corresponds to Th ¼ 100� and outer to Th ¼ 50� . The exterior (interior)
of curves corresponds to liquid (solid) phases of the PCM. Symbols denote the time
where the solid phase of the PCM detaches from the free surface.
phase in geometry half than geometry up. The final result is an
improved heat transfer rate in the geometry with the longer free
surface (half) in spite of the smaller contact surface with the heat
source.

These results suggest that to optimize the heat transfer rate at
microgravity an extended free surface should be used even at the
expense of minor contact area between the heating source and
the PCM. Also, the relative reduced melting time of the hotter ther-
mal boundary condition (Th ¼ 100 �C) reinforces the notion that
strength of convective flows driven by the Marangoni effect is
more influential than contact area for the heat transfer perfor-
mance. The enhanced strength at higher Th is displayed at Fig. 7,
where the mean of the horizontal velocity at the free surface �us

is compared at both temperatures. This average is taken only at
cells where f l > 0:5 and shows how �us is roughly double for the
hotter walls. It is interesting to note how the shorter free surface
of geometry up leads to lower �us compared to geometry half for
Th ¼ 100�, in spite of the enhanced thermal gradient along the free
surface (c.f. Fig. 7). However, for milder thermocapillary effects of
Th ¼ 50� curves of �us cross and this effect is not observed. On the
other hand, the mean temperature of the free surface shown in
Fig. 7(b) shows a very predictable behavior, being higher for geom-
etry up at higher Th, since these conditions induce higher temper-
ature gradients along the surface. Worth mentioning is also that
faster advance of the upper front occurs in spite of the lower tem-



Fig. 7. Average velocity (top) and temperature (bottom) at the free surface as a
function of time. The values are calculated only at cells with volume liquid fraction
> 0:5. Solid lines correspond to geometry half, and dashed lines to geometry up.
Lines for convection driven only by thermocapillarity show square symbols, and
when buoyancy is included triangles are used.
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perature at the free adiabatic surface (as observed in temperature
snapshots of Fig. 4), reinforcing the relevance of thermocapillary
driving as a fundamental mechanism for accelerating the heat
transfer rate.

The effect of thermocapillarity on heat transfer rate can be
summed up in the decreased melting time with respect to only
transport by conduction. For geometry up, the introduction of ther-
mocapillary driving melts the PCM 3.2 and 4.18 times faster at
Th ¼ 50 �C and Th ¼ 100�, respectively. For geometry half, the melt-
ing was 3.6 and 5.23 faster at those temperatures, respectively.
This illustrates as well how the difference in melting times is
enhanced for longer free surfaces and external temperatures, and
how strong heat transfer performance during the charging phase
of the PCM can be obtained using thermocapillarity under micro-
gravity for thermoregulatory applications.

4.2.2. Natural convection
The size of geometries in the form of circular sections studied in

this work grant a meaningful contribution of natural convection
within the liquid phase in gravity. Indeed, for a horizontal layer
of n-octadecane bounded by rigid plates, it suffices a thickness of
1:5 mm to destabilize the conductive state by buoyancy and gener-
ate convective flows.

We can estimate a maximum Rayleigh number during the melt-

ing in the region below the solidus Ra ¼ g aDT h3

j m , where DT ¼ Th � Ti,
and h as half the vertical distance along the symmetry axis, which
results in Ra � 6 � 105 (Th ¼ 50 �C) and Ra � 1:9 � 106 (Th ¼ 100 �C)
for geometry half. For geometry up we obtain Ra � 2 � 106

(Th ¼ 50 �C) and Ra � 6 � 106 (Th ¼ 100 �C). The larger Rayleigh
number of geometry up with respect to half at fixed Th makes con-
vective motions from natural convection stronger in the former
geometry. When only convective motions driven by buoyancy
are considered, this leads to faster melting for geometry up
(t ¼ 1210 s for Th ¼ 50 �C; t ¼ 358 s for Th ¼ 100 �C) than for half
(t ¼ 1246 s for Th ¼ 50 �C; t ¼ 390 s for Th ¼ 100 �C), as observed
in Fig. 6. Interestingly, the effect of buoyancy is so strong that less
time is required to liquefy the first half of solid PCM once the liquid
phase of PCM destabilizes. Thus the melting of the first half of solid
PCM is reduced to 42.4% (Th ¼ 50 �C), 39.7% (Th ¼ 100 �C) of the
total melting time for geometry half, and 40.3% (Th ¼ 50 �C),
38.3% (Th ¼ 100 �C) for geometry up. These percentages are lower
than half of these of the pure conductive transport. The reduced
relative percentage for greater Th and geometry up are due to the
stronger natural convection of these cases.

4.2.3. Combined thermocapillary and natural convection
Fig. 6 shows the evolution of the liquid fraction for geometry

half (solid lines) and up (dashed lines). The melting time for
Th ¼ 50 �C is 1158 s for geometry half, and 1:6% longer for geome-
try up. For Th ¼ 100 �C is 314 s for geometry half, while 9:6% longer
for geometry up. Interestingly, the enhanced heat transfer of geom-
etry up due to buoyancy with respect to geometry half is compen-
sated by the more extended surface of solidus exposed to the liquid
phase dominated by thermocapillary flows of geometry half. This
compensation of thermocapillarity leads in both geometries and
Th to a similar reduction of the melting time � 53% with respect
to the case of only thermocapillary driving.

The presence of convective motion driven by buoyancy con-
tributes to a higher mean temperature at the free surface (c.f.
Fig. 7(b)) compared with only thermocapillary driving, due to the
promotion of greater convective motions of the liquid phase. This
effect is more relevant in geometry up, which always exhibits a
higher surface temperature at fixed Th due to stronger natural con-
vection. However, it does not lead to faster heat transfer rate, as
measured by total melting time as explained above.

The snapshots of Fig. 8 for the temperature field and streamli-
nes show more involved dynamics than for pure thermocapillary
motion. Above the solidus, the two counter-rotating cells trans-
porting liquid from the hot boundaries inwards are preserved from
intermediate to late stages of melting. However at the early states
of melting the liquid PCM becomes thicker enough (> 1:5 mm at
the bottom) to sustain a Rayleigh-Bénard instability that destabi-
lizes the quiescent liquid around the hot boundary incorporating
the rest of liquid PCM in the convective motion.

In particular, Fig. 8 shows the early states (t ¼ 200 s for 50 �C
and t ¼ 50 s for 100 �C) with five pairs of counter-rotating cells
on the conductive boundary, which lead to the same number of
hot plumes in the temperature field rising from the thermal
boundary layer at the bottom. It can be observed as well an
inclined Rayleigh-Bénard mode in the streamlines due to the circu-
lar symmetry that joins the Rayleigh-Bénard dominant region at
the bottomwith the Marangoni dominant area nearby the free sur-
face. Later, at intermediate melting times (t ¼ 600 s for 50 �C and
t ¼ 120 s for 100 �C) buoyancy driven cells become larger and tend
to superpose each other and merge. This process involves the coa-
lescence of hot plumes, resulting in only three longer plumes with
a more diffuse head for 50 �C and two for 100 �C. At this time is
observed as well the generation of cold jets ejected from the colder
solidus, creating very high temperature gradients near the conduc-
tive boundary. At later times (t ¼ 800 s for 50 �C and t ¼ 260 s for
100 �C) there is a combination of the thermocapillary cells with
inclined Rayleigh-Bénard modes that dominate the convective flow
in the top half of the domain. The plumes and cold jets become
thinner and curvy during this final stage of melting.



Fig. 8. Representative snapshots at different times of the temperature field (second and fourth rows) and streamlines (first and third rows) for Th ¼ 50 �C (first and second
rows) and Th ¼ 100 �C (third and fourth rows) for n-octadecane melting when thermocapillary effects and natural convection are acting together.
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5. Conclusions

We have studied the melting dynamic and heat transfer perfor-
mance of the phase change material n-octadecane for two values of
the Stefan number Ste ¼ 0:22 (Th ¼ 50 �C) and Ste ¼ 0:67
(Th ¼ 100 �C). The domains have the form of circular sections with
equal area to assess the effect of free surface length and the contact
area between the heat source and PCM on the heat transfer rate.
The simulations have been carried out taking into account only
transport by conduction, including thermocapillary effects, includ-
ing buoyancy and finally combining buoyancy and thermocapillary
effects. With these results, we have been able to assess the rele-
vance of thermocapillary driving on the melting of n-octadecane.

We find that thermocapillarity acting on the free upper surface
in microgravity has a powerful influence on the heat transfer rate,
decreasing the total melting time a factor 3.6 (Th ¼ 50 �C) and 5.2
(Th ¼ 100 �C) for a semicircular geometry of radius 2 cm respect
to melting driven only by conductive transport. This strong
enhancement of performance is produced in spite of the high vis-
cosity of the paraffin n-octadecane with Pr � 60, and indicates that
thermocapillarity can be used on spacecrafts applications where
quick heat exchangers are required to extract large amounts of
heat without much increase in the payload.

The shorter free surface of geometry up induces more signifi-
cant temperature gradients along the free surface than semicircu-
lar geometry half with the longer free surface. Thus the Marangoni
numbers (scaled as in lateral heating) of geometry up are higher.
This introduces a sequence of decreasing mean temperatures at
the free surface passing from geometry up to geometry half. How-
ever, this same sequence is only observed on the average surface
velocity field for the more intense thermocapillary driving at
Th ¼ 100 �C. The heat transfer rate is faster for the semicircular
geometry with the longer free surface, indicating that is not the
strength of thermocapillary flows but the solid/liquid interface
exposed to this type of flows that is more influential for the final
melting time.

The introduction of thermocapillary flows can compensate the
smaller contact surface between the heat source and PCM of geom-
etry halfwith respect to geometry up, creating a faster heat transfer
rate at the former configuration. Thermocapillarity compensates as
well the more intense Rayleigh-Bénard flows of geometry up. In
addition, relative differences of heat performance between both
geometries are enhanced for greater Th. All these results suggest
that designs of PCM systems with configurations that increase
the free surface at the expense of contact area between PCM and
heat source can be suitable to improve the heat transport efficiency
using the thermocapillary effect.
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