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Abstract. A numerical study on the external flow'’s influence on the melting of erythritol inside spheres has been carried
out. The spheres are arranged in an array and subjected to external flow. This configuration is studied considering three
different blockage ratios on the array. The physical model is two-dimensional and transient. The numerical model
consists of the continuity, momentum and energy equations and the domain uses a hexahedral mesh. The numerical
model is validated using experimental results from the literature and the mesh was verified using the GCI method. Results
of liquid fraction over time are presented. All cases present a similar pattern of melting, being more accentuated at the
beginning and lower at later moments. For some spheres, there is a reduction in melting time as the distance between
them decreases, but that is not the case for spheres at the end of the array. The lowest melting time is seen in a
configuration which does not have the maximum neither minimum distance between the spheres, suggesting that the
dependency of the melting time in relation to the blockage ratio is not directly neither inversely proportional.
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1. INTRODUCTION

Energy is one of the main key factors in our current society. The constant search for a better living standard and the
use of new technologies causes continuous increase in energy demands. In these terms, usually we think of energy as only
electric energy, but the use of solar and/or fossil uses being used for heating applications also makes part of our day-to-
day lives (Capuano, 2018). Heating used for hot water supply or thermal comfort applications has demanded over 50%
of the total world energy demand in 2017 (REN21, 2017). Solar energy, in particular, has the characteristic of not being
readily available constantly, which creates the necessity for parallel heating systems in order to supply the energy demand
in times where there is no solar irradiation (Sdnchez-Pantoja; Vidal and Pastor, 2018). It is, however, possible to storage
this solar energy in the form of heat, in the same way that one would store electrical energy in a battery.

There are three main ways to store thermal energy, sensible heat, latent heat and thermochemical energy ((Li, 2016)
(Tao; Liu and He, 2017), (Yadav and Banerjee, 2016)). Sensible heat is stored in a substance when its temperature is
increased. Latent heat is associated with a phase change, solid-liquid or liquid-vapor, for instance. Thermochemical
involves exothermal chemical reactions which release heat, mainly used as a side product in chemical industrial processes
((Spengler, 2019), (Yadav and Banerjee, 2016)). Using latent heat as a mean to store thermal energy has its own
characteristics and use cases when compared to the other method. Most phase changes occur at an almost constant
temperature, which causes the heat transfer process to happen at an almost constant temperature as well. The whole system
control and automation can be simplified. Besides, the thermal density in these latent heat thermal energy storage
(LHTES) units is almost 14 times that of a sensible heat storage system with similar dimensions and applications ((Gautam
and Saini, 2020), (Spengler, 2019), (Ziskind, 2014)).

LHTES use a material that is subjected to a phase change during its operation, usually called simply as a Phase Change
Material, or PCM. This material will change phases, absorbing or releasing heat during the LHTES charge and discharge
phases, respectively. LHTES that use melting and solidification, which operate with liquids and solids, are more common
and financially viable (Zalba et al., 2003). These systems may be used in domestic and consumer grade applications, such
as water heating systems ((Abdollahi and Rahimi, 2020), (Frutos Dordelly et al., 2019)), and electronic devices ((Krishna;
Kishore and Solomon, 2017), (Rehman et al., 2018)), as well as in simple industrial uses, like thermal protecting and
insulation (Fonseca; Mayor and Campos, 2018) or even much more complex systems in the oil industry (Royo et al.,
2019).

There is not a general and universally applied theory for selection of LHTES since there are a wide range of use cases
which may be applied in the most different applications. One of the most fundamental uses of LHTES for large scale use
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are the Pebble Bed storage systems. In these LHTES, spheres containing a PCM are deposited inside a tank and there is
a fluid flowing in between them. The PCM insides the sphere exchanges heat with the sphere’s wall, which exchanges
heat with the fluid outside. This fluid receives or absorbs heat from the spheres, depending on the temperature differences
involved, causing a phase change in the PCM inside the spheres. This heat transfer fluid (HTF) greatly increases the heat
transfer capacity, reducing the overall charge and discharge cycles. This effect, combined with a high thermal density,
makes the Pebble Bed Storage Systems (PBSS) really interesting for industrial and large scale uses ((Gautam and Saini,
2020), (He et al., 2019), (Karthikeyan et al., 2014), (Regin; Solanki and Saini, 2008), (Zhao et al., 2017)).

The use of PCM to store thermal energy has been broadly studied recently. However, there still are limitations on the
approach and methods used in these studies. Detailed experimental studies are complex due to the most diverse physical
phenomena happening inside and outside the spheres. This caused a higher attention on the use of numerical techniques.
Most of these studies still use a global analysis ((Aziz et al., 2018a), (Bellan et al., 2015), (Guo et al., 2019), (Peng; Dong
and Ling, 2014)), or a local analysis with many simplifications on this formulations and methods ((Amin; Bruno and
Belusko, 2014), (Assis; Ziskind and Letan, 2009), (Kozak; Rozenfeld and Ziskind, 2014), (Shmueli; Ziskind and Letan,
2010)). The main simplification is the boundary condition used on the sphere’s wall. The most used ones are constant
temperature or constant heat flux. It is difficult for this condition to be really happening in PBBS. The physical condition
is that of external convection over the sphere wall. Besides, each individual point on the sphere has different heat transfer
condition, since the flow and heat transfer coefficient are not uniform. Also, there are geometric effects, related to the
way the spheres are disposed inside the tank ((Gautam and Saini, 2020), (Kenisarin et al., 2020), (Prieto and Cabeza,
2019)). Studies which consider these effects were not found in the current literature.

This study aims at numerically studying the phase change behaviour of PCM inside a sphere using an external flow
boundary condition on the sphere’s outside surface.

2. PHASE CHANGE MATERIALS

Any material can go through a phase change at an appropriate temperature is a candidate for being used to store latent
thermal energy. In the 70s, these materials started to receive great attention amongst researchers and engineers, focused
on increasing the efficiency of solar thermal plants. In the next decade, studies about the behavior of the PCM inside their
enclosure would surface, with the main objective of finding ways to enhance the heat transfer between the PCM and other
media. This is needed, since most PCM have really low thermal conductivity, which makes it difficult to rapidly extract
heat and cause the phase change (Agyenim et al., 2010). Nowadays, it is possible to divide the PCM studies in 3 main
areas: applications, physical properties determination for new PCM and the behavior of the PCM during phase change.

2.1 PCM Selection

The main factor for choosing a PCM for an application is its phase change temperature. It is necessary to achieve the
thermal demands while being at a temperature range that fits the process needs. In general, an ideal PCM would have
high latent heat, thermal conductivity, specific heat and density, while having a low volume change on phase change, low
or no sub cooling and well documented and available properties. Also, a good PCM has great chemical stability through
many phase change cycles, has a low cost and good availability on the market (Gil et al., 2010).

3. HEAT TRANSFER IN PEBBLE BED HEAT STORAGE UNITS

Conduction is not the only heat transfer mechanism in PBBS, which is different from what happens in storage units
that only use sensible heat. A representation of the main heat transfer processes that happen in a PBBS is shown in
Figure 1. What happens is the combined effect of many different phenomena: conduction between the spheres, thermal
radiation, convection on the spheres outside wall and the heat transfer fluid and the heat transfer between the many
different heat transfer fluid currents. Certain phenomena have a higher impact than others. The conduction between the
spheres has a low overall contribution, due to the small contact area between them. Thermal radiation is also negligible,
since the temperature differences inside the tank are small for the radiation to have a considerable effect. However, in
certain cases (specially using metallic PCMs), the temperatures are high enough that this effect must be considered (Wu
etal., 2017). Forced convection between the heat transfer fluid and the spheres is the main heat transfer process in PBBS.
Since the fluid is free to move in between all the spheres, there is a big heat transfer area, improving the convection effect.
However, this characteristic also causes an increase in pressure drop in the overall system ((De Gracia and Cabeza, 2014),
(Liu et al., 2020), (Singh and Saini, 2010)). In addition to all the processes cited before, there are also all the mechanisms
that occur inside the spheres during the phase change ((Aziz et al., 2018b), (Karthikeyan et al., 2014)).
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Figure 1 — Heat transfer mechanisms in pebble bed heat storage units
Source: adapted from Gautam e Saini (2020)

3.1 Geometric Parameters used in PBSS

In order to properly analyze the heat transfer in PBBS, the knowledge about the sphere distribution inside the tank is
important. Some geometric concepts are introduced, such as: coordination number and blockage ratio. The coordination
number is a number that represents on many other spheres are in contact with a certain sphere. If the coordination number
is 3, this means that, on average, each sphere is in contact with 3 other spheres. A higher coordination number will provide
a small increase in heat transfer, since the effects of conduction will increase, while having almost no impact on the
connective effects (Zhang et al., 2011).

The blockage ratio () is defined as the ratio of the distance between two spheres in the direction of a certain axis and
the spheres’ diameter. This ratio gives an idea on the amount of empty space in the tank. The bigger the blockage ratio,
the emptier space there is. The understanding of the effects caused by these empty spaces is essential, since they directly
influence the heat transfer characteristics (Van Antwerpen; Du Toit and Rousseau, 2010).

4. MATERIALS AND METHODS

The geometry considered in this study is spherical and 12.7 mm in inner diameter. It is filled with PCM up to 85% of
its height, which results in 94% of its volume. The remaining space is filled with air, which compresses as the PCM
expands during phase change. This is necessary as the air functions as a damper, absorbing the stresses that would be
caused in due to the PCM’s expansion if the sphere was completely filled with PCM. The wall is made of aluminum, with
2 mm thickness. Air flows over the sphere, at a temperature which is higher than the PCM’s melting temperature. The
sphere is closed, so there’s not mass transfer to the outside. With the aim of representing a generic process, the PCM used
is erythritol, which phase change temperature (solid — liquid) is 391 K. It is more subject to being used in vapor or
combustion gases recirculation processes, due to having a higher melting temperature than most common PCMs such as
paraffin waxes (Nomura; Okinaka and Akiyama, 2010). Figure 2 shows a representation of the physical model.
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Figure 2 — Physical model representation and boundary conditions

The physical properties of erythritol used in this study are a combination of properties used in 3 distinct studies
(Agyenim et al., 2010), (Hesaraki, 2010) e (Sillik and Gregson, 2012)). This is because no study has actually presented
all physical properties needed as a function of temperature. The study presented by Agyenim et al. (2010), did not use
viscosity values as a function of temperature. So, the values used here are the ones showed by Sillik and Gregson (2010).
These authors showed experimental viscosity results, showing that it depends on the temperature in a log scale. All
physical properties used are shown in Table 1

Table 1 —Erythritol

Property Value
Latent Heat during melting (J kg 339,800
Density (kg m3) 1480 (389 K); 1300 (413 K)
Specific Heat (J kg K%) 1350 (389 K); 2740 (413 K)
Thermal Conductivity (W m* K1) 0.733 (389 K); 0.326 (413 K)
Dynamic Viscosity (kg m* s%) 2.7749X105T2 - 0.0231747T + 4.844
Solidus Temperature (K) 389
Liquidus Temperature (K) 391

Source: adapted from Agyenim et al., (2010); Hesaraki, (2011) and Sillick and Gregson, (2012).
4.1 Mathematical Model

The mathematical model used to achieve the solutions is presented in this section. The mass conservation results in
Equation 1.

L+ 7(pV)=0 (1)

where 7 is the velocity vector, p is the density and ¢ is the time. Besides the conventional equations used in heat transfer
and fluid flow analysis, the mathematical model requires a specific model to deal with the PCM phase change. The model
used is the enthalpy-porosity method, proposed by Brent and Voller (1988). The method considers an interface between
the solid and liquid phases (region partially melted) as a porous medium. The method does this by introducing a source
term in the momentum equation, as per Equation 2.

62’—7 +V(pVV)=-Vp+V(uVV) +pg+S )

where p is the pressure, x is the dynamic viscosity, gis the gravity acceleration and S iis the source term introduced by the
enthalpy-porosity method. The source term is calculated through Equation 3:
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where ¢ is a small constant value (0.001) to avoid divisions by 0 (zero), S is the liquid fraction during the phase change
and C'is a constant proposed by Brent and Voller (1998), the mushy zone constant. The source term introduces a damping
in the PCM’s velocity in the region in between the solid and liquid phases, causing it to be equal zero near the solid region.
The constant indicates the damping magnitude, the higher its value, the higher the damping effect (Voller and Prakash,
1987). The PCM liquid fraction during the phase change is calculated using Equation 4:

0 se T<T,
1 T>T,
= o C)

T,
— se T,<T<T,
Ty-Ts

where T, and T; are the solidus and liquidus temperatures, respectively. Equation 5 describes the energy conservation:
a(ph) A
- +V(pV2)=V(VT) (5)

where 4 is the total enthalpy, obtained by the sum of the sensible enthalpy and (4,,) and the enthalpy variation during the
phase change (1;). The sensible enthalpy is given by Equation 6 (Ziskind, 2014):

T
byt CodT (6)

where /4, is the PCM’s enthalpy at the reference temperature. 7, The enthalpy variation during the phase change is a
function of the liquid fraction, as per Equation 7:

AL =PL, )

where L is the latent heat. This means that the liquid fraction functions as a proportionality coefficient that multiplies the
latent heat in a way that the phase change enthalpy is equal to the latent heat when the PCM is completely melted. The
liquid fraction is defined as the ratio between the liquid PCM mass and the total PCM mass. It represents a percentage of
the quantity of PCM in the liquid state, that is, the mass of PCM that has already absorbed enough heat to undergo a phase
change. So, the liquid fraction also represents the quantity of latent heat stored by the PCM, as a percentage of the
maximum latent heat that can be stored.

The physical model considers two different material (solid/liquid PCM and air), which don’t mix and have no chemical
interactions. To account for their physical interaction, the VOF (Volume of Fluid) multiphase model is used (Ansys,
2013). This model calculates the volume fraction for each fluid, using Equation 8:

L +9(a,7)=0 ®)

where y is the primary phase (PCM) volume fraction at the nth computational volume. This volume fraction is ratio
between the PCM and air volumes in a given cell. When the cell is completely filled with PCM, its value is 1, and 0 when
the cell is completely filled with ar. Any value other and these represents means that the cell has both PCM and air inside,
something that only happens numerically.

The air is present inside the sphere to absorb the PCM’s expansion during phase change and avoid high stresses on
the spheres structure through the changes in its density as a function of pressure. To account for this, the air is modeled
as an ideal gas using Equation 9:

(o) (&) g

where Pop is the operating pressure (atmospheric), R the gas constant and A, is the molecular weight. The boundary
condition on the sphere is convection as per Equation 10:

or

M 0=0-180° :h(g)(Too'TW) (10)
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4.2 Numerical Approach

All analyses were done exclusively through numerical simulations. This was done through CFD, computational fluid
dynamics. The simulations were done using Ansys’ CFD package. Specifically, the following software were used: ICEM
CFD for geometry and mesh preparation, Fluent for the processing and CFD-Post (from the CFX package) was used for
post processing.

The computational domain is two-dimensional, with an axisymmetric condition. Even though the sphere is a
tridimensional sphere, it is possible to represent it in its two-dimensional form, a circle, through the use of this
axisymmetric condition. The domain has two control surfaces, the sphere’s wall and the axisymmetric axis. This axis
splits the circle in two equal parts. The correct implementation requires that only half of the circle is modeled. The inside
wall has a no-slip condition.

On the outside wall, a profile of the local heat transfer coefficient is prescribed, with the values presented by Kao et
al., (2014). The specific values depend on the specific case being studied. The whole arrangement consists for three
spheres and each one of them has its own different values. These values are implemented on Fluent using UDFs (user-
defined functions) using C language. The use of these coefficients makes it possible to simulate each sphere individually,
since the effect that one sphere has one the other has already been accounted for on the heat transfer coefficient results
presented by Kao et al., (2014). The major advantage is to eliminate the need of simulating the external flow.

All simulations had the same initial temperature for all domain (PCM+Air) and is 3 K below the PCM’s melting
temperature, which is 391 K. The external air temperature is constant and uniform, due to its high Reynolds number,
which causes the air temperature to have only a small change when flowing over one individual sphere. The boundary
conditions are depicted in Figure 2. The right side of the sphere (to the right of the symmetry axis) is not simulated, due
to the symmetry condition used here.

Based on the literature and previous studies, the methods used are: PISO for the pressure-velocity coupling, PRESTO!
for pressure correction, Second Order Upwind for the momentum and mass and energy conservation equations. The
gradients were solved using the Least Squares Cell Based method. The Geo-Reconstruct method is necessary to correct
the volume fraction in the VOF model. All the methods are available in Fluent without the need of additional
programming. Under-relaxation factors are needed to guarantee the solution’s convergence, 0.3 for pressure, 0.2 for liquid
fraction, 0.9 for energy and 0.5 for both continuity and momentum. All simulations were done using floating point double
precision.

Each time step is equivalent to 0.010 seconds and runs enough iterations until all convergence criteria is reached,
which happened to be around 500 in the earlier stages and 100 at the late stages of the simulations. The convergence
criteria are 107 for continuity and momentum and 108 for energy in numeric residue.

Cases considering the external flow in the positive Y direction, with 20 K temperature difference between the external
flows temperature and the PCM melting temperature (4T) and for different blockage ratios () for all three spheres
positions were tested.

To ensure that the mesh is appropriate, a mesh verification was performed through the GCI method. This method
determines the discretization uncertainty associated with the mesh. The results used in this method were the liquid fraction
over time for the case with the sphere 1 with w=1.5 and 4T=15 K. The maximum uncertainty value found was 0.758%.
The average value is 0.298%. Considering these results, it is safe to consider the mesh as validated an appropriate for this
study.

4.3 Implementing the local heat transfer coefficient values as a boundary condition

As mentioned previously, it was not possible to find values for the local heat transfer coefficient for spheres in pebble
beds. However, there are results obtained in a certain spheres arrangement in different thermal and flow conditions. The
values used in this study are the ones shown by Kao et al., (2014).

Conventionally, in Fluent, it is possible to use a simple convection boundary condition, using a single heat transfer
coefficient value and a single free stream temperature value. However, these values are uniform and constant along the
whole control surface. This is a characteristic of almost all of Fluent’s boundary conditions setup. However, it is possible
to insert functions as boundary conditions, h as a function of the sphere’s angle in this case. This is done through the use
of user defined functions, which is special code introduced in Fluent in C language. The results obtained by Kao et al.,
(2014) were adjusted into functions and then implemented as UDFs.

5. RESULTS AND DISCUSSIONS

The numerical model validation was done through the experimental results of Assis et al., (2007). The authors used
RT27 as PCM, and this validation did the same. The geometry is a sphere with 80 mm in diameter, filled with PCM up
to 85% of its height, with air completing the remaining volume. The authors used a constant wall temperature condition
at the sphere’s wall, using a constant temperature bath at 310 K, 10 K above this PCM’s melting temperature. The initial



18" Brazilian Congress of Thermal Sciences and Engineering
November 16-20, 2020 (Online)

temperature condition is 298 K. The results obtained in by these authors are then compared with results obtained used in
this study, using the same conditions.

The quantitative validation is presented in Figure 3. It is possible to note that the results obtained in this study
show good agreement with the experimental results obtained by Assis et al. (2007). Up until 7.5 min, there is an overlap
between the results. After this time, there is a small deviation, approximately 0.04 between the experimental and numerical
results. The maximum deviation is 0.06, at 23 minutes. Due to the small differences noted between the results, the model
is considered as validated.
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Figure 3 — Liquid fraction vs. Time: RT27, A4T= 10 K e D= 80 mm.

Figure 4 shows the liquid fraction over time for sphere 1, with AT= 20 K and w=1.500, 1.125, 0,750 and 0.550. It
shows the influence that the blockage ratio has on the liquid fraction. It is possible to note that, for all cases, the phase
change process is much faster at the beginning. This is evident in the early slope in the liquid fraction curve. In later
moments, around 5 minutes, the rate at which the liquid fraction increases actually decreases. This makes sense, because
the lower the value of B, the lower the average temperature inside the sphere, since there is a bigger mass of solid PCM.
This lower average temperature causes the heat transfer to be higher, due to the higher temperature difference. When f is
higher, there is not much solid PCM, causing the average temperature to be lower and, thus, the heat transfer to be lower.
However, it is important to note the temperature in regions in contact with solid PCM do not change, since the PCM
maintains an almost constant temperature during phase change. Also, there is almost no difference in the B values at a
given time, comparing cases with different values of .
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Figure 4 —Liquid fraction vs time: Spherel, AT=20 K e w=1.500, 1.125, 0.750 e 0.550.

Table 1 shows the total melting time for cases with AT=20 K, y=1.5, 1.125, 0.75 and 0.55, for the 3 sphere’s position.
The total melting time is achieved when the PCM liquid fraction is equal to 1, which means that all PCM is in the liquid
state, and it is not possible to store any more latent heat. It is, however, still possible for the PCM to still store more
thermal energy through sensible heat, and this process will only stop when the PCM is in thermal equilibrium with the
outside air flow. For all y values, sphere 3 is the one that has the highest total melting time. Note that the time required
for sphere 3 to achieve a melt fraction value of 1 increases as the blockage ratio values get lower. For w=1.500, this
difference is approximately 24 seconds, while for yy=0.750 and 0.550, it is 91.88 and 164.5 seconds, respectively. In this
period, the other spheres can no longer store latent heat, since all PCM is already melting and start to accumulate sensible
heat, which is not the objective.

Itis also possible to note that sphere 1, the first one to come into contact with the external flow, is not necessarily the
first one to achieve a complete melting cycle. This is true for w=1.500, but for the rest of the cases, sphere 2 is the one
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that has the lower melting times. The total melting time difference between sphere 1 and sphere 2 increases at the values
of w become smaller. This may be related to the external flow’s turbulence in regions next to sphere 2, associated with
the fact the spheres are closer together. Finally, the blockage ratio that has the lower total melting time for all sphere is
w=1,.125, showing that the charging time as a function of y is not directly nor inversely proportional.

Table 2 — Total melting time (s): AT=20 K, w=1.5, 1.125, 0.75 and 0.55 for all 3 sphere positions.

W Sphere 1 Sphere 2 Sphere 3
1.500 412.08 419.50 444.13
1.125 406.13 405.38 437.25
0.750 402.25 399.13 494.13
0.550 401.75 394.17 566.25

6. CONCLUSIONS

This study main objective was to analyze the influence of using a non-uniform heat transfer coefficient boundary
condition in the melting characteristics of PCM inside a sphere. The study was made using CFD, using the Fluent software.
The mathematical model is made of the continuity, momentum and energy conservation equations, along with a
multiphase model (VOF) and a multiphase model (enthalpy-porosity). The computational domain is two dimensional and
axisymmetric, using a hexahedral mesh. The model was validated using experimental results from the literature. The mesh
was verified using the GCI method. The non-uniform heat transfer coefficient boundary condition was introduced in
Fluent using UDFs, with results available in the literature.

The results obtained suggest that:

o All cases show a similar pattern of their liquid fraction over time, being more accentuated at the beginning of the
simulation and lower at later moments;

e Considering spheres 1 and 2, when the distance between them is reduced (reducing the blockage ratio), there
was a decrease in total melting time;

e Considering sphere 3, there is a decrease in total melting time from y=1.500 to 1.125, however there is a
significant increase in total melting time if v is further decreased;

e The configuration with =1.125 is the one that showed the less overall melting time for the whole array,
suggesting that the relation between y and the total melting time for the array is not directly of inversely
proportional.
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