The combined effect of natural and thermocapillary convection on the melting of phase
change materials in rectangular containers

A. Borshchak Kachalov, P. Salgado Sanchez”, J. Porter, J. M. Ezquerro

E-USOC, Departamento de Aeronaves y Vehiculos Espaciales, Escuela Técnica Superior de Ingenieria Aerondutica y del Espacio,
Universidad Politécnica de Madrid, Plaza Cardenal Cisneros 3, 28040 Madrid, Spain

Center for Computational Simulation, Universidad Politécnica de Madrid, Campus de Montegancedo, Boadilla del Monte, 28660 Madrid, Spain

Abstract

The results of numerical simulations investigating the influence of natural and thermocapillary convection on the solid/liquid phase
transition of n-octadecane in rectangular containers are presented. The melting process is modelled using an enthalpy-porosity
formulation of the Navier—Stokes equations. A systematic analysis is performed by varying key dimensionless parameters includ-
ing the container aspect ratio (I'), the Rayleigh (Ra) and Marangoni (Ma) numbers, which quantify the strength of natural and
thermocapillary convection, and the dynamic Bond number (Bogy,), which measures their relative importance. In large containers
with I' > 1 and Bogy, < 1, thermocapillary convection is shown to significantly accelerate the melting process, enhancing the
heat transfer rate of the system by as much as a factor of 20 at large applied Ma. For I' < 8, this enhancement factor takes reduced
values of 1-3 and exhibits relatively weak dependence on Ma. In short containers with I" < 3 and Bogy, ~ O(1), the thermocapillary
effect is detrimental on average and increases the total melting time. The presence of normal vertical gravity is seen to stabilise
the dynamics of the flow, delaying the appearance of oscillatory convection beyond the range of parameters considered here. By
reducing Bogy,, we examine the transition to microgravity and determine the critical value Boﬁryn for oscillatory flow at large Ma

for the representative aspect ratios 1.5 and 12.
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1. Introduction

There is a great deal of current interest in energy storage
systems that can reduce waste and improve efficiency, an ef-
fort motivated in no small part by the worsening environmental
problems created by modern society and its immoderate energy
consumption habits. Phase change materials (PCMs), which are
characterised by their ability to store and release large amounts
of thermal energy over a determined temperature range, are an
attractive way to control temperature changes and reduce en-
ergy loss in a range of applications including air conditioning
[1, 2], electronics [3], manufacturing [4, 5] and solar energy
[6-9].

The energy storage potential of typical PCMs depends pri-
marily on their heat of fusion, which determines the thermal
energy captured during melting and released during solidifica-
tion. For applications, this heat of fusion should be as large
as possible given other material constraints and the need for
an appropriate melting temperature T),. The incorporation of
a PCM device increases the thermal inertia of the system and
helps maintain its temperature near 7. A wide assortment of
thermal control systems, both passive and active, can be made
more efficient with suitable PCM devices.
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The potential choices for practical PCMs now cover a wide
range of operating temperatures and include both natural and
synthetic materials [10, 11]. Among the most commonly used
are alkanes, fatty acids and hydrated salts. In particular, organic
PCMs like n-octadadecane are largely non-reactive and stable,
but are compromised in some applications by their low thermal
conductivity, which reduces responsiveness and requires long
charge and discharge cycles.

In many situations, the limitations of low conductivity are
alleviated in part by natural convection in the liquid, which en-
hances the total heat transfer rate of the system. A number of
different theoretical, numerical and experimental investigations
(see, e.g., Refs. [12-18]) were undertaken over the past few
decades to determine the role of convection in the melting of
PCMs. For example, Beckermann and Viskanta [19] combined
ground experiments with numerical simulations to study the
melting process in a rectangular container with adiabatic hor-
izontal boundaries and isothermal conditions along the lateral
walls. They identified four regimes during the phase change:
an initial regime dominated by conduction, a transition regime
characterised by developing convection in the upper portion of
the container, a convection-dominated regime and one where
the melting was strongly influenced by the cold wall.

A rectangular container heated from one side was also con-
sidered by Wang et al. [20], who conducted experiments to
measure the melting process. They observed the evolution



of the solid/liquid interface in detail and reported the temper-
ature distribution along the top and bottom boundaries and
the horizontal midplane of the PCM. In contrast to Ref. [19],
the melting progressed through three notable regimes: an ini-
tial conduction-dominated regime, a transition regime and a
convection-dominated one. Transitions were identified via the
temporal evolution of the Nusselt number. The absence of the
fourth regime of Ref. [19] is likely explained by the different
boundary conditions, particularly the temperature and heat flux
at the cold wall.

The thermal and heat transport characteristics of the phase
change in a mixture of ethanolamine and water was investigated
by Yanxia et al. [21]. The melting process was observed in
a rectangular container heated through one of the lateral walls
and the experiments showed that natural convection accelerates
melting compared to the conductive case. The relative impor-
tance of the convective flow compared to conduction was char-
acterized by the Rayleigh number (Ra), with higher values lead-
ing to a greater difference between the melting rates in the two
cases.

A recent review by Dhaidan and Khodadadi [22] examined
the influence of the main governing parameters including Ra
and the Stefan number (Ste), which characterises the effect of
the PCM latent heat, on the phase change process with convec-
tion. The influence of container geometry was also considered,
from rectangular cavities to spherical capsules and tubes. Cen-
tral to this comparison is the idea that geometry and orientation
can be optimised in order to take advantage of the heat trans-
ported by the convective flow in the liquid. Another interesting
proposal of this type comes from the work of Gong et al. [23],
who suggested inverting the container during the second half of
the melting process to encourage more natural convection and
potentially improve the heat transfer rate by more than 50%.

Aside from encouraging convective flows, various strategies
for increasing heat transport have been proposed that rely on
augmenting heat conduction. This can be accomplished, for
example, by placing the PCM in contact with more conduc-
tive materials (see, e.g., Refs. [24-27]) or by increasing the
effective thermal diffusivity of the PCM through the addition
of dispersed nanoparticles (see, e.g., Refs. [28, 29]). Note that
these solutions involve the incorporation of additional materi-
als, which will generally increase the mass and volume of the
thermal control device for a given energy storage capacity.

A special area of application for PCM devices is space explo-
ration, where the microgravity environment of orbiting satel-
lites or the International Space Station precludes the use of nat-
ural (buoyant) convection as an additional heat transport mech-
anism. At the same time, the increase of mass and volume that
accompanies most strategies for improving thermal conduction
is something to be avoided as much as possible in the space
industry. In light of these concerns, the thermocapillary effect
was proposed as a mechanism for enhancing heat transfer in mi-
crogravity applications. If a free surface is included in the de-
sign, then the temperature gradient that accompanies the phase
change process will lead to variations in surface tension that
will drive thermocapillary convection.

The recent numerical work of Madruga and Mendoza [30,

31] was, to the best of our knowledge, the first to suggest the
positive effect of thermocapillary convection on heat transport
during the melting of PCMs. These predictions were recently
confirmed experimentally by Ezquerro et al. [32, 33], Salgado
Sanchez et al. [34], who analysed the effect of thermocapillary
flow on the melting of n-octadecane in microgravity conditions.
These experiments were the first to quantify the enhancing ef-
fect of thermal Marangoni convection on heat transport, with a
measured melting rate that was approximately twice that of the
case with only thermal diffusion. Prior to these investigations,
there were a handful of theoretical studies that considered the
influence of the thermocapillary effect on the melting process in
microgravity (see, e.g., Refs. [35-38] and references therein).

The relationship between fluid dynamics driven by thermo-
capillary convection and heat transport was systematically ex-
amined by Salgado Sanchez et al. [39, 40] for the melting of n-
octadecane in microgravity. The dynamic behaviour of a PCM
system is complicated by the fact that the size and geometry of
the liquid domain continuously change as the solid/liquid front
evolves. Various different flow regimes, which depend on the
applied temperatures and the container aspect ratio, were iden-
tified and analysed from a bifurcation perspective. Both steady
and oscillatory modes — either having the appearance of trav-
elling or (approximately) standing waves — were found, and
the critical boundaries between them were determined and dis-
cussed in terms of the effective aspect ratio of the liquid do-
main. The contribution of the thermocapillary effect to the heat
transfer rate was quantified and it was seen that, for large con-
tainers, heat transport can be enhanced by up to a factor of 20,
depending on Marangoni number. For short containers, the en-
hancement factor was on the order of 5 when oscillatory flow
was present.

Given the broad importance of PCM devices in non-space ap-
plications, we extend these previous studies here by investigat-
ing the combined effect of natural and thermocapillary convec-
tion. The principal objective is to identify interesting parameter
ranges (i.e., applied temperatures and geometry) for the oper-
ation of PCM devices where the thermocapillary effect could
be most effectively exploited to improve performance in nor-
mal gravity. To the best of our knowledge, only the work of
Madruga and Mendoza [30] considered, in a square container,
a similar problem. The present work provides a more system-
atic analysis of parameters.

The manuscript is structured as follows. In Sec. 2,
the enthalpy-porosity-based formulation of the Navier—Stokes
equations used to model the phase change is presented. In
Secs. 3 and 4, respectively, the melting process is described
with natural convection and then with the addition of the ther-
mocapillary effect. Section 5 examines the contribution of ther-
mocapillary flow to the heat transfer rate and its effects on melt-
ing over a wide range of governing parameters. The influence
of gravity is analysed in Sec. 6 from the perspective of heat
transport and mode selection, with final conclusions given in
Sec. 7.
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Figure 1: Illustration of the problem considered: a rectangular L X H volume
of n-octadecane (which has a high Prandtl number of 52.53) subjected to con-
stant temperatures Tc and Ty > T¢ on opposite lateral walls. The melting
process occurs in the presence of constant vertical gravity and a layer of air that
bounds the upper surface of the PCM. Once melting begins, there is a liquid/air
interface with a temperature gradient that drives thermocapillary convection.

2. Mathematical formulation

We consider a two-dimensional rectangular volume of length
L and height H containing a PCM material undergoing a con-
trolled solid/liquid phase transition in the presence of a vertical
gravitational field. The melting process is driven by the appli-
cation of constant temperatures 7¢ (set here to T, the melting
temperature) and 7y > T¢ on opposite lateral walls. An illus-
tration of this system is provided in Fig. 1.

The phase change occurs in the presence of an air layer that
bounds the upper surface of the PCM. The temperature varia-
tion along this boundary induces surface tension gradients that
drive thermocapillary flow in the liquid. This convection, to-
gether with that driven by gravity, provides a mechanism for
heat transport and modifies the dynamics of the phase change.

2.1. Governing equations

The Navier-Stokes equations [41] describe the flow in the
liquid, which is assumed to be laminar and incompressible. The
momentum and mass conservation laws are

p(% +(u'V)u) = -Vp + uAu + pg, (1a)

Vou=0, (1b)

where u and p are the velocity and pressure fields, u is the dy-
namic viscosity, p is the density, and g is the vertically-oriented
gravitational acceleration; its magnitude will be characterised
by g = |g|/go where gy = 9.81 m/s?.

The conservation of thermal energy encompasses tempera-
ture changes (sensible heat) and the phase change (latent heat):

ot

where T is the temperature field, ¢, is the specific heat capac-
ity at constant pressure, k is the thermal conductivity, ¢, is the
latent heat, and f is the liquid fraction defined below.

pc (B_T +u~VT) = kAT - pcy ((Z—J: +u-Vf), 2)

During melting, the heat of fusion depends on the quan-
tity of melted material via the expression fpc,. This product
couples the energy and momentum equations through the (lo-
cal) liquid fraction f, which can be written as a temperature-
dependent field. This dependence is modelled in this work us-
ing a smoothed step (Heaviside) function:

0 T < -61/2,
FD =4 g+ 5 +5sin(5)  ITI<6r/2. 3)
1 T > 67/2,

where T = T — Ty. This function changes from O to 1 near
the phase change temperature T, across the interval 67, which
characterises the so-called “mushy region” where solid and lig-
uid phases may coexist [42].

The PCM is treated continuously by making all physical
properties dependent on 7 with appropriate limits for the solid
and liquid phases. These are expressed using the liquid fraction
f as follows:

p=ps+(oL—ps)fs (4a)
u=ps + (uL — ps)fs (4b)
cp =Cps + (CpL = Cps)fs (4¢)
k =ks + (k. — ks)f, (4d)

where the subscripts L and S denote liquid and solid, respec-
tively.

Due to (small) variations of the liquid density with tempera-
ture, the presence of gravity induces natural convection in the
liquid phase. We assume a linear dependence of p;, on T':

pL=po[l =BT =Ty, (&)

where py is the density value at the melting (reference) temper-
ature Ty, and 3 is the thermal expansion coefficient.

The parameter us denotes a virtual solid viscosity, which is
taken several orders of magnitude greater than gy so that the
velocity is effectively zero in the solid [43]. We select a value
of us = 103 Pass in accord with Refs. [34, 39, 40].

2.2. Boundary conditions
The thermocapillary effect is modelled with a linear depen-
dence of interfacial tension on temperature,

oc=09g-y (T -Tu). (6)

Here, o0y denotes the surface tension at temperature T, while
the thermocapillary coefficient y = —00 /0T characterises its
derivative at that point. The variation of o~ with T produces a
tangential force that draws fluid along the interface from re-
gions of lower to higher o, thereby driving thermocapillary
flow. In the solid phase (T" < Tys), we impose y = 0.

At the thermocapillary (liquid/air) interface, there is gener-
ally a balance between pressure, viscous stress and surface ten-
sion. In this formulation, we assume a perfectly flat interface so
that the only effect of surface tension is through y and the force
balance reduces to

uvVu, = —yViT, @)



where the subscripts n and ¢ refer to the normal and tangential
components, respectively.

The main error in neglecting the curvature of the interface is
related to the thermal expansion that occurs during the transi-
tion from solid to liquid, which is inconsistent with a fixed rect-
angular domain. However, the recent work of Salgado Sanchez
et al. [34] on the melting of n-octadecane found good agreement
between experiments and numerical simulations in rectangular
geometry, which provides some justification for this simplify-
ing assumption. In similar fashion, the free surface deformation
caused by the thermocapillary flow is expected to be negligible,
consistent with results obtained by Montanero et al. [44] and
Shevtsova et al. [45]. This deformation was shown to be pro-
portional to the capillary number Ca = yAT /o7. In the case of
n-octadecane, oy =~ 27.54 mN/m and y = 8.44 x 107 N/(mK)
(see Table 1) while the temperature interval considered here is
AT = Ty — Ty < 40K. Thus, Ca < 0.12 and the expected
deformation is on the order of micrometers.

The remaining boundary conditions (also indicated in Fig. 1)
are as follows:

— Along the lateral walls:

T=Ty, Tc; u=0, ()

where Ty = Ty + AT and T = Tyy.
— Along the bottom wall:

vV, T =0; u=0. ©)]

— Along the free surface, Eq. (7) is enforced and

V., T=0; u,=0. (10)

2.3. Scaling and governing parameters

We scale distance by L, so that x € [0, 1] and y € [0, 1/I'] are
dimensionless horizontal and vertical coordinates, respectively,
with the container aspect ratio

Ir=—. 11
= an
The characteristic timescale is taken to be that of thermal diffu-
sion in the liquid,

r=i (12)
where a = ki/(po cp) is the liquid thermal diffusivity. Tem-

perature relative to T, is scaled with the applied difference
TH - TMZ

T-T
o= M

=—— 1
T —To (13)

With the physical properties of the liquid as reference values
for density, viscosity, thermal conductivity and heat capacity

Melting temperature, T’y 28°C

Liquid density (ref.), po 780kg/m?

Solid density, ps 865 kg/m?
Specific latent heat, c;, 243.5kl/kg
Liquid specific heat capacity, c,;,  2196J/(kg K)
Solid specific heat capacity, ¢,s 19347/(kg K)
Liquid conductivity, ki, 0.148 W/(m K)
Solid conductivity, kg 0.358 W/(mK)
Dynamic viscosity, y, 3.541 x 1073 Pas
Thermal expansion coefficient, 3 9.1 x 107*1/K

Thermocapillary coefficient, y 8.44 x 107> N/(mK)

Table 1: Physical properties of n-octadecane, reproduced from [34].

at constant pressure, the dynamics of Egs. (1)—(10) are char-
acterised by the ratios of these properties between solid and
liquid,

— Ps ~ _ps ~ ks _  cps
p="" g=—, k=—, =2, (14)
Po A ky, CpL
and by the Marangoni number,
LAT
Ma= 1222 (15)
HLa
the Stefan number
c, L AT
Ste = 220 (16)
CcL
the Rayleigh number,
L3 AT
Ra, = M, (17)
HLa
the Prandtl number,
pr= HL (18)

poa’
and the aspect ratio I'.

The PCM n-octadecane is selected here for to its relevance to
recent microgravity experiments [32-34]. The physical proper-
ties of this material are listed in Table 1, from which one obtains
the nondimensional parameters

Pr=52.53, p=1.11, k=242, ¢, =0.88. (19)

Note that the assumption of two-dimensional dynamics is con-
sistent with the behaviour of high Pr fluids [46—48].

We find it convenient to rescale the Rayleigh number with
the height of the container H;

Ra=Ra; I3, (20)
and use the dynamic Bond number,

R H?
Boggn = — = M, @1
Ma yI
to quantify the relative importance of buoyancy and the thermo-
capillary effect.



2.4. Numerical approach

The governing equations (1)—(7) together with the boundary
conditions (8)—(10) are solved in COMSOL Multiphysics (us-
ing dimensional variables) with the finite element method. As
in Refs. [39, 40], the initial temperature throughout the PCM is
set to 25 °C and, since the PCM is solid for T < Ty, the initial
velocity is u = 0. The initial temperature profile leads to a sharp
jump (mismatch) at the hot and cold boundaries that is treated
numerically by taking the first time step with a backward Euler
method [40].

The evolution is calculated using a backward differentiation
formula scheme with maximum time steps Ar € [0.0001,0.01] s
that depend on the applied temperatures and are selected to
satisfy the Courant—Friedrichs—Lewy convergence condition.
Streamline [49] and crosswind [50] stabilisation techniques are
implemented to avoid spurious numerical oscillations.

Further details of the numerical simulations can be found in
Refs. [34, 39, 40]. Below, we summarise the convergence tests
used to select the maximum mesh size.

2.4.1. Mesh selection and numerical convergence

As in Refs. [39, 40], we use the melting time Ty,ej; at which
the PCM is 100% liquid as an indicative value for testing nu-
merical convergence.

The results of simulations using different meshes with only
natural convection are shown in Table 2(a,b) for an applied tem-
perature difference AT = 25 K with' = 1.5 and I" = 12, respec-
tively. Note that, since L = 0.0225 m in both cases while H is
varied, the nondimensional parameter Ra; remains constant in
(a) and (b). Each of the mesh choices is characterised by the
maximum element size (as a fraction of the container length L),
the melting time Ty, and the deviation of this time from that
obtained with the most refined mesh. The mesh selections a2
and b1 (marked in bold) are found to provide acceptable numer-
ical accuracy.

The results of simulations with combined natural and ther-
mocapillary convection are given in the same manner in Ta-
ble 2(c,d). The deviation of T, is less than 5% for the selected
mesh c2 (marked in bold), while it is less than 1% for mesh d1.

Although more refined meshes than those selected in (b) and
(c) could arguably be used, we find, as in the related numerical
investigations of Salgado Sanchez et al. [39, 40], that they of-
fer a reasonable compromise between numerical accuracy and
computational cost. In the remainder of this work, the maxi-
mum mesh size is set to S = L/67.5if " < 4.5 and (3/4)S if
I' > 4.5. These selections are also consistent with the recent
work of Salgado Sanchez et al. [34] where numerical simula-
tions using a similar mesh size were validated against experi-
ments.

3. Melting with natural convection

This section considers the phase change process with only
natural convection. The results are also used below for com-
paring heat transfer rates when the thermocapillary effect is
included. Since, without the thermocapillary effect, the only

Natural convection (g)

(@ T = 1.5, Ra = 1.9205 x 10°

Mesh Max. size Tmelt Deviation
# (XL/67.5) (%)
al 3/2 0.5233 -4.37
a2 1 0.5434 -0.69
a3 3/4 0.5472 —

(b)T =12,Ra = 3751

Mesh Max. size Tmelt Deviation
# (X L/67.5) (%)
bl 3/4 0.8418 -3.47
b2 1/4 0.8346 —

Natural + thermocapillary convection (g + Ma)

© T = 1.5, Ma = 155186

Mesh Max. size Tmelt Deviation
# (x L/67.5) (%)
cl 3/2 0.7503 8.01
c2 1 0.7261 4.52
c3 3/4 0.6946 —

(T =12,Ma = 155186

Mesh Max. size Timelt Deviation
# (X L/67.5) (%)
d1 3/4 0.1045 0.86
d2 1/4 0.1082 —

Table 2: Results of mesh convergence tests in normal gravity (g = 1): (a, b)
Simulations with only natural convection in containers with (a) ' = 1.5, (b) " =
12; (c, d) simulations with combined thermocapillary and natural convection in
containers with (c) ' = 1.5, (d) T’ = 12. Comparison between meshes is made in
terms of the deviation of the melting time Tpyej With respect to the finest mesh.
The selected meshes a2, bl, ¢2 and d1 are marked in bold.

source of fluid motion is buoyancy due to density variations in
the liquid, the problem can be described by the formulation of
Sec. 2 with v = 0. In this case, the (nonconstant) governing
parameters are Ste, Ra, and I

In the manner of previous work [39, 40], we conduct a sys-
tematic parametric study of the melting dynamics by varying
the applied temperature difference (Ste and Ra) and the con-
tainer geometry (I' and Ra). Representative cases are used to
illustrate the dynamics of melting in different regimes. The re-
lated discussion focusses on a long container with I’ = 12 and a
short one with I = 1.5, and on two applied Ra (Ste) numbers.

The phase change process in long containers is illustrated
in Fig. 2 for ' = 12. Two sets of results are shown for (a)
Ra = 750 and (b) Ra = 4501, which correspond to AT = 5K
and AT = 30K, respectively. The colourmap (cold in blue,
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Figure 2: Snapshots (times indicated) showing the evolution of the melting
PCM with natural convection for I' = 12 and different applied temperatures:
(a) Ra = 750 (AT = 5K), (b) Ra = 4501 (AT = 30K). The colourmap shows
the temperature field ® (warm in red, cold in blue) with streamlines of the flow
(black curves) superimposed. The PCM is completely melted by Tpei; = 3.9412
in (a) and Tmere = 0.6400 in (b). For both Ra, the flow is characterised by a large
vortex that extends throughout the liquid.

warm in red) shows the dimensionless temperature field ® in
the liquid, with streamlines of the flow superimposed on this.

The dynamics in both cases is qualitatively similar, except
for the reduction in melting time from Ty = 3.9412 t0 Ty =
0.6400 with the higher Ra (Ste). The presence of natural con-
vection in the liquid is revealed not only by the streamlines but
by the curvature of the isotherms. The fact that this convection
draws warmer liquid towards the upper part of the container re-
sults in slightly faster melting in this region, as revealed by the
inclination of the solid/liquid front. With higher Ra (Ste), the
convective motion is stronger and the inclination is correspond-
ingly greater.

With both Ra (Ste) numbers, the flow in the liquid is similar
to the classical steady return flow (SRF) solution [51], which is
characterised by a large vortex extending throughout the liquid,
but centred near the horizontal midline of the container. With
Ra = 750, there is a notable distortion of these streamlines in
the vicinity of the cold boundary (either at the solid/liquid front
or the cold wall) due to the effect of the mushy region and the
transition between the liquid and solid viscosities [39]. With
the larger applied temperature difference of Ra = 4501, the
influence of the mushy region is diminished and restricted to a
thin layer near the cold side; it is not noticeable on the scale of
the figure.

In Ref. [40], the melting process of n-octadecane was anal-
ysed in microgravity with only thermal diffusion. In that case,
the respective melting times for the same AT = 5K (Ste =
0.045) and AT = 30K (Ste = 0.271) were Ty = 7.1470 and

7=0.1707

T=1.1435 | |\ T=124127

(a) Ra = 3.8409 x 10°

T =0.0427 7=0.1109

Figure 3: Snapshots (times indicated) showing the evolution of the melting
PCM with natural convection for I' = 1.5 and different applied temperatures:
(a) Ra = 3.8409 x 10° (AT = 5K), (b) Ra = 2.3046 x 10° (AT = 30K). The
colourmap shows the temperature field ® = 1 (warm in red, cold in blue) with
streamlines of the flow (black curves) superimposed. The PCM is completely
melted by Teir = 2.4127 in (a) and Ty = 0.4502 in (b). For both Ra, the
final flow is characterised by a (nearly antisymmetric) structure of two vortices
centred at the vertical midline of the container.

Tmelt = 1.8638; values of Ste are reported here since Ra = 0 in
microgravity. A comparison of melting times shows that natu-
ral convection enhances the average heat transfer rate by factors
of 1.81 and 2.91, respectively, which is consistent with the ob-
servations of Yanxia et al. [21].

The melting process in short containers is illustrated with I" =
1.5 in Fig. 3 for (a) Ra = 3.8409 x 10° (AT = 5K) and (b)
Ra = 2.3046 x 10° (AT = 30K). Note that these Ra values
are substantially bigger than those of Fig. 2 because they scale
(for fixed length L) with '3 [see Eq. (20)]. The colourmap
shows the dimensionless temperature field ® with streamlines
superimposed.

Again, the melting dynamics are similar for both Ra values.
At the beginning of the phase change process, heat transport is
dominated by diffusion and both the solid/liquid front and the
isotherms are aligned (approximately) vertically [40]. When
the solid/liquid front separates enough from the hot boundary,
gravity and natural convection come into play, generating a
large vortex that pulls hot liquid towards the upper part of the
cell and, thus, accelerates the melting there; see panels (a) at
7 =0.1707 and (b) at T = 0.0427. This uneven melting persists
during the advance of the solid/liquid front, until it reaches the
cold wall. Beyond that, the evolution of the solid/liquid front
can only proceed downwards. As discussed in Refs. [19, 20],



Tmelt

o
s @ =12 .
Dl:l - I'=1.5
3 s =
O n
2 o m
o o
o n
o [
1t ; - :
o n
0.5 %D "
1 1 1 X1\04 ..
0.01 0.1 1 10 100 Ra

Figure 4: Melting time Tp¢ With natural convection in containers of I' = 12
(open squares) and I' = 1.5 (solid squares) as a function of Ra. Note the loga-
rithmic scale of the axes.

a series of regimes can be distinguished as melting progresses.
The first is dominated by conduction, the second by developing
convection in the upper portion of the PCM, and the third by
fully-developed convection. The fourth is strongly influenced
by the cold wall and its thermal boundary conditions.

The flow in the liquid transforms from an initial large vor-
tex to a final structure with two vortices centred near the lat-
eral walls and approximately halfway up. This final state, with
the PCM completely melted, is that of a simple liquid differ-
entially heated from the sides. The fact that the thermal gradi-
ent is applied horizontally while the gravitational force is ver-
tical means that neither left-right nor up-down symmetry is ex-
pected; this asymmetry is evident in both the temperature field
and the streamlines. We note that the proximity of the vortices
to the solid/liquid front during the latter stage seems to be ef-
fective in increasing the melting rate; this observation will be
discussed in more detail below.

Comparing these results with the case of microgravity and
purely diffusive heat transfer [40], we find that the melting
times are reduced by factors of 2.96 and 4.13, respectively,
which are significantly larger than the factors obtained for
I' = 12. This reflects the enhanced effect of gravity in deeper
containers and the natural convection it induces, which is indi-
cated by larger Ra [21].

Figure 4 shows the results of extending this investigation over
a wide interval of Ra. The melting time 7, is obtained as a
function of Ra and displayed on a logarithmic scale. As ex-
pected, Tnee decreases with Ra [21], and appears to follow a
regular scaling law for large values. In the limit of small Ra
(Ste), the change in scaling is largely explained by the mushy
region (i.e., the fact that the phase change occurs over a finite
interval 67 of temperatures), consistent with Ref. [40].

4. Melting with natural and thermocapillary convection

Here, the phase change transition is studied under the com-
bined effect of natural and thermocapillary convection. As in
Sec. 3, we conduct a systematic parametric study of the melting

7 = 0.2560

7=0.5291

(a) Ma = 31037

7=0.0119

7 =0.0358

(b) Ma = 186224

Figure 5: Snapshots (times indicated) showing the evolution of the melting
PCM with both natural and thermocapillary convection for I' = 12 and (a) Ma =
31037 (AT = 5K), (b) Ma = 186224 (AT = 30K). The colourmap shows
the temperature field ® (warm in red, cold in blue) with streamlines of the flow
(black curves) superimposed. The PCM is completely melted by Tpei; = 1.0466
in (a) and Ty = 0.0811 in (b). Depending on Ma, the flow is characterised by
vortices forming (a) steady return flow or (b) a steady multicellular structure
(SMC). Note the vertical alignment of the structure at approximately 2H/3 in
both cases.

dynamics by varying the applied temperature difference (Ma,
Ste and Ra) and the aspect ratio I. Representative cases are
used to illustrate the dynamics of melting in different regimes.
In particular, results are discussed for two Ma values in a long
container with I' = 12 and in a short container with I" = 1.5.

Figure 5 depicts the melting process in a large container for
(a) Ma = 31037 and (b) Ma = 186224. The colourmap shows
the dimensionless temperature field ® with the streamlines of
the flow superimposed. Note that the Ra values for these simu-
lations are as in Fig. 2, which can be directly compared.

The fact that the Ra values are small compared to the Ma
values indicates the diminishing importance of gravitational ef-
fects relative to thermocapillary effects; this is quantified by
Bogyn = 0.024 < 1, which is independent of AT [see Eq. (21)].
The melting process for low Bogy, can be expected to resem-
ble that of the microgravity case in some respects. In particu-
lar, the features of the flow in (a) recall the SRF solution and
those in (b) the steady multicellular structure (SMC) discussed
in Ref. [39], with the characteristic vertical alignment of the
cells near 2H/3. In contrast to that study, where a critical Ma of
Ma.; = 97660 (AT = 15.73 K) for oscillatory thermocapillary
flow was determined, the melting process at large Ma remains
(quasi-) steady in the presence of natural convection over the
range of parameters explored here: Ma < 248298 (AT < 40K).
The observed stabilising effect of gravity, which delays the ap-
pearance of oscillatory thermocapillary flow, is consistent with
the work of Shevtsova et al. [52], where an extensive analysis



(b) Ma = 186224

Figure 6: Snapshots (times indicated) showing the evolution of the melting
PCM with both natural and thermocapillary convection for I' = 1.5 and (a)
Ma = 31037 (AT = 5K), (b) Ma = 186224 (AT = 30K). The colourmap
shows the temperature field ® (warm in red, cold in blue) with streamlines
of the flow (black curves) superimposed. The PCM is completely melted by
Tmelt = 2.5396 in (a) and Tpee = 0.6192 in (b). In both cases, the flow is
characterised by a pair of vortexes located close to the free surface. For the
higher Ma, a transient SMC appears during the early part of the melting in the
thin thermocapillary layer near this free surface.

of thermocapillary-buoyant convection in a large container of
I' ~ 24 was conducted over the range 0 < Bogy, < 0.8.

The measured melting times are Ty = 1.0466 for Ma =
31037 and Tper = 0.0811 for Ma = 186224. The enhance-
ment factors with respect to the case of only natural convection
are 3.7657 and 7.8915, respectively, which shows the substan-
tial benefit to heat transport in PCMs that thermocapillary flow
can provide — beyond the improvement already provided by
natural convection. The idea of combining the thermocapillary
effect with other strategies to enhance PCM performance has
been recently discussed in Ref. [53].

In addition to its effect on 7y, the applied Ma is important
in selecting the number of vortices within the SMC. At the onset
of the SMC mode, the SRF structure splits into a pair of vortices
that spread outwards from the hot wall. As Ma is increased, the
number of vortices observed in the SMC first increases as well,
but eventually saturates. In fact, while eight vortices are seen
in Fig. 5(b) at 7 = 0.0811, further increase to Ma = 248298
(a simulation not included here) results in a final structure with
only seven vortices.

The melting process for a short container of I' = 1.5 is il-
lustrated in Fig. 6 for the same values of (a) Ma = 31037 and
(b) Ma = 186224. The snapshots show the temperature field in
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Figure 7: Melting time Tpe; With both natural and thermocapillary convection
in containers of I' = 12 (open markers) and I' = 1.5 (solid markers) as a function
of Ma. Note the logarithmic scale of the axes.

the liquid (using a colourmap) and the streamlines of the flow.
Note that the associated Ra values are as in Fig. 3, which can be
directly compared. Here, Bogy, ~ 12.38, which reflects the in-
creasing importance of buoyancy in deep (small I') containers.

For both Ma values, the melting dynamics are similar to that
of Sec. 3, except for accelerated melting near the thermocapil-
lary surface. With Ma = 31037, in particular, the solid/liquid
front clearly reaches the cold wall faster than it does without the
thermocapillary effect, as observed at 7 = 0.6315 (see Fig. 3 for
comparison). Another consequence of thermocapillary flow is
that the final vortices are displaced towards the free surface;
with only natural convection, they are centred vertically near
the midline.

With larger Ma, as in Fig. 6(b), the differences with respect
to only natural convection are even more evident, especially
the faster melting near the free surface (see the snapshot at
7 = 0.0427). As discussed in Refs. [39, 40], this thin layer
of liquid experiences an effective aspect ratio I'cs that is larger
than I'. This fact explains the transient appearance of a flow
structure with multiple vortices resembling the SMC. As soon
as the solid/liquid front reaches the cold wall, the value of I
decreases and the number of vortices in the structure does too.
The final state contains two vortices, with the strongest flow
shifted towards the thermocapillary surface and the hot bound-
ary.

The melting dynamics are (quasi-) steady in the presence of
normal gravity, at least over the range Ma < 248298 (AT <
40K) considered here. This is in contrast to the microgravity
results of Salgado Sanchez et al. [39], where modulated ther-
mocapillary flow appears in the form of an oscillatory standing
wave (OSW) mode for these same parameters. This difference
is an additional evidence of the stabilising effect of gravity on
thermocapillary convection. In this case, since Bogyy is substan-
tially larger than for long containers, the delay of the critical Ma
is expected to be larger as well, as shown in Ref. [52].

The melting times for the Ma values of Fig. 6 are Ty =
2.5396 in (a) and Ty = 0.6192 in (b). Compared to the case



of only natural convection, heat transport is reduced by fac-
tors of 0.9500 and 0.7271, respectively, which shows that the
thermocapillary effect can delay melting for I' = 1.5. Some ex-
planation for this can be be found in the structure of the flow.
In Sec. 3, the vortices are centred near the vertical midline of
the container, which allows them to more effectively transport
heat during the later stage of the melting process when the solid
portion of PCM recedes downwards. While the presence of
the thermocapillary effect accelerates melting during the ear-
lier part of the phase change process, it also shifts the centres
of the vortices upwards, which reduces their influence on the
solid/liquid front at later times. This detrimental effect on the
overall melting process will be discussed in more detail below.

To complete the analysis, we measure Ty after varying AT
to cover the range 0 < Ma < 248298. These melting times are
shown in Fig. 7 for I' = 12 (open markers) and I' = 1.5 (solid
markers); note the logarithmic scale. The general tendency, as
expected, is for T to decrease with Ma. At lower Ma, a
change of scaling similar to that seen in Sec. 3 and Ref. [40]
is apparent. As mentioned, this is inherent to the enthalpy-
porosity formulation used to solve the phase change and the
extent of the mushy region. There is no evidence of a change in
scaling for large Ma, which stands in contrast to the micrograv-
ity case studied in Ref. [40], where the appearance of oscilla-
tory modes has a noticeable effect on heat transport. As noted
above, the flow here is always (quasi-) steady.

5. Quantification of heat transport during melting

In this section, we measure the contribution of thermocap-
illary convection to the overall heat transport during the phase
change process with normal gravity. The effect is quantified by
the ratio of melting times with only natural convection to that
with mixed natural and thermocapillary convection.

Figure 8 summarises the results obtained over a wide range
of Ma values and 1.5 < I" < 24.7. The enhancement factor is
defined as

Tg
G= , (22)

Tg+Ma

where the subscripts “g” and “g + Ma” refer to natural con-
vection, and to combined natural and thermocapillary convec-
tion, respectively. Data points from the simulations are marked
(open squares) and interpolated to estimate the continuous con-
tours (dashed curves). These are labelled by the corresponding
enhancement factor &, with the neutral contour G = 1, where
Ty = Tg4Ma, distinguished by a solid curve. Note that in the
limit Ma — O the factor G is close to unity [40]. For finite Ma,
the thermocapillary contribution leads to a range of G values
between approximately 0.7 and 20, which can be separated into
three qualitatively different regimes depending largely on I'.
For long containers with I' > 17, there is strong dependence
of G on Ma. Indeed, it is here that the enhancement factor
reaches values of up to 20 at large Ma. This regime is associ-
ated with shallow containers characterised by Bogy, << 1 where
convective flow is primarily due to the thermocapillary effect.

10 Ma 20

Figure 8: Contours of the enhancement factor G (dashed curves with labelled
values) for varying Ma and I'. The neutral case of G = 1 is distinguished by a
thicker solid curve. The data points obtained from the simulations are marked
with open squares.

For large enough Ma, the enhancing effect of thermocapillary
flow saturates, consistent with the results of Ref. [40].

In the case of short containers with I' < 8, the enhancement
factor G is substantially smaller than with larger I'. Indeed, for
I' < 3, an increase in Ma actually reduces G and, thus, the per-
formance of the PCM. An explanation for this was given above
in terms of the proximity of the vortical structure to the thermo-
capillary surface. This upward shift of the vortices compared to
the more centred structures observed with only natural convec-
tion makes them less effective at transferring heat downwards
and leads to slower melting during the final stage of the process.
The contours of G are relatively flat in this regime, indicating
weak dependence on Ma. Depending on the application, this
fact could be seen as an advantage, since a PCM design with
3 < T < 8 would have an enhancement factor of approximately
1.25-3 over a wide range of operating temperatures.

In the intermediate regime with 8 < I' < 17, the behaviour
of G is more varied. For low Ma values, an increase in thermal
forcing leads to a clear rise in G. This dependence weakens,
however, for large Ma values where the contours become rela-
tively flat.

Finally, an important implication of Fig. 8 is that for a given
Ma, the enhancement factor G takes a maximum value at finite
I'. This behaviour, also identified in Ref. [40], means that there
is an optimal curve I['(Ma) locating the aspect ratio that max-
imises thermocapillary enhancement. The fact that G declines
beyond this optimal I" is related to the loss of momentum as H
becomes comparable to the thickness of the boundary layers. In
this limit, the fluid motion is affected by increased drag, which
reduces convection and the heat transport associated with it.



6. Influence of dynamic Bond number

By comparing the results of Secs. 3—5 to previous micro-
gravity studies [39, 40], we can identify the main differences
in the melting behaviour found with PCMs under normal grav-
ity. These differences, which refer to heat transport properties
as well as mode selection in the flow, are summarised by the
following points.

1. In short containers, the enhancement factor G is O(1) and

shows weak dependence on Ma. The thermocapillary ef-

fect can even be detrimental to average heat transport dur-
ing melting, increasing Tpej-

In long containers, the effect of natural convection is weak,

and results are similar in some ways to those in micrograv-

ity. The enhancement factor G can reach values as high as

20 for large Ma.

3. The presence of natural convection has a stabilising effect
on the dynamics of the flow. Steady convection modes are
found over the entire range of parameters explored here.
This is in contrast to weightless environments, where ei-
ther the hydrothermal travelling wave (HTW) or the OSW
modes are found beyond a critical Ma, depending on I'.

In this section, we analyse the transition from normal gravity
to microgravity by varying the dynamic Bond number Bogyy.
Particular choices of gravitational acceleration include those of
the Moon (g = 0.1651) and Mars (g = 0.3783), which are rel-
evant to future space exploration. For simplicity, we restrict at-
tention to either small or large Ma. In long containers of I' > 1,
we note that g levels greater than 1 are used to cover a wider
range of Bogyy.

The study is undertaken in two parts. First, we consider the
direct effect of the gravity level on heat transport. Then, the
transition from steady to oscillatory thermocapillary flow is lo-
cated by decreasing Bogyp.

6.1. Heat transport

Figure 9 shows the enhancement factor G versus Bogy, for (a)
Ma = 186224 and (b) Ma = 31037. The first set of simulations
were performed by varying the gravity level g in fixed rectan-
gular geometries of I' = 12 (open squares) and I' = 1.5 (solid
squares). Generally, G increases as Bogy, is reduced and gravity
becomes less important. For each choice of Ma and I, the en-
hancement factor for Bogy, = 0 (reproduced from Ref. [40]) is
indicated with a thin horizontal coloured line. The asymptotic
behaviour as Bogy, — 0 is well-captured by those values. In
the opposite limit of Bogy, > 1, natural convection is dominant
over thermocapillary convection and G — 1.

Simulations also show that for Bogy, < 2 (marked with a thin
vertical line), the thermocapillary effect always improves the
average heat transfer rate during melting (i.e., G > 1). This can
be taken as a reference value for PCM design criteria. Note that,
for a PCM of length L = 22.5 mm operating on the Moon, this
criteria would require a PCM height H < 14.9mm (I' > 1.51)
and, on Mars H < 11.3mm (I'" > 1.99).

In addition to these simulations obtained by varying g, we
include the results of Secs. 3 and 4, which were calculated for
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Figure 9: Enhancement factor G versus Bogy, for (a) Ma = 186224 and (b)
Ma = 31037, calculated in two ways. The solid square markers correspond to
I' = 1.5and 0.0004 < g < 8.08, which covers the interval 0.005 < Bogy, < 100.

The open markers correspond to I' = 12 and 0.165 < g < 331, which covers
the interval 0.004 < Bogy, < 8. The red (blue) open circles correspond to
simulations with fixed gravity g = 1 and 1.5 < T" < 24.7. Coloured horizontal
lines indicate G in the microgravity limit (Bogy, = 0), reproduced from [40].
The black horizontal lines mark G = 1. The vertical lines mark Bogy, ~ 2,
beyond which G < 1 (i.e., the thermocapillary effect delays melting).

g = 1 and various I'. The different I" values were obtained by
changing the container height H with fixed L so that larger I
implies smaller Bogy,; see Eq. (21). These curves match rel-
atively well, over a wide range of Bogy,, with those obtained
by varying g. The main discrepancy is for Bogy, < 0.05 in
(b). For these parameters, H becomes comparable to the thick-
ness of the viscous boundary layers, which increases damping
and reduces convective heat transport, leading to a smaller en-
hancement factor G.

The melting of n-octadecane in a square container (i.e., I’ =
1) was considered by Madruga and Mendoza [30] for different
values of Bogy,. The thermocapillary effect was found to in-
creases the average heat transfer rate by a factor of 1.39 for
Bogyn = 8.3 and 1.07 for Bogy, = 33. However, these re-
sults were obtained with an adiabatic condition at the cold wall,
which has a significant effect on the melting process, as dis-
cussed below.

During the early stages of melting, the low conductivity of
the solid PCM acts to insulate the liquid and the process is not
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Figure 10: Dynamics of melting with mixed convection for Ma = 186224, I' = 1.5 and three different dynamic Bond numbers: (a) Bogy, = 2.0419 (g = 0.165),
(b) Bogyn = 1.0271 (g = 0.083), (c) Bogyn = 0.5000 (g = 0.0404). In the upper row, the time dependence of ® for 0 < 7 < Tyl¢ is shown at three points located
alongy = (3/4) ! atx=1/8 (black), 1/2 (light grey) and 7/8 (dark grey). The lower row shows the corresponding spectrogram for the temperature deviation
0=0- (®) at x = 1/2. The vertical lines indicate the approximate extent of the oscillatory mode. Note that the spectrogram depends weakly on Bogy,. Frequencies

are nondimensionalised with the thermal diffusion timescale L?/a.

sensitive to the thermal boundary conditions at the cold wall.
The thermocapillary effect accelerates melting in the vicinity of
the liquid/air interface during this period. Once the solid/liquid
front reaches the cold wall, however, the thermal boundary con-
dition plays a crucial role in the subsequent development.

For the adiabatic boundary condition of Madruga and Men-
doza [30], the heat transferred through the hot boundary con-
tinuously increases the temperature of the liquid and thereby
reduces the temperature gradient along the thermocapillary sur-
face. The thermocapillary convection is, therefore, progres-
sively weakened and, after a sufficiently long time, the melting
process is dominated by natural convection. Since thermocap-
illary convection enhances melting at earlier times and plays a
diminishing role at later times (when the upward shift of the
vortices described in Sec. 4 can reduce heat transfer), the over-
all enhancement factor with adiabatic boundary conditions is
greater than unity.

With the constant temperature boundary condition used here,
the cold wall acts to maintain a thermal gradient along the
free surface, and also evacuates heat after the solid/liquid front
reaches it. This heat loss and the sustained thermocapillary
flow, which pulls the vortical structure upwards, are the two
main factors that slow down melting at later times, sometimes
making Ty larger than with natural convection alone. For the
results presented above, it is the relative extension of this fi-
nal stage compared to the total melting time that determines
whether the presence of thermocapillary convection is benefi-
cial or detrimental to the overall melting process. The relative
importance of this final stage is controlled, to a large extent, by
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the container aspect ratio I'. Note that the changes in this final
stage are reminiscent of the distinction, mentioned above, be-
tween the investigations of Beckermann and Viskanta [19] and
those of Wang et al. [20], even though those experiments con-
sidered only the effect of natural convection during the phase
change.

6.2. Oscillatory flow and critical Bond number

As mentioned above, one of the most striking differences be-
tween the current results for g = 1 and those in microgravity
is the (quasi-) steady nature of the flow across the full range
of parameters considered. The prevalence of oscillatory flow
in weightless conditions suggests that if gravity is continuously
lowered from its normal value with fixed Ma, a transition to
oscillatory flow will occur a some critical Boﬁryn.

Figure 10 illustrates the type of oscillatory dynamics ob-
served below this transition with Ma = 186224, T’ 1.5,
and (a) Bogyn = 2.0419 (g 0.165), (b) Bogyn = 1.0271
(g = 0.083), (c) Bogyn = 0.5000 (g = 0.0404). In each case,
the upper panel shows the temperature ®@(7) measured at three
points along y = (3/4)T~! at x = 1/8 (black), 1/2 (light grey),
and 7/8 (dark grey). The lower panel shows the spectrogram
corresponding to the temperature deviation ® = @ — (@) at
x = 1/2, where (®) is the time average. Vertical lines mark the
approximate period during which the oscillatory mode appears.
Recall that the results presented in Sec. 4 for a higher value of
Bogy, = 12.375 do not show oscillations.

As described in Ref. [39], oscillatory thermocapillary flow
in small I" containers features the OSW mode, which is char-
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Figure 11: Contribution Cosw of the OSW mode to the phase change for
Bogyn < 3 with Ma = 186224 and I' = 1.5. The measurements (open blue
squares) are fit (black solid curve) using a square-root scaling (Boﬁ‘yn —Bodyn)o’5
to estimate Bof;yn = 2.5988 (green marker; g, = 0.21). For g — 0, the contri-
bution of the oscillatory mode agrees with the microgravity results of Ref. [39].

acterised by the cyclic pulsation of the main vortical struc-
ture. The pulsation frequency was found to diminish as the
solid/liquid front progresses, and this was associated with a re-
duction in the number of vortices present. The lower panels of
Fig. 10 reveal the same type of behaviour.

The variation of Bogy, from 2.0419 in (a) to 0.5 in (c) results
in an OSW mode that appears at (nearly) the same time but
persists longer as Bogy, is reduced. We follow Ref. [39] and
use the oscillatory contribution

£ 0
T =T
Cosw = ——=¢, (23)
Tmelt
to determine the critical value. Here, 79 and 7¥_. denote the

0scC 0sc

beginning and the end of the oscillations, respectively. The pa-
rameter Cosw simply measures the fraction of the melting time
where the OSW mode is present and, in this way, quantifies the
contribution of oscillatory flow to the full melting process.

Figure 11 shows the calculated values (blue markers) of
Cosw for different Bogy,. These can be fit (solid line) us-
ing a square-root scaling (Bog;, — Boays)*, which allows for
a straightforward estimate of Bofiryn = 2.5988 (g 0.21),
which is shown with a green marker. We note that in the limit
Bogyn — 0, the contribution Cosw agrees with the results of
Salgado Sanchez et al. [39].

Figure 12 shows, for Ma 186224 and Bogy, = 0.0121
(g = 0.5), the type of oscillatory convection observed in a long
container of I' = 12. The upper panel shows the dimensionless
temperature O(7) for 7 < Ty at three points located along
y = (2/3)I! at x = 1/12 (black), 1/2 (light grey), and 11/12
(dark grey). The spectrogram corresponding to the temperature
deviation ® = ® — (®) at x = 1/2 is shown in the lower panel.
A vertical line marks the appearance of oscillations.

As described in Ref. [39], the oscillatory flow observed dur-
ing melting in long containers is characterised by the appear-
ance of an HTW mode. This mode is associated with the re-
peated creation of vortices that travel inwards from the cold
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Figure 12: Dynamics of melting with mixed convection for Ma = 186224,
I' = 12 and Bogy, = 0.0121 (g = 0.5). In the upper panel, the time dependence
of ® for 0 < 7 < Tpepe is shown at three points located along y = (2/3)T" -1
at x = 1/12 (black), 1/2 (light grey) and 11/12 (dark grey). The lower panel
shows the corresponding spectrogram for the temperature deviation 0=0-
(@) at x = 1/2. The vertical line indicates, approximately, the appearance
of the oscillatory mode. Frequencies are nondimensionalised with the thermal
diffusion timescale L?/c.

boundary. Their intensity decays as they travel, becoming neg-
ligible near the hot wall. The HTW frequency was found to
be insensitive to Ma and to the progression of the solid/liquid
front, consistent with the idea that the cold boundary region
selects the oscillation frequency. The lower panel of Fig. 12
demonstrates this same type of behaviour, with a nearly con-
stant dominant frequency (harmonics are present as well).

We define the HTW contribution following Ref. [39] as

0
.
Cutw =1 - =%,
Tmelt

(24)

to determine the critical value. Note that HTW modes generally
persist beyond the completion of melting so that Tfm = Tmelts
which is assumed above.

The measured Cyrw values (red markers) are given in Fig. 13
for different Bogyn. These are fit (solid line) to a fourth-root
scaling (Bog;, — Bogyn)*® to estimate Bog, = 0.0205 (ger =
0.85), which is shown with a green marker. As before, the limit
Bogyn — 0 is consistent with the results of Salgado Sanchez
et al. [39], where more details of the oscillatory modes can be
found.

7. Conclusions

This paper presents results from a numerical study of PCM
melting under the combined effect of natural and thermocap-
illary convection in rectangular geometry. The substantial im-
provement in performance that may be obtained via the thermo-
capillary effect, even under normal gravity, suggests that PCM
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Figure 13: Contribution Cyrw of the HTW mode to the phase change for
Bogyn < 0.025 with Ma = 186224 and I' = 1.5. The measurements (open red
circles) are fit (black solid curve) using a fourth-root scaling (Boﬁryn - Body“)o'25
to estimate Bofl‘y » = 0.0205 (green marker; g¢r = 0.85). For g — 0, the contri-
bution of the oscillatory mode agrees with the microgravity results of Ref. [39].

designs could benefit from this heat transport mechanism across
a wide range of applications.

The phase change is described using an enthalpy-porosity
formulation of the Navier—Stokes equations [43], which mod-
els the coexisting solid and liquid states as a single phase
with physical properties that depend on temperature and change
sharply across the solid/liquid front. The problem is studied for
the case of n-octadecane, an alkane with high Prandtl number
(Pr = 52.53), due to its relevance to recent experimental [32—
34] and numerical investigations [39, 40].

The PCM is subjected to a controlled phase change transition
by imposing isothermal conditions on the lateral walls. The
advance of the solid/liquid front during melting leaves a free
surface with a temperature gradient that supports thermocapil-
lary flow in the liquid. This flow, together with that of natural
convection, acts as a mechanism for heat transport and changes
the dynamics of the phase change. The influence of key di-
mensionless parameters is analysed, including the container as-
pect ratio (I'), which defines the geometry, the Rayleigh (Ra)
and Marangoni (Ma) numbers, which quantify the strength of
natural and thermocapillary convection, and their relative im-
portance, which is characterised by the dynamic Bond num-
ber (Bogyn). To the best of our knowledge, the present work
provides the first systematic analysis covering a wide range of
these parameters.

In Sec. 3, the phase change process is first studied with only
natural convection. The results are presented for two represen-
tative aspect ratios (12 and 1.5) and two applied temperatures
(5K and 30K). In long shallow containers, Ra is small, as is
the effect of natural convection. The melting in this case is
characterised by a slightly faster progression of the solid/liquid
front along the upper portion of the container and a single large
vortex that extends throughout the liquid. In deep containers,
Ra is larger (by several orders of magnitude for the same ap-
plied temperatures) and natural convection is correspondingly
stronger, with a greater reduction in melting time. The flow is
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characterised by a single vortex at early times, which splits in
two vortices at later times. The final structure is asymmetric,
with these two vortices centred at approximately half the con-
tainer height.

The thermocapillary effect is included in Sec. 4, with the
same values of I' and applied temperatures. For large I, the
thermocapillary flow is qualitatively similar to that observed in
microgravity conditions [39], since Ra is small and Bogy, < 1.
The dynamics in the liquid evolves from the classical steady re-
turn flow (SRF) state to a steady multicellular structure (SMC)
as Ma is increased.

In short containers, Bogyy, is larger and the effect of natural
convection is amplified. Two stages of the melting process can
be distinguished. In the beginning, melting is significantly ac-
celerated in a thin layer near the thermocapillary surface, where
the flow structure resembles the SMC mode typical of large I
containers. As the solid/liquid front reaches the cold wall, the
flow transitions to a state with two vortices located near the
free surface. This vortex arrangement has the effect of delaying
melting (compared to the case of pure natural convection) dur-
ing the later stage, since the interaction of the vortical flow with
the solid/liquid front diminishes.

The influence of thermocapillary convection on heat trans-
port is quantitatively evaluated in Sec. 5 over a large range of
parameters: 1.5 < I' < 24.7 and Ma < 248298. The ratio
of melting times with and without thermocapillary convection
is used to define the enhancement factor G = 74/Tgima. For
I' > 1, thermocapillary convection significantly accelerates the
melting process, enhancing the average heat transfer rate of the
system at large Ma by factors as large as 20. For I" < 8, in con-
trast, there is relatively weak dependence on Ma of G, which
take values of approximately 1-3. The fact that PCM devices
in this range of I have similar performance over a wide range of
operating temperatures could be an advantage for some design
criteria. Finally, for I' < 3, the thermocapillary effect can com-
promise PCM performance, with enhancement factors G < 1
(as mentioned, this is due to the proximity of the vortices to the
thermocapillary surface during the final melting stage). Note,
however, that heat transport is improved during the early melt-
ing stage, even in this case.

Finally, the influence of gravity is studied in Sec. 6 to explore
its stabilising effect on the dynamics of the flow — no oscilla-
tory convection is observed with normal gravity over the range
of Ma considered. By reducing Bogyy,, the transition to oscil-
latory dynamics is investigated. The threshold Boﬁ?y , for oscil-
latory flow is determined for two representative aspect ratios.
We find that the oscillatory flow has features similar to those
observed in microgravity [39]. The oscillatory standing wave
(OSW) mode has a time-dependent spectrum, with a dominant
frequency that decreases as melting progresses. The spectrum
of the hydrothermal travelling wave (HTW) mode, on the other
hand, is largely insensitive to the changes in the liquid domain
caused by the advancing solid/liquid front.
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