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We present a comprehensive study on heat transfer in phase-change materials (PCMs), focusing on both melting
and solidification phases, different temperature scenarios, an assessment of practical implementation aspects,
and Marangoni convection. The research examines heat transfer rates during the melting-solidification cycle,

I:::r:f:lfsifer with a focus on gallium (Ga) and n-eicosane (C20), the latter being a candidate for the MarPCM project aboard
Microgravity the ISS [1]. The paper explores different temperature scenarios using Ga to optimize PCM performance. N-

eicosane requires extensive computational resources due to its significant thermal time, whereas gallium allows
for more efficient simulations. The most effective scenario involves switching temperatures between cold and hot
walls at a certain moment, which occurs earlier than the full melting time or reaching steady state. This specific
moment corresponds to the beginning of a decrease in heat extraction efficiency. The success of this scenario
relies on the symmetric thermal boundary conditions and multi-cyclic temperature inversion. We suggest that the
implementation of this scenario is similar to rotating the PCM body within its package while maintaining the
temperature of the external walls constant. Extending the strategy to n-eicosane yields promising results. This

study also highlights the importance of Marangoni convection in heat transfer mechanisms.

1. Introduction

Phase change materials have the ability to absorb and release heat
during the phase transition (solid to liquid and vice versa), providing a
passive thermal control mechanism. This can be advantageous in space
applications where managing temperature fluctuations is crucial. Since
the 1970s, solid Phase Change Material (PCM) systems have played an
important role in various space missions, particularly within the Venera
Soviet Missions to Venus (Venera 8, 9, and 10). The PCM systems have
been employed as a part of spacecraft thermal control [2] and as sta-
bilizing protective shields against diurnal thermal variations in envi-
ronments such as the Moon and Mars. Noteworthy examples include
their use in the Lunar Roving Vehicle during the Apollo 15 mission and
in Mars rovers such as Sojourner, Spirit, Opportunity, Curiosity, and
Perseverance [3,4]. Nowadays, PCM systems are explored as potential
solutions for managing temperature variations and peaks of high ther-
mal loads in the Orion Multipurpose Crew Vehicle (Orion TCS) [5,6].

Spacecraft safety required phase change materials to meet a number
of stringent constraints, such as low volume change during melting, low
vapor pressure, low thermal expansion, low toxicity, and low reactivity
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with the container. As a result, hydration salts, pure salts and fatty acids
are replaced by organic paraffins or eutectics of organic PCM materials.
This approach allows for the incorporation of PCMs with a broad spec-
trum of phase change temperatures, coupled with relatively high latent
heats [2,7]. In doing so, a diverse range of thermal requirements can be
effectively addressed.

However, a significant drawback associated with organic phase
change materials (PCMs) is their comparatively low thermal conduc-
tivity, rendering them less responsive to rapid thermal changes. The
literature presents various solutions to address this issue, including the
incorporation of metallic nanoparticles, utilization of micro-
encapsulated PCM materials, or the implementation of aluminum fin
lattices with different geometries [8,9]. In terrestrial applications,
convective flows in the liquid phase address the problem of PCM low
thermal conductivity. In microgravity PCM devices, thermocapillary
(Marangoni) convection has been proposed as a means of heat transport
[10], and parabolic flight experiments [11,12] have verified its potential
improvement.

The initial motivation of the study was related to preparation of
upcoming MarPCM/ISS experiment aimed to explore alternative
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methods for optimizing heat management [1]. The prolonged period of
microgravity aboard the ISS offers an opportunity to gain deeper in-
sights into phase change dynamics and assess the improvement in heat
transfer due to thermocapillary flows. In particular, it will examine the
impact of Marangoni convection on the melting process in cuboidal or
cylindrical geometries. Recent numerical studies were aimed at pre-
paring a microgravity experiment to establish a solid scientific back-
ground [13-20]. These simulations played an important role in refining
the experimental strategy, performing parameter sensitivity analysis,
and ensuring that the MarPCM experiment will yield meaningful in-
sights into the complex phenomenon of Marangoni convection.

Most numerical studies on thermocapillary effect in microgravity
focused on high Prandtl number materials like n-octadecane. Simula-
tions in 2D rectangular containers with differently heated walls exam-
ined melting phase bulk flow, influenced by container aspect ratio, wall
temperature difference (Marangoni number), and heat loss through the
interface [13,14,21]. In high aspect ratio containers, the flow begins as a
stable single vortex, then changes to a multicellular structure and
oscillatory hydrothermal waves at high Marangoni numbers. In low
aspect ratio containers, a stable multicellular flow forms at low to
moderate temperature differences (AT), becoming oscillatory as AT
[13]. Recently, the different types of alkanes were also examined [15].

To understand the importance of the third dimension, a dedicated
study was conducted comparing 2D and 3D numerical models [17,20].
This examination encompassed a number of the key parameters such as
melting times, solid/liquid interface evolution, thermal fields, and
spectrograms. The results showed that the transverse modes are often
reflection symmetric about the midplane and have a relatively minor
impact on the melting and PCM performance in most cases [20]. It was
concluded that 2D results may be sufficient to provide a reasonably
accurate approximation of the melting behavior at the mid-plane of the
cuboidal domain at a lower computational cost.

Another geometry of interest is a cylindrical PCM configuration,
where a solid cylinder is initially placed between two circular supports
at different temperatures [17-19]. Three-dimensional results indicated
that during the initial stage of melting, there is a noticeable increase in
convection along the liquid edges due to the Marangoni effect. Mean-
while, the central part of the cylinder remains purely conductive. As
more liquid forms, hydrothermal instabilities appear as standing and
traveling waves with distinct frequencies and wave numbers. The
complexity of the melting phase is such that, depending on AT, several
traveling waves with different wave numbers, rotating in the same or
opposite directions, can coexist. Marangoni convection enhances the
heat transfer rate by about 1.7 times compared to purely conductive
processes [19]. This improvement highlights the important role of
Marangoni convection in enhancing heat transfer efficiency during the
melting phase.

Low melting point metals, such as gallium, represent a new category
of PCM characterized by excellent heat extraction capabilities due to

Table 1
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their high thermal conductivity. The heat transfer performance of gal-
lium during the melting phase was recently analyzed numerically under
microgravity [22,23] and terrestrial conditions [24].

Recently, two studies simultaneously appeared that consider a
thermoelectric energy harvester combining a thermoelectric generator
with a PCM-filled unit having a free surface, aimed at potential space-
craft applications under extreme temperature variations [25,26]. One of
them [25] deals with the melting phase of high Prandtl number PCMs
(octadecane, hexadecane, and water), while the other [26] examines
both the melting and solidification phases of low Prandtl number PCM
(gallium) from both numerical and experimental perspectives.

However, the number of studies considering both the melting and
solidification phases is very limited. In practice, thermal operations
typically involve complete solid-liquid-solid conversion cycles.
Addressing this gap is one of the objectives of this study.

Another aspect of novelty of the study lies in its investigation of the
feasibility and effectiveness of various recovery strategies for phase
change materials (PCMs) throughout complete solid-liquid-solid cycles,
particularly focusing on gallium (Ga) and n-eicosane (C20).

We explore three different scenarios based on the temperature
configuration between side walls before and after melting. We investi-
gate how the efficiency of the PCM is influenced by the initially set
heating direction. In addition, we reveal how the performance of PCM
depends on the duration of the melting process.

2. PCM materials and geometry

In this study, two different materials are examined. The first one,
Gallium (Ga), is chosen for its excellent thermal diffusivity and
compatibility with stainless steel which is commonly used to fabricate
PCM containers. With a very low Prandtl number (Pr = 0.02), it enables
cost and time-efficient numerical simulations. Hence, it allows to
consider multiple scenarios and guides simulations of PCMs with high
Prandtl numbers.

The second material is a normal paraffin, n-eicosane (C20), which
was proposed for upcoming experiments onboard the International
Space Station (MarPCM project) [1]. Despite its relatively low thermal
conductivity and high Prandtl number (Pr = 51), it has other properties
that make it attractive for use in aerospace applications. The combina-
tion of its melting point close to room temperature, high specific heat
capacity, latent heat storage capabilities and chemical stability makes n-
eicosane a good candidate for PCM applications. The similar melting-
point temperatures of Gallium and n-eicosane make them suitable can-
didates for drawing parallels in the results of numerical simulations. The
insights obtained from simulations involving Ga can help understand
how n-eicosane responds to changes in temperature, heat transfer rates,
and other relevant parameters. Table 1 presents the main thermophys-
ical properties of both materials.

Thermophysical properties of the the Gallium [27-29] and Eicosane [7,15,30]. Here o7 = (da/dT)Tm[ and o; = k;/picp; The subscripts m, I, and s stand for the melt,

liquid and solid respectively.

Property Symbol Gallium (Ga) Eicosane (C20H42)
Density [kg/m?3] Po 6093 775

Dynamic viscosity [kg/m- s] H 0.00181 0.00326

Thermal conductivity [W/m-K] ki /ks 32.0/40.0 0.147/0.350
Specific heat [J/kg-K] Cp1/Cps 381.50/370.89 2315/1690
Thermal diffusivity [m?/s] a/as 1.38:1075/1.79:10°5 8.2.10°% /2.67-1077
Latent heat [J/kg] Ly 80,170 247,600
Liquidus/solidus temperature [K] Ty/Ts 303.93/301.93 310.51/308.51
Melting temperature [K] T/ 302.93 309.51

Surface tension gradient [N/m-K] or —9.84 1075 —9.75.107°
Prandtl number, Pr = v/a Pr 0.022 51.34

Marangoni number, Ma = |o7|LAT/p oy Ma 10,085 933,710
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Fig. 1. Sketch of the problem (L = 6.4 cm, H = 0.8 cm).
3. Problem formulation
3.1. Governing equations

For the examination of the selected PCM materials, we consider a
rectangular domain with the following dimensions H = 0.8 cm, L = 6.4
cm resulting in an aspect ratio, AR = L/H = 8 (see Fig. 1). The flow is
considered laminar and the fluid is Newtonian, incompressible with
constant thermophysical properties within the range of temperatures
analyzed. The viscous dissipation and volume expansion caused by
melting process are neglected. Assuming weightless conditions (g = 0)
the dynamics of the system is described the momentum and continuity
equations:

1 1
0+ (V)W = —/}—Vp+uv27+p—ﬁ, b}
0 0

VU7 =0 @

here U represents the velocity vector U = (Ux, Uy), p is the buoyant
pressure (the difference between total and hydrodynamic pressures), p,
is the density at a reference temperature T, and v = y;/p, is the kine-
matic viscosity.

The last term DS in momentum Eq. (1) represents the Carman-
Kozeny model for a moving solid-liquid interface as a porous mushy
layer where solid and liquid phases may coexist [31]. Thus, single mo-
mentum equation is solved for both liquid and solid phases (the solid one
is fixed in place)

s _C _fl)2 —

here f; is a scalar field characterizing the local liquid fraction. It provides
the coupling between the momentum and energy equations. This field
depends on temperature and is bounded between zero (a pure solid) and
unity (a pure liquid), i.e., 0 < f; < 1). In the regions where the solid and
liquid are mixed together, the so-called mushy regions, the liquid frac-
tion is not well-defined and should be approximated. The common
approach to use a linear interpolation between the solidus temperature
T; and the liquidus temperature T,.

0 T<T,,
1 T>T,
fi= = fm ()]
-1 T,<T<T,
Ty — T, ¢ "

Here, we take 6T = 0.3 K and the interface position is determined at
intermediate value f; = 0.5..

The value of the permeability (or Darcy) coefficient C in the DS term
has a strong influence on behavior in the mushy region. Thus, the value
of C is related to the morphology of the selected PCM and should be
adjusted based on experimental results [32]. As in previous works
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[10,18,19], the value of Cis set to 1.6 x 10° kg m? s. The small constant
b = 1072 in the DS term is added to this term to prevent division by zero
when f; = 0; its choice is arbitrary.

The energy equation takes into account the heat transfer and the
phase change (latent heat Ly):

e T) | — I I
5 T u-V(c,T) _p—ov (kT) = L5

)

where ¢, and k are the weighted specific heat and thermal conductivity
defined as

(psk) = (Cpss ks) (1 = fi) + (i, ki) ©
3.2. Boundary conditions

The problem formulation should be completed with boundary and
initially conditions. No-slip boundary conditions are applied to all
boundaries except the upper one, where Marangoni convection occurs.
The top and bottom walls are considered under adiabatic conditions,
while the endwalls are maintained at constant but distinct temperatures.
The given sets of temperatures are discussed in frame of different stra-
tegies for melting and solidification phases.

Initially, the materials are in a solid state, having a uniform tem-
perature below the melting point, Ty = T, — 1.5 K. The melting process
begins when AT = 40 K is applied at the left wall while the temperature
on the right wall depends on the case (see Fig. 1). After the system has
reached steady state, in order to initiate the solidification process, the
boundary temperatures on the left or right walls are changed [33]. Three
different sets of boundary conditions for melting and solidification
phases are considered, which are outlined in Fig. 2. The initial condi-
tions for the melting phase at the initial moment are (here §T = 0.3 K):

#1 T(x=0)=T,+ AT,

T(x=L)=Tp+6T @
#2 T(x=0) =T, +AT, ®
T(x=L)=Ty+6T
#3 T(x=0)=T,+AT, ©

T(x=1) = Ty — AT

At the onset of solidification process the boundary conditions for
different cases are the following

#1 T(x=0)=T,+AT,

T(x = L) = T — AT a0
#2 T(x=0) =T, — AT,

T(x = L) = Tp + 6T ab
#3 T(x=0)=T, — AT, 12

T(x=L) = Tp + AT

The surface tension o of a liquid is temperature dependent and
defined as:

6 =0 —07(T — Try), 13)

where o7 = (da/dT)Tmf is the surface tension gradient coefficient. The

temperature gradient creates a surface tension gradient at a growing
liquid/air interface that induces a thermocapillary flow in the melted
liquid and surrounding air (although the latter is not considered). This
convection provides a mechanism for heat transport in microgravity,
which modifies the melting dynamics and heat transfer via the free
surface. Thus the boundary condition on the PCM/gas interface y = H is
the balance of viscous and thermocapillary forces
0w dT

Foom =015, 14
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Fig. 2. Boundary conditions for the melting and solidification phases for the various cases studied (AT = 40 K and 6T = 0.3 K). At the melting phase, the temperature
on the left side is the same in all cases, T,, + AT. On the right side, the temperature in the first and second cases is slightly higher than the melting temperature T, +
ST while in the third case, the temperature is strongly decreased relative to Ty, i.e., T, — AT. At the solidification phase, the temperature on the left does not change in
case I, but on the right, it decreases greatly, T,, — AT. In cases II and III, the temperature on the left side decreases by the same amount AT, but on the right side, the

temperatures are different, T, + 6T and Ty, + AT, respectively.

where d/on and 0/dr are the derivatives in the normal and tangential
directions. To quantify the strength of Marangoni convection, the non-
dimensional Marangoni number is introduced

Ma = |or|LAT/pa. 15)

Since in this study we use only one value of AT = 40 K, the corre-
sponding Marangoni numbers for gallium and eicosane are given in
Table 1.

3.3. Numerical approach

The OpenFOAM package is used to solve the problem defined above.
The PIMPLE algorithm was considered to solve the momentum and
continuity equations as it guarantees a correct pressure-velocity
coupling. The temperature was calculated in each PIMPLE iteration.
The final system of linear equations was solved using the preconditioned
bi-conjugate gradient, PBiCG, method with a common tolerance of 1078
for pressure, velocity and temperature fields.

The numerical solver uses second-order schemes for space and time
discretization. The rectangular domain was divided in (200 x 40) cells
with Ax = 3.2:107* m and Ay = 2:10~* m. The time step used for the
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simulation was set at 1 ms to ensure the numerical stability. The nu-
merical code and grid convergence have been validated in our previous
publications [17-20]. Details about the validation of the code, based on
extensive comparisons with positive and negative surface tension sys-
tems as well as the phase change in experiments using gallium [34] in a
rectangular cavity heated from one side, can be found in [17]. The
rationale for the grid independence check and the time step selection
were presented in detail in our recent publication [19].

4. Results
4.1. Case 1, gallium

Here we consider a low Prandtl number material, gallium, which will
also serve as a reference for high Prandtl number eicosane. Each case
considered includes two phases: melting and solidification. In case I (see
Fig. 2), after the completion of melting at t = 636 s, the temperature at
the initially cold wall (x = L) decreased sharply by AT = 40 K, trig-
gering the solidification of the PCM. Recall that the temperature of the
hot wall (x = 0) remained constant throughout this process. To deter-
mine the time evolution of the heat transfer rate either through hot (left)
or the cold (right) wall, the local heat flux, ¢ = —kdT/0x, is integrated

Liquid fraction
0 02 04 06 08 1
[ -
melting solidification

EOErE
i —
|

t=800s

t=900s

t=1000s

t=1200s i

t=1400s

Fig. 3. Case I for Ga. Time evolution of the heat transfer rates at the hot (red curve) and cold (blue curve) walls for the complete cycle. The vertical black solid line
marks the transition between the melting and solidification phases. The two series of snapshots show the solid-liquid interface evolution during melting and so-
lidification at selected times. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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over the height H :
H

Q= - / k(9T /0x),_q, dy
0

where k is the average thermal conductivity of the material, see Eq. (6).
A positive value for heat transfer indicates heat gain by the system. In
the considered geometry, the positive value of Q corresponds a heat flux
entering to the system through the hot disk.

Fig. 3 presents the time evolution of Q at both lateral walls. The left
part of the figure shows the development of melting-solidification pro-
cesses at selected points in time. As gallium melts, the heat extraction
performance gradually reduces at the hot wall (x = 0), tending to an
asymptotic value of 240 W/m when the material is fully melted. Note
that this value is only 50% higher than expected from a pure conductive
mechanism (Qqong = K{ATH/L = 160 W/m). Due to the relatively high
thermal conductivity of gallium, conduction is more efficient than
Marangoni convection. Nevertheless, Marangoni convection still makes
a significant contribution. Its presence is confirmed by the observed
interface profile at later times, where a non-parallel alignment to the
side walls indicates the existence of convection.

At the cold plate (x = L), the heat transfer rate exhibits weak
negative values during the melting phase, which is a consequence of the
slightly elevated temperature imposed at the cold wall, T,, + 6T. At
approximately 550 s, when the liquid/solid front approaches the cold
wall, the heat transfer rate suddenly changes to a positive value. This
change is the result of the system temperature exceeding the cold wall
temperature.

At the time all the gallium has melted (t.,; = 636 s), the boundary
condition on the cold wall switches to (T, — AT) (see Fig. 2), initiating
the solidification process. As soon as fluid near the cold plate solidified,
the heat fransfer rate through it sharply increased up to 1000 W/m.
Afterward, this value exponentially decreases tending to converge to the
value at the hot plate, which is 420 W/m. In the context of the complete
solidification phase, the heat extracted from the hot wall gradually in-
creases. Starting from an initial value of 240 W/m, the heat transfer rate
approaches the asymptotic value of 420 W/m in a steady state.

The solid-liquid interface moves towards the hot plate, stabilizing its
position at approximately half the volume (f; ~ 0.52). This position of
the interface is consistent with the symmetrical distribution of temper-
atures in the domain, i.e., (T;, + AT) at the hot wall and (T, — AT) at the
cold wall, AT = 40 K. Under these conditions, the location of the solid-
liquid interface remains practically unchanged, as the heat flux extrac-
ted from the hot plate is transferred to the cold plate. This interface
position is illustrated by snapshots at at the right part of Fig. 3. Note that
the difference between the heat transfer rate at both extreme walls
during the complete cycle was associated to the latent heat used to melt
the PCM.

The stability of the liquid-gas interface at the position xo = 0.52L
allows the heat transfer through the solid and liquid parts to be evalu-
ated separately. Since gallium has high thermal conductivity, it is
assumed that the temperature profile in the horizontal direction varies
linearly. Then, in the steady state the heat transfer rate through the
volume occupied by the liquid phase is Q; = k;AT;H/0.52L = 320W/m,
and through the solid part Q; = k;AT;H/0.48L = 406W/m, corre-
spondingly. The comparison of these simple estimations suggests that
conduction is the predominant mechanism governing heat transfer in
gallium.

To highlight the role of Marangoni convection in heat transfer, an
additional analysis is suggested based on the time evolution of the liquid
fraction throughout the process. Assuming a simple 1D pure conductive
model (which is reasonable in this case), the time evolution of the solid-
liquid interface position, xo, was obtained (See Supplementary material)
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Fig. 4. Case I for Ga. Time evolution of the liquid fraction. The black curve
represents the results of the direct simulations for the entire melting-
solidification cycle. The red open symbols and their linear fit depict the
squared liquid fraction calculated at given points from data on the black curve
only for the melting phase. The slope of the red line written in the graph is
compared with that one in Eq. (16). Both demonstrates that the liquid fraction

spreads as \/(t> (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

(x0)? 2k, AT
> t
L PILr + 0.5¢, AT + (¢p — Cps] T) L2 (16)
=1.13103t

where (xo/L) is the normalized distance from the hot wall, which is is
equivalent to the liquid fraction. This dependence aligns with the solu-
tion of the Stefan problem, indicating that the position of the boundary

shifts in accordance with the square root of time \f(t)

Fig. 4 illustrates the time evolution of the liquid fraction throughout
the complete cycle. The red symbols on the graph represent the squared
liquid fraction calculated at several points based on numerical data. This

representation demonstrates that the liquid fraction spreads as \f(t>

The linear fit of these points allows for comparison between the slope
obtained from direct numerical simulations and the one calculated using
Eq. (16). The slope obtained from direct simulations is 1.7-1073s71,
which is higher than the 1.13-1073s7! value determined from the 1-D
simplified model. In addition, the melting time predicted by the above
model is t = 854 s (when xo = L), which is longer than that obtained
from the simulation (t = 636 s). This observation indicates that the
solid-liquid interface evolvesat a faster rate than predicted by the pure
conduction model, primarily due to the Marangoni contribution. Hence,
the pure conductivity model is ineffective in this case.

A similar one-dimensional approach was utilized to analyze the in-
fluence of Marangoni effect during the solidification phase. The model
neglecting the Marangoni contribution provides that the solid-liquid
interface stabilizes at xo/L = 0.44. However, according to simulations
of the full problem, the liquid/solid front stabilizes at a distance of xp, =
0.52L from the hot wall. The discrepancy in the interface position (0.44
L versus 0.52 L) means that the thermocapillary effect cannot be
neglected throughout the cycle.

For a continuous heat extraction, the above cycle must be repeated
taking into account the conditions in the steady state. As the PCM
gradually melts, the solid-liquid interface will shift towards the cold
plate. The heat transfer rate at x = 0 gradually falls from 420 W/m to
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240 W/m, (see Fig. 3) due to the low temperature gradients near the hot
plate, without considering the positive contribution of the transient
phase occurring in the first instants of the first cycle (from 1000 W/m to
420 W/m). Therefore, it can be concluded that the proposed strategy
does not optimize the long-term efficiency of the heat exchanger.

4.2. Case II, gallium

During the melting phase the temperatures of both walls is identical
to the case I presented above, i.e., T(x =0) = T, + AT and T(x =L) =
T + 8T, see Fig. 2. In the solidification phase the temperature of the hot
wall is dropped below the melting point (T, — AT), maintaining the
temperature of the cold wall at (T, + 6T), as above AT = 40 K and 6T =
0.3 K.

Fig. 5 shows the evolution of the heat transfer rate on both hot and
cold walls, as well as snapshots of the melting-solidification processes at
selected points in time. In the melting phase, the heat transfer rate at
both walls is identical to that in the first scenario and shown in Fig. 3.
Once the hot plate starts to cool down (t.,; = 636 s), a strong outflow is
developed at x = 0, provoking the solidification of the PCM. During this
process, the solid-liquid interface remains flat and perpendicular to the
heat flux direction, as evident from a series of snapshots in Fig. 5. This
flatness is a distinctive feature indicating the absence of Marangoni flow.
Marangoni flow is inhibited because the liquid phase remains nearly
isothermal at T = Tj,. The absence of temperature gradients in this re-
gion nullifies heat transfer at x = L until the solid/liquid front reaches
the cold wall (t = 1300 s). Then the heat flux at x = L decreases sharply,
aligning with that of the x = 0 wall (approximately 200 W/m), corre-
sponding to a pure conduction between the two walls.

To complement these results, Fig. 6 presents the time evolution of the
liquid fraction for the complete cycle. Here we focus attention on the
solidification phase. The red symbols on the graph represent the squared
solid fraction calculated at specific points, along with their corre-
sponding linear fit. This linear fit provides a comparison between the
slope determined from direct numerical simulations and the that one
using 1D model, see supplementary material. The simplified model
provides that the solid fraction during the solidification process varied
as follows:

(L—x0)° 2k, AT .
L2 pILs + (cpsAT) /24 (cpy — Cps) T | L2 a7
=1.54.10"%t

The slope obtained from Eq. (17) perfectly matches with that from
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Fig. 6. Case II for Ga. Time evolution of the liquid fraction for the complete
cycle (the black solid curve). The red open symbols depict the squared solid
fraction, i.e., (L — xo)?, calculated at given points for comparison with Eq. (17).
The red line represents a linear fit to the symbols. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

the direct numerical simulations as follows from Fig. 6 where the value
of slope is written on the graph; compare 1.54-1072 (1D) and 1.5-1073
(CFD).

Reheating the left side once more, up to (T;, + AT), restores the
temperature boundary conditions to precisely the initial scenario,
inducing a similar behavior of the heat rate transfer as discussed above.
This is characterized by rapid melting near the hot wall, promoting an
efficient heat extraction. Nevertheless, this performance quickly de-
creases reaching the asymptotic value of approximately 240 W/m,
which is quit close to fully conductive behavior within the liquid phase.
For continuous heat extraction, this scenario is feasible, albeit the
Marangoni contribution is limited. However, from a technological
standpoint, this seems unrealistic, since it requires more than two heat
sources, which complicates the real design. Therefore, this approach
does not optimize the heat extraction process.

Liquid fraction
0 0.2 04 0.6 0.8 1
|

solldlflcatlon

eltlni idificati
t-10005

Fig. 5. Case II for Ga. Time evolution of the heat transfer rates at the hot (red curve) and cold (blue curve) walls for the complete cycle. The vertical black solid line
marks the transition between the melting and solidification phases. The two series of snapshots show the solid-liquid interface evolution during melting and so-
lidification at selected times. The snapshots are not equidistant and are shown at the most representative time moments. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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4.3. Case III, gallium

4.3.1. A single temperature inversion of PCM

In the third case, the initial boundary temperature condition at the
left wall (x = 0) remains consistent with those of the two previous
scenarios, i.e., (T, + AT), while a change is introduced at the right wall
where the initial boundary temperature is set at (T,, — AT). Conse-
quently, the temperature gradient is doubled (2AT/L). At ty,; = 636s,
corresponding to the onset of the solidification process in Case I and
Case II, a temperature inversion is imposed between the two walls. It is
worth noting that in case III at this point in time only about half of the
PCM has been melted. Nevertheless, the temperature of the hot wall
decreases to (T,, — AT), while the cold wall temperature increases to
(Tm+ AT) (see Fig. 2). Technically, this procedure is mimicking the
rotation of the PCM body between two fixed temperature sources after
teur = 636s..

Computed heat transfer rate and the liquid-solid interface position,
Xo, are presented in Fig. 7. Until t,,, the heat transfer rate at x =0
continuously decreases and stabilizes at a level of about 400 W/m. This
value is much higher than in previous cases due to duplication of the
temperature gradient. The behavior of the flux at x = L differs signifi-
cantly from previous cases, since it stably maintains a positive value.
This is a consequence of the freezing condition imposed at the right
boundary. At t, = 636 s, the inversion of temperatures at both walls
causes a reversal in the direction of heat flux. As depicted in the left
panel of Fig. 7, a rapid and sharp decline in the heat transfer rate occurs
at both walls over a short time interval, lasting approximately 200 s.
Following this, the rates the rates quickly converge towards an asymp-
totic value of about 400 W/m. Consequently, the difference between the
heat transfer rates at both walls becomes negligible.

After temperature switch, solidification starts at x = 0, while melting
commences at x = L, as illustrated by the snapshots in Fig. 7. They
illustrate that the distribution of the liquid fraction undergoes a notable
change within the initial ~ 200 s after the temperature switch. During
this period, the molten and solid regions alternate along the length of the
cavity, converging towards the stable position of a single interface,
approximately at xy ~ 0.5L..

A detailed view of the flow dynamics 15 s after the temperature
switch is presented in Fig. 8. The Marangoni number is used to quantify
the strength of the flow, which is
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Fig. 8. Case III for Ga. Flow dynamics shortly after switching temperature at the
bounding walls, t = 650 s. (a) A snapshot illustrating alternating liquid and
solid zones and sketch the flow pattern. The arrows indicate the direction of the
flow. (b) Velocity (the gray curve) and temperature (the red curve) profiles at
the gallium interface, elucidating strong flow near the right wall associated
with the high Marangoni number. (c) Magnified view of the temperature profile
at the central part of the cell, which is nearly invisible in panel (b). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

_lor|h" AT
=

Ma (18)

where h” is the length of liquid zone under local temperatures gradient
AT"..

The temperature profile exhibits nearly linear behavior near the side
walls in regions with an aspect ratio close to unity. Correspondingly, the
peak velocity occurs near the right wall, where the Marangoni number
reaches its highest value, Ma ~ 1000, see the gray curve in panel (b).
This strong flow leads to the deformation of the interface shape. Near the
left wall, the phase change material is already solidified. The tempera-
ture change in most of the cavity is negligible, amounting to only 5% of
the applied temperature difference. To shed light on this behavior, panel
(c) provides a magnified view of the temperature in this region. Due to to
small temperature gradients at the edges of the left liquid zone, the flow
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Fig. 7. Case III for Ga. Time evolution of the net heat transfer rates at the hot (red curve) and cold (blue curve) walls for the complete cycle. The vertical black solid
line at t = 636 s marks the switching of boundary conditions. The two series of snapshots show the solid-liquid interface evolution at selected times before and after
switching of boundary conditions. The snapshots are not equidistant and are shown at the most representative time moments.] (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Case III for Ga. The temporal evolution of the liquid fraction throughout
the entire cycle. The black and red curves represent the predicted results of the
direct simulations and the 1D model, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

in this region is weak. Furthermore, the two vortices exhibit opposing
circulations and strengths due to temperature gradients of different signs
and values at the local liquid/solid interfaces.

The time evolution of the solid-liquid interface position, denoted as
Xo, during the melting process could be modeled similarly to the
approach described earlier, see Eq. (16). The derivation of equation for
the interface displacement, can be found in Supplementary materials.
Here we present the results only in graphical form. The evolution of the
interface position is illustrated in Fig. 9 by a continuous red curve. The
values obtained from the 1D model are slightly lower than the computed
ones, indicating an underestimation of the incoming flux. To align these
two sets of values, a coefficient of 1.15 must be applied to the red curve.

This scenario appears to be quite advantageous as it enhances the
overall heat extraction efficiency. The success of this scenario involving
temperature switching relies on the existence of symmetric thermal
boundary conditions. However, this requires an inversion of the heat
transfer direction, and realistic implementation can be challenging. To
avoid this inconvenience, the authors propose, upon reaching t.,; = 636
s, to rotate the PCM body by 180°, while maintaining the temperature on
the external walls fixed (T, + AT at x = 0, and T, — AT at x = L). This
rotation is formally equivalent to the switching of temperature condi-
tions in Case III.

4.3.2. Multi-cyclic PCM temperature inversion

To simplify understanding, in this and following sections, the
inversion of temperature on the walls will be referred to as the rotation
of the PCM body inside the package. Although in the numerical simu-
lations, the temperature is actually inverting. Thus, the coordinate sys-
tem remains fixed with respect to the heat sources, while the PCM
material has the capability to rotate within the cavity. As follows from
Fig. 7, the heat extraction efficiency drops after 200 s, therefore the
rotation of the PCM body should be set to this time step in order to
benefit the high heat extraction rate in the early moments. Moreover,
the suggested rotation concept has the potential to simplify the tech-
nological design of the system and facilitate its manipulation.

Fig. 10 presents the heat transfer rate under the above conditions.
The rotation of the PCM every 200 s ensures that the solid phase comes
into contact with the hot plate, while the liquid phase contacts the cold
plate. This leads to an increase in the heat flux by enhancing the latent
heat contribution as a result of the multiple phase change steps at both
the hot and cold walls. Note that at the melting stage, the heat transfer
rate at the cold wall is significantly lower than at the hot wall (x = 0),
although converging the same value in the steady state. The observed
behavior disappears when the melting process is repeated. The heat
fluxes at all stages become highly similar. A comparison of the blue and
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Fig. 10. Case III for Ga. Temporal evolution of the net heat transfer rate at x =
0 (red) and x = L (blue) at different steps. The first step lasts 636 s and then the
PCM material undergoes rotation every 200 s within the cavity. The dark red
arrows depict the moments of rotation. Throughout the process, the tempera-
tures at the cavity walls remain fixed. Small sketches of the cavity with PCM
temperature are included to enhance understanding. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 11. Case IIl for Ga. Evolution of liquid fraction with PCM rotation. The
solid black line represents the progress of the liquid fraction over time as the
PCM material rotates at t = 636 s, 836 s and 1036.Two inserts provide series of
snapshots illustrating the distribution of liquid and solid phases in two cases:
after rotation at t = 636 s and 836 s. The snapshots are given at equidistant time
intervals. After the first rotation, the first snapshot is shown at t = 636 s, fol-
lowed by subsequent snapshots at intervals of At =10 s. Similarly, after the
second rotation the first snapshot corresponds to t = 836 s and then the rest is
given with the same step At =10 s.

red curves in Fig. 10 reveals that approximately 130 s after PCM rota-
tion, once the steady state is approaching, the heat transfer rates at both
walls converge to different values, with the heat flux at x = 0 being
slightly higher.

Fig. 11 depicts the evolution of the liquid fraction over time while the
PCM undergoes rotation at specific time moments. Upon reaching t =
656 s, the liquid fraction experienced a slight decline, reaching a min-
imum value of 0.44 around 750 s, before gradually increasing to 0.46
after 200 s (at t = 836 s). This trend persists after each subsequent PCM
rotation. Analysis of the snapshots reveals the presence of two distinct
fronts, solid and liquid at each half-cell, both advancing towards the
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center of the PCM box at approximately equal velocities. Features of the
flow pattern shortly after the temperature switch were discussed in
Fig. 8. This observation suggests that the heat transfer rates at both walls
x = 0 and x = L are similar, resulting in minimal variation in the liquid
fraction.

5. n-Eicosane

As mentioned earlier, the optimal performance of PCM involves
symmetric thermal boundary conditions and multi-cyclic temperature
inversion. For explanation purposes, we mimic this regular temperature
switching by rotating the PCM within the package while maintaining
fixed wall temperatures. Recall, that in the numerical simulations, the
temperature is actually inverting. This strategy, previously successful
with gallium, is now being applied to n-eicosane (C20H42, also known
as C20 in its solid state) using the same geometry. Note that the thermal
conductivity of n-eicosane (C20) is significantly lower than that of gal-
lium having 100 and 200 times lower values for the solid and molten
phases, respectively. Despite this contrast, the Marangoni numbers for
both materials are somewhat similar. Consequently, it is anticipated that
Marangoni convection will dominate over conductive heat transfer.

Fig. 12 illustrates the heat transfer rate at both walls, x = 0 (the hot
wall with temperature T, + AT) and x = L (the cold wall with temper-
ature T,,, — AT), over several rotations of the PCM box, here AT = 40 K
as above. The first rotation of the box takes place at t = 3350 s, when the
steady state is reached, followed by successive repetitions occurring
every 1000 s. Fig. 13 presents the evolution of liquid fraction at selected
times along with corresponding snapshots.

The heat transfer behavior of C20 at x = 0 differs significantly from
that of Gallium. Initially, the heat flux at the hot wall drops down to 60
W/m in 200 s, which is much faster than in the case of Gallium. It then
increases, reaching a maximum value 68 W/m at approximately 2000 s,
see red curve in Fig. 12. This increase is associated with additional heat
transfer by Marangoni convection and ceases when the upper part of the
solid-liquid front approaches the cold wall. As the system reaches a
stationary state, around 3400 s, the heat transfer rate stabilizes at 50 W/
m. The overall behavior is largely influenced by Marangoni convection,
which prevails over weak conduction. When subjected to a
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Fig. 12. Case III for n-eicosane. (a) Temporal evolution of the heat transfer rate
at x = 0 (red) and x = L (blue) at different steps. The first step lasts 3350 s and
then the PCM material undergoes rotation every 1000 s, i.e. at t = 3350 s, t =
4350 s and t = 5350 s. The duration of the last step is elongated to illustrate
oscillatory behavior when the liquid friction becomes important. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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thermocapillary flow, the solid/liquid front undergoes significant elon-
gation, particularly evident in the upper part of the cell, as illustrated by
the snapshots of the liquid fraction in Fig. 13. This observation is sup-
ported by the calculation of the heat transfer rate through pure con-
duction (kLfAT/L =1.48 W/m), which demonstrates its minimal
contribution in comparison to the net value 50 W/m. The heat transfer at
x = L resembles that observed in Gallium. This solid region remains
unaffected by Marangoni convection. Heat transfer decreases to 15 W/m
at t = 1000s and then grows up until it equals the data at x = 0.

When examining the evolution of the liquid fraction of C20 (Fig. 13,
significant differences are observed compared to Ga. While the liquid
fraction in the the case of Ga asymptotically approaches to about 0.5 (see
Fig. 9), it tended to reach 0.9 for C20. This clearly indicates the sub-
stantial involvement of Marangoni convection in the entire heat transfer
process in the liquid phase. Furthermore, this discrepancy is also high-
lighted by the time evolution of the liquid fraction expected from 1D
model shown by the red curve in Fig. 13.

After t = 3350 s, the PCM is rotated by 180° three times consecu-
tively, each 1000 s. The behavior of the heat flux in both cases, Ga and
C20, is similar, both reaching high mean values for their heat transfer
rates. However, during the transient regime, this case shows larger
differences between the heat fluxes at opposite walls compared to gal-
lium, indicating a more asymmetric melting/solidification regime at
both boundaries. Note that the latent heat involved in the phase change
process affects only a small part of the domain near the cold and hot
walls, contrasting with gallium, where almost all the bulk participated in
the phase change (see Fig. 11). The presence of a large liquid zone
throughout the melting process for C20 actively contributes to heat
transfer by transporting the hot material via Marangoni convection from
the hot to the cold wall.

6. Conclusions

We have examined the heat transfer rates in Phase Change Materials
(PCMs) throughout complete solid-liquid-solid conversion cycles. Two
materials are examined: Gallium (Ga) and n-eicosane (C20), which was
proposed for upcoming experiments onboard the ISS (MarPCM project)
[1]. The characteristic thermal time for n-eicosane, 73, = L?/a = 5-10%,
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is substantial, indicating a relatively long time scale for thermal diffu-
sion. Consequently, simulations involving n-eicosane require extensive
computational time to accurately resolve the heat transfer processes
within the material. In contrast, Gallium exhibits a much shorter char-
acteristic time, 74 = 3-107 s, facilitating efficient numerical simulations
and enabling consideration of multiple scenarios. The similar melting-
point temperatures of Ga and n-eicosane make them suitable for draw-
ing parallels in numerical simulation results, offering insights into n-
eicosane’s response to temperature changes.

The novelty of our study lies in its multifaceted approach, encom-
passing the consideration of both melting and solidification phases, the
analysis of different temperature scenarios, an assessment of practical
implementation aspects, and the investigation of Marangoni convection.

Three different scenarios characterized by various temperature
configurations between the endwalls before and after melting are
explored employing Ga. The primary objective is to ascertain the most
effective scheme for optimizing PCM performance in repeated solid-
liquid-solid conversion cycles. Among the examined cases, the Case III
with symmetric boundary conditions and multi-cyclic temperature
inversion turned out to be the most advantageous, significantly
enhancing overall heat extraction efficiency. In this case, initial tem-
peratures of the hot and cold walls were set to T,, + AT, and then
swapped when the heat transfer rate reached an asymptotic value, at t =
636 s. Observations reveal a slowdown in the heat transfer rate after 200
s, which prompts a recommendation to swap the endwall temperatures
at this point in time. To implement this in practice, we propose rotating
the PCM material inside the package while maintaining wall tempera-
tures fixed. The suggested rotation concept has the potential to simplify
the technological design of the system and facilitate its manipulation.

The strategy employed in case III was also applied to n-eicosane. As
anticipated, this scenario yielded sufficiently good performance for n-
eicosane. We expect that the suggested novel approach of PCM rotation
will be supported by experimental evidence in future research. Note that
unlike the previous case with Ga, the primary heat transfer mechanism
for n-eicosane is Marangoni convection. The absence of the Marangoni
effect would result in a heat transfer rate approximately 30 times weaker
due to low thermal conductivity of n-eicosane. This finding could be be
verified in future microgravtiy experiments.
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