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1. Introduction

Thermal storage represents a crucial technol-
ogy for the successful integration of renewable
sources in the energy mix of modern society.
Thermal energy represents a high share of fi-
nal energy consumption in most European coun-
tries, and being able to store it would allow rel-
evant savings both in economical and carbon
emission terms. Latent thermal energy stor-
age (LTES) has gained particular attention due
to its high energy density. The technology is
able to store thermal energy exploiting the phase
change from solid to liquid state of the so called
phase change materials (PCM) [1]. Further-
more, these materials present phase change tem-
perature ranges close to ambient temperature,
which makes them suitable for both residen-
tial and industrial applications. The analysis of
LTES operation requires its integration in wider
energy systems to understand the best control
strategies when the system is coupled with the
storage. This requires proper modelling of the
technology. From literature, LTES has been
mainly studied to analyze the physical behav-
ior of the PCM when it undergoes phase tran-
sition. These studies have modelled LTES with
softwares like ANSYS or COSMOL. These pro-

grams are very precise, but not suited for long
simulations that complex energy systems cou-
pled with thermal storages require. Accurate
models of LTES in dynamic object oriented pro-
grams such as Modelica turn out to be suited for
this purpose.

2. Objectives

This thesis aims at developing simplified mod-
elling approaches for LTES in the object ori-
ented program Modelica. Among the different
storage designs, a slab configuration is consid-
ered. This configuration is made of parallel
PCM slabs that thermally interact with the heat
transfer fluid (HTF) that flows in the channels
in between them.

The model is divided in three main heat trans-
fers. The external heat interaction between the
HTF and the PCM, the internal PCM heat
transfer and the thermal losses through the stor-
age walls. The external heat interaction is deter-
mined by conducting a fluid-dynamic analysis on
the HTF flow, to determine the convective heat
transfer coefficient for heat exchange. The in-
ternal PCM heat transfer is solved through the
energy equation with an implicit finite differ-
ence scheme. The solution is then improved by
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Figure 1: Slab LTES

developing corrective coefficients to account for
natural convection. The coefficients are deter-
mined by comparing and analyzing the results
from the same simulations in Modelica and CFD
simulations in ANSYS Fluent. The model ac-
counts for the variability of the material prop-
erties with temperature. The thermal losses are
modelled in Modelica as conductive + convec-
tive heat transfer through the storage walls and
ambient boundary conditions.

Finally, the model is inserted in a heat pump
system and run for a realistic simulation to in-
vestigate typical charging times of the storage.
The model is then validated against an experi-
mental study from literature.

3. External Heat Interaction

The heat interaction between the HTF and the
PCM represents heat exchange between a lig-
uid and solid interface (PCM slab containment).
Forced convection is the main form of heat in-
teraction. The phenomenon is governed by the
convective heat transfer coefficient that is deter-
mined by the fluid-dynamic state of the HTF
in the channel. The model implemented in
Modelica calculates the Reynolds number of the
flow and, based on whether the flow is lami-
nar or turbulent, applies the correct correlation
for the Nusselt number for flat plate geometry.
The convective heat transfer coefficient is subse-
quently determined.
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where Re is the Reynolds number, p is the
density of the HTF, w is the velocity of the
HTF, L is the length of the slab, u is the
dynamic viscosity of the HTF, k is the thermal
conductivity of the HTF, Pr is the Prandtl
number, Nu is the Nusselt number and A is the
convective heat transfer coefficient.

The model also verifies that no interaction oc-
curs between the boundary layers that develop
on the inner face of each slab. To do so, it
calculates the thickness of the boundary layers
at the length coordinate of the slab and verifies
that it is small with respect to half of the
thickness of the channel. Sensitivity analysis for
the mass flow rate of the HTF in the channel,
section of the channel and length of the slab are
carried.
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Figure 2: Boundary Layer Thickness: HTF
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Figure 4: Boundary Layer Thickness: Channel
Cross Section

The results show that for typical values of
HTF mass flow rate, channel cross section
and slab length, the thickness of the boundary
layer is well below half of the thickness of the
channel. This can be considered as a validation
of the usage of the relations reported in (2)
to calculate the Nusselt number. It should be
noted that there is not a proper definition for
the interaction limit of the boundary layers.

4. Internal PCM Heat Transfer

The model implemented in Modelica must ac-
count for the thermal propagation inside the
PCM slab. Since the focus is on the development
of simplified approaches, a first lumped param-
eter analysis is conducted to verify if the slab
can be considered as a single node heat capaci-
tor. The lumped parameter assumption can be
accepted only if the Biot number is below 0.1
- v

Bi = 1% <0.1 (3)
where h is the convective heat transfer coeflicient
of the HTF, V is the volume of the PCM, A is
the exchange area and k is the thermal conduc-
tivity of the PCM. The results from the analysis
show that, because of the extremely low thermal
conductivity of the PCM, the temperature gra-
dient inside the material cannot be neglected for
typical values of V', A and h. Assuming that the
temperature is uniform iside the slab domain is
a wrong approach.
The PCM slab is then discretized with a 2D grid,
and the heat transfer problem is solved by em-
ploying the energy equation.

3(p (T) cp (T) T)
ot

=V - (k(T)VT) (4)

where p is the density and cp is the specific heat
capacity of the PCM. The gradient of the tem-
perature is considered only for the z coordinate,
which is the one parallel to the ground, and the
y coordinate, perpendicular to the ground. The
z coordinate is neglected, because it is assumed
that the z dimension of the slab is long enough
to not create boundary effects on the edges. The
dimensions that are considered are the height of
the slab (y axis) and the thickness of the slab (z
axis). Since Modelica is not able to solve par-
tial differential equations, the model solves the
energy equation through an implicit finite differ-
ence scheme. The finite difference scheme solves
the conduction model for the 2D grid discretized
domain.

The energy equation in (4) does not account
for natural convection during the phase change,
since it neglects the velocity terms due to mo-
tion of the melted material [3]. CFD simulations
carried in ANSY'S Fluent are employed to verify
the assumption of considering only conduction
as the heat transfer mode. For many simula-
tions, the results from Modelica and CFD are
compared. If varying the height of the slab does
not have a significant impact on the deviation
between the two models, increasing the thick-
ness does.
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Figure 5: Error between Modelica and CFD:
Variable Thickness

In the graph, AR is the aspect ratio and it is
defined as the ratio between the height and the
thickness of the slab. The error is determined
as:

o — {Modelica — tCFD (5)

t Modelica
where t/odetica 18 the time that the PCM takes
to completely melt in the Modelica model, while
tcrp is the time for the CFD simulation. It
must be noted that for the analysis in question,
the AR was changed by changing only the thick-



ness of the slab and keeping a constant height.
Since the error is non negligible, a fictive ther-
mal conductivity model is developed. The idea
is to define corrective coefficients to enhance the
thermal conductivity of the PCM during phase
change, to account for natural convection. The
enhancement coeflicient is determined as the ra-
tio between the enthalpy of the PCM when natu-
ral convection is accounted for and the enthalpy
when only conduction is considered.

H ow
€= Jlow (6)

Hconduction

where Hy,, is the enthalpy of the PCM with
natural convection and H.,,q with only conduc-
tion.

Several simulations for different slab dimensions
are carried. This allows to develop a relation
between the enhancement coefficient € and the
natural convection intensity, measured with the
Rayleigh number.

{e — 1.528¢!E-05Ra -
3 7
Ra = gﬁ(TwaZa Tm)L
where ¢ is the acceleration due to gravity, 5 is
the thermal expansion coefficient of the liquid
PCM, Topau is the boundary temperature of the
PCM, T,, is the melting temperature of the
PCM, v is the kinematic viscosity and « is the
thermal diffusivity.
When the enhancement coefficient is employed,
the model is able to properly account for the
natural convection effect.
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Figure 6: Conduction vs Natural Convection:
CFD temperature as a function of time
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Figure 7: Conduction vs Natural Convection:
Modelica temperature as a function of time

The graphs report the case of a slab with
a thickness of 2 cm.

5. Modelica Implementation
and Model Validation

Modelica is a powerful, object-oriented,
equation-based modeling language designed
for simulating complex physical systems across
various engineering domains [4]. The models
previously presented are now implemented in
Modelica. Since the LTES incorporates both
fluid-dynamic and thermal problems, the model
employs components from the Modelica Fluid
and Modelica Thermal libraries. The full model
is presented in Fig 8.
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Figure 8: Full LTES Model

The model presents two fluid ports, port a
and port b, that serve respectively as the input
and output of the HTF in the storage. The
multiPort component allows the equal division
of the inlet HTF mass flow rate in the flow
channels present in the storage. FEach flow
channel is modelled with a pipe that takes
into account the fluid resistance to the flow.
A control volume models the volume of HTF



that is present at each time in the channels
that exchange heat with the PCM. The HTF
heat interaction block calculates the convective
heat transfer coefficient as presented in eq.
(1) and (2). The slab encapsulation block is
a thermal resistance model that accounts for
the slab encapsulation material. The finite
difference PCM block models the energy equa-
tion for internal heat transfer with the fictive
thermal conductivity model, as discussed in
paragraph 4. The storage container blocks
model the thermal losses to the ambient. These
blocks are conductive + convective resistance,
accounting for the storage container walls and
the ambient air. Finally, Port a and Port b
are heat ports, and are used to specify the
ambient temperature boundary conditions for
the calculation of the thermal losses. It must be
noted that, since in the storage the number of
slabs is a degree of freedom, the user can select
the number of PCM slabs. Consequently, the
number of the discussed components change. In
particular, if the storage presents IV slabs, the
model presents:

e N slabs.

e N — 1 pipes.

e N — 1 control volumes.

e 2N — 2 HTF heat interaction blocks.

e 2N — 2 slab encapsulation blocks.

e 2 storage container blocks.
The extreme slabs of the storage exchange heat
with the HTF only on the inner face, while the
outer face is in direct contact with the storage
container, as shown in Fig 1.
The storage is integrated in a heat pump system
to simulate a realistic operation. The storage is
inserted in a closed loop on the evaporator side
of the heat pump. Since no load is connected
to the heat pump, the system serves only the
storage. To simulate a realistic operation, where
the LTES is employed only when needed and the
HTF does not always flow in the dedicated loop,
a variable signal to the pump is provided to stop
the mass flow rate after a certain time. This al-
lows to investigate both the charging time of the
storage, as well as the thermal losses to the am-
bient when the LTES is not used.
The model is run for seven hours, and the charg-
ing time of the storage is monitored through the
state of charge.
The state of charge is defined as the ratio be-
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Figure 9: Heat Pump + LTES

tween the energy stored at a certain time and
the maximum storable energy [5].
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Figure 10: State Of Charge

The results show that it takes one hour to reach
100% of SOC. In the graph, it is possible to see
two different trends in the charging process. At
first, the PCM is in the solid state, and the en-
ergy content is reached through sensible energy.
The increase in the slope of the charging process
comes from the latent heat of fusion. The high-
est energy content of the storage, in fact, stands
in the enthalpy of phase transition. For this
particular case, the charging process stops when
the PCM is fully melted. When the circulating
pump is stopped, the SOC starts decreasing due
to the thermal losses. As expected, due to the
very low thermal conductivity of the PCM, and
due to the phase change at almost constant tem-
perature, thermal losses are not very relevant.
The SOC takes almost four hours to decrease
from 100% to 95%.

Finally, the model is validated with an exper-
imental study from literature [6]. The storage
design is presented in Fig 11.

The PCM is n-octadecane and its properties |7]
are reported in Table 1.

The storage parameters are inserted in the Mod-
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Figure 11: LTES Design

PCM n-octadecane
pi [kg/m?] 774
ps [kg/m’] 814
T, [C] 28.2
w [kg/ms| 0.0085
cps |kJ/kgK] 2.150
Cpl [kJ/kgK] 2.180
k; [W/mK] 0.1505
ks [W/mK]| 0.358
AH,, |kJ/kg| 189
BK~Y 0.00091

Table 1: PCM specifications

elica model, and the results are compared with
the experimental ones. In particular, the au-
thors provided the storage mean temperature as
a function of time for three different HTF inlet
temperatures. In particular, 62°C, 57°C and 52
°C. The results are reported in Fig 12.

In the graph, the mean non dimensional temper-
ature is the ratio between the mean temperature
of the storage and 62°C.

The results show that the temperature trends
are very close to the experimental ones. For
all cases, the highest difference in the trend is
reached in the initial periods of charging. It
should be noted that in the study it is not speci-
fied how the average temperature of the storage
is determined. The average storage temperature
for the Modelica model is calculated as the arith-
metic mean of the temperature of each node of
the 2D grid PCM at each time of the simulation.
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Figure 12: Experimental Validation: Storage
temperature as a function of time

The error from the experimental results is com-
puted.

=—Error 62
(=——Error 57
Error 52

LNae————e
0 Y !
0 500 1000 1500 2000
Time [sec]

Figure 13: Experimental Validation: Tempera-
ture error as a function of time

The error is computed as:

e :‘ Tmodel - Tezperimet ‘ 100 (8)
Tem)eriment

The graph shows that the highest error is in the
initial times of charging. The error never over-
comes 13%. However, it converges quickly to
very low values. The very low error is consid-
ered as a validation of the Modelica model.

6. Conclusion

This thesis work was able to couple object ori-
ented modelling and CFD simulations to repli-
cate a complex mechanism, such as the one of
heat transfer with phase change, with a sim-
plified approach but with an acceptable level of
accuracy. CFD turned out to be an extremely
powerful tool to be fully aware of the conse-
quences of making particular assumptions when
developing simplified modelling approaches.

The integration of the LTES model in a heat
pump allowed to investigate the realistic behav-
ior of the system, studying the charging time



and the impact of the thermal losses when the
storage is not operated.

The consistency between the Modelica simula-
tion and experimental data not only confirms
the robustness of the model, but also provides
confidence in its predictive capabilities.

Future work should consider applying the devel-
oped guidelines when modelling LTES, to insert
it in wider energy systems and develop accurate
control strategies and energy management tech-
niques, with an acceptable level of accuracy and
computational cost.

7. Bibliography

(1) J. Mitali, S. Dhinakaran, A.A. Mohamad.
Energy storage systems: a review, Energy
Storage and Saving (2022).

(2) Francisco J. Cuesta, Manuel Lamua, Rafael
Alique. A new exact numerical series for the
determination of the Biot number: Application
for the inverse estimation of the surface heat
transfer coefficient in food processing, Inter-
national Journal of Heat and Mass Transfer,
(2011).

(3) Sameh Ahmed, Aissa Abderrahmane, Ab-
dulkaf Mohammed Saeed, Kamel Guedri, Abed
Mourad, Obai Younis, Thongchai Botmart,
NehadAli Shah. Melting enhancement of PCM
in a finned tube latent heat thermal energy
storage, Scientific Reports (2022).

(4) https://dynamica-it.com/modelica-
openmodelica/

(5) Gabriel Zsembinszki, Christian Orozco,
Jaume Gasia, Tilman Barz, Johann Embhofer,
Luisa F. Cabeza. FEvaluation of the State
of Charge of a Solid/Liquid Phase Change
Material in a Thermal Energy Storage Tank,
Energies (2020).

(6) Gurel, Baris. A numerical investigation
of the melting heat transfer characteristics of
phase change materials in different plate heat
exchanger (latent heat thermal energy storage)
systems, International Journal of Heat and
Mass Transfer (2019).

(7) Abed Mourad, Naef A.A. Qasem, Aissa Ab-
derrahmane, Riadh Marzouki, Kamel Guedri,
Obai Younis, Nehad Ali Shah, Thongchai Bot-
mart. Numerical study on n-octadecane PCM
melting process inside a pear-shaped finned
container, Case Studies in Thermal Engineering
(2022).



	Introduction
	Objectives
	External Heat Interaction
	Internal PCM Heat Transfer
	Modelica Implementation and Model Validation
	Conclusion
	Bibliography

