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

Phase change materials (PCM) present great potential for energy efficiency gains in thermal
systems by storing solar energy or waste heat in industrial processes. This is due to the
great amount of energy stored per mass unit within a small temperature range. In this paper
we focus, by means of the numerical investigation, on the solidification process of the PCM
erythritol in spheres, having 10, 20, 30 and 40 mm diameter, under wall temperatures of 10,
15, 20, 25, 30 and 40 K below the phase change temperature of the material. The problem
is considered two-dimensional in geometry and transient in time. The numerical model here
adopted consists of mass, momentum, energy and volume fraction equations. The results
have been initially validated by comparison with data found in literature. Afterwards,
analysis of the convective streams on the liquid PCM, liquid fraction, heat flux in the
sphere wall and total solidification times have been widely illustrated. The liquid fraction
suffers a sharp reduction at the beginning of the solidification process due to the high heat
flux at the initial times. As the solid layer adjacent to the shell increases, it causes an
augmentation of thermal resistance, significantly reducing the heat flux. The shape of the
curve representing the solid fraction shows similarity with the S-curve pattern of
solidification. The total solidification time proved to be dependent on both the diameter
length and the temperature difference AT (between phase change material and wall

temperature), being its influence reduced for lower temperature values. Finally, the liquid



fraction results, as a function of Fourier and Stefan numbers, have been employed to amend

a dimensionless correlation found in literature.

Keywords: Phase Change Materials (PCM), Computational Fluid Dynamics (CFD)
Solidification Process, Erythritol in Spheres, Convective Motions, Heat Flux, S-curve

Nomenclature
Cp specific heat at constant pressure (J/kg K)

C mushy zone constant (kg/m°s)
D sphere diameter (m)

Fo Fourier number

g gravity acceleration (m/s)

h specific enthalpy (J/kg)

k thermal conductivity (W/mK)
L latent heat (J/kg)

p pressure (Pa)

q”’ superficial heat transfer rate (W/m?)
S momentum source term (Pa/m)
Ste  Stefan number

t time (s)

T temperature (K or °C)

V  velocity vector (m/s)

X,y  coordinates (m)

Greek symbols

0y volume fraction

B liquid fraction

€ numerical value (to avoid division by 0 in eq. 4)
u dynamic viscosity (kg/ms)

p density (kg/m®)



Subscripts

a average
I liquidus
le latent enthalpy

ref reference value
S solidus
se sensible enthalpy

w wall

1 Introduction

Thermal energy storage has great importance for energy peak attenuation and energy
supply during low availability periods. The main forms of thermal energy storage currently
used are sensible and latent heat. The latter presents a greater advantage as it has the
possibility of storing large amounts of energy per mass unit within a small temperature
range. Materials that store latent heat, i.e. phase change materials (PCM) can be applied to
many fields [1], i.e. solar thermal energy, refrigeration, food temperature conservation,
medical applications, storage in concentrating solar power plants and heat recovery in
industrial processes. Thus, PCM demonstrated great potential for use, mainly from the
point of view of energy efficiency, which has also obvious economic benefits.

The choice of a PCM for a specific application is defined, mainly, for its phase change
temperature; most of the PCM actually studied have temperatures between 0 and 60 °C [2].
In this range of temperatures, heating ventilation air conditioning (HVAC) and solar energy
are the main applications. Among the above mentioned studies of PCM with phase change
temperature below 60 °C, particular emphasis can be ascribed to the works of Assis et al.
[3, 4] with RT27, Tan et al. [5] and Chan et al. [6] with n-octadecane. It is worth to mention
that all these studies analyzed spherical domains.

Regarding different geometries than spherical domain, even in the field of low phase
change temperature, the works of Katsman et al. [7], Schmueli et al. [8] and Dubovsky et
al. [9] with vertical cylinders, and the works of Ye et al. [10] and Shatikian et al. [11] with



rectangular cavities are fully noteworthy. The numerical study highlighted in Ref. [12]
covers the melting of 5 PCMs whose phase change temperatures vary from 4 °C (RT4) to
82 °C (RT82), in vertical cylinder. Al-Abidi et al. [13] analyzed experimentally a tubular
configuration with RT82, both in solidification and in melting processes. Hosseinizadeh et
al. in Ref. [14] investigated experimentally and numerically the melting of RT80 in
rectangular cavities.

As for PCMs with phase change temperature between 100 and 200 °C, very few
reports have been published [15,16] and even more rare are the studies on PCMs with phase
change temperature exceeding 200 °C. Archibold et al. for example analyzed the melting
[17] and solidification [18] processes of sodium nitrate (NaNOs), whose phase change
temperature is 306.8 °C, in spherical geometry.

Nevertheless, the majority of the researches conducted so far is concentrated on phase
change temperatures below 100 °C. Thus, this work’s aim is to study the solidification
process of erythritol, whose phase change temperature (118 °C) is in the above mentioned
“rarely explored zone” (100-200 °C). The solidification process in spheres has been
analyzed regarding the convective motions in the liquid, the liquid fraction, the heat flux
and the total solidification time. The geometrical domain here explored is not dissimilar
from the one illustrated in Ref. [19] (please see Fig. 6) in which constructal design [20-23]
has been employed. The difference is that in the present work the solidification process is
constrained into the spherical shell while Constructal theory manifests itself when the shape
is free to morph, so that the final geometry associated to solidification springs out as

dendritic.

2 Problem Statement

A packed bed system used for thermal energy storage with PCM consists in a reservoir
filled with spheres containing PCM. The heat transfer fluid flows around the spheres,
transferring heat to or from the spheres. As the PCM density changes between the solid and
liquid phases, a certain amount of air is needed inside the spheres in order to absorb the

volume variation and maintain the shell’s integrity. The fluid between the spheres flows



with a temperature gradient through the entire domain, and the temperature at a certain
point slowly changes over time [24].

It is important to mention that some studies consider the whole packed bed or a section
with several spheres in the domain (which better represents real applications of a PCM
packed bed) using simplifications such as considering the packed bed as porous media [25-
27]. In these studies, as the focus is the flow around the spheres, the main simplifications
are made on the PCM spheres instead of the fluid flow between the spheres. In the present
work, as the focus is the PCM inside the sphere, we consider constant temperature around a
single sphere, in order to simplify the model in the external flow. Both approaches in the
model simplification (external flow or in the PCM) are usually done to reduce computation

time.

2.1  Physical Model

The studied geometry, depicted in Fig. 1, is spherical; it is filled with 98.5% of PCM
and 1.5% of air. In order to keep constant pressure, the upper part of the sphere is opened,
allowing air to enter. The geometry is symmetrical in the vertical axis, making possible to
model half of the sphere in two dimensions. The diameters (D) here analyzed are: 10, 20,
30 and 40 mm. The PCM contained in the spheres is erythritol, whose phase change
temperature is 391 K (118°C). The other properties, deduced from literature [15, 28, 29],

are shown in Table 1.

Property Value
Latent heat - L 339,000
Density - p 1480 (389K) — 1300 (413K)
Specific heat - Cy, 1350 (389K) — 2740 (413K)
Thermal conductivity - k 0.733 (389K) — 0.326 (413K)
Dynamic viscosity - u 2.7749X10°T? - 0.0231747T + 4.844

Table 1 — Physical properties of erythritol.



With reference to all the tested cases, air that enters the domain has the same
temperature of spheres wall and atmospheric pressure (101.3 kPa), with density (p) varying

with temperature the following dependence: p =1.2x107°T* —0.001134T +3.4978[3].

2.2  Governing Equations and Boundary Conditions

The mathematical model consists of the mass (1), momentum (2) and energy (3)

equations:

%O +V-(p\7):0 1)
g+v-(p\7\7):—Vp+V(yV\7)+pg +3S 2
%+V-(p\7h)zv~(kVT) €)

The mathematical model here developed is based on the so called “enthalpy-porosity
method”, in coherence with the treatment highlighted in Ref. [30]. “The software used in
the present work is Ansys Fluent 16.1, which uses this method as default. However, other
efficient methods exist in the literature to model phase change processes, such as the heat
capacity method showed in references [28] and [29], whose are based on specific heat and
viscosity.” In the “enthalpy-porosity method”, the solid-liquid interface is treated as a

porous zone, governed by the source term in the momentum equation:

Sz(l—ﬂ)z cv 4)

where ¢ is a numerical value (0.001) used to avoid division by zero, £ is the liquid
fraction during the phase change and C is the mushy zone constant, that indicates the
velocity damping of the material until it reaches zero as it solidifies. The liquid fraction

during the phase change is calculated by the following equation:



0 if T<T, (%)
1 if  T>T,
—s if T, <T<T,

where Ts is the solidus temperature and T, is the liquidus temperature.
In the energy conservation equation, the total enthalpy is given by the sum of sensible

enthalpy (hs) and the latent enthalpy (hi), defined by Equations (6) and (7), respectively:

:
h, =he +| C,dT (6)

hle = ﬂL (7)

where hy is the enthalpy at the reference temperature (Trer = 298.15 K).

As the model has different unmixed fluids, the volume of fluid model (VOF) has been
employed. In this model, the volume fraction of the fluid in a computational cell is
described by Equation (8):

agtn +V(a,V)=0 (8)

where a, is the volume fraction of the “n” fluid in the computational cell, whose value
varies from O for the cell that doesn’t contain this fluid to 1 for the cell filled with this fluid.
In all the analyzed cases, the initial temperature is 393 K, with Ts =389 K and T, = 391
K. For each diameter length D, we performed 6 runs of temperature differences (AT = 10,
15, 20, 25, 30 and 40 K), between the wall temperature (T,) and the average phase change

temperature [T, =(T, +T,)/2]. The sphere wall has no slip condition and the opening had a

“Pressure outlet”. In all the cases, we used C =108,



2.3 Numerical Modeling and Validation

The numerical procedure was developed using the following methods: SIMPLE for
pressure-velocity coupling, PRESTO for pressure discretization (Patankar [33]), Second
Order Upwind for momentum discretization and Geo-Reconstruct for volume fraction
(ANSYS [34]). Under-relaxation factors used were 0.4 for pressure, 0.2 for liquid fraction,
0.8 for energy and 0.5 for density, body forces and momentum. Convergence criteria were:
10°® for energy equation and 10” for mass and velocity, with a maximum 1,000 iterations
per time step (dt).

Three spatial meshes and three time steps have been tested for D = 10 mm, with
AT =40 K. This scenario was chosen because of the higher temperature gradient in the
spatial distribution. The mesh sizes details are: 2,448, 3,918 and 5,942 rectangular
elements. Figure 2, with particular reference to the detail of Figure 2(b), highlights that
meshes have near-wall refinement.

Figures 3(a) and 3(b) report graphically the liquid fraction, g, as a function of time, t,
varying the spatial grid size (Fig. 3(a)) and the time discretization (Fig. 3(b)). The results of
Fig. 3(a) indicate that the grids are practically equivalent. Among these results, differences
in S agree within 1% until 99% of PCM solidifies (<0.01), even with the less refined grid
(2,448 elements) needing most iterations to converge. Thus, we decided to adopt the
intermediate grid (3,918 elements), because of less calculation time needed in relation to
the more refined grid.

Three scenarios of time step verification have been illustrated in Figure 3(b), precisely
dt = 0.01; 0.005 and 0.002 s. In quantitative terms, the above mentioned set of results agree
within less than 1%. However, sporadic convergence difficulties have been observed for dt
equal to 0.01 s. Thus, we decided to adopt dt = 0.005 s, due to the unnecessary increase in
calculation time for the use of dt = 0.002 s.

Numerical validation was performed by comparison with the numerical and
experimental results of Assis et al. in Ref. [4], using RT27 as PCM, contained in a spherical
shell with D = 40 mm and AT = 20 K. Figure 4, in which the temporal variation of the
liquid fraction has been reported, shows agreement between results over all the process

evolution. Figure 4 also shows the solid fraction (1-5) that makes easier to understand the



S-shaped curves of solidification and melting processes described by [35-38]. Among the
three stages of the S curve [35, 36], the first part of invasion is less visible, in the beginning
of the solidification process, due to the short duration of this stage in comparison with the
entire process. The stage of consolidation is clearly visible as the rapid increasing of the
solid fraction, as well as the plateau stage takes place at the end of the process, when the
thermal resistance in the solid portion of the PCM causes the decrease in the solidification
rate.

Figures 5(a-c) present liquid fraction contours, for t = 5, 10, 15, 20 and 25 min, with
reference to the present work, as well as the experimental and numerical results of Assis et
al. [4], respectively. In these figures, it is possible to observe that thickness of PCM solid
layer (shown in blue color) obviously increases over time, reducing the volume occupied by
liquid (shown in red color). It is worth to mention that the same color scale will be used in
similar results throughout this work. Based on pure observation, we confirm that the results
of the present work (Fig. 5(a)) show good agreement with the experimental (Fig. 5(b)), and

numerical results (Fig. 5(c)) of Assis et al. [4], matching the quantitative analysis.

3 Results and Discussion

3.1 Convective Motions on Liquid PCM

In Figures 6 (a-f) velocity streamlines in the region with liquid PCM (left part) and the
temperature contours (right part) have been depicted for D = 30 mm, AT =30 K and g =
0.7; 0.5; 0.2; 0.1; 0.05 and 0.01, respectively. The greater velocities are observed in the
early stages, being rapidly reduced for values near 0.1 mm s™ in 420 s, corresponding to /8
= 0.2. The gradual reduction in liquid PCM velocity is obviously followed by the
augmentation in solid layer thickness (shown in blue color), distancing the isothermal lines.
Thus, isothermal lines move away, indicating a reduction in the wall temperature influence.

At the beginning of solidification process, the temperature difference between the cold
sphere wall and the PCM induces a downflow circulation of liquid near the wall.
Consequently, an upflow occurs in the vicinity of the center. Over time, solid layer

thickness increases near the wall, with the solidification front in temperature approaching



the liquid PCM temperature. Thus, temperature difference is too low to keep the initial
velocity values, so that a gradual reduction in velocity occurs.

With the increase in the PCM solid layer thickness and consequent reduction in
convective flows, the greater temperature difference is detected in the air-liquid PCM
interface, i.e., in the upper part of the sphere. Thus, a second convective flow takes shape
close to the sphere center, even if it results to be less intense that the one observed initially.
Both exist simultaneously for a time interval. This second flow is observed for a shorter
period, being reduced by the decrease in the contact area between air and liquid PCM, until
it disappears with full solidification of the upper part of liquid PCM in contact with air.

The greater velocity values of liquid PCM are observed in the configurations with
greater D and AT.

Figures 7(a, b) highlight the velocity vectors scaled in magnitude with t=0.5 min, D =
40 mm and AT = 40 K, for half the section and in detail near the solidification front. It is
worth to mention that the upper region containing air is depicted in light grey, while the
solid PCM near the wall is shown in dark grey. The greater velocities observed in this case
are around 3.0 mm s at 0.5 min, in the region close to the solidification front, represented
in detail in Fig. 7(b). After this initial period, the velocity field is rapidly reduced, reaching
values around 1 mm s™ at 2 min and 0.2 mm s™ at 3 min. As for the other cases, fixing D
and for smaller AT values, the velocities observed in early stages are inferior for smaller
AT. The influence of D is even more pronounced, with smaller D producing velocities
significantly smaller, as in the case of D = 20 mm with AT = 40 K, which at t = 0.5 min,

presents velocities smaller than 1 mm s,

3.2 Liquid Fraction

The liquid fraction is defined as the ratio between liquid mass over the total PCM
mass, at a given moment. Thus, liquid fraction can be considered directly proportional to
the amount of latent heat stored. The liquid fraction contours can be seen in Figures 8 (a-b),
for AT =20 K in spheres with D = 10 and 40 mm, respectively. In the pictures, each
column represents the approximate g values of 0.5; 0.2; 0.05 and 0.01. In each row are

shown the results relative to one diameter, making it possible to observe the gradual
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increase of the solid layer, from the wall towards the sphere center, thus reducing liquid
fraction. Also it can be observed that for the same value of g, the contours referred to
different diameters are virtually equal, even if the time necessary to reach a certain value of
p increases for greater diameters.

Figures 9 (a-d) illustrate the temporal variation of the liquid fraction, g, with reference
to all the possible combinations of AT and D here investigated, precisely AT = 10, 15, 20,
25, 30 and 40 K, and D = 10, 20, 30 and 40 mm, respectively. Based on pure observation,
independently of D, the increase of AT reduces the time necessary to complete the
solidification process. Moreover, and still independently of D, the curves for different AT
present similar shapes, such as S-curves pattern described by Bejan et al. [35]. The
principal difference results to be the time elapsed in the process, which increases
proportionally to D, when comparing the same AT value. Still in relation to Figures 9 (a-d),
we can notice that, in all the analyzed scenarios, the most evident characteristic is the fast
solidification in the early stages, causing g reach values below 0.5 in a short time. This
time, obviously, depends directly on D and inversely on AT. For example, for D = 40 mm
(Fig. 9(d)) and AT =10 K, the time necessary to reach £ = 0.5 is 10 minutes. However, for
the same AT and p, fixing D = 10 mm (Fig. 9(a)), the time changes to 0.67 minutes. This
means that reducing 75 % the value of D, it decreases approximately 93 % of the
solidification time. The same is not observed when AT increases and D remains the same.
For example, for D = 30 mm (Fig. 9(c)) and £ = 0.5, the time elapsed is, approximately, 1.5
minutes for AT = 40 K and 5 minutes for AT = 10 K. This means, by reducing 75 % of the
value of AT, the solidification time increases 233 %. Finally, to summarize, the outcome is
that D exerts greater influence.

3.3 Total Solidification Time

The total solidification time is defined as the time necessary for liquid fraction
S < 0.01. These times are shown in Fig. 10 as function of sphere diameters length D,
varying AT. We can observe that the solidification time increases significantly for the
smaller AT and presents less variation in correspondence to the greater AT. The influence of

AT for smaller diameters is also reduced in comparison with the greater ones. In relation to
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D, it is possible to verify a direct and more pronounced proportionality, since D influences
directly the sphere volume.

3.4 Wall Heat Flux in the Spheres

The heat flux (¢”) in the sphere wall determines the energy (per unit surface)
transferred to the exterior over time. The results of ¢ vs. t are shown in Figures 11(a-d),
for D = 10, 20, 30 and 40 mm, respectively. The time axis are in logarithmic scales to
facilitate visualization, since ¢ ” suffers a sharp reduction in the early stages for all the cases
analyzed. The greater AT provides superior values of ¢” in the early stages, showing a
more pronounced reduction over time. This makes the curves referred to the greater AT (40,
30 and 25 K) cross the others in the final stages of the process, as can be better observed in
Fig. 11(a). It is also important to emphasize that spheres of different diameters with the
same AT exhibit similar heat fluxes in the early stages, due to the same initial temperature
condition. However, it is worth to mention that over time, the reduction of ¢ is sharper for
the smaller D. For example, fixing AT = 40 K the value of ¢~ is approximately 25 kW m™
for all D in the early stages. However, for t = 4 min, ¢” = 4.3 kW m™ for D = 30 mm and
3.7 kW m? for D = 20 mm. The reduction of ¢” over time can be intended as a
consequence of the increase in the thermal resistance as a result of the augmentation in the
PCM solid layer thickness. Thus, it is possible to deduce an interdependence between ¢,
and the solid layer thickness. The reduction of f means an increase in the solid layer
thickness and, consequently, in the thermal resistance. The increase of the thermal
resistance, in turn, reduces ¢~ for the exterior of the sphere.

In order to compare more properly the results for different sphere sizes, Fig. 12 shows
the values of ¢~ as a function of g, for AT = 10 K, with D = 10, 20, 30 and 40 mm. The
scale of £ in the abscissa axis is shown in descending order, so that the curves follow
temporally the process. It is possible to observe that, for the same AT, ¢~ referred to
smaller spheres exceeds the other curves during the solidification process, even if for a
certain time period. This increase of ¢ is due to the smaller solid layer thickness for the

smaller D, representing, in turn, smaller thermal resistances.
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3.5 Dimensionless Correlation
Assis et al. in Ref. [4] presented the following correlation for the liquid fraction in the

process of PCM solidification in spheres:
p=l-(a5Foste)’ [ 9)
where Fourier (Fo) and Stefan (Ste) numbers are defined as:

k )t
Fo = (EJ(?} (10)

Ste=—" (12)

Based on the numerical results obtained in the present work, we propone in Eg. 12 an
emendation regarding the multiplication coefficient (from 4.5 to 3.8):

=lL-(38Foste)’? (12)

Figure 13 shows the comparison between the numerical results of the present work in
relation to those obtained through the original correlation of Assis et al. [4] (Eg. 9) and
through the adjusted correlation (Eg. 12). We can observe that, throughout the entire
domain, numerical results and the modified correlation do not present visible differences.

Furthermore, Figure 14 highlights the values of £ obtained numerically and through the
correlation here amended. It is worth mentioning that, in order to facilitate visualization, the
axes of the graph are inverted. It is possible to observe a great agreement throughout the
process, including the final stages, where variations in the low values of # can imply great

differences, ensuring even more agreement with the modified correlation.

4 Concluding Remarks
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In the present work, we implemented a numerical model for the solidification process
of PCM in spheres, containing 98.5 % of its volume initially filled with liquid and the
remaining part with air. The model was validated satisfactorily by comparison with the data
of Assis et al. illustrated in Ref. [4]. In sequence, we studied the solidification process of
PCM erythritol in spheres with diameter D = 10, 20, 30 and 40 mm. For each D, several AT
(10, 15, 20, 25, 30 and 40 K) were simulated.

The presented results show the influence of AT and D in the variation of the liquid
fraction g and the superficial heat flux ¢’ throughout the solidification process, as well as
in the total solidification time. We observed similar tendencies for all the studied cases,
with a greater variation of £ at the early stages, which is magnified by an increase of AT.

The solidification rate decreases with the augmentation of the thermal resistance of the
solid layer, which grows over time from the sphere wall. This fact is also shown by the
variation of ¢’’, which suffers sharp reduction at the early stages. Still in relation to ¢,
similar values were observed in the early stages for different D, but with the same AT.
However, its reduction over time was more intense for smaller D. With the increase of the
solid PCM layer, we observed also the reduction of the convective streams in the liquid
phase.

The total solidification time proved to be augmented by the decrease of D, while the
increase of AT causes an inverse effect. It is still possible to confirm that the main influence
is of D, as this defines the amount of PCM in the sphere and consequently the amount of
energy stored.

Furthermore, a dimensionless correlation presented in literature [4] was tested with the
liquid fraction results obtained in the present work. A coefficient emendation in the above
mentioned correlation has been here proposed showing excellent agreement with the
numerical results: it can be considered fully valid for the solidification process of erythritol
in spheres in the range of diameter between 10 and 40 mm and AT between 10 and 40 K.

Finally, a cue of reflection in view of a possible future application of Constructal
theory has been pointed out: solidification process can be a manifestation of Constructal
Law once the domain in which PCM takes place is free to morph, according to the

constructal principle of “optimal distribution of imperfections” [39]. The model used in the
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present work can also be improved in the future, considering closed sphere and including
the external heat flux variation through correlation data of flow and heat transfer around a
sphere. Thus, comparisons can be made with the constant temperature condition in order to

evaluate the real accuracy of the model.
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FIGURES

Figure 1 — Physical model.
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Figure 2 — Computational mesh: (a) integral {illl (b) detail.
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Figure 3 — Results of g vs. t for D = 10 mm and AT = 40 K: (a) spatial discretization test

and (b) time discretization test.
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Figure 4 — Curves of the present work and Assis et al. [4] for liquid (f) and solid (1-5)
fractions as function of time for sphere of D = 40 mm and AT = 20 K with RT27,
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Figure 5 — Liquid fraction contours of RT27 int =5, 10, 15, 20 [llll 25 min, for: (a) present
work, (b) experimental (Assis et al. [4]) and (c) numerical (Assis et al. [4]).
p=0.7 (40 5) p=0.5(1205) p=0.2(4205)

V[ms?

Figure 6 — Streamlines in the liquid PCM and temperature lines in the solid PCM, for D =
30 mm and AT =30K: (a) f=0.7; (b) =0.5; (¢c) p=0.2; (d) B=0.1; (e) p = 0.05 and (f)
B=0.01.
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Figure 7 — Velocity vectors for D =40 mm and AT =40 K at 0.5 min: (a) integral and

(b) detail.

25



£=0.01

_ i

£=0.2

=10 mm

(@ D

3.17 min.

0.33 min. 1.17 min.
_

40 mm

(b) D

5.0 min. 18.33 min. 38.33 min. 51.67 min.
0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8

0.9 1.0
¢ N f— i

Figure 8 — Contours of liquid fraction of erythritol along the solidification process with AT
=20 K, for (a) D = 10 mm, (b) D=20 mm, (c) D = 30 mm and (d) D =40 mm.

26



18
(a) D =10 mm

0.8 \\ —x— AT=10K
K —B- AT=15K
0.6 '«% —o— AT=20K
< \u —A— AT=25K
0.4—

R —— AT=30K

RN\
0n \o - AT=40K

O R AR AR S B A K>
0 10 20 30 40 50 60 70 80 90 100
¢t (min)

Figure 9 — S vs. t, with AT= 10, 15, 20, 25, 30 and 40 K, for D of: (a) 10 mm, (b) 20 mm,
(c) 30 mm and (d) 40 mm.
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Figure 11 — ¢ ” vs. t, with AT= 10, 15, 20, 25, 30 and 40 K, for D of: (a) 10 mm, (b) 20 mm,
(c) 30 mm and (d) 40 mm.
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Figure 12 — ¢ 7 vs. # with AT = 10 K for D = 10, 20, 30 and 40 mm.
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Figure 13— f vs. Fo and Ste product, for the cases numerically analyzed and for the

correlations of Assis et al. [4] and the one adjusted at the present work.
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