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ABSTRACT

Phase change materials (PCM) are able to store thermal energy when becoming liquids and to release it
when freezing. Recently the use of PCM materials for thermal energy storage (TES) at high temperature
for Concentrated Solar Power (CSP) technology has been widely studied. One of the main investigated
problems is the improvement of their low thermal conductivity. This paper looks at the current state of
research in the particular field of thermal conductivity enhancement (TCE) mechanisms of PCM to be
used as TES. This work considers a numerical approach to evaluate the performance of a group of TCE
solutions composed by particular configurations of two of the principal TCE systems found on the
literature: finned pipes and conductive foams. The cases are compared against a single PCM case, used as
reference. Three different grades of graphite foams have been studied, presenting a charge time 100
times lower than the reference case for the same capacity. For fins two materials are analyzed: carbon
steel and aluminum. The charge times of fin cases are from 3 to 15 times faster, depending on the amount
and type of material employed. The internal mechanisms are analyzed to understand the results and
locate possible improvement.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
1.1. Thermal energy storage (TES)

Low-carbon economy policies are every year more strict and
demanding. By 2050 the low-carbon economy roadmap presented
by the EU intends to reduce emissions to 80% below 1990 levels,
which implies progressive cuts of 25%, 40% and 60% in 2020, 2030
and 2040 respectively [1]. The main actors in this reduction are the
power and the industrial sectors. As the energy demand is expected
to increase in the incoming years, the pressure to reach a renewable
energy driven power system increases as well [2—4].

In response to this request the number several Concentrated
Solar Power plants (CSP) have been built, like PS10 and PS20 in
Spain or more recently Khi Solar One in South Africa. These com-
mercial plants are based on Direct Steam Generation (DSG) where
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the boiler of conventional Rankine cycles is replaced with a solar
receiver. CSP is unique among renewable energy generation sour-
ces because it can easily be coupled with thermal energy storage
(TES) making it highly dispatchable [5—9]. Although the mentioned
plants have installed TES based on steam accumulators, currently it
is not feasible to manage the large capacities required for long time
operation using this storage technology. As more hours of pro-
duction and a better coupling of the demand curve add valuable
capabilities to this technology, lots of efforts have been made over
the last decades to achieve an efficient large scale thermal storage
for high temperature processes.

Among the options analyzed, latent heat based systems have
emerged as great potential storage systems [10,11]. This technology
relies on the energy contained in a material changing its phase,
capable of concentrating high energy ratios on narrow temperature
ranges. Thanks to these effects ultra-compact units can store big
amounts of energy, which can be absorbed or released at an almost
constant temperature. The latent-latent heat transference allows a
better matching in the boiler, maximizing the exergy efficiency in
the evaporator as the temperature difference can be maintained
constant, with the consequent benefit to the entire power plant.
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Nomenclature

Afin area occupied by the fins

Apcm area occupied by the PCM

Aot total area occupied by the system

f volume fraction occupied by fins
Dpcm diameter of the PCM region

Dpipe external diameter of the process pipe
e accesible porosity of the foam

p material density

H material energy per unit mass

k material thermal conductivity

T temperatrure

h sensible energy stored per unit mass
Ryes reference energy level per unit mass
Cp material specific heat

6 volume liquid fraction of the PCM

L latent heat of the PCM

Tsoliqus  Solidus temperature of PCM

Tiiquidus  liquidus temperature of PCM

1.2. Phase change material (PCM) selection

The most common studied phase change transformations
[12—15,35] have been the solid-liquid and liquid-gas, although
some other transformation are under investigation, such as solid-
solid for the development of structural materials capable of stor-
ing energy. However, the latter transformation stores small energy
quantities compared with the formers and its phase transition
temperature is not generally suitable for the industrial application
here considered. Liquid-gas transformation has, as a general rule,
the highest energy density, but this attractive property is linked
with the important drawback of a high volume variation, that
makes it difficult to store the gas phase in conventional containers.
In contrast, solid-liquid transformation has still a high energy
conversion and relatively small volume variation, making it suitable
to solve the demanding storage requirements.

Related to the DSG technology, working steam pressures be-
tween 100 and 150 bar have been reported as the most interesting
conditions for the power block operation [16]. For an optimum TES
the PCM melting point has to be close to the boiling temperature of
the steam, between 310 °C and 342 °C for the pressures here
considered. It is important to consider that, for the discharge pro-
cess, the boiling temperature has to be reduced below the PCM
melting point with the correspondent impact on the power block.

The chosen PCM media must present other properties as high
energy density and chemical stability. Of course, reduced cost, high
conductivity and safety issues such as low corrosion, non-toxicity
and non-flammability are properties desired for the optimal stor-
age material. None of the materials tested fulfills completely the list
of requirements here exposed. Organic materials are discarded by
their low operation temperature. Within the inorganic materials,
pure metals and alloys have great conductivity but in general the
energy density found does not pay off the high costs of the material.
In contrast, inorganic salts have shown a good ratio of energy
density and material cost, but they have generally low thermal
conductivity, making difficult to design a proper heat transference
system.

NaNOs3 presents a suitable melting temperature, reduced cost
and great thermal stability with the extra that it is a very well-
known and studied salt as heat transfer fluid for the CSP molten

salt tower technology. With the aid of the correct TCE system the
material could offer a feasible solution for CSP Industry. For these
reasons it will be the storage media employed for this analysis.

1.3. Thermal conductivity enhancement systems

As already seen, further developments are required to success-
fully implementing the PCM on a commercial storage units. Within
the group of inorganic salts the main research efforts have been
focused in the development of thermal conductivity enhancement
systems (TCE).

One first option to reach this goal is to increase the transfer area
between both mediums (storage and heat transfer fluid medium).
This possibility has been specifically and deeply analyzed for the
design of PCM cascade [17], where the storage unit is composed by
different encapsulated PCM materials stages with sequentially
increasing melting points. The encapsulation of the PCM can ach-
ieve this purpose, allowing a direct contact with the process fluid.
However during the process some energy density is lost due to the
shell thickness and the requirement of an interior empty space for
the volume expansion management. Shell material must be care-
fully selected [18] to handle the operation conditions, either from
the chemical degradation, mechanical stresses and high pressures
and temperatures.

A second option is to extend the surface area using fins attached
to the process pipe. This solution is commonly employed in the
industry as a mechanism for improving the heat transference on
heat exchangers; the transient nature of the PCM exchange implies
additional challenges to achieve an optimal design. The shape and
position of the fin is crucial to achieve good heat transference. Most
of the studies are focused on simple geometries, being longitudinal
straight fins [19,20,21] and circular fins [22] the most studied ge-
ometries. Some studies had shown a better performance from
longitudinal fins [23] rather than circular. In the work proposed by
Doerte et al. [24] a complex longitudinal fin pattern is suggested for
increasing the heat transfer ratio.

A third option to increase the heat transference is to mix the
PCM with a high conductivity carrier material. Due to its high
thermal conductivity, graphite foams with high porosity have been
employed to improve the heat transference of PCM [25,26]. This
composite material has to be infiltrated with the PCM to ensure a
proper distribution in the foam structure. The infiltration must
maximize the amount of filled PCM, ensuring the evacuation of the
contained gas.

An alternative proposed methodology was the use particles of
expanded natural graphite (ENG) mixed with the PCM to improve
the system conductivity [27]. This solution pretends to mix the ENG
particles with the PCM in liquid or solid state, ensuring the resul-
tant composite is compact enough to maintain the properties,
avoiding PCM leakage in the container element.

Besides the extensive amount of literature material published
on different TCE systems for PCM, consistent comparative between
these systems are scarce on the literature. The work developed in
this paper is intended to partially cover this lack of comprehensive
analysis, providing a general comparative between two of the most
popular TCE, longitudinal fins and graphite foams, and their
improvement over a single PCM system.

1.4. Objectives and scope

The aim of this work is to find the optimal TCE system for a given
TES configuration. The scope of the analysis is not only to find
which system shown the better performance but to find which
specific configuration works better within the cases analyzed. The
study will be focused in two TCE systems, longitudinal fins and
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graphite foams, over a PCM storage unit composed by NaNO3. The
cases considered different amount of TCE material as well as
different quality grades to evaluate the impact of these parameters.
The charging time will be employed as the main predictor of the
performance of the embodiment, using a non-improved PCM
reference case as a baseline. Internal temperature distribution and
thermal flow will be presented and discussed in order to better
understand the improvement observed on the charging time and
locating possible points to further optimization.

This work is structured in five parts: First, the methodology of
the study is exposed and the relevant cases defined, detailing the
sizing approach to ensure the comparability of the results obtained.
Next, the model is described including details of the internal
equations and boundaries condition considered. The result of the
appliance of this model to the cases previously defined is exposed
and discussed in the Result section. All the results here presented
are focused on the thermal performance of the embodiments, but
some additional consideration must be taken into account when
choosing the appropriate TCE system for any specific application. In
the Discussion section some of these factors are introduced and
general rule recommendations are given. Finally, the conclusions
obtained from the analysis of the results here obtained are exposed,
highlighting the strengths of the systems and the points to address
to improve the technology feasibility.

2. Method
2.1. System description

This work considers a numerical approach to evaluate the per-
formance of a group of TCE solutions. The cases selected are
composed by particular configurations of two of the principal TCE
systems found on the literature, finned pipes and conductive foams.
These solutions will be applied on a system composed by a vertical
pipe surrounded by the storage material and the TCE considered.
The chosen PCM is NaNOs, which is a popular material on thermal
energy storage applications due the compatibility of its melting
points with a wide range of industrial processes, as well as its
competitive cost and good storage properties. The internal pipe
selected, inside of which the process fluid flows, has a diameter of
63 mm and 3 mm thickness (see Fig. 1). This diameter is the result
of the design of a commercial heat exchanger made by Abengoa
Engineering, used in the feasibility study of a DSG commercial
plant. The most important properties of the materials used are
presented in Table 1.

To ensure a fair comparative between all the cases, they have
been sized to provide the same thermal capacity and to operate on
the same conditions. This sizing procedure is specific for each kind
of TCE system, and will be further explained in their subsequent
sections, but the general approach is to keep the amount of PCM
(Apcm) constant for all the cases. Therefore, on the sizing process,
the energy stored in the TCE medium and tube has not be taken into
account, as it will be much lower than the energy stored in the PCM
itself. The procedure here explained is intended to ensure that the
variation on the results can only be caused by the interaction of the
PCM with the TCE system, allowing the comparison of the effects of
each one.

2.2. Finned pipe

This solution considers longitudinal fins fused to the vertical
process pipe. The fin pattern considered is based on prior studies
[24], focused on increasing the heat transfer to the storage medium
(Fig. 1). Despite other previous works employs simple longitudinal
fins [28], it has been pointed that this configuration could

misrepresent the potential of fins as TCE media. Besides being more
complex than other options, it has been proven that this specific fin
pattern is more efficient in the transmission of heat than simple fin
configurations. Therefore, the chosen option is considered more
interesting for comparing against other TCE systems.

Aluminum and carbon steel are chosen as fin materials, the
former for its high conductivity properties as an optimal solution
from the thermal points of view, the latter for its widespread
application as heat exchanger material and as desirable option from
the cost perspective. It is easy to forecast that aluminum will have
better performance than steel, but the inclusion of the latter is
useful for two purposes: first, it allows to estimate the behavior of
steel fins, which can be itself useful for applications with mid heat
transfer requirements, and second, it provides a result with low
conductivity to determine the influence of such parameter on the
fin pattern design.

In order to fully explore the capabilities of the fins, the fraction
of the TCE material has been included as a case parameter, varying
from 5% to 20% of the total volume of the system. The range chosen
for these fins will provide information for the proper TCE amount
for realistic application having a maximum limit to avoid excessive
penalty on the energy density of the PCM. The minimum limit has
been set to the smallest amount of TCE that is expected to obtain a
noticeable improvement on the thermal performance.

With this, the effect of the amount of TCE can be analyzed in two
conductivity scenarios, providing useful information about the ef-
fect of this factor on the total heat transference.

For ensuring a comparable thermal capacity on all systems the
geometries must be adapted on each case. The methodology fol-
lowed for adapting the geometry is focused in find a specific and
constant PCM area (Apcy) and keeping the pattern shape of the fins.
The parameters used for this adaptation are shown in the Fig. 1.

First, the PCM diameter (Dpcy) is set to the correspondent to the
reference amount of PCM plus the area occupied by the fins (Afps)
on each case, according to Equation (2). The area occupied by the
fins is obtained using the fraction of TCE characteristic of the case

0.

Apn = 1fo Apcm (1)

T
Aror = Apcm + Afin = 4 (DIZ’CM - Dﬁipe) (2)

Second, the fins are stretched to maintain the separation be-
tween the end of each fin and the outer surface (d). Lastly, fin
thickness is modified to match the required fin area. This last step is
made numerically, using the geometry model of the heat
exchanger. The thickness of the fins is recursively modified until the
required area is achieved. A limit of 0.1 mm of precision in this
thickness is considered, as a higher precision have little sense from
a manufacturing point of view.

Notice that in this process both the pipe diameter (Dpjpe) and the
pipe thickness are kept constant.

2.3. Conductive foam

This solution involves a composite material with a complex
structure of storage medium regions surrounded by a conductivity
matrix. This matrix can be made of different materials, typically
carbon, graphite or metals. For the present work graphite foams are
chosen as the most promising material for this solution, being able
to reach the highest conductivities.

The mean size of the PCM regions on the composite is, in gen-
eral, too small to be simulated individually on a macro scale



C.R. Abujas et al. / Renewable Energy 97 (2016) 434—443 437

Fig. 1. Fin configuration scheme [24].

Table 1
Material properties®.

NaNO3 Aluminum Carbon steel
Density [kg/m>]: 2100 2719 7800
Cp [kJ/kg K]: 1.8 0.87 0.5
Latent heat [k]/kg]: 177 — -
Melting point [°C] 307 — -
Thermal conductivity [W/m-K] 0.5 202.5 40

2 Values obtained from Abengoa internal studies.

application. The approach followed in this study is to treat the
composite as a homogeneous material with equivalent properties.

The main concern on the homogeneous model is to ensure that
both materials behave in a similar manner; this is, having similar
temperature distributions. If the pore size is excessively big or the
temperature difference too intense these two materials tempera-
ture map can be different enough to invalidate the homogeneous
model, and each of this regions should be modeled independently.

The characteristic length of the pore for the foams considered
ensures a high transfer area for small regions. This, joined to the
small temperature variation found in the cases analyzed, are points
to indicate that small offset between the phases is to be expected
and therefore the model of homogeneous phase is considered
representative to the real conditions.

For a correct characterization it is crucial to know the properties
of the composite constituent materials. Although the chosen PCM
material is well known in bibliography, there is lot of foam typol-
ogies with properties that greatly differ from each other. In order to
limit the present study to a reasonable extension only three
representative commercial foams have been selected, the proper-
ties of these foams are shown in Table 2. The foams selected are
among the highest thermal conductivity foams found on the mar-
ket, with the additional advantage of offering detailed information
of three quality grades of products. This suits perfectly with the
purpose of this work of making a sensibility analysis of the TCE
media performance.

The weighted properties of the composite are given by the
amount of PCM and TCE found in a representative volume of this
compose. The PCM fills the available gaps between the matrix,
defined by the porosity of the foam. It must be taken into account
that the volume available for the PCM may not be correspondent
with the total porosity of the foam, as some of the pores may be
totally enclosed by the matrix. This factor is considered by the open

porosity fraction, which determines the amount of pores that are
accessible from the exterior. Another point to consider is the rate of
infiltration obtained on the composite. Despite that in general it is
not possible to fill the whole available space, the infiltration pro-
cedures can achieve a very high infiltration rate [29,30]. Thus, on
the present study it has been considered that the open volume is
completely filled with PCM.

The fraction of PCM accommodated inside the matrix, the
density and latent heat can be calculated as weighted combination
of the two constituent materials.

The effective thermal conductivity is more complex to deter-
mine analytically. In the literature several approaches to get this
value can be found [32,33]. The first approaches on the calculation
of effective thermal conductivity employ the fraction of each
component as the main predictor of the composite behavior.
Further, the shape of the porous and their distribution is added to
the models to have more accurate predictions. Recently, the anal-
ysis of these foams using finite element method (FEM) is frequently
employed to model the effective conductivity. This approach has to
be limited to analyses small samples because of the high compu-
tational cost associated with these models.

Naturally the degree of information of the foam required in-
creases with the precision of the model to apply. This makes diffi-
cult to apply this approach to commercial foams where generally
the amount of information available is limited to the direct appli-
cation data. In the case of the graphite foams additional consider-
ations must be taken into account as the foam’s material itself
present a structure dependence on its conductivity. The arrange-
ment of the layers has an important effect on the thermal con-
ductivity of the graphite.

Because all of this, for the present work, it has been considered
more reliable to trust on the supplier data, obtained experimentally
on empty samples using laser flash techniques. Although a varia-
tion of the thermal conductivity on samples infiltrated with salt
may be expected, Abengoa internal tests in collaboration with the
laboratory Institut de Mécanique et d’'Ingénierie de Bordeaux (12M)
expose that the variation between these two factors are negligible
for the cases here considered. This result is aligned with the
conclusion obtained from other works [26].

The data employed for the calculation have been obtained from
KFOAM® catalogue, according with three different grades. The
resultant properties are shown in Table 3. It is interesting to notice
the important reduction on the latent heat of the composites due to
the important influence of the porosity. This is translated
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straightforward to the energy density, penalizing it in a severe way.

The dimension of each case is obtained by keeping the amount
of PCM and accommodating it on the available space in the foam.
The total area is obtained by dividing the amount of PCM by the
fraction of access porosity (¢).

A m
Ar = pgcm - Z (DIZJCM - Dﬁipe) (3)
3. Model

The model to evaluate the melting process has been developed
under ANSYS® Fluent 14.5, making use of the melting and solidi-
fication option [34].

Internally Fluent solves the energy equation associated with the
material on each cell of the domain.

%(pH) = v-(kvT) (4)

The left side of the equation represents the internal energy
variation on the cell. The right side of the equation represents the
heat transferred to or by the cell’s neighbors. As it can be observed
no convection term appears on this energy equation. Due to the
vertical arrangement of the embodiment, and the uniform char-
acteristics of the boundary conditions no variation are expected in
the axis directions, which allows a 2D modeling of the problem.
This also means that no driving force is acting on the molten PCM
and therefore no motion is expected.

The internal energy H is obtained by integrating the contribu-
tion of the ¢ at each temperature, adding in the case of a PCM
material the latent heat associated with the phase transition (L).
This latent energy is released proportionally to the amount of
material changing state, which is obtained by the liquid fraction
parameter ().

_ h if mat = solid
Hﬁ{h+AH if mat = PCM (%)
T
h =y + / cpdT (6)
Tref
AH = 6L (7)
0 if T< Tsolidus
1 T > Tyiqui
ﬂ _ f liquidus (8)
T- Tsolidus

T o T if Tsotiqus <T < Tliquidus
liquidus — !solidus
For this approach, as the PCM studied is a pure substance, a
congruent melting point is considered. This means that Tsojiqus iS
equal to Tjiquiqus- Representing that, on every cell, the liquid fraction

Table 2

Graphite foam properties [31].
Property KFOAM®™ KFOAM® KFOAM®™

Grade L1 Grade L1A Grade D1

Bulk density [kg/m?]: 490 390 460
Total porosity [%] 70 78 72
Open porosity [%] 77.5 77.5 77.5
Accessible Porosity [%] 54.25 60.45 55.8

could be either 1 or 0 but cannot acquire any value between those.

The mesh considered in the model corresponds to a 2D repre-
sentation of a section. In the case of finned pipes additional sym-
metry considerations allows reducing the mesh to a 45° of the total
section, decreasing therefore the computational resources required
for the simulation. On foam and pure PCM cases the size of the
mesh can be reduced even further due to the homogeneity of the
storage material. In these cases a slice of only 5° of the 2D section
can be considered without misrepresenting the results.

The charge process is modeled considering a uniform initial
temperature of 300 °C. The heat transfer is modeled by an imposed
temperature on the inner surface of the pipe of 320 °C, corre-
sponding to 112 bar of steam pressure. Imposed temperatures are
appropriate approximation when a strong convection factor is ex-
pected inside the pipe, such as the phase change of steam. As the
main interest of this paper is the behavior of the TCE, thermal loses
are beyond the scope of this work, therefore a perfectly insulation
condition has been applied to the outer surface of the PCM. This
condition may be representative as well of central pipes of a well-
designed heat exchanger.

The liquid fraction of the system is the main factor to follow as
an indicator of the state of charge of the storage. Despite the sen-
sible heat has been considered on the model, as the amount of
energy stored in this form in small compared with the latent heat,
the charge process is considered ended when the whole system is
liquid, ignoring the contribution of further overheating.

Aside of the liquid fraction, the temperature has been measured
in significant points. This allows following up the melting front and
a better understanding of the heat distribution. The location of
these points is shown in Fig. 2, as well as their exact position in mm.
For homogeneous cases the temperature points have been posi-
tioned on radial equivalent distances so the results can be
comparable.

4. Results
4.1. Charge time and energy density

From the charge results presented on Table 4, the massive
improvement offered by the TCE systems is clear. Aside from the
differences between systems, even the worst case is able to reduce
the charge time to a third of the single PCM case.

Analyzing the differences among the groups it can be seen how,
as predicted, the ones with aluminum fins behave better than
carbon steel ones. In both cases, the charge time is reduced over
time as long as the amount of TCE material increases, although not
linearly, but shows a saturation tendency with the increment of fin
fraction. Despite the very big charge time reduction on 5% and 10%
cases, the improvement with 15% and 20% is limited. This may be
explained by the sizing approach followed in this study, indicating
that the branches of the fins are close to carry all the heat available
on their surroundings and opening a new branch may be more
profitable than thickening an already existing one. Further analysis
should be performed on the subject of fin pattern optimization but,
at sight of the present results, a thickness optimum can be found for
a given fin pattern, providing the most advantages of the added TCE
material.

Foams have the best thermal performance of all the systems
evaluated, reducing the charging time to less than an hour. A clear
link between the matrix conductivity and charge time can be
deduced, but a slight saturation tendency is observed as well.
Quantifying the contribution of the thermal conductivity on this
saturation effect is not straight forward due to the fact of the
accessible porosity. Although the value of the latter parameter is
similar on all the cases considered, the range of variation is
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Table 3
Composite effective properties.

Property NaNO3 + KFOAM® NaNOs; + KFOAM® NaNO; + KFOAM®
Grade L1 Grade L1A Grade D1
Density [kg/m?]: 1629 1659 1631
Effective latent heat 123.77 135.40 127.10
of the composite
[kJ/kg]:
Thermal 57.9 27.9 100
conductivity
[W/m? K]:

sufficient to have a notable impact on critical factors such as the
latent heat of the mixture. Therefore it cannot be deduced that the
saturation effect observed on the time is solely because of the effect
of the thermal conductivity and further research is necessary to
quantify the effect of each of those parameters. Unfortunately, the
amount of data of commercial foams is scarce and the determina-
tion of the influence of each parameter on theoretical materials is
out of the scope of the present work.

Concerning the energy density, fins have the lowest impact on
the compactness of the solution keeping one of the main advan-
tages of PCM storage systems. The foams on the other side are the
systems which penalize this factor the most, with a required vol-
ume around 80% higher than the reference case. The penalization
on energy density may be reduced with higher open porosity ratios.
Current efforts on this technology are focused on achieve this goal,
allowing an increase on the overall system compactness.

The capacity of each case has been included in the Table 4. This
capacity has been obtained with the difference in the internal en-
ergy of the system between the initial and the final state. As the
model considered is a 2D section the units of this capacity is
expressed in linear terms of kJ/m. The comparison between the
values obtained shown that, although the results are similar, there
are differences in the capacity of these systems. The main cause of

— Symmetry
Insulation
Interior

— Wall

- Thermal source

these differences is the sensible energy stored, both in PCM
superheating and in the TCE medium. Another point to consider is
the specification given in the model to consider the system fully
charged. As the data exposed in Table 4 is referred to the exact
instant where the entire PCM medium reaches liquid state, the
temperature profile will be, in general, different on each case,
altering the amount of sensible heat stored.

The comparative among these systems may seem unfair, as
there is much more amount of TCE material on foam cases than it is
on the fin ones. As it has been discussed, for a given fin pattern
there is an amount of material which optimizes the TCE material
usage. Increasing the material further from this point will lead to
marginal improvements. According to this, analyzing cases with
higher fin proportion was discarded, such as the required for
equalizing the TCE material to the foam cases, as the considered
design will made a poor use of the additional material. For such
cases, an optimized fin pattern should be employed, specially
designed to maximize the use of the carrier material. Although the
detailed design of this specific optimal fin pattern is beyond of the
scope of this work, it is expected that the results here exposed may
be useful for further developments on this line.

4.2. Temperature distribution

Temperature distribution is a useful indicator of the proper heat
exchange in the storage material, as well as the general behavior of
the melting front. In contrast to the liquid fraction, this parameter
can be easily monitored on test facilities using thermocouples
embedded on the storage material. This allows collecting infor-
mation on experimental facilities to cross-check the models.
Despite that the present work has no experimental part, the
interpretation of these results may be useful for further works in
which laboratory tests are involved.

For the single PCM case, the expected curves of temperature
increment can be observed in Fig. 3. On the first instants of
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o
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&
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@ &
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Case 01 - Aluminum fins 10%
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Case 14 - KFOAM grade D1

Fig. 2. Mesh detail and temperature measure point location for fin and homogeneous models (coordinates in mm from the center of the pipe).
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Table 4
Time results and diameters of the cases simulated.

Case PCM [%] TCE [%] Charge time [h] Linear capacity [k]/m] PCM diameter [mm] Averaged power [W/m]
Single PCM: 100.0 0 36.0 7770.9 171.8 60.0
Steel Fins 5% 95.0 5 11.8 7925.4 175.8 186.6
Steel Fins 10% 90.0 10 6.9 7915.8 180.1 318.2
Steel Fins 15% 85.0 15 53 7934.6 184.4 419.8
Steel Fins 20% 80.0 20 4.4 7926.8 190.0 503.9
Aluminum Fins 5% 95.0 5 39 7821.0 175.8 5599
Aluminum Fins 10% 90.0 10 23 7669.3 180.1 968.4
Aluminum Fins 15% 85.0 15 1.8 7594.6 184.4 1172.0
Aluminum Fins 20% 80.0 20 1.6 7457.8 190.0 1311.2
KFOAM® L1 54.2 30 0.5 7574.3 2273 4208.0
KFOAM® L1A 60.4 22 0.9 7747.6 216.1 2339.2
KFOAM® D1 55.8 28 03 7556.8 2243 6771.4

operation, the temperature of all the measurement thermocouple
points increases evenly until the melting temperature. Once this
temperature is reached, the temperature of the points is locked
until the melting front reaches the measured region. The molten
zone continues increasing its temperature, presenting a tempera-
ture gradient from the pipe to the melting front. A drastic change on
the behavior is observed when the storage media is totally melted.
At this point the temperature increases rapidly in all the model’s
temperature points until thermal equilibrium is achieved at 320 °C.
This effect is produced for the release of the constraint imposed by
the last solid layer, which forced the maximum temperature on this
point to be equal to the melting temperature. Once this restriction
is surpassed, the temperature profile evolves as expected for a
purely sensible storage material.

The same tendencies are observed on the foams with the major
difference of the total melting time. This could be predicted with
the homogeneous hypothesis made on this material, as the trans-
ference mechanisms are exactly the same, changing only the
properties of the storage material. The order of the probe “activa-
tion” is equal in pure PCM and foam cases, but it can be observed
how the instant in which the probes are activated differs. On the
pure PCM case the activation of the probes is uniformly distributed
along the time, finishing the melting process short before P5 starts
overheating. For the foam case, a higher proportion of the time is
elapsed between the melt of the point P5 and the total charge of the
system. The explanation of this effect is related on the heat flux
distribution along the time, having higher differences on the foam
than on the pure PCM. This may be seem contra-intuitive as one of
the targets of the TCE is to increase the heat flux uniformity but it is
important to be aware that the time reduction between these two
cases is very big, and the difference on heat transfer are referenced
to different scales. This section will be further discussed in Section
4.3.

On the fins the temperature distribution is significantly different
than the other two cases. Besides the plateau at the melting tem-
perature is still present, here the order of the melting points is
distorted and the overheating is much less regular than the other
cases. This can be observed on both aluminum and steel fins. The
fins allow a better distribution of the heat spreading the heat source
over a wider area, extending the surface covered by the melting
front and reaching farther regions earlier.

For illustrative purposes, the temperature and liquid fraction
profiles have been represented for the case of aluminum fins 10%,
although the same conclusion can be extracted from any of the
other fin configurations. On Fig. 4 these profiles are presented at
four instants of the process. After 0.5 h, the temperature of the
whole storage material has already reached the melting point
plateau. The liquid fraction is starting to grow, following the fin
pattern. It may be interesting to notice that, as expected, the liquid

region around the fins is thicker close to primary fins (those which
are connected directly with the pipe) than those close to secondary
fins (those connected to the pipe trough another fin). This effect
may be corrected by thickening the connection on these secondary
fins and, therefore, allowing better heat evacuation.

Also in Fig. 4, the relation between the temperature distribution
and the melting front can be analyzed. A temperature increase over
the melting point is shown on the liquid region, being more pro-
nounced on those parts closer to the pipe. A clear preference to
overheating horizontal and vertical regions can be observed, being
the diagonal regions cooler than the others. This can explain why
the melting and overheating curves observed in Fig. 3 are different
for fins than for homogenous cases. Again the effect of the sec-
ondary fins may be the cause of this effect, suggesting that an
improvement on the present design will be incrementing the
effective thermal conductivity on this direction. In the final instants
some solid patches are still present, surrounding tertiary fins. The
result is coherent with the loss of thermal improvement the farther
the connection is. The performance of the system on this point is
much worse than any of the prior instants, due to a very poor heat
transference mechanism for small increments on the capacity.

4.3. Thermal flow distribution

One point to consider when using latent based storage systems
is the variation of the net heat exchanged along time (Fig. 5). The
energy is transmitted earlier to the closest points, giving a better
response on the initial stages that will be fading away as long the
energy of farther region is required. This may imply a difficulty on
the control and applicability of this solution on many applications.
Related to this point, the effect of the different TCE considered on
the dispatch ability of the heat is presented and discussed here.

On the single PCM case the heat flux drops very rapidly on the
first instants, leading to a very low heat transfer compared to the
initial peak. During almost the entire melting process the heat flux
is nearly constant, although very low, due to the strong importance
of the thermal resistance of the PCM. Once this resistance has ac-
quired a high value, its variations have minimal impact on the
overall heat transfer, which is really poor once reached this point,
due to the asymptotic behavior of the thermal flux with the resis-
tance. The studied cases with lowest and highest fin fraction have
been included for each of the materials considered. From low to
high enhancement, the steel solution with 5%, with a similar
behavior to the single PCM but with less difference between the
heat flux peak and the average behavior and with a slight drop on
the very end of the process, is found. As the performance of the fin
increases (rather by increasing the amount of TCE material, rather
by using a more conductive one) the heat flux on the mid-time
tends to increase, dropping smoothly on a linear fashion until the
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Fig. 3. Temperature distribution along the time for: (a) pure PCM, (b) KFOAM® grade D1, (c) Aluminum fins 10%, and (d) steel fins 10%. P1 to P5 are the thermocouples defined in

Fig. 2.

normalized heat is approximately equal to the single PCM case. The
results show an improvement on the heat transfer higher on the
regions close to the pipe than on the farther ones, increasing the
heat flow difference among the initial and final instants. This may
be interpreted using the temperature and liquid fraction patterns
shown in Fig. 4. On the last instants, the remaining solid patches are
far from the efficient transmission region of the fins, leading to a
worse heat transfer and, therefore, dropping dramatically the heat

Temperature [°C]:

l 320

316
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I 300

flux. The improvement of the fin performance has little impact on
melting these patches, explaining why the normalized differences
increase with the fin performance. Probably this effect can be
palliated with careful modifications on the fin pattern to increase
the heat flux on the most disadvantageous points.

The foams have a normalized heat flux shape similar to the
single PCM, but with a minimum heat flux of 20—40% of the
maximum, depending the case. These are the best scenarios for

Liq. fraction [ppu]:

Fig. 4. Liquid fraction and temperature profiles for 10% aluminum case at t = 0.5, 1, 1.5 and 2 h
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operating on a uniform condition but there is still a big difference
on the heat flux along the time. The difference between the
maximum and minimum heat flux seems to be linked with the
conductivity of the matrix, so an even higher conductivity or less
storage capacity per pipe may improve the behavior of the system
in this sense.

The big variations occurring on the heat flux makes necessary to
have extra consideration when operating the device, even using
TCE systems, making necessary to adjust the operating condition
for keeping constant the quantity or quality of the HTF involved.

5. Discussion

Besides the importance of the thermal behavior on the selection
of the proper TCE system there are other important factors that are
critical in the final decision. The cost of the system is one of the
most crucial points in the successful of a TES. This includes not only
the materials of the PCM and TCE respectively, but also de instal-
lation and maintenance cost. This point, although interesting, re-
quires and extensive work and multiple hypothesis that exceed the
scope of the present work. However there are some considerations
that are interesting to keep in mind related to this topic that will be
discussed in this point.

The fin solution had shown a significant improvement over the
single PCM case, with a much lower impact on the energy density.
The constituent material, installation and the more compact solu-
tion make this medium desirable from the cost perspective. From
the heat distribution point, the results here exposed shown a
possibility of improve the heat distribution with an optimized fin
pattern. However, concerning further optimization, it is important
to have in mind the limitation that fin manufacturing process can
present. The complexity required to reach the optimum configu-
ration may be limited for this factor.

Other point to address before selecting a TCE system is the
compatibility of the materials involved. For a long term TES factors

1.0 T

such as corrosion have to be taken into consideration. Aside from
ensuring the lifespan of the system, loosing of TCE material or
acquiring an additional thermal resistance due to oxidation have
obvious and undesirable impact on the performance of the TCE.

On the foam solution, the infiltration process may become an
important cost of the total system, which may, added to the
decrease in energy density, penalize the total competitiveness of
the TCE system. Another point that has to be carefully studied is the
contact between foam and the process pipe, trying to ensure the
maximum contact without cracking the foam due to excessive
dilatation of the pipe.

6. Conclusions

Different PCM heat transfer systems with and without TCE
media have been simulated and their results presented and dis-
cussed. The effect of the TCE on the charge time and the energy
distribution has been used as parameter to comprehend the par-
ticularities of each technology. Finally the heat flux of these systems
is analyzed to evaluate the effect of these improvements on the
stabilization on the absorption and release of energy.

Fins have shown to have a significant reduction on the charge
time of the system, being more efficient the aluminum cases than
steel ones. This kind of TCE has shown little impact on the
compactness of the solution, keeping the high energy density
proper of the latent storage systems. Incrementing the TCE amount
is not a trivial task for this configuration, as for a given pattern the
improvement of adding material becomes marginal rapidly. The
pattern employed on this work, although presenting a considerable
thermal improvement over the single PCM case, have shown sig-
nals of further improvement, mainly the selective thickening of
some branches of the pattern and possibly geometry variations of
the branches. These modifications should be focused on achieve
better heat distribution which may lead to a more uniform heat flux
on the system.
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Fig. 5. Heat flux distribution with the time.
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Foams have shown the best performance among the analyzed
cases, both on charge time reduction and on heat flux uniformity.
The only negative aspect of this solution is the decrement on en-
ergy density of the solution, being necessary a considerable incre-
ment on the size of the system. The last aspect may be improved
with the development of foams with higher open porosity, allowing
more PCM to fill the gaps on the foam and therefore achieve a more
compact composite material.

None of the configurations studied on the scope of this work
have shown capabilities to work on a quasi-steady regime with the
HTF, having an important reduction of the heat flux with the time.
This effect leads to a more complex control and loss of power on the
final instants of operation which are both undesirable drawbacks.
To overcome these points a much higher thermal conductivity in
the storage material and/or composite is required, which seems
difficult to achieve at sight of the high specifications of the mate-
rials already considered.
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