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UNDER DIFFERENT THERMAL CONDITIONS

J. F. Raymundo Junior?, R. De Cesaro Oliveski*, L.A.O. Rochaand C. Biserni?

! Mechanical Engineering Graduate Program, Universidade do Vale do Rio dos Sinos,
93022-750 Séo Leopoldo, Brazil.

2 Dipartimento di Ingegneria Industriale, Alma mater Studiorum Universita di Bologna,
Viale Risorgimento 2, 40136 Bologna, Italy.

ABSTRACT
In this paper, a numerical study on the melting process of the PCM erythritol in 12,7 mm
diameter spheres subjected to external flow has been carried out. This configuration is
analyzed varying the temperature difference between the PCM melting point and the
external flow, the Reynolds number as well as the sphere position in the array. The
problem is considered two-dimensional in geometry and transient in time. The numerical
model here developed consists of the continuity, momentum and energy equations. The
results have been initially validated using numerical and experimental data from
literature. Afterwards, results of liquid fraction, heat flux and total melting time have been
proposed and illustrated. Based on pure observation, a slight difference in the phase
change phenomena when comparing different sphere positions in the array has emerged.
These phenomena proved to be much more influenced by the external flow temperature
and by the Reynolds number. In all cases, at 30% of the total melting time, 50% of the
total energy had been absorbed by the PCM. The liquid PCM layer above the solid has a
great influence on the heat flux, precisely the more extensive the PCM layer, the lower
the heat exchange. The local heat flux value decreases significantly in regions in contact
with air and liquid PCM. Contrarily, at the sphere base, where there is solid PCM during
the whole process, the local heat flux value is almost constant during the whole melting.
Finally, significant differences have emerged when comparing the results referred to the
hypothesis here contemplated of uniform heat transfer coefficient and local heat transfer

coefficient function of the sphere angle.
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“mushy zone” constant [kg m2s?]
specific heat at constant pressure [J kg K]
diameter [m]

gravity acceleration [m s7?]

local heat transfer coefficient [W m?2 K]
mean heat transfer coefficient [W m2 K]
height [m]

thermal conductivity [W m™ K]

latent heat [J kg™

pressure [Pa]

heat flux [W m]

Thermal energy

momentum equation source term [Pa m™]
time [s]

temperature [K]

free stream temperature [K]

velocity vector [m s7]

pull velocity [m s

Y, Z spatial coordinates [m]

Greek symbols

(0]

< b ™

N T > o

liquid fraction

volume fraction

difference

differential operator
numerical constant (0.001)
enthalpy [J kg™]

dynamic viscosity [kg m2s?]

density [kg m™]



0 angle between Y and Z-axis
(0} angle between Z and X-axis

Subscripts

ext  external
i initial

I liquid

la latent (heat)

n n-th computational cell
op operation

ref  reference

S solid

se sensible (heat)

st stored

w wall

1 INTRODUCTION

The high thermal energy storage capacity associated with processes that use phase
change materials (PCM) is of great interest in many engineering areas. Ref. [1] deals with
the melting of nanoparticles-enhanced phase-change materials (NEPCM) in a square
cavity by means of the finite element method. The impacts of the nanoparticles volume
fraction and various models parameters on the melting behavior have been traced with
time. Bondareva and Sheremet in Ref. [2] investigated the problem of complex interaction
of natural convection and melting of phase change material inside a square cavity with a
local heater of volumetric heat generation. Different geometric, thermal and fluid
dynamic configurations are used to further enhance the performance of PCM systems.
Due to their great applicability, spherical geometries have been extensively investigated,
mainly in pebble bed thermal storage units, as reported in Refs. [3-7]. In this type of
thermal storage unit, spheres filled with PCM are deposited inside a tank in which the
fluid bathes the spheres, establishing various heat transfer processes that occur



simultaneously [8]. The topic of PCM melting have been widely treated in literature both
experimentally [9-13] and numerically [14-21].

The mathematical and numerical modelling of pebble bed thermal storage units
present many factors that make their study a challenge. There are non-linear
characteristics common to all phase change problems, together with the liquid phase
natural convection, volumetric variation, solid phase movement, interaction between the
PCM and air inside the spheres and the mixed convection of the fluid outside the spheres.
All these characteristics increase the modelling and convergence difficulty as well as
computational costs. Thus, it is common to simplify or to omit some of these phenomena
in the numerical treatment, as illustrated in Ref. [17]. One of these modalities to simplify
is to consider a constant heat flux [19] or constant temperature [14, 15, 16, 17, 22] as
prescribed thermal condition on the sphere wall. These assumptions are quite basic, since,
usually, there is a fluid in contact the outside wall, transferring heat by convection so that
the wall temperature is not uniform [23]. Fomin and Saitoh in Ref. [24] discovered a
considerable discrepancy between the results referred to isothermal and non-isothermal
conditions. Similarly, Assis et al. [17] and Archibold et al. [15] observed the same
variance, attributing divergences in melting time between the numerical and physical
models to the fact that the external convection was not contemplated in their treatments.
Convection processes external to the sphere as well as heat conduction on the sphere wall
have been considered in Ref. [23]; at the same time it is worth to mention that the solid
PCM downward movement and the liquid PCM volumetric expansion have ben
neglected. Progress in these topics and subtopics can also be found in Refs. [25-27].

The present work shows results of the melting process in pebble bed heat storage
units with spheres containing PCM. The developed numerical model takes into account
all the following phenomena (partially contemplated in previous literature): external heat
convection, heat conduction on the metallic wall, liquid phase convection and volumetric
expansion, as well as the solid phase downward movement. Three different Reynolds
number and temperature differences between the PCM melting temperature and the
external flow temperature have been considered for the external flow. Furthermore, the
comparison of the results between three different spheres positions in the array have been
investigated.



2 PEBBLE BED STORAGE UNITS: PHYSICAL MODEL

A representation of the studied pebble bed thermal storage unit is shown in Fig. 1,
where it is also possible to identify the spheres arrangement and the heat transfer and fluid
flow direction. In this case, the spheres are subjected to the heat transfer process with
external flow particularities. These particularities cause the external heat transfer
coefficient (hext) to vary in function of the relative position among the spheres, the flow
angle of incidence and the thermal and fluid dynamics conditions, as illustrated in Ref.
[28]. This configuration leads to a non-uniform heat transfer rate, as shown by Kao et al.
in Ref. [29], for instance. In Fig. 1(b) the relation between the angles for different spheres
is depicted, where 0 represents the angle between the Y and Z axis and ¢ represents the
angle between the Z and X axis.

It is worth to mention that Kao et al. [29] analyzed flows with Re = 1.0x10%,
2.0x10* and 2.6x10% Figure 2(a) highlights the scheme used in these authors experiment,
showing which spheres were studied. Values of hex are defined as a function of 6 and
correspond to the mean value of hext for each ¢. It is noticeable that when P is at the top
of the sphere, 0 is equal to 0° and equal to 180° at the bottom. Figure 2(b) shows in details
how hext varies in function of § for Re = 1x10* and 2.6x 10%, for each of the three positions
studied by the authors. It can be observed that the value of hex: is maximum at the top of
the sphere and decreases up to, approximately, 125 ° and then increases gradually. This
behavior happens in all spheres, with changes in the minimum and maximum values, as
well as the gradients.

The geometry studied in this paper, reproposed in Fig. 3, is spherical, with internal
diameter (D) equal to 12.7 mm. It is closed (not open to the atmosphere) and filled with
PCM up to 85% of its height (H). This means that 94% of its volume is filled with PCM
and the remaining volume is filled with air. The wall is made of aluminum with a
thickness of 2 mm. Externally, hot air flows over the sphere, causing the PCM inside to
change its phase. The PCM used is erythritol. It has a melting temperature of 391 K,
which allows its use in industrial processes, with medium/high temperatures, such as
vapor systems and combustion gases. Erythritol physical properties, shown in Table 1,
were obtained from the works of Agyenim et al. [30], Hesaraki [31] and Sillik and
Gregson [32].



Table 1 — Erythritol physical properties

Property Value
Melting latent heat (J kg™t 339.800
Density (kg m?) 1480 (389 K); 1300 (413 K)
Specific heat (J kg* K1) 1350 (389 K); 2740 (413 K)
Thermal conductivity (W m? K1) 0.733 (389K); 0.326 (413K)
Dynamic viscosity (kg m? s 2.7749X10-5T2 - 0.0231747T+ 4.844

The cases here analyzed are: Re = 1.0x10%, 2.0x10* and 2.6x10%, considering a
temperature difference (AT) between the PCM melting point and the external flow
temperature equal to 5, 10 and 15 K, for each of the three sphere positions, totaling 27

cases. Two extra conditions were contemplated, using AT = 15 K and position 1: Re =
1.0x10* and 2.6x10* considering a mean heat transfer coefficient (ﬁext) equal to 145 and

216 W/m2K, respectively.

3 MATHEMATICAL AND NUMERICAL MODEL

The mathematical model used for solving the problem consists of the conservation
of mass, momentum and energy equations, according to the treatment illustrated in Ref.
[21]. It is assumed as unsteady, laminar and incompressible flow. The mass conservation
is given by:

_| V- V) =

-

where V is the velocity vector, p is the density and t is the time. Besides the usual
equations for fluid-dynamics and heat transfer problem, the model here adopted utilizes
a modality proposed by Brent et al. in Ref. [33] named “enthalpy-porosity method”. This

method considers the interface between the liquid and solid phases (partially melted



region) as a porous zone. The model introduces a source term (S) in the momentum

equation, as shown below:

where p is the pressure, p is the dynamic viscosity and gg is the gravity acceleration. The

above-mentioned source term, S, is:

where ¢ is a small value (0.001) to avoid divisions by zero, C (mushy zone constant) is a

constant proposed in Ref. [33] and 7,; is the pull velocity. The source term introduces a
velocity damping in the transition region between the solid and liquid regions, causing
the velocity to be equal to zero at the solid region and maximum at the liquid region. The
C constant indicates the magnitude of said damping: the bigger its value, the bigger the
damping. The pull velocity is the velocity at which the solid is pulled out of the domain,
which does not happen in this study. It is, therefore, zero in all studied cases in this paper.
The liquid fraction (B) is obtained from the temperature:

0o if T<T,
B={ 1 if T>T, (4)

TS if T,<T<T,

where Ts is the solid material temperature and T, is the liquid temperature. The energy

conservation equation is given by:

% +V(pVA) =V - (kVT) ()



where A is the enthalpy, obtained by the sum of the sensible enthalpy (A, ) and the

variation of enthalpy during the phase change (2, ). The sensible enthalpy is calculated

as:

T
}\‘se = 7\‘ref + JcpdT (6)

Tref

where A is the enthalpy at the reference temperature (Tref). The enthalpy during phase

change is obtained as A, =PBL , where L is the latent heat of fusion.
To describe the relation between the PCM and air, the VOF (Volume of

Fluid) model is used [21], which determines the volumetric fraction for the PCM through
the following equation:

d(a,) _
a t + V(OLnV) - 0 (7)

where OL, is the primary phase volumetric fraction at the nth computational cell. The
mesh elements at the air-PCM interface have intermediate values of OL, between 1 and
0. With the expansion of the PCM, the air volume inside the sphere is decreased and its

pressure augments. Thus, the air is here considered as an ideal gas.

3.1 Initial and Boundary Conditions

The initial temperature (Ti) considered for the PCM and the air is the same, 388
K, which means that it is 3 K lower than the PCM melting temperature. On the sphere

inner wall, a non-slip condition was used.

H
Vr6e=0
. O{ , ®)
Tr,@ = Ti
aT .
—k;)rzR = hext(Tr = Tamp); V)rzR =0 ©



The external temperature (Tamp) Was considered uniform and equal to 5, 10 or 15

K above the PCM melting temperature.

3.2 Simulation Control

The convergence criteria here adopted in all cases are: 10® for the energy
conservation equation and 10 for the momentum as well as the mass conservation
equation. The simulations have been performed using double precision. The under-
relaxation factors are: 0.5 for pressure, field forces and momentum, 0.2 for liquid fraction,
0.9 for energy and 0.6 for density. The pressure-velocity coupling has been computed
using the PISO method, while PRESTO was used for pressure correction [34]. The
Second Order Upwind scheme was utilized for the momentum and energy equations
solving. The Geo-Reconstruct method was used to correct the VOF model liquid fraction
[35].

As far as time step values (dt), 0.001, 0.01, 0.02 and 0.03 second were tested.
Convergence problems occurred using 0.03 s, so this case was discarded. It was verified
that the liquid fraction difference during the whole melting process between cases with dt
= 0.02 s and cases with the other dt values were lower than 0.25%. Thus, 0.02 s was the
value used in the simulations. The C constant value, defined in Eqg. (3), is the same for all
cases: 2.0 x 10% The simulation time varied from 8 to 72 hours depending on the case.
The commercial code Fluent v18 [35] was used to perform the numerical simulations of
this study.

On the outer wall, the values of hex presented by Kao et al. in Ref. [29] were
prescribed as a function of 0. In order to be converted in boundary conditions, these values

were adjusted as equations and then inserted into Fluent as UDF (user-defined functions).

3.3 Mesh Analysis and Model Validation

The numerical model being studied is considered bidimensional and symmetric on the
vertical axis that crosses the sphere center. Different sized meshes were tested, these have
rispettively 8032, 11154 and 14751 volumes. The volume distribution, as well as the
refinement near the wall, can be observed in Fig. 4.



The meshes were tested using the Grid Convergence Index (GCI) proposed by
Roache in Ref. [36]. The most unstable case (highest values of AT (15 K), Re (2.6x10%)
and time step (dt = 0.02 s) was used to test the meshes. The maximum discretization error
between the meshes was 0.6% in liquid fraction values during the whole melting process.
Considering this result, the mesh with 8032 elements has been finally adopted.

The numerical model here developed has been validated by comparing both the
numerical and experimental results of Assis et al. [17], using RT27 as PCM [37]. The
studied domain [17] consisted of a sphere of diameter D = 80 mm and with a constant
and uniform temperature at the wall as boundary condition. The considered wall
temperature is equal to 310 K, which is 10 K above RT27 mean melting temperature. The
sphere is filled with PCM up to 85% of its height, while the remaining volume is filled
with air. The sphere is open at the top, which allows the air to leave and to enter the
sphere. The air that returns as backflow is at the same temperature as the wall, 310 K. The
initial temperature (Ti) for the whole domain is 298 K, which means that there is 2 K of
sub cooling.

Figures 5(a-c) show liquid fraction fields obtained numerically in this work (c),
and the results of Assis et al. [23], both experimental (b) and numerical (a), with reference
tot=2, 5, 20 and 25 minutes. The blue color represents the solid PCM phase and the red
represents the liquid PCM phase while the air is represented by the white color, at the top
of the sphere. Comparing the results in different time instants, it is possible to observe
that, as time passes, the solid PCM volume decreases and, consequently, the volume of
liquid PCM increases. The shape assumed by the PCM as it melts and the liquid layer
height are very similar between the results set.

In Figure 6 the liquid fraction variation over time is depicted for the same cases
presented in Figure 5. Up to 7.5 min, approximately, the numerical results practically
overlap and both are very close to the experimental results. Finally, based on pure
observation from Figs. 5 and 6, it is worth to mention that the the numerical results
obtained in this work show very good agreement with the ones found in Ref. [23],

especially with those of the experimental campaign.
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4 RESULTS AND DISCUSSION

In Figures 7(a-d) the liquid fraction fields are depicted with reference to the
following scenarios: AT = 10 K, Re = 2.0x10%, positions 1, 2 and 3 with: B = 0.25, 0.5,
0.75 and 0.97, respectively. It is observable that there are not many differences in the
shapes assumed by the PCM between the diverse sphere positions, considering the same
liquid fraction values. However, the solid mass decreases over time, always in contact
with the base of the sphere. Figures 8(a-c) highlight the liquid fraction over time for
different Re, AT and sphere positions. More precisely, in Fig. 8(a), it can be observed that
the higher the AT, the shorter the time needed to achieve complete melting (f = 1),
independently the sphere position. Also, for a same AT, B has a weak variation between
various sphere positions. Besides, the rate in which [ increases gets smaller as time
passes. For instance, considering the case with Re = 2.0x10* and AT = 15 K, the time
needed for the sphere at position 1 to achieve f = 0.5 is about 4 min. For the same case,
the time needed to achieve 3 = 1 (complete melting) is about 12 min. This means that in
30% of the total melting time, 50% of the total available thermal storage capacity is
achieved. The above mentioned considerations demonstrates that the process under
investigation is more effective at the early stages of melting. Thus, being necessary to
store a certain amount of thermal energy in a determined time internal, one alternative
may be to increase the PCM quantity in such a modality that only a half can be melted in
the same time interval. In Fig. 8(c), it can be noted that the trend of B is similar in all the
scenarios: the prevalent variation over time occurs at the beginning of the process. Also,
it can be noted that the results are grouped with the same Re values. However, as Re
increases, the sphere position influence over B decreases. More in details, for a certain
AT, the total melting time is inversely proportional to Re. For example, with reference to
the case with AT = 5 K, the time needed to achieve B = 0.5, considering Re = 1.0x10* and
2.0x10%, is approximately 17.5 and 12 min, respectively. Besides, it is interesting to note
that the results with Re = 2.6x10* and AT = 10 K are almost identical to those with, Re =
1.0x10* and AT = 15 K. This demonstrates that, with a large increase in Re value, it is
possible for a case with lower temperature to have a behaviour similar to a scenario with

higher AT. In other words, it is possible to compensate a low AT with a high Re.
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Table 2 shows the total melting time for all cases with variable hex, which are: Re
= 1.0x10% 2.0x10* and 2.6x10%, AT = 5, 10 and 15 K and the three different sphere
positions, summing in total 27 cases. Initially, for this table, it can be observed that to
higher values of AT correspond lower time intervals needed to achieve complete melting,
considering the same Re number and sphere position. The melting time also shows a weak
variation between the different sphere positions: any way, even if not remarkable, this

difference is inversely proportional to AT and Re.

Table 2 — Total melting time for all cases with variable hex:

AT(K) _— 10 15 5 10 15 5 10 15
Position
Re = 1.0X 104 Re = 2.0X 104 Re = 2.6 X 104
1 399 227 155 310 171 119 275 152  10.7
2 432 238 159 322 177 120 283 156 109
3 465 257 167 328 181 126 286 157 110

Still in relation to Table 2, it is also worthy of note that, doubling the value of AT,
from 5 to 10 K, the total melting time decreases about 46%, considering the case in
position 1 and Re = 2.0x10*. Further increasing AT by 50%, from 10 to 15 K, the total
melting time decreases 36%. This behaviour is similar with reference to all the remaining
cases. Finally, the effect of Re over the total melting time is also worth of interest. For
instance, with reference to the case with AT = 15 K and position 1, doubling the Re value
from 1.0x10* to 2.0x10% the melting time decreases about 30%. On the contrary,
augmenting the Re value of 30%, from 2.0x10* to 2.6x10% it decreases the melting time
by only 10%.

Table 2 also shows another interesting result: irrespective of AT and Re, the sphere
located at position 1 is that which first reaches the complete melt. Conversely, the sphere
in position 3 is the last to reach this condition. At this moment it is important to remember
that, in this numerical work, we used as boundary condition experimental results of the
heat transfer coefficient (hext) presented by Kao et al. [29] and showed in Figure 2 (b).
In this figure it can be observed that the major external h is the sphere in position 1 and
that the smallest external h is referring to position 3. With these observations one can

realize two important observations: (a) the heat transfer rates for the spheres are
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effectively altered as a function of their position in the matrix, and (b) the boundary
conditions used in the different spheres, effectively, also represent their arrangement in
the matrix.

Since the location of the beads in the matrix interferes with the heat transfer rates and
consequent melt rates, it is interesting to analyze the absorbed total heat (Qst,la = Lmﬁ).
Figure 9 shows the stored latent thermal energy (Qst 1a) vs. time for each sphere,
considering AT =5 K e Re = 1.0 x 10 Initially, it can be observed that Qs 1 is dependent
on the position of the spheres. In addition, it is noted that the difference between the
amount of heat stored in each sphere increases over time until the sphere in position 1
reaches the complete meltdown, when it reaches approximately 507 J of energy stored in
33 minutes. At this same time, the amount of energy stored in the 2 and 3 position spheres
is approximately 487 J and 469 J respectively. In this case, for this time and considering
the energy conditions of the positional spheres in the matrix, the total heat quantity of the
matrix is 1463 J. This means that if the positioning of the spheres had not been considered,
they would all have stored the the same amount of heat as the sphere of position 1, 507 J.
In this case the total heat stored by the matrix would be 521 J, i.e. oversized in relation to
the actual conditions.

4.1 Heat Flux on the Wall

Figures 10(a-d) highlight the local heat flux values (q”’10cal) and temperature along
the wall (Twan)with reference to position 1, AT = 15 K and Re = 2.0x10%. In Figures 11(a-
d) the liquid fraction fields are depicted uder the same conditions; only half of the sphere
is shown, due to symmetry. It is worth to mention that, for a better understanding between
the B fields (Fig. 11(a-d)) and the q’’ values over 0 (Fig. 10(a-d)), the B fields have been
rotated 90 degrees counter clock wise. Both results sets are related to different 3 during
the melting process, precisely p = 0.25, 0.5, 0.75 and 0.97. Based on visual observation,
for B = 0.25, the q”’10cal profile is similar to the hex: profile used as boundary condition
(see Figure 2(b)), but only when the angle 6 exceeds 30 °. As B augments, the q’’iocal
profile changes with a decreasing trend. This change is associated with the increase in
liquid PCM layer above the solid. When q”’jocal is associated with B, it can be observed
that, at the liquid PCM region, there is also an increase in q’’1ocal Values as it gets closer

to the solid region. This happens due to a thermal stratification at the liquid PCM, causing

13



the highest temperature to occur at the top of the sphere, while the lowest temperature is
at the sphere bottom, next to the solid PCM. However, the air temperature is almost
uniform during the whole process, since the air specific heat is significantly lower than
the PCM’s. Still in relation to Figures 11(a-d), at the solid PCM region, the heat flux
profile is similar to that of hext, since the wall temperature at this region is almost constant
and uniform. Also, the heat flux at the base (6 = 180°) is practically constant during the
whole phase change process. This is due to buoyancy, caused by the temperature and
consequent density changes, causing solid PCM to be always present at the sphere bottom

while the melting process lasts.

4.2 Comparison Between Uniform h and h as a Function of 0

Figure 12 highlights the temporal trend of the volume fraction  using both a
uniform value of hext and hex: function of 6 (condition being studied thus far), considering
Re = 10% and 2.6x10% position 1 and AT = 15 K. In this diagram, it can be noted that
independently of the Re number, the use of uniform and non-uniform hex induces
different values of . Besides, this influence becomes less pronounced for high values of
the Reynolds number, whilst considering Re = 2.6x10*, both solutions have very similar
values up to p = 0.5. On the contrary, considering Re = 1.0x10%, both the above mentioned
hext conditions show very different results during all the melting process. These
observations related to the use of a uniform value of hex, show that the melting time
(obtained numerically) depends on the type of boundary condition being used and this
dependency varies for different Re values.

Figures 13(a-d) show liquid fraction fields for Re = 2.6x10%, position 1 and AT =
15 K, att =2, 5, 7.5 and 10 min, using the same hext conditions as shown previously
(uniform and f(0)). At t =2 and 5 min, the solid PCM mass is almost the same for both
cases. However, they differ in shape slightly. At t= 2 min, the case with uniform hex
shows a small elevation in the central region, which does not happen with hex = f(0). At
the final time intervals, the solid PCM mass is considerably smaller for the non-uniform
condition.

Figures 14(a-d) highlight liquid fraction fields for Re = 10%, position 1 and AT =
15K, att=2,5, 7.5 and 10 min, for both hex conditions. It can be noted that, during the

14



whole melting process, the amount of solid PCM and its shape are considerably different
between the two hext conditions. At t=3 min, the solid PCM shape is significantly different
from one case to the other. Considering the non-uniform condition, the solid PCM layer
is practically flat in the interface between the solid and liquid layers. On the other hand,
the uniform condition does not present this flat shape and there is a solid mass
accumulation at the region close to the symmetry axis. The above mentioned differences,
in relation to the melting time, B behavior and solid PCM shape, shown in Figures 13 and
13, evidence that it may be more appropriate to use the non-uniform hex: condition along
the entire wall, instead of using the simplified condition of uniform hex:, especially for
low values of Re. Considering cases with Re = 2.6 x 10* the uniform condition of hex

has a smaller melting time.

5 CONCLUDING REMARKS

The present work illustrates the outcomes of the melting process in PCM-
containing pebble bed thermal storage systems. The numerical model incorporates the
following phenomena: external convection process, heat conduction through metal walls,
natural convection of the liquid phase, volumetric expansion and the downward
movement of the solid phase. Therefore, in the present paper effects only partially
considered in previous literature have been mutually contemplated. Variable heat flow
was also introduced through the use of local heat transfer coefficient profiles to represent
the external flow. The validation of the model was performed by means of comparison
with the experimental and numerical results available in literature, using RT27 as PCM.
After validation, the same model was employed to analyze the erythritol melting process.
Local heat transfer coefficient profiles for Re values of 1.0 x 104 2.0 x 10* and 2.6 x 10*
were studied in combination with three different positions within the storage unit. Three
different temperatures for the external flow were also included, precisely 5, 10 and 15 K
above the PCM melting temperature.

Many ideas emerged from this work. The results have led us to report the

following main conclusions:
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the temperature difference, the Reynolds number and the sphere position directly
affect the total melting time, being in this order the degree of importance;

the influence of the position decreases with the augmentation of Re;

the effect of smaller AT can be compensated by increasing Re. However, this

increase needs to be significantly elevated,;

it Is more appropriate to use the variable hext condition along the entire wall, rather

than using the simplified uniform hex: condition, especially for low Re values.
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Figure 1 — Pebble bed heat storage unit: (a) representation and (b) sphere angles and
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Figure 2 — Sphere identification: (a) array used by Kao et al. [29] and (b) hext as a
function of 0, for Re = 1.0x10*and 2.6x10%, for all three spheres conditions.
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(b) Detail

Figure 4 — Computational mesh: (a) complete and (b) wall refinement detail.
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Figure 5 — Liquid fraction field for RT27 for t = 2, 5, 20 and 25 min: (a) numerical-
Assis et al. [23] (b) experimental-Assis et al. [23] and (c) numerical-present work.
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Figure 7 — Liquid fraction field for AT = 10 K, Re = 2.0x10* and positions 1, 2 and 3,
with: (a) p=0.25, (b) B=0.5, (c) p=0.75 and (d) p = 0.97.
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