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The adoption of thermal energy storage (TES) systems based on phase change material (PCM) remains limited
by their low thermal conductivity, which restricts power density. Existing heat transfer enhancement techniques
are often costly or come with significant drawbacks, leaving a gap for an effective and affordable solution. This
study highlights metal wool as a promising alternative, offering low cost, ease of application, and retrofitting
potential. While previous experiments demonstrated substantial improvements in power density using copper
wool, a comprehensive numerical model to further optimize this technique is presented here. The model,
incorporating CFD simulations and uncertainty analysis, was validated for bulk PCM and two copper wool-
PCM composites before being extended to a wool material analysis. First, possible alternatives to copper as
wool material were tested, highlighting aluminum as a viable candidate. Then, the proposed composite was
found to match the discharging performance of a PCM with an effective thermal conductivity of 2.5 W/mK, a
value rarely achieved by conventional enhancement techniques. Additionally, a techno-economic comparison
revealed that copper wool delivered a 14.7-fold increase in thermal conductivity relative to liquid PCM at €6
per kg of PCM additivated—a performance unmet by metal foams and nanocomposites. These findings confirm
metal wool as a viable cost-effective and high-performance solution for improving TES systems, partially
bridging the gap between efficiency and affordability.

Metal wool

1. Introduction thermal energy primarily in the form of transition enthalpy between
two phases. Contrarily to sensible heat storage materials, which absorb

The major shift in global energy paradigms resulting from the
transition to renewable energy sources [1] necessitates technologies
that offer flexibility between energy supply and demand, as the latter is
generally variable (or inflexible, in the case of nuclear energy), and it
does not match the demand side. In this context, thermal energy storage
(TES) technologies are part of a wider portfolio that is available for

or release thermal energy in proportion to their temperature changes,
mass, and specific heat capacity, the temperature of PCMs remains
constant during the phase change process, enabling (ideally) isothermal
heat transfer within the material.

Among the key properties (e.g. no chemical degradation, com-

obtaining such flexibility, thus overcoming the operational challenges
associated with the high integration of intermittent energy sources.
Among TES, latent heat storage (LHS) technologies are a promising
solution. Compared to sensible heat storage, LHS systems offer the main
advantage of storing a relatively large amount of thermal energy within
a narrow temperature range (across their phase transition tempera-
ture). Thus, LHS offers significant advantages in applications requiring
temperature stabilization or high energy-density storage solutions [2].
This technology relies on phase change materials (PCMs), which store
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patibility with surrounding materials, non-toxicity, non-flammability,
nonexplosivity, modest density variation during the phase transition,
low vapor pressure at the operating temperature, and no physical
separation [3]) that are required for enabling the adoption of PCMs
extensive use in real-world applications, the low thermal conductivity
is widely known as one of the major bottlenecks, especially in those
applications that require a high power density [1]. Such low ther-
mal conductivity generally limits the rate at which thermal energy is
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Nomenclature

AT Half of the mushy zone (K)

AxX g Porous size (m)

AHTF HTF thermal conductivity (W/m/K)

A Liquid PCM thermal conductivity (W/m/K)

Ag Solid PCM thermal conductivity (W/m/K)

u PCM dynamic viscosity (Pa s)

HHTF HTF dynamic viscosity at fluid temperature
(Pa s)

HHT F.aall HTF dynamic viscosity at wall temperature
(Pa s)

o Liquid PCM density (kg/m?)

s Solid PCM density (kg/m?)

€ Porosity term small constant (-)

A Porosity term (kg/m?/s)

A, Porosity term for the viscosity (-)

C Porosity term constant (kg/rn3/s)

D Sensitivity analysis target function (K?)

Dy, Corrective term to consider the disordered
configuration (-)

d Tube diameter (m)

dgensor Sensor distance from the HTF tube (m)

f Liquid phase fraction (-)

F, Additional momentum term for the
buoyancy effect (N/m?)

F, Additional momentum term for velocity
reduction (N/m?3)

F Random function (-)

g Gravitational acceleration (m/s?)

h Heat transfer coefficient (W/m?2/K)

L PCM latent heat (J/kg)

Lensor Sensor length (m)

P Pressure (Pa)

P Thermal conductivity penalization term (-)

Pr Prandtl number (-)

Re Reynolds number (-)

Texp,_ Experimental temperature at time i (K)

Tinitial PCM initial temperature (K)

um; Numerical temperature at time i (K)

Ty, PCM phase transition temperature (K)

v PCM velocity (m/s)

Xgisord Fiber edge position in the disordered
configuration (m)

Xord Fiber edge position in the ordered

configuration (m)

transferred in the material, thus leading to prolonged charging and
discharging times in TES systems, an issue also known as the rate
problem [4]. This issue becomes especially noticeable during the solidi-
fication of PCMs when the interface between the liquid and solid phases
forms at the heat transfer surface and gradually moves away, resulting
in a solid PCM layer of increasing thickness. This layer enhances
thermal resistance by acting as an insulator due to the inherently low
thermal conductivity of PCMs, leading to a self-insulating effect [5].
Therefore, the discharging processes of PCMs are generally much longer
than the charging ones. In cases of partial melting/solidification, latent
TES may even be disadvantageous as compared to sensible TES in
practical applications [6,7].

Several strategies have been studied in the literature to mitigate
this limitation by enhancing the heat transfer in PCM-based applica-
tions. These techniques can be classified as static or flexible. In the
former case, heat transfer is improved through fixed, stationary layouts,
whereas in the latter, the highly conductive nanofillers, incorporated
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into the low-conductivity PCM matrix, move along with it. The static
standard technique is obtained by strategically placing fins within the
PCM container [8,9]. This technique may significantly both increase
the heat transfer surface area and create different heat transfer sur-
faces at which the phase transitions initiate, thus reducing the local
thickness of the bulk PCM that acts as an insulator [10,11]. However,
this reduction in space available leads also to a diminished natural
convection that generally speeds up the melting process. These two
contrasting phenomena resulting from the reduction in available space
for PCMs govern the overall impact of the fins on the charging and
discharging processes, thus requiring specific analysis for the different
case studies [12]. A general remark highlighted by the literature studies
was the importance of the length and number of fins rather than
their thickness and orientation [13]. Beyond the potential benefit of
reducing charging and discharging times in PCM-based TES tanks, this
technique also comes with several drawbacks. First, a general reduction
of the PCM amount is needed to obtain the space for the fins, thus
reducing the energy density and nominal energy capacity of the storage
system. Moreover, the fins addition generally causes a relevant increase
in the mass of the storage system [14], and leads to more complex
designs and manufacturing. Finally, this technique cannot be adopted
in already-built TES tank solutions, as it has to be performed at the
design stages.

Regarding the main flexible technique, i.e. the use of PCM nanocom-
posites, the concept is to improve the effective thermal conductivity
of the PCM at the material scale and create a more efficient path for
heat transfer within the material [15]. In this context, numerous studies
have investigated experimentally, computationally, and analytically
the effects of various nanofillers — including metallic and carbon-
based [16,17] — within PCM matrices [15,18]. These studies explored
the resulting variations in melting and solidification behavior under
different conditions, such as TES tank size and shape [19,20], as well
as in diverse applications, including domestic heating [21], thermal
management [22], and solar thermal storage [23]. Nonetheless, this
technique, which theoretically could achieve sufficiently high ther-
mal conductivities with a modest amount of nanofiller, has not yet
reached the expected outcomes due to various issues. First, the heat
transfer within the composite material is severely hindered by the
thermal resistances generated at the interfaces between the nanopar-
ticles and the bulk PCM and between different nanoparticles. Such
thermal resistances are caused by phenomena at different scales oc-
curring at the interfaces of different materials, such as air inclusions
due to non-perfect adhesion (which results in smaller effective con-
tact areas between the two components) [24], and phonon scattering
caused by spectral mismatches [25]. Moreover, traditional additivation
techniques used to produce these composite materials often result in
unstable composites. When the PCM is in its liquid phase, the large
density differences between the matrices and additives cause phase
segregation of the nanofillers. Finally, most of the nanofillers, such as
the carbon-based ones (graphene nanoplatelets and carbon nanotubes)
are orders of magnitude more expensive than commercial PCMs [26].

The difficulty in managing such nanocomposites and the fins-related
drawbacks called forth innovative heat transfer enhancement tech-
niques. In this context, a promising technique regards the integration of
metal foams into the PCM matrices. Metal foams are generally charac-
terized by a low-weight highly porous structure (porosity values usually
larger than 95%) [27] which can be tailored to specific porosities
and pore densities to optimize heat transfer rates [28]. Here, the heat
transfer enhancement is obtained by increasing the heat transfer surface
area and generating several phase transition initiation surfaces with
the consequent decrease in the local thickness of bulk PCM. Therefore,
more efficient heat conduction and consequent uniform temperature
distribution are present within the PCM [29]. Compared to nanocom-
posites, such a technique does not present segregation issues and was
also reported to perform more effectively [30]. With respect to fins, on
the other hand, metal foams, being porous materials, require a lower



A. Ribezzo et al.

amount of space, thus leading to greater energy densities as a larger
PCM mass can be inserted. However, the porous structure leads to a dra-
matically low space for the PCM liquid phase movement, thus almost
suppressing the natural convection during the melting process. The
use of these structures also presents other challenges, primarily related
to optimizing porosity and pore density, which have been reported
to produce conflicting effects on thermal performance, particularly in
terms of charging and discharging times of the thermal battery [30].
More importantly, their manufacturing processes are complex and their
costs are remarkably higher than the ones possessed by most of the
PCMs.

In the context here presented, metal wools may overcome critical
drawbacks possessed by the previously described heat transfer enhance-
ment techniques, as they represent a promising relatively low-cost,
easy-to-implement, and effective solution that has not been extensively
studied in the literature. Metal wools are highly porous (porosity larger
than 90%), stable, and flexible structures made of metallic fibers en-
tangled among them. By possessing a structure similar to that of metal
foams, metal wools possess similar characteristics: they provide a three-
dimensional highly conductive pathway within the PCM, increase the
heat transfer surface area, generate several phase transition initiation
surfaces, and reduce the nominal energy capacity of the TES system
of a minor extent. Besides their similarities, foams and wools differ
as (i) even if wools are stable, they can be easily shaped in different
forms, being flexible, thus also possibly representing an ideal candidate
solution for retrofitting existing thermal batteries, and (ii) wools man-
ufacturing is way easier (and cheaper) than that of foams. Metal wools,
in fact, have been produced for decades and are available in the market
for construction, shielding, damping, and other applications [31]. For
these reasons, metal wool costs are much lower than that of metal
foams, thus reducing the relative economic impact of the additive
technique [31]. Different wool materials are available in the market,
such as aluminum, stainless steel, copper, brass, and also disposable
materials have been proposed in the scientific literature [32]. With
these solutions, the heat transfer enhancement that can be achieved is
a function of the geometry of the fibers and their alignments, as well as
the orientation of the overall structure within the PCM-based TES tank.
In fact, metal wools can be shaped into fin-like shapes thanks to their
flexibility, with the modest decrease of space available for the PCM
related to the presence of a highly porous structure. More importantly,
they can also be used in already-built TES tanks. In summary, metal
wools (i) do not present the managing challenges required by the
nanofiller additivation, (ii) require a lower volume compared to the
fins, and (iii) are much simpler (and cheaper) than the metallic foam
from the manufacturing point of view. The mentioned advantages make
metallic wools an attractive option for those large-scale applications
that need a flexible, easy-to-implement, and low cost solution, espe-
cially in already existing storage systems (retrofit). This technology
could be particularly well-suited for retrofitting PCM-based TES tanks
that utilize a heat exchanger configuration, which is the most common
layout [33]. This design is especially advantageous for applications
requiring a combination of high energy and power densities. As a result,
this technology could be integrated into applications that demand high
power and short charging/discharging cycles, such as the power [34],
heating and cooling [35], and industrial [36] sectors.

Despite the above interesting items, to our knowledge, metal wools
have been poorly investigated in the current literature. At the material
scale, the effective thermal conductivity of an inert resin-stainless steel
wool composite was studied by Prieto et al. [37]. A casting method and
an infiltration technique were tested, and only the latter was reported
as a successful production technique. The composite effective thermal
conductivity was experimentally obtained by means of a transient
plane source hot-disk technique. The introduction of 10% in volume of
metallic wool resulted in effective thermal conductivities of 4 W/m K
and 0.77 W/m K in the fibers’ radial and axial directions, respectively.
At lab scales, few TES tanks have been analyzed. The impact of a
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steel wool was assessed in a shell and tube configuration TES tank by
studying two different wool configurations: a uniform wool dispersion
and a fins-like shape [38]. Here, modest reductions in charging times
and negligible impacts on discharging times were reported. In [39], a
simplified configuration consisting of a sole tube of a shell and tube TES
tank was adopted for studying the melting and solidification behaviors
of a salt PCM additivated by a stainless steel wool for high-temperature
applications. An effective thermal conductivity of 2 W/m K of the wool
composite was obtained by means of comparison between numerical
simulations and experimental measurements with 10% wool volume
content, a 300% increase with respect to the bulk PCM thermal conduc-
tivity. Finally, Khliyeva et al. [40] adopted a simplified geometry for
testing two different wool materials (copper and aluminum) to assess
their impact on the melting and solidification behavior of a paraffin
PCM. Promising results were reported, with copper performing better
than aluminum. The discrepancies reported by the described literature
results may be due to the different production procedures of the wool
available in the market, which severely affect its structure, geometrical,
and thermophysical properties.

A comprehensive study of the charging and discharging process of
a metal wool-PCM composite in a TES tank is needed, as the previously
described studies gave a partial framework, by focusing on simplified
TES tank geometries [39,40], material properties characterization [37],
or preliminary wools pattern [38]. To this aim, we carried out an
experimental campaign by testing different copper wool patterns and
fiber dimensions, in order to assess their impact on the charging and
discharging behaviors of a PCM-based TES tank prototype. The results
of this experimental analysis, which are reported in Ribezzo et al.
[41,42] and Kala et al. [43], stressed how metal wools may be an
effective heat transfer enhancement technique, by showing outstanding
improvements, especially during the discharging process. These experi-
mental studies, which have studied different wool configurations within
the TES tank, have also suggested the possibility of defining optimized
solutions, both in terms of wool configuration and material.

In this context, this study aims to carry out a numerical analysis
of metal wool as a viable heat transfer enhancement technique in
PCM-based TES systems. CFD simulations have been first validated by
means of a comparison with experimental tests and then utilized to
explore possible improvements in wool materials and configurations.
The CFD simulations have been coupled with an optimization software
to explore the design space of the input parameters (thermophysical
and geometrical properties), thus assessing the impact of such inputs on
the numerical outcome. Configurations containing bulk PCM and two
copper wool-PCM composites have been considered in the numerical
analysis. The composites have been obtained by adding thick and fine
fiber wool sheets perpendicularly to the heat transfer fluid tubes of the
TES tank, with corresponding packing factors of 0.24 and 0.22 g/cm?.
For the comprehensive description of these configurations and their
corresponding experimental results refer to cases 1 and 3 of [43], where
three charging/discharging cycles were conducted for both configura-
tions with different packing factors, and the average values were taken
from these tests, showing only minor variations with small error bars.
Useful insights were obtained from this numerical analysis about the
thermal performance (namely the discharging time) of such PCM-wool
composites in terms of possible cheaper alternatives to copper as wool
material, and preliminary comparison from an economic perspective
with other heat transfer enhancement techniques, such as nanocom-
posites and metal wools. To the best of the authors’ knowledge, no
studies have conducted such a comprehensive numerical analysis of
copper wool as a heat transfer enhancement technique in PCMs for
TES within the scientific literature. Furthermore, this study introduces
the proposed heat transfer enhancement approach in the context of
a shell-and-tube TES tank configuration. The proposed system may
be integrated into TES applications requiring relatively high power
and energy densities, such as in the automotive sector [8], as well as
for localized or small-scale cooling and heating [44] and waste heat
recovery [45].
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2. Theoretical framework
2.1. Enthalpy-porosity approach

CFD simulations of the thermal behavior of the PCM have been
performed by means of COMSOL Multiphysics. Simplifying assumptions
were used to decrease the computational effort. First, only a subsystem
of the entire TES tank was considered, which consists of a vertical pair
of tubes. Moreover, a 2D section was considered, thus assuming that
the variation of the PCM behavior along the length of the HTF tubes
was negligible. These two simplifying assumptions were adopted due
to the geometrical symmetry of the TES tank and the high velocity of
the HTF. Under these conditions, it was reasonable to consider each
couple of tubes’ behavior as almost symmetrical with respect to the
others. A boundary condition at the tube-PCM boundaries was intro-
duced to simulate the heat transfer between the HTF and copper tubes.
Specifically, convective heat flux caused by internal forced convection
in an isothermal tube was considered. This boundary condition was
chosen in order to obtain a balance between the physical accuracy
and computational efficiency of the numerical model, thus avoiding
the complexity of solving full fluid dynamics inside the tubes, as the
primary focus was the PCM behavior. The inlet temperature and
mass flow rate of the HTF were taken from the experimental values
detected by the temperature sensor and the flow meter. The heat
transfer coefficient used to define this boundary condition was obtained
as [46]:

4412 3 66, if Reyq < 2500

0.14
4z, 027Re}/ *Pr' /2 ("Hi) . if Reg > 2500

d HHTF, wall

h =

where d is the internal diameter of the HTF tube, Re the Reynolds
number, Pr the Prandtl number, Ayrp the thermal conductivity of the
HTF, and pyrp and pyrr, wan the dynamic viscosity of the HTF at the
fluid and wall temperature, respectively. Symmetrical and insulating
heat transfer boundary conditions were imposed at the horizontal and
vertical boundaries, respectively. Regarding the fluid flow physics, wall
and symmetry boundary conditions were adopted at the horizontal and
vertical boundaries, respectively, and a pressure value was imposed
at the left-upper angle. As an initial condition, at the time ¢t = 0, the
PCM was supposed at a homogeneous temperature Tj;;,- A schematic
overview of the whole 3D TES tank and the 2D subsystem considered in
the numerical simulations are shown in Fig. 1, along with the boundary
conditions applied.

The thermal behavior of the PCM was simulated by the enthalpy-
porosity method [47]. This approach is based on the coupling between
the enthalpy, continuity, and momentum equations to model the ther-
mal behavior of the solid and liquid phases, the phase transition, and
the movement of the PCM liquid phase due to natural convection.
According to it, the following equations are considered:

nV-v=0, )]
2 VY=V Lpl+ K+ Fy £ F, @
oT
prep(T) (E +v- VT) =V - (AT)VT) + Sy, 3)
where
K = u(T)(Vv + (Vv)), )
F,=—-A(f)-V, )
Fg=[pl+("12A_7f’S)T—(TPC+AT)]g, 6
d
Sh = —mL—f )

dr’
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Fg is an additional momentum term for considering the buoyancy
effect, where g is the gravitational acceleration and AT half of the
mushy zone. F, is an additional momentum term to include the gradual
reduction of the velocity from the liquid value to zero (fully solid PCM)
in the mushy zone. According to this method, in fact, the portion of
liquid material that is within the mushy zone is modeled as a fluid
flow in a porous medium, in which the porosity term A(f) of Eq. (5) is
defined according to the Carman-Kozeny equation for flow in porous
media [48]:
2
agn =40 ®
(f°+e

where ¢ is a small constant (1e—3) included for computational pur-
poses, while C is a constant for modeling the structure of the melting
front, whose value is still undefined in the scientific literature, ranging
from 10* to 10% [47]. S, of Eq. (7) is the additional energy term
introduced to include the PCM latent heat contribution, where f(T')
is the liquid fraction, whose value is O in the fully solid region and 1
in the fully liquid region, while it is generally assumed to vary linearly
in the mushy zone, even if detailed mushy zone variation curves are
emerging from DSC analysis [49]. The thermal conductivity A and
specific heat capacity ¢, were considered to vary linearly between their
solid (subscript s) and liquid (subscript 1) values as a function of the
temperature:

}‘1 - }‘s
A=A+ AT (T = (T + AT)), (C)]
C. 1~ C, X
cp = Cp1+ <%) (T = (Tye + AT), 10)

while the dynamic viscosity y varied between its liquid value y; and a
very large value in the solid phase to avoid any movement:

= w1+ Ay(f). an

The solid and liquid values in Egs. (9), (10), and (11) were assumed
constant within their respective phases over the considered tempera-
ture range, as experimental testing indicated modest variations of these
properties for the PCM material under study [50] in these conditions.

2.2. Exploration algorithm

A relevant issue in getting reliable results from numerical simula-
tions is due to the PCMs thermophysical (and TES tank geometrical)
properties provided as input in the numerical model. An important
source of errors, in fact, may derive from the uncertainty of these
parameters, which may attributed to [51]: the difficulty in finding
consistent thermophysical properties measurements due to different
techniques [3,52], and the scaling up to mesoscale applications of these
experimental values obtained at microscopic scales [3].

In this context, an analysis that considers the uncertainty of these
input values may lead to more accurate results and the identification
of the most sensitive input parameters. For these reasons, the CFD
simulations have been coupled with an optimization software, Mod-
eFrontier [53], to assess the impact of the uncertainty of the input
parameters on the output of the numerical simulations. This analysis
was obtained by emulating the working mechanism of the temperature
sensor in the numerical model. Since Resistance Temperature Detec-
tors (RTDs) were used as sensors in the experiments, the numerical
model incorporated a vertical line of length L. at a distance dge g0,
from the tube, along which the temperature average was computed
throughout the charging/discharging process. This numerical approach
was employed to replicate the working mechanism of RTD sensors
in the simulations, as these sensors measure the temperature of the
medium they are embedded in by averaging the values detected along
their pin length. Being the solidification of the PCM the major physical
bottleneck in most of the applications, as it reduces the power density
and increases remarkably the charging/discharging cycle duration, this
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Boundary conditions
Heat transfer

Symmetry
Insulation
Convective heat transfer

Fluid flow

Wall
Symmetry

= Pressure constraint

Fig. 1. Schematic of the whole 3D TES tank (a), and the two-dimensional subsystem considered in the CFD simulations, along with the applied boundary conditions applied (b).

process was chosen as the main focus of the numerical simulations. It
is important to stress that, in this study in which a storage applica-
tion was not defined, the convention adopted was charging-melting,
discharging-solidification. The PCM-related parameters, i.e. latent heat
L, melting temperature T}, phase transition window AT, dynamic vis-
cosity yy, thermal conductivity and specific heat capacity in both liquid
and solid phases A, 4, ¢, 5. ¢, were considered to vary of +5% from
the nominal values experimentally obtained at the material scale for
the reasons previously described, i.e. the difficulty in finding consistent
thermophysical properties values and the scaling up issue. Additionally,
Lgensor and dgepoor Were allowed to vary between their possible extreme
positions detected during the experiments. Finally, the constant C of
the enthalpy-porosity method shown in Eq. (8) was considered in the
range 10*-108. Table 1 is an overview of the considered ranges (and
information sources) of the various input parameters in the case of bulk
PCM.

This sensitivity analysis was obtained by means of SOBOL, a de-
terministic design of experiment algorithm that varies the input pa-
rameters to obtain a uniform sampling of the design space and reduce
the clustering effect [53]. As described before, the output of the nu-
merical simulations was chosen as the temperature average along the
line introduced to mimic the temperature sensor. In this context, the
target function of the sensitivity analysis was the discrepancy between
the temperature-discharging time curves obtained from experimental
measurements and numerical simulations. This value was computed as

Table 1
Overview of the ranges of the various properties considered in the exploratory
numerical analysis.

Property Range Source

T, [°C] 26.6 + 5% DSC analysis [41]

L [J/g] 202.5 + 5% DSC analysis [41]

AT [K] 1.47 + 5% DSC analysis [41]
dgongor [mm] 0.9-1.8 Exp. measurements
Lgensor [mm] 4-5.8 Exp. measurements

A [W/m K] 0.17 + 5% From literature [50,54]
4s [W/m K] 0.29 + 5% From literature [50,54]
u; [mPa s] 3+ 5% From literature [50,54]
¢ps [J/kg K] 1750 + 5% From literature [50,54]
1 [J/kg K] 2200 + 5% From literature [50,54]
C [-] 10%-108 From literature [47,55]

the sum of the square of the difference between the numerical and
experimental values detected at each measurement instant:

N
2

D= Z (Texpi - Tnumi) , 12)

i=0
where N is the total number of time steps of the discharging process,
and Ty, and Ty, are the experimental and numerical temperatures
at time step i, respectively. T, was obtained by averaging the outputs
of the temperature sensors contained in the PCM side of the TES tank,

as described in [42,43].
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Fig. 2. Simplified schematic of the wool sheets complete pattern experimentally tested in [43].

2.3. Metal wool introduction

In the experiments, the wool sheets of the complete pattern were
inserted perpendicularly to the HTF tubes and stacked in the tubes’
axial direction as shown in the simplified schematic of Fig. 2 (see [43]
for further information).

This configuration, in the numerical geometry considered (shown
in Fig. 1(b)) consisted of a 2D plane containing the wool fibers in
(quasi) horizontal and vertical directions. In this context, the classical
techniques adopted for modeling the composites, i.e. the effective
thermophysical properties and the porous media approach, would lead
to an incorrect reproduction of the phase transition front shape for
this configuration pattern. Even if exploiting different concepts, both
mentioned techniques would recreate phase transition fronts starting
from the tube boundaries and propagating with concentrical shapes
with respect to the tubes. Thus, these techniques would replicate a
phase transition behavior similar to that of the bulk PCM, differing only
in the faster front propagation rate resulting from the higher local tem-
perature computed in the composite case. However, the addition of the
highly conductive metal wool in the 2D axial plane generates several
surfaces at which the PCM solidification starts, thus resulting in several
phase transition fronts due to the more homogeneous temperature
distribution generated by the wool grid. Being the comparison between
numerical simulations and experimental measurements solely possible
by means of local temperature measurements performed within the
PCM, an incorrect modeling of the phase transition front shape would
lead to inaccurate results. For these reasons, the introduction of the
wool in the numerical model can be performed solely by implementing
the wool fibers within the PCM domain considered, thus recreating the
wool in the 2D geometry.

The geometrical introduction of the wool fiber in the numerical
model inherently poses some challenges. First, the number and the
distribution of the wool sheet fibers in the 2D radial plane needed to
be estimated. Both factors were derived based on the assumption of
an evenly distributed fiber reticulate in the considered 2D plane, as
described in Appendix A. This initial assumption led to the estimation
of the number of fibers, as the wool mass fraction, wool and PCM
densities, and wool mean thickness were known. Subsequently, being
the wool sheets different from a regular reticulate, a corrective factor
D was introduced for taking into account the real distribution and
orientation of the fibers, defined as:

Xdisord = Xord T Dais * £+ AXorq- (13)

Here, the position of the edge of a general fiber in the disordered
configuration xgjs,;q [cm] is obtained by summing to the evenly dis-
tributed position x,4 [cm] a corrective term including the Dgy; term
[-], a random function F [-] (which ranges between —1 and 1), and
the porous size Ax,4 [cm].

In addition, another corrective term was introduced for taking into
account the phenomena at the materials interfaces that generally hinder
the heat transfer in composite materials. At the wool-PCM interfaces,
in fact, non-perfect contacts are present as shown in Fig. 3(b), which
depicts an optical microscopy image (at 5x zoom) of the wool-PCM

(b)

Fig. 3. Microscopy images (5x zoom) of the copper wool sheets (a), and copper wool-
PCM composite (b) in which the defective wool surfaces and imperfect contact between
PCM and wool fibers are visible.

composite. Moreover, the numerical model considers perfectly straight
fibers with smooth surfaces, which are properties far from the real
fibers, as shown in Fig. 3(a). To take into account these defective
behaviors, a penalization term P was introduced to reduce the thermal
conductivity of the wool fibers. A reduction in the material thermal
conductivity, therefore, was imposed to simulate the real-world proper-
ties, a concept that is similar to the mechanical-based thermal interface
resistances for nanofiller-based materials [15].

Also for this pattern, the CFD model was coupled with the SOBOL
algorithm for obtaining the variation of the input data. The PCM
properties were kept the same as the bulk PCM configuration, while:

+ The Dy term was considered to vary between 0.1 and 0.9.
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Fig. 4. Parallel coordinates plot for the numerical simulations of the discharging
process of the baseline case in which each line represents a numerical simulation.
The first eleven columns represent the input parameters, while the last column is the
output value, i.e. the difference D shown in Eq. (12).

» The P term varied in a range between 0 and 1.

» The number of fibers was in the range of 10-25 and 20-50 for
the thick and fine fibers, respectively.

+ The thickness of the fibers was considered +5% with respect to
the nominal values.

3. Results and discussion
3.1. Baseline case - bulk PCM

A total of 139 simulations were conducted by varying the in-
put parameters within the ranges specified in Table 1, following the
coupling procedure described in Section 2 between the exploration
algorithm and the CFD model. Fig. 4 presents a parallel coordinates
plot summarizing the input parameter values used in the simulations
and the corresponding target results obtained from Eq. (12). In this plot,
each green line represents a numerical simulation, with the parameter
values indicated by the intersections of the lines with the corresponding
columns.

Thanks to those simulations, a sensitivity analysis over the input pa-
rameters was developed with the aim of defining the most influencing
ones. An adaptive sparse polynomial chaos expansion technique [53]
was adopted, with a resulting R-square of 0.982, and the results are
shown by the effect bar chart in Fig. 5. The most impacting factors
resulted in the sensor distance and the sensor length, which accounted
for more than 75% of the overall impact. Thus, the reconstruction of the
sensors’ geometrical features in the numerical simulations is of crucial
importance when using local temperature measurements, even more
important than the accuracy of the materials’ thermophysical proper-
ties. The results of Fig. 5 also confirm the negligibility of the impact of
liquid PCM-related properties during the discharging processes.

Based on the above results, we adopted a purely conductive model
in the following numerical simulations, thus saving computational
time. This conductive model was validated by comparing it to the
complete (conduction+convection) model using the 25 best-matching
cases. A negligible difference between the output of the two models
was obtained, as shown in Fig. 6 where the percentual differences of
the temperatures computed every minute for the 25 curves are plotted
against the discharging time. The maximum difference between the two
approaches was below 1%, thus validating the sole conductive model.

After this preliminary analysis, a comprehensive study of the PCM
thermal behavior during the discharging process was carried out. The
input properties range was refined by accurately measuring the length
of the sensor in the experimental setup, thus setting it to the constant
value of 4 mm (excluding sensor 10, as it had a longer length [43]). The
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design space of the input parameters was analyzed by performing 100
simulations by means of the SOBOL algorithm, and the comparison of
the PCM temperature curves as a function of the discharging process
between the 50 best-matching numerical results and the experimen-
tal counterparts is plotted in Fig. 7. Here, the dashed line and the
corresponding filled region were obtained by computing the average,
maximum, and minimum temperature values of the 50 numerical sim-
ulations every minute, while the continuous line and the corresponding
filled region equals the average and error bars obtained during the
experimental tests.

An excellent agreement between experimental measurements and
numerical simulations was found, with the exception of two modest
discrepancy zones. The first discrepancy zone regards the very first
discharging minutes, probably due to (i) the simplifying hypothesis
assumed as boundary conditions, and (ii) the reduced size of the TES
tank prototype. However, its extent and duration in time is limited (first
20 min). The second discrepancy zone is present at the very last stages
of the discharging process. Here, the numerical model predicts a rapid
temperature decrease, while the experiments showed only a modest
reduction. This discrepancy was attributed to the fact that the RTD
sensors experimentally detected the temperature of a mixture composed
of PCM and air gaps that resulted from the shrinkage of the PCM due to
its solidification. This shrinkage of the PCM is visible in Fig. 8, which
shows an experimental picture of the prototype TES tank containing
bulk PCM at the end of the discharging process. Those air gaps behaved
as insulating regions, thus resulting in the slower temperature decrease
detected experimentally by the sensors.

Nonetheless, despite these two modest discrepancy zones, an excel-
lent prediction of the experimental temperature curve was obtained
with the proposed numerical approach. This confirmed also that the
range of the input parameters chosen was reasonable.

3.2. Wool complete pattern

The discharging processes of the wool-PCM composites (cases 1 and
3 from [43]) were numerically simulated using the same procedure de-
scribed for the baseline case. The uniform coverage of the design space
of the input parameters was obtained by performing 75 simulations.
In a preliminary analysis, which is reported in Appendix B, the input
parameters range related to the wool, i.e. the Dy, term, the P term,
and the number of the fibers, were refined in smaller ranges which
most likely (in probabilistic terms) would yield numerical results close
to the experimental ones. The resulting refined ranges for the input
parameters were: Dy;; between 0.35 and 0.65, P between 0.3 and 0.8,
and the number of fibers between 15 and 40 in the case of fine fibers
while was kept from 10 to 25 in that of thick fibers. This preliminary
analysis aimed at rejecting most of the input values that would have
led to outliers in the numerical results.

Then, a comprehensive study was performed with the refined input
ranges, and Figs. 9(a) and 9(b) compare the discharging temperature
curves from the 50 best-matching numerical cases with the experimen-
tal results for copper wool-PCM composites with thick and fine fibers,
respectively.

Differently from the baseline case, here a non-negligible discrepancy
was present in the phase transition regions, where the numerical model
and experimental tests reported different temperature trends. While in
the numerical simulations, the theoretical quasi-constant-temperature
phase transition (between Tj,. + AT and T, — AT) is present for a rel-
evant period of time, in the experiments this plateau lasted only some
minutes. This experimental behavior may be attributed to the mixture
of air gaps, metal wool, and PCM that is present in the proximity of
the temperature sensors. Especially the high conductivity of the metal
wool fibers may led to the faster temperature decrease detected by
the sensors. On the other hand, the discrepancy zone attributed to
the PCM shrinkage was present in the last stages of the discharging
process also for the PCM-metal wool composite. However, in these
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each input parameter on the simulation output. dge, and Ly, are the distance from the tube and length of the sensor, respectively; k, and k; the solid and liquid PCM thermal
conductivities, ¢, and ¢, the solid and liquid PCM specific heat capacities, L the latent heat, T,,. the phase transition temperature, AT half of the mushy zone, y; the dynamic

viscosity of the liquid PCM, and C the fitting parameter of the enthalpy porosity method reported in Eq. (8).
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Fig. 6. Difference computed every minute of the 25 best-matching numerical curves obtained by means of the complete and purely conductive model.

composite cases, the experimental temperature decreased more rapidly,
and the difference was smaller because the wool fibers partially filled
the air gaps that would have otherwise acted as insulators. Despite
these relatively small discrepancies due to the difficulty in reproducing
such a local phenomenon, overall good agreements were obtained with
the proposed numerical model.

After its validation, the model was then used for performing a
wool material exploration, by considering aluminum, steel, and iron
as possible cheaper alternatives for the copper wool. The compari-
son was performed by keeping constant the input parameters, thus
varying solely the wool materials properties. Thanks to the numerical
simulations, a global figure of merit for the comparison was adopted,

i.e. the averaged PCM liquid fraction as a function of the discharging
time. Fig. 10 reports the comparison between the different materials
regarding three figures of merit: the mass fraction of the wool needed
to obtain the copper wool-PCM volume fraction experimentally tested
(in the upper panel), the time needed to obtain a complete discharging,
i.e. to reach a liquid fraction equal to zero in the whole considered
domain (in the central panel), and the total cost of the additive material
needed to obtain that discharging time (in the lower panel). It is
important to stress that the cost here reported is the one of the additive
material itself, not the cost of the wool, which also depends on how
easily wool fibers can be made out of the bulk material. Fig. 10 can
serve as a guideline for selecting wool materials based on the specific
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Fig. 7. Comparison between the temperature curves within the PCM during the discharging of the baseline case obtained through the purely conductive numerical model (dashed
line) and experimental tests (continuous line). The lines represent the average values, whereas the corresponding filled areas their error bars.

Fig. 8. Experimental image of the TES tank containing bulk PCM after a discharging
process, in which the air gaps generated from the shrinkage of the PCM are clearly
visible.

requirements of a given application, such as maximum discharging
times, weight limitations, or cost constraints. This heat transfer en-
hancement technique is particularly advantageous for applications that
demand relatively fast charging-discharging cycles, including certain

power sector applications [34], short- and mid-term TES in the heating
and cooling sector [35], and various industrial applications [36]. It is
worth mentioning that the discharging time reported here refers to the
TES tank prototype experimentally tested in [43]. The related figures
of merit — such as charging/discharging times, power, and energy
— are thus strictly related to the size of this TES tank. Therefore, a
detailed analysis should be performed for each specific storage system,
considering factors such as tank size and PCM quantity to accurately as-
sess its performance and compatibility with the application constraints
under study. Nonetheless, the analysis reported in Fig. 10 represents an
indicative comparison between different wool materials that could be
used as heat transfer enhancers in practical TES applications.

3.3. Preliminary cost analysis

In conclusion, a preliminary cost analysis was performed by com-
paring the proposed case 1 with nanocomposites and metal foams. This
analysis used two figures of merit: the thermal conductivity enhance-
ment achieved with the implementation of the copper wool and the cost
of the wool material required to achieve this improvement per kilogram
of PCM. It is important to note that the cost reported in this analysis
refers to the wool fibers, unlike the analysis shown in Fig. 10, which
refers to the bulk materials. The thermal conductivity enhancement of
the proposed solution was determined by comparing the discharging
time curves of the PCM-copper wool composite with thick and fine
fibers to those of an equivalent material with an effective thermal
conductivity that replicates the discharging behavior of the composite.
Fig. 11 shows that an equivalent material with an effective thermal
conductivity of 2.5 W/m K resulted in a liquid fraction curve over
discharging time similar to the curves obtained with the addition of
copper wools. Fig. 12 shows the comparison between the proposed cop-
per wool, nanocomposites, and metal wools in terms of the economic
and technical figure of merits mentioned. According to this analysis, the
copper wool proposed in this study required a remarkably smaller cost
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— about 6€ (data obtained April 2024) — with respect to the metal
foams (in the order of magnitude of thousands of euros) with a similar
thermal conductivity enhancement, while it performed several times
better than nanocomposites that possessed similar costs.
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Fig. 10. Overall overview of three figures of merit obtained for different wool
materials: the wool mass fraction in the upper panel, the discharging time of the
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4. Conclusions

In this study, a poorly explored heat transfer enhancement tech-
nique obtained by adding metal wool sheets within a PCM matrix was
numerically investigated. Numerical simulations of a TES tank proto-
type containing bulk PCM and PCM-copper wool composite, whose
experimental counterparts are reported in [43], have been extensively
carried out to obtain a comprehensive assessment of the performance
of these novel composite materials.

A coupling between CFD simulations and an explorative algorithm
was used to perform a numerical analysis comprehensive of the impact
of the accuracy of the input parameters on the output numerical
result. At first, a sensitivity analysis of the baseline case (bulk PCM)
was performed and revealed the negligible impact of the convective
phenomena during the discharging process and the major impact of
the geometrical layout of the local temperature measurements. Con-
sequently, a purely conductive numerical model was first validated
and then used for the subsequent analysis, thus significantly reducing
the computational time without compromising the accuracy. Additional
parameters in the numerical model were necessary for the addition of
the metal wool, and the simulation of the copper wool-PCM composite
yielded good matches between experimental and numerical results,
thus validating the reliability of the numerical model. The model was
then used to explore different wool materials as cheaper substitutes for
the copper that was experimentally tested. The material exploration
resulted in an overview of the performance of the metal wool material
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Fig. 12. Comparison between the effective thermal conductivities and costs of heat
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[63].

as a function of the different constraints that may exist in the different
case studies, such as the required discharging time, weight, and cost.
Additionally, the proposed copper wool-PCM composite was compared
to an equivalent PCM with an effective thermal conductivity that
replicates the wool-PCM thermal performance, based on the liquid
fraction trend over time during the discharging process. As a result,
a material with an effective thermal conductivity of 2.5 W/m K was
found to match the thermal behavior of the composite in this study,
representing a remarkable 14.7-fold increase compared to the bulk
PCM value. Finally, the composite with thick fibers of copper wool
was compared with the nanocomposites and metal foams techniques
from a techno-economic perspective, proving to be a promising solution
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for enhancing the heat transfer within PCMs in TES applications. In
fact, the solution proposed here was the sole one to achieve a thermal
conductivity value that may met industrial requirements while ensuring
a reduced cost.

In conclusion, this study assesses the possibility of using metal wool
as a relatively cheap and effective heat transfer technique, particularly
suitable for retrofitting already-built TES tanks. The experimental tests
reported in [41-43] and numerical simulations described in this study
provide a fundamental groundwork for future optimization and ap-
plicative studies, as several areas of improvement are present due to
the novel nature of the technique. First, material scale studies could
provide insights about the geometrical features of the wool, and their
impact on the TES tank thermal performance, in terms of power and
energy densities. Moreover, such a material scale study would also
lead to a more accurate multi-scale numerical model that may not
rely on fitting parameters. Finally, a comprehensive techno-economical
analysis, along with experimental tests in pilot plants, could be a
further step towards the application of this technique in real-world
applications.
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Appendix A

In the composite configurations, wool sheets are placed perpendic-
ular to the tubes until the TES tank is filled, as schematically shown
in Fig. 2 and described in [43]. If the fibers were perfectly straight,
evenly distributed in the radial plane of the tubes, and had a square
cross-section, this geometry could be approximated as a continuously
reticulated structure uniformly distributed in space, as illustrated in
Fig. 13 left. This initial approximation is based on the fact that the
fibers in different wool sheets remain in contact along the tubes’ axial
direction, as they were placed sequentially upon filling of the TES tank
(see Ref. [43] for further details). Given this simplified homogeneous
distribution of fibers, the wool volume fraction in the subsystem con-
sidered for numerical simulations (see Fig. 1(b)) is assumed to be equal
to that of the entire TES tank. Furthermore, the fiber volume fraction in
3D corresponds to the area fraction occupied by fibers in any 2D radial
plane (schematized in Fig. 13 right), since the simplified reticulated
structure repeats along the tubes’ axial direction. The estimated number
of fibers in the 2D subsystem can thus be derived from the porosity and
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adjusted using a corrective factor that accounts for the fibers’ circular
cross-sectional area. This factor, calculated as the ratio of a circle’s area
to that of its circumscribed square, led to an estimated fiber count of
31 for fine wool and 14 for thick wool in the considered subsystem.

Appendix B

Fig. 14 is an overview of all the numerical simulations performed
for the metal wool-PCM composite (similar to the parallel coordinate
plot of Fig. 4): here, each variable range is divided into five subranges,
and the color of each subrange indicates the numerosity with which
the corresponding parameter appeared in the numerical simulations,
based on the SOBOL algorithm. Moreover, also the output parameter
D of Eq. (12) is plotted in the last column. Therefore, Fig. 14 confirms
the uniform sampling of the input parameters design space achieved
through the SOBOL algorithm, being all the subranges of the input
parameters of similar colors.

This analysis was ultimately used to identify those input variable
ranges likely to lead to numerical results significantly deviating from
the experimental curve from a probabilistic perspective. In Fig. 15,
the input variable subdomains most frequently used (light blue) in
simulations that resulted in significant deviations from the experimen-
tal measurements are highlighted by the yellow rectangle. Therefore,
these light blue subranges were considered those that can likely be
excluded from the analysis due to their tendency to reproduce the
thermal behavior of the PCM composite inaccurately. As a result,
the remaining subranges (highlighted by the brown rectangles) were
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Fig. 15. Frequency analysis of the input parameters (and the output value) corresponding to those simulations that resulted in significant deviations from the experimental
measurements (yellow rectangle). On the other hand, the subranges of the fibers input parameter that probabilistically yield more accurate numerical results are those highlighted
by brown rectangles.

those that probabilistically yield accurate numerical results, and were
adopted in the following analysis.

Data availability

Data will be made available on request.
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