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Abstract: Thermal energy storages represent important devices for the decarbonisation of heat; hence,
enabling a circular economy. Hereby, important tasks are the optimisation of thermal losses and
providing a tuneable storage capacity, as well as tuneable storage dynamics for thermal energy
storage modules which are composed of either sensible or phase change-based heat storage materials.
The thermal storage capacity and the storage dynamics behaviour are crucial for fulfilling certain
application requirements. In this work, a novel macro-encapsulated and spherical heat storage
core-shell structure is presented and embedded in a supercritical ammonia working fluid flow field.
The core of the macro-capsule is built by an organic low molecular weight substance showing a
solid-liquid phase transition in a respective temperature zone, where the shell structure is made
of polyvinylidene fluoride. Due to the direct coupling of computational fluid dynamics and the
simulation of the phase transition of the core material, the influence of the working fluid flow field
and shell thickness on the time evolution of temperature, heat transfer coefficients, and accumulated
heat storage is investigated for this newly designed material system. It is shown that due to the
mixed sensible and phase change storage character, the shell architecture and the working fluid flow
field, the heat storage capacity and the storage dynamics can be systematically tuned.

Keywords: phase change materials; latent heat; computational fluid dynamics; core-shell

1. Introduction

Energy storage is important for the transition to a more sustainable economy. Hereby,
it is important that also heat waste streams are used [1] and heat is stored [2]. In general,
this waste heat could be used on site of the production, e.g., by the application of organic
Rankine cycles [3]. However, this is often not completed as it would disturb the process or
because of the lack of a heat sink. Therefore, the storage of this thermal energy is reasonable.
For the thermal energy storage, there are, in general, two available ways: sensitive or latent
heat storages [4]. Sensitive heat storages utilise the storage capacity of different media, such
as water or rocks, whereas latent heat storages utilise a change in the state, e.g., by phase
transition. By means of this, the storage cost per kWh depends on the applied material
including the material itself, equipment, and operation costs. Costs for the sensitive energy
storages are very low as the materials are cheap and the equipment is simple [5]. The costs
for the latent heat storages are higher because of the material itself and more complex
equipment [6]. However, materials such as phase change materials (PCM), which apply
the solid-liquid phase transition, have the advantage that the heat is mainly supplied at
one temperature from which a latent heat storage process can be designed. On this basis,
many applications have been suggested. One application is the storage of waste heat as
its provided temperature in internal combustion engines [7]. This could be in the form of
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the heat recovery of the exhaust streams, thermal management, catalytic conversion, the
regulation system, or as preheaters. Hereby, the stored heat is applied as fuel, preheating
to increase the catalytic efficiency or for industrial heating. Other applications are solar
water heating [8]. The challenge for this application is that the maximum of the solar
radiation lies near noon, but the energy demand maximum is in the morning or in the
evening. Here, the phase change materials are applied to bridge the gap. Next to the solar
water heating, the green-house heating was also optimized [9]. The energy consumption in
agriculture is mainly based on greenhouse heating. Hereby, it is important that the phase
change temperature should be close to a suitable temperature for each plant, which can
be optimized by PCMs. The temperature control in buildings [10,11] is also a potential
application field of PCMs. However, up to now, these applications are only at lab-scale. The
challenges are to find PCMs in the desired temperature range and the lack of understanding
due to the complex heat and mass transfer behaviour in the buildings. An exotic application
is PCMs in smart textiles [12]. Hereby, the textiles are impregnated or coated with the
PCMs for the thermoregulation of the body.

For all the mentioned applications, several thermodynamic properties are limit-
ing [13,14]. At first, the melting temperature of the PCM has to be in the application
range. To influence this temperature range, mixtures of different PCMs are also reason-
able. Furthermore, the latent heat of fusion has to be high per volume unit to reduce the
unit scale. The conductivity of the PCM in solid and molten state must be high for an
optimal loading and de-loading process. Moreover, the volume change throughout the
phase transition must be small to avoid mechanical tension. Further, the vapour pressure
of the liquid should be small. For the mixtures, it is important that a congruent melting
is achieved over time so that there is no change in the melting temperature over time by
the formation of different phases. Next to the equilibrium properties, the kinetics are also
important. Therefore, a high nucleation rate is required to ensure the melting temperature
range. Otherwise, there could be a super cooling of the liquid phase. Moreover, the crystal
growth must be as high to fulfil the requirements due to the heat source. Additionally,
some chemical characteristics need to be meet. One is the chemical stability of the PCM and
the degradation reduction after some cycles. Further, the PCMs should be non-corrosive
to directly apply in combination with cheap metals. The PCMs also have to meet the
conditions of non-toxicity, non-flammable, and non-explosive because of safety issues.

There are several materials available which fulfil these conditions to a special degree.
One group is the organic materials [15]. Here, the paraffins, as long chain alkanes, play a
special role. They have a melting temperature between 23 °C and 67 °C, so they are appli-
cable for low temperature storages, whereas the heat of fusion and melting temperature
is growing with temperature. They are thermal stable if no oxygen is present and do not
degrade. On the other hand, they have low thermal conductivity and show higher volume
changes between the states. Further, organic PCMs are small organic molecules, such as
fatty acids, esters, or alcohols. Fatty acids show similar properties as the paraffins but are
more expensive, and the purity of the long chain fatty acids is low. This influences their
melting temperature and the congruent melting. Promising organic materials are polymers.
Two examples are polyalcohol or polyethylene. In the literature [8], the higher costs are
mentioned but they are bulk-chemicals. The true disadvantage is the low heat conductivity.
Next to the organic materials, inorganic materials are also applied, e.g., salt hydrates or
metals [16]. Hereby, the salts crystalize from an aqueous solution in a crystal structure with
water. The problems are the incongruent crystals and the slow nucleation rate. However,
they have a high phase change enthalpy and cheap materials. Metals also have the problem
of supercooling and have a phase change temperature range from 120-1500 °C. A further
intensification of the application are metal as foams [17] with other material to increase
the heat conductivity to improve the temperature profile. PCMs can also be formed by
mixtures, whereas the congruent melting behaviour has to be given. This is the case with
the application of eutectic mixtures [18]. They can be formed by organic and inorganic
mixtures. Hereby, also deep eutectic solvents [19] could be used as phase change material.
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For some of the PCMs, an encapsulation is required [20]. In this case, the PCMs are
covered with a coating material or inserted in a matrix. Hereby, different polymerisa-
tion methods such as in situ polymerisation, interfacial polycondensation, or suspension
polymerisation are applied. Furthermore, shell materials could be applied [12,21]. One
challenge left is how to pack the PCMs in the equipment, which has to be investigated
in a laborious experimental manner. Computational fluid dynamics (CFD) models help
to reduce the experimental effort [22-27]; whereas, it has to distinguished if the phase
behaviour of the PCM itself will be modelled or the application of the PCM in large-scale.
For the simulation of the PCM, the surface between the solid and the liquid phase has
to be traced and a two-phase system has to be modelled. For large-scale simulations, a
model for the PCM phase transition has to be established describing the released heat,
conductivity, and heat loading. Several different applications [28-30] have been simulated
applying PCM as the thermal management in fuel cells applying PCMs [31], the thermal
management in automotive [32], or a rotating latent heat storage [33]. A special challenge
is the simulation of the core-shell PCM [34]. Hereby, one example is the study of the
temperature field during the differential scanning calorimetry (DSC) analysis of core-shell
PCM. It was shown that the shell influenced enormously the thermal characteristics of
the PCM. Thereby, the fluid flow was omitted. For PCM modelling, there are only few
modelling approaches considering, correctly, the phase transition, but the interaction with
the superimposed flow was omitted [35,36]. Therefore, the super cooling of the PCMs
cannot be represented correctly.

This work investigates the interaction between the PCM and the fluid. To analyse
the behaviour of the core-shell capsules, numerical experiments were performed. One
intention of this work is the calculation of the flow-dependent heat transfer coefficient
of a polyvinylidene fluoride (PVDEF) shell and an n-eicosane core model exposed to a
supercritical ammonia flow. Data for the applied paraffinic PCM, i.e., n-eicosane, are well
available in high quality in the literature; this holds true for the used PVDF in the low
temperature range between 20 °C and 80 °C. The combination of PVDF as encapsulation
material with a paraffinic core PCM is attractive in terms of the high durability properties
of PVDF and is investigated herein for the first time.

2. Methods—Computational Fluid Dynamics

The CFD simulations were carried out using the software Ansys Fluent 2020 R1. In
this chapter the simulation domain and the phase transition model for the PCM will be
introduced in order to describe the transient heat storage behaviour of the n-eicosane /PVDF
core-shell particle. The core-shell particle is placed in a supercritical ammonia flow field for
the heat loading process. Hereby, the influence of the shell thickness and the flow field on
the heat storage properties will be analysed.

2.1. Simulation Domain and Boundary Conditions

The geometry of the simulation domain was chosen with axial symmetry to the centre
line as shown in Figure 1. Thereby, the simulation domain is an adiabatic cylindrical
chamber. The ammonia flow is introduced with a temperature of 140 °C and the core-shell
particle filled with the PCM is placed in the centre of the domain.

In the simulation domain, the mass, momentum, and energy balances for the ammonia
flow are solved, whereas the core-shell particle is represented by the energy balance. Here,
just the heat conduction is considered. The simulation domain is discretized using a mesh
of quadrilateral cells, whereas the number of quadrilateral cells in the fluid—solid interfacial
region was increased for a more accurate representation of the heat transfer between the
fluid and the particle. The computational mesh consists of 42,122 cells with a maximal
skewness of 0.64 and is represented in Figure 2. Investigating the mesh sensitivity with
respect to the accuracy of the results and computational effort, it was found that this
computational mesh was the best choice for the simulations.
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Figure 1. Simulation domain with the ammonia fluid (green cylinder) surrounding the core n-eicosane
(grey sphere) and the PVDEF shells (red and blue shells).

Figure 2. Computational mesh of the simulation domain. The mesh is refined in the interfacial
fluid-solid region and each shell consists of at least 6 cells in radial direction.

An important factor for the heat transfer between the liquid and the solid is the tur-
bulence behaviour. In this work, the turbulence is modelled via a Reynolds-Averaged
Navies-Stokes (RANS) approach by the application of the SST (Shear Stress Transport) k-w
model [37] such as the two-equation eddy-viscosity model. The application of the k-w
model in the inner part of the boundary allows to model the viscous sublayer. The advan-
tage of the SST k-w model is a numeric robust and realistic representation of separating
flows, which is important for fluid flows past a spherical geometry.

Since the CFD simulations are performed transient, following simulation strategy
is conducted: first, a steady-state ammonia flow field with 140 °C is established. When
the simulation converges to the steady-state point, the core-shell particle is placed in
the centre of the flow field having a temperature of 20 °C. The time dependent balance
equations are then solved starting at time t = 0 s. The simulations were performed with
different ammonia velocities (2 m/s, 6 m/s, and 30 m/s), which are corresponding to
a laminar, transition, and slightly turbulent flow. Furthermore, the shell thickness was
varied in a range between 0 and 2 mm with 0.5 mm steps. The material parameters for
the simulation are presented in Table 1 and can also be found in [38,39] for PVDF and
n-eicosane represented in graphical form.
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Table 1. Material properties used in the CFD simulations; the polynomial functions are given with

respect to the temperature (T) in Kelvin and are valid in the range of 293.15 to 413.15 K.

Material Vi[;cosity Deggsity Thermal[CV(\)]n]ductivity Isobaric H(}at Capacity
as [l mK [gx]
1.7556 2592.9469
— .10° —
Ammonia [40] (gas) 1.3661 - 10 —4.8984-1073.T 0.0154 —3.3766-T

+3.8351-108.T

+4.4750-1076-T2

+3.3204-1074-T

+6.4881-103-T2

293.15<T<408.00 K:

33.8644
ol 131,358.9885
+1.8174 107 T —1637.6284-T
| —3.648510°0.1° +7.6066.T2
PVDF [38] (solid) - 1760 +2.7423 -1077-T —0.0155-T3
408.00<T<413.15 K: +1.1773-1075.T*
460.6763
~3.3309-T
+8.0197-1073.T2
—6.4261-107°6-T3
293.15<T<307.50 K: 203.15<T <305.92 K:
0.8778 2015.6990
—1.6776-1073.T :
n-eicosane [39] ) 810 307'5°<T§311i';1881;‘ 305.92<T<313.19 K:
solid /liquid : — 100 103 -
( quid) 47308102  —27534:10°49.0070-10% T
311.43<T<413.15 K: 313.19<T<413.15 K:
0.2292 2405.9513
—1.7245-10~%.T :

2.2. Phase Transition Model Approach

The solid/liquid phase transition of the n-eicosane core is a heat conduction dominant
process. Therefore, the energy balance of the core-shell particle can be formulated as follows:

p% =V (AVT) + Ahyy 1)
where the left-hand side represents the local change of energy in each cell with respect to
time, and the first term on the right-hand side is the change in energy due to conductive
heat transfer. The second term Ahy,; is the latent heat sink calculated with a semi-empirical
modelling approach similar to the approach of Kumarasamy et al. They fitted the isobaric
heat capacity (cp) curves of the PCM to the corresponding curves obtained from differential
scanning calorimetry (DSC) measurements [34]. By the integration of the c,-curves with
respect to the temperature, which is obtained in every time step during the simulation, the
latent heat can be obtained as follows:

T}

Ahlat = _B T
t—1

cpm(T)dT 2)

(2) is considered in the simulation as soon as the onset of the melting temperature is reached
until the whole PCM is molten. Furthermore, during the melting process, the entropy of the
n-eicosane increases. The data for the fit of the isobaric heat enthalpies are taken from the
literature [39]. Therefore, a triangular approximation of the ¢, curve is applied for the DSC
curves measured with 0.1 K/min. The coefficients of the triangular fit for n-eicosane can be
found in Table 1 for the phase transition region between 305.92 and 313.19 K. The left and
right limits of the triangular fit are adjusted to the onset and offset of the melting process.
The amplitude of the triangular fit is determined via the integral between onset and offset,
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which corresponds to the latent heat of n-eicosane 253.1 k] /kg. The triangular fit has the
advantage compared to a constant energy heat sink or more complex fitting functions;
that simple function can be easily integrated with low computational effort. Furthermore,
numerical stability is assured while simultaneously coupling the triangular function to the
heat conduction and to the heat flow of the ammonia.

3. Results

In this section, the heat storage behaviour of the PCM core-shell particle composed
of a PVDF shell and an n-eicosane core is presented, whereas ammonia is the applied
working fluid which loads the particle with heat. Several important conditions with their
respective influences on heat storage behaviour are evaluated and discussed in detail. This
gives fundamental insights into the energy storage of this PCM construction, which uses
combined mechanismes, i.e., sensible and phase change based storage, due to the core-shell
architecture. First of all, the evolution of the temperature field within the core-shell particle
is analysed independent of different working fluid inflow velocities and shell thicknesses.
Further, the inflow velocity-dependent average PVDF temperature evolution over time is
analysed in the shell. Specific attention is paid to the time evolution of the heat transfer
coefficient at the interface between the outer shell surface and the working fluid, where the
impact of shell thickness and inflow velocity is investigated. Finally, the inflow velocity
and shell thickness-dependent heat flow, as well as the heat accumulation versus storage in
a specific loading time interval, is calculated and gives first insights into the dynamics of
the heat loading of the core-shell PCM.

3.1. Temperature Field of the Core-Shell Particle during Heat Loading Process

The working fluid ammonia transports the heat to the spherical core-shell particle and
loads the particle with thermal energy. The working fluid has an inflow temperature of
140 °C, while the core-shell particle has an initial temperature of 20 °C. The particle uptakes
the heat at the very beginning, sensibly. The solid-liquid phase transition of the n-eicosane
core occurs in the temperature range of 35.0 and 39.5 °C, which is in a similar range as the
experimental data [1], and the storage behaviour becomes dominated by the latent heat
due to the phase change. After this transition, the thermal energy storage turns back into
the sensible mechanism again. The temperature does not reach values which induce phase
changes in the polymer, such that the shell behaves purely, similar to a sensible heat storage
component within the PCM particle. In Figure 3, the spatial temperature field evolution
over three loading time steps, i.e., 30, 60, and 90 s, is shown with the combined impact of
the shell thickness. The shell thickness is varied from zero to 2.0 mm, while a zero shell
thickness serves as a mere theoretical case. This presents the case where, theoretically,
no shell is present and the pure core material is loaded, which is, of course, not possible
because of the missing geometric stability of liquid n-eicosane after phase transition; rather,
it is more important to compare shell influences. Figure 3 presents the different cases for an
ammonia inflow velocity of 2 m/s. Additionally, the same cases are visualized in Figure 4,
but now for an inflow velocity of 30 m/s where the start of the turbulent flow regime
occurred. Figure 3 demonstrates that under laminar inflow conditions, an asymmetric
temperature field is generated, while the shell thickness has a strong influence on the time
interval where the phase transition of the core material occurs and, hence, it allows the
design of the latent storage dynamics. In contrast to a laminar flow field, in a turbulent
flow field, an almost geometrically symmetric temperature profile develops in general with
a smaller transition time interval. However, also for the turbulent case, the shell thickness
strongly influences the heat storage dynamics. This can be intuitively seen by the transition
characteristics of the zero shell thickness case compared to the 2.0 mm shell thickness
investigations. While the zero shell thickness particle has nearly fully transformed to the
liquid state after 90 s of thermal energy loading, the n-eicosane core of the particle with a
2 mm shell thickness has only transformed with an amount of approximately 60% after 90 s
of loading time. Therefore, the thermal energy loading kinetics are completely different
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according to the shell architecture of the composite PCM. This can, in turn, be used as a
design element for the dynamics of the heat loading of the PCM. Additionally, it can be
mentioned that a PVDF shell thickness of 0.5 mm, which is a minimal thickness in terms of
production feasibility, influences the dynamics of the heat storage only slightly compared to
the theoretical case, where a zero shell thickness is applied and a direct contact of ammonia
and the core material n-eicosane is assumed. This means that the lag effect, due to the
shell itself, is small in terms of temperature, on the one hand, and gives the PCM core the
necessary stability and durability such that the particle stays in the spherical shape, on the
other hand. The stability of the spherical shape is important in the context that due to the
shell and the spherical shape of the PCM, a directly in the working fluid integrated heat
exchanger with an optimal surface-to-volume ratio is generated, accompanied with the
tuneable shell-based dynamics of the composite PCM. This makes the macroscopic PCM
composite attractive compared to the state of the art PCMs, where the PCM is filled in
certain, e.g., rib-like, geometry, and the constructions act, then, as a classical heat exchanger,
with respective drawbacks in losses of heat and dynamics.

3.2. Velocity-Dependent Average Temperature Evolution in the PVDF Shell and the
n-Eicosane Core

To better understand the influence of the inflow velocity and the transition between
the laminar and turbulent flow field, and consequently its influence on the thermal energy
loading behaviour, in this subsection, the average temperature of the shell surface and the
average core temperature of the n-eicosane in a loading time interval of 150 s is visualized
for three different ammonia inflow velocities. The results are shown in Figures 5 and 6.
Figure 5 illustrates that independent of the shell thickness and the inflow velocity, on
the one hand, very different temperature levels at a certain loading time evolve, and on
the other hand, the phase change time interval also strongly depends on these respective
input parameters. It is seen for the shell thickness of 0.5 mm that transition between phase
change dominated storage, and sensible storage is shifts from 5 to approximately 20 s
according to the inflow velocity change from 30 to 2 m/s. Comparing these results with
the shell thickness of 2.0 mm under the same conditions, the phase change-dominated
thermal energy storage time interval is significantly stretched. It is shown that the transition
between latent heat and sensible dominated storage occurs at around 30 s for an inflow
velocity of 30 m/s and approximately at 50 s for an inflow velocity of 2 m/s. This is seen
more clearly in Figure 6 where the average temperature of the n-eicosane core is given for
2 shell thicknesses. The plateau behaviour of the temperature-time curves indicates the
phase change time window. Before and after the plateau shape of the temperature-time
curve, the heat uptake is dominated by sensible storage. However, it has to be emphasized
that the conclusions drawn here refer to the technologically dominating and in the storage
activity leading mechanism. This does not mean, for example, that after the sensible heat
storage becomes the leading mechanism again, that n-eicosane is yet fully melted.

Rather, there is still melting of n-eicosane, even in the flowtime region where sensible
heat storage is the leading heat uptake mechanism. In other words, this means that the
amount of melted n-eicosane is approaching a lower rate, which contributes, in turn, to a
lower heat uptake due to phase change compared to sensible storage. The flowtime, where
all of the n-eicosane is in the molten state for different cases in terms of inflow velocity and
shell thickness, is presented in Table 2.



Energies 2023, 16, 957

8 of 14

80.0

hpypr = 1.0 mm

71.0

80.0

— — —
I O TS T Il T o T
kel Ko} kel

20.0

t=30

Figure 3. Spatial temperature field of the spherical core-shell particle for different loading times and
PVDF shell thicknesses under laminar flow conditions with an ammonia inflow velocity of 2 m/s.
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Figure 4. Spatial temperature field of the spherical core-shell particle for different loading times and

PVDF shell thicknesses under laminar flow conditions with an ammonia inflow velocity of 30 m/s.
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Figure 5. Evolution of the average PVDF shell temperature. The temperature is calculated for
different shell thicknesses of 0.5 and 2.0 mm and working fluid velocities (2, 6 and 30 m/s).
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Figure 6. Evolution of the average n-eicosane core temperature. The temperature is calculated for
different shell thicknesses of 0.5 and 2.0 mm and working fluid velocities (2, 6 and 30 m/s).

Table 2. Average melting time of n-eicosane depending on the PVDF shell thickness and
ammonia velocity.

hpvDF Average Melting Time [s]

[mm] 2m/s 6 m/s 30 m/s
0.0 151.0 123.0 93.5
0.5 164.0 138.5 109.0
1.0 177.0 153.0 124.0
15 190.0 167.5 139.5
2.0 203.0 181.0 156.0

3.3. Influence of Shell Thickness and Working Fluid Velocity on the Heat Transfer Coefficient

A further important property for thermal energy storage is the heat transfer coefficient
at the interface between the PVDF shell and the working fluid. The heat transfer coefficients
are averaged over the interface between the solid and the ammonia for different inflow
velocities and shell thicknesses. They are presented as an evolution over flowtime in
Figure 7.

In a laminar flow field, significant differences between the heat transfer coefficients can
be found in the early flowtime region independent of shell thickness. This difference loses
its significance when higher inflow velocities are applied and almost disappear at an inflow
velocity of 30 m/s. This result emphasizes that, perhaps, unwanted lower heat transfer
coefficients at the interface between the working fluid and the PCM particle due to the shell
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architecture can be easily tuned by adjusting the flow velocity. This also underpins the
necessity of the coupled consideration of working fluid and PCM under flow and thermal
energy loading conditions, rather than evaluating working fluid and PCM behaviour in a

singular consideration as it is typically done in the literature today.
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Figure 7. Heat transfer coefficient in dependence of inflow velocity and shell thickness.

3.4. Impact of Shell Thickness and Working Fluid Velocity on the Heat Flow and Storage Capacity

In the last section, the time-dependent heat flow and, further, the time interval-
dependent storage capacity of the thermal energy storage system are studied. This is
of particular relevance for engineering purposes and for comparison with other PCM
designs. In Figure 8, the net heat flow of ammonia over flowtime between outlet and inlet
for several shell designs and two inflow velocities is illustrated. The more negative the
heat flow is, the more heat is stored in the PCM, and the higher the storage capacity. First
of all, it is shown that, in general, higher inflow velocities, corresponding to a turbulent
flow field, lead to a higher thermal energy storage capacity of the system. Further, the shell
thickness influences the storage capacity in the laminar, as well as in the turbulent flow
regime. The higher the shell thickness, the higher the storage capacity. This is due to the
sensible heat storage contribution of the shell, and it can be concluded that even such thin
shell dimensions of a PVDF have a substantial share of the storage capacity of the herein
proposed core-shell particle.
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Figure 8. Heat flow independent of flowtime and shell thickness.

To comprehensively summarize the accumulated heat of the proposed and investi-
gated system, in Table 3, the respective values are listed for different inflow velocities and
shell thicknesses. It can be seen that the heat accumulation spans from around 175 to 490 |
independent of the PCM-working fluid configuration in a flowtime interval of 150 s.
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Table 3. Heat accumulation during the heating process of the core shell particle.

hpvpE Heat Accumulation [J]

[mm] 2 m/s 6 m/s 30 m/s
0.0 —175.57 —200.86 —220.82
0.5 —205.59 —245.53 —285.83
1.0 —238.48 —289.83 —352.03
1.5 —272.28 —337.60 —421.34
2.0 —311.31 —386.05 —491.18

4. Conclusions

In this work, a core-shell particle composed of a PVDF shell and an n-eicosane core
is developed as a thermal storage component, which is based on sensible heat storage
and phase change-based latent heat storage. This particular material combination, by
considering temperature-dependent thermophysical property data of both, core, and shell,
is investigated herein for the first time.

The PCM particle is exposed to a working fluid, i.e., ammonia; hence, the interaction of
working fluid flow-induced thermal energy loading of the core-shell particle is investigated
for different boundary conditions. Special focus is put on the time evolution of the spatial
temperature within the core-shell particle by directly considering the solid-liquid phase
transformation. Thereby, the dynamics of the storage behaviour are investigated and can
be systematically controlled by the inflow velocity in terms of laminar and turbulent flow
environments and the shell thickness of the PCM particle. It was found that the heat
transfer coefficient was almost doubled by transitioning from laminar to a turbulent flow
regime (approx. 600 to 1300 W/ (m? K)).

Furthermore, the transition zone in the respective flowtime frame between sensible
and phase change-dominated thermal energy storage is calculated and it is shown in detail
how the transition zone can be tuned by the composition of the core-shell particle and the
specific interaction with the working fluid. Based on this work, it is demonstrated how
the non-linear heat accumulation and storage behaviour of a PVDF shell and n-eicosane
core particle behaves and that due to the construction and the working fluid, the storage
capacity in combination with the dynamics can be tailored. The investigated particle has
a spherical form and ensures an optimal surface-to-volume ratio; as well, it avoids any
agglomeration and segregation effect due to the macro-encapsulation strategy. Thus, the
core-shell particle has a high potential to build up a thermal energy storage module, filled
with these core-shell-particles having direct contact with the working fluid and, hence,
provide a directly integrated and, in terms of losses, optimized heat exchanger. This work
provides the base for studying and developing an integrated heat storage module by using
PVDE-based core-shell particles with direct working fluid contact in the future.
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