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ABSTRACT ARTICLE HISTORY
This work presents the materials selection process, the design and the Received 21 March 2023
dimensioning process of a latent heat storage tank that works between Accepted 3 August 2023
a high temperature heat pump and an Organic Rankine Cycle unit. The

selected heat storage material is the S117 Phase Change Material that L )

X R o X atent heat storage; solar

has a melting point qt 117°C matches the operational tgmperature of thermal collectors; low
the system at approximately 120°C. The tank configuration is selected temperature heat
for optimised heat transfer process, resulted from practical experience
of the project partners and it is described in details in the document.
The simulation results from the Computational Fluid Dynamic study of
the tank are also presented here. This work should be useful for
engineers designing compact heat storage tanks for medium
temperature applications.
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1. Introduction to latent heat storage

Amongst thermal heat storage techniques, latent heat storage (LHS) is particularly attractive due to
its ability to provide high energy storage density and store heat at a constant temperature (Sharma
et al. 2009). This aspect is particularly important as the project focuses on low temperature high
efficiency micro-thermal energy storage (TES) architecture. Latent heat storage is reported (Pieli-
chowska and Pielichowski 2014) to be the most efficient method of storing thermal energy. In con-
trast to sensible heat storage (SHS), LHS systems require far less storage volume due to their large
heat storage capacity per unit volume (Biencinto et al. 2021; Nkwetta et al. 2014; Pielichowska and
Pielichowski 2014). Indeed, LHS systems can store 5-14 times more heat per unit volume than SHS
materials such as water, masonry, or rock (Sharma et al. 2009).

The materials used in the latent heat storage are known as Phase Change Materials (PCMs),
because they change their physical phase from solid to liquid and vice versa. The constant tempera-
ture at which the phase change occurs is called melting temperature. At that temperature, these
materials melt when an amount of heat is added, but their temperature is not increased. At a temp-
erature lower than that, the material freezes and releases an equal amount of heat in the form of
latent heat of fusion or energy of crystallisation. The most prominent advantage of latent storage
is the option to store energy within a narrow temperature range close to the phase change temp-
erature (Bauer et al. 2012; https 2021).
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Therefore, two temperatures describe the charge and discharge process (IEA Solar Heating and
Cooling Task 2020):

o Charging Temperature T,,,: The charging temperature has to be above the melting temperature
for the PCM to melt during the charging process. The minimum necessary temperature differ-
ence between charging and melting temperature depends on the heat exchanger design.

e Consumer Temperature T, The consumer temperature depends on the type of application
and should be below the melting temperature in order to utilise the PCM’s melting enthalpy.
The discharge temperature is slightly higher than the consumer temperature. The minimum
necessary temperature difference between the melting and the consumer temperature depends
on the heat exchanger design.

The properties of a suitable PCM are a combination of the following characteristics (Pieli-
chowska and Pielichowski 2014; Stutz et al. 2017; TESSe2b project 2016):

e Thermal properties: small phase transition temperature range (within 1-2°C of desired freeze/
melt point), high phase transition latent heat per unit volume, high specific heat capacity per
unit volume, high thermal conductivity of both phases.

 Physical properties: small volume change on phase transformation, low vapour pressure at the
operating temperature, favourable phase equilibrium, congruent melting of the PCM, large
density.

« Kinetic properties: no supercooling, high nucleation rate, quick crystallisation for successful heat
energy recovery.

e Chemical properties: no degradation on repeated phase transitions (long life cycle and chemical
stability), completely reversible freeze/melt cycle, compatibility with the containers, non-toxic,
non-flammable and non-explosive.

e Market properties: low cost, readily available.

In practice, no PCM fully meets all the criteria mentioned above (Pielichowska and Pielichowski
2014). Therefore, selecting a PCM is a compromise between its properties, performance, system
requirements and economic constraints (TESSe2b project 2016).

1.1. Material types

This section presents the general characteristics and features of the most common PCM material
types appropriate for low and medium temperature applications, but it is out of the scope of this
study to analytically investigate the PCM materials, which have been extensively studied in the
literature (Crespo et al. 2019; Cunha and Eames 2016; Ling and Poon 2013; Mao, Liu, and Peng
2018; Pielichowska and Pielichowski 2014; Shao et al. 2023; Stutz et al. 2017; Task 42 2021). The
PCMs commonly used can be generally divided into two principal types: inorganic and organic.

1.1.1. Inorganic PCM

The most common inorganic PCMs are hydrated salts. The general formula of a hydrated salt is
M,N,-nH,0. The water molecules inside the crystals of a hydrate mostly make coordinate covalent
bonds and hydrogen bonds to the positively charged metal ions (cations) of the salt. These water
molecules may be referred to as water of crystallisation or water of hydration. During heating,
hydrated salt loses its water of crystallisation by absorbing a certain amount of energy, called the
enthalpy of dehydration (AHgenya). While cooling or being exposed to the atmosphere, water mol-
ecules from the surroundings are easily captured by salt crystals and release the thermal energy cor-
responding to AHyy4. The dehydration and hydration processes are similar to melting and freezing
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thermodynamically. When heated, a salt hydrate is usually converted either to its anhydrous form
or to a salt hydrate with fewer moles of water.

During heating, an undesired phenomenon appears; most of the PCMs melt incongruently (Pie-
lichowska and Pielichowski 2014). The normal condition is congruent melting; the salt should be
soluble in the hydration water, at its melting temperature. However, incongruent melting is when
the salt is only partially soluble in the hydration water, at the melting temperature. This phenom-
enon often leads to differences between the enthalpy of fusion (heat stored) and the enthalpy of soli-
dification (heat retrieved), thus affecting the amount of energy that can be reliably retrieved from
storage (Cantor 1979). This also leads to density differences, phase separation and sedimentation in
containers causing serious technical problems (Pielichowska and Pielichowski 2014).

During cooling, another unsuitable characteristic appears; supercooling. In supercooling, the
liquid state can be cooled to below its freezing point whilst remaining a liquid, and this makes
the associated phase change ineffective. Another concern of the inorganic PCMs is that they
degrade after repeated phase change cycles and thus, they can become inoperative (Ling and
Poon 2013).

Despite these disadvantages, salt hydrates are generally considered as suitable materials for TES
applications because they possess large latent heat of fusion meaning that a lesser amount of
material is needed to store a given amount of energy (http 2021). Salt hydrates also have appropriate
phase transition temperature, high volumetric heat storage capacity and good thermal conductivity.
Additionally, they are very competitive in terms of economy and profitability, they are readily avail-
able and they are non-flammable (Ling and Poon 2013).

There is a special requirement in the use of salt hydrate PCMS: They must be stored and used in
air-tight containers to prevent exposure to the atmosphere. Failure to do this would result in loss of
water via evaporation, which would severely affect the performance of the PCM.

Molten salts are another type of Inorganic PCMs. Typical molten salts, such as NaNO,, NaNO;
and KNOsj, are considered in the literature for solar steam power systems mainly working in the
temperature range from 200 to 600°C (Adinberg, Zvegilsky, and Epstein 2010).

Metallic alloys are another type of Inorganic PCMS. They are used as high temperature PCM:s as
they offer high thermal reliability and repeatability. Among the alloys, eutectic aluminium alloys are
investigated for high temperature TES systems, because of their suitable phase change temperature,
high latent heat density and good thermal stability. It has been reported that after 1000 thermal
cycles, the melting temperature is changed by 3-5K and the latent heat of fusion is slightly
decreased.

1.1.2. Organic PCM

Organic PCMs can be further described as paraffin and non-paraffin types. Most of the organic
PCMs are chemically stable, safe and non-reactive. Also, they have an ability to melt congruently
without segregation and have self-nucleating properties that are compatible with traditional con-
struction materials without posing any significant problems of supercooling.

Paraffin waxes are saturated hydrocarbons with C,H,, ,, formula. Their melting points range
from 20°C up to 70°C, depending on the number of carbon atoms in the chain (Bauer et al.
2012; Ling and Poon 2013; Yang et al. 2023). The more carbon atoms present in the chain, the
higher the melting point and the higher the heat of fusion of the paraffin wax.

These materials are widely available and inexpensive, non-corrosive and non-toxic, they are
chemically stable, their phase transformation is rapid and they have negligible supercooling. The
literature also reports excellent thermal stability resulting from the lack of cycling effect on its prop-
erties, as well as degrading of thermal behaviour due to contact with metals (Nkwetta et al. 2014). It
has been reported that the properties of commercial paraffin waxes are stable even after 1000-2000
cycles. The above reasons make paraffin wax one of the most popular PCMs for storing low temp-
erature heat.
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The undesirable properties of paraffin wax are: low thermal conductivity, large volume change
during melting is large (about 10%), low volumetric energy density compared to salt hydrates and
low thermal diffusivity. Additionally, they are flammable and non-compatible with plastic containers.

Fatty acids are another type of organic non-paraffin PCMs. Fatty acids possess desirable thermo-
dynamic and kinetic characteristics for low temperature heat storage. Their melting point is similar to
paraffin wax and they have excellent melting and freezing properties and they exhibit low phase tran-
sition volume changes with very little or no supercooling when freezing. However, they are about three
times more expensive than parafin wax, are mildly corrosive and possess a disagreeable odour.

1.2. Container types

Not only do the operational parameters of the heat storage system, such as heat transfer fluid temp-
erature, flow rate and initial temperature affect the thermal storage performance, but also the
specific container characteristics, such as the presence of fins and nanoparticles, and the container
geometry and orientation play a dominant role (Keshteli et al. 2022; Punniakodi and Senthil 2021).

PCMs can be encapsulated in shell-and-tube, cylindrical, triplex-tube, spherical, rectangular, and
trapezoidal containers (Punniakodi and Senthil 2021). In shell-and-tube containers, the PCM is filled
in between shell-and-tube and the PCM’s melting is high due to natural convection in a solar-driven
shell-and-tube TES. A recent study in these containers (Rana, Zunaid, and Kumar 2022) showed that
the lowest melting time is obtained by rectangular tubes, followed by elliptical tubes and circular
tubes. The multitube heat exchanger used in cylindrical containers performs well in melting the
PCM because of its increased surface area. More heat transfer occurs in PCM due to the change
in HTF’s flow characteristics from laminar to turbulent flow. Triplex tubes are less used when com-
pared with shell-and-tube and cylindrical heat exchanger. Here, the PCM is placed between the inner
and outer tubes and the PCM’s melting rate is increased. Considering solar thermal applications
around 100°C, the most appropriate container that could be used is the shell-and-tube. As shell-
and-tube is commonly used in industries, many modifications are possible to suit the requirements
of solar thermal systems. The cylindrical, triplex-tube, rectangular and trapezoidal could be used for
lower temperature levels, at around 60°C (Punniakodi and Senthil 2021).

The addition of fins increases the melting rate by 71%, the use of nanoparticles increases the melt-
ing rate by 62.6%, whereas the change in container orientation improves the melting rate up to 47.5%
(Punniakodi and Senthil 2021). Fins’ geometrical parameters, such as length, number, thickness,
spacing, angle and shape affect the heat transfer effectiveness, but in recent studies (Eslami, Khosravi,
and Fallah Kohan 2021; Herbinger and Groulx 2022; Zamani and Keshavarz 2023) it has been shown
that this relationship is rather complicated and finding an optimum fin arrangement for a wide range
of operating conditions is a difficult task. This happens because even though the fins increase the heat
transfer rate, using an excessive number of fins or an improper shape and arrangement can decrease
the PCM’’s energy storage density. Especially for solar thermal systems, the addition of fins is strongly
suggested for faster charging and discharging (Punniakodi and Senthil 2021).

Container materials are preferably stainless steel and aluminium for organic and inorganic
PCMs to avoid corrosion (Punniakodi and Senthil 2021).

1.3. Application to this study

Developing reliable heat storage systems using PCM is not a straightforward process; it is rather a
challenge, as a number of issues are encountered (Bauer et al. 2012; Christensen 1983; Stutz et al.
2017). However, PCM solutions are readily available in the market for many niche applications and
PCM storage technology is one of the most promising technologies. Indeed, the potential for ther-
mal storage systems based on PCM technologies is vast; it is estimated that about 800 GWhy, (equal
to 18 million m” of water) is the capacity of installed solar water storages for households in the year
2012 (IEA Solar Heating and Cooling Task 2015).
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Especially for heat storage applications near 120°C, the demonstration of the PCMs is currently
under research and development (IEA Solar Heating and Cooling Task 2015). Therefore, continu-
ous research and development efforts are required to reduce costs further and to enhance the scal-
ing-up of this technology.

Primarily for temperatures near 120°C, which is the desired phase change temperature of this
study, the latent heat storage system has the greatest potential to be energy eflicient, for reasons
mentioned above. The selection of the specific PCM that will be used is based firstly on the
definition of desired criteria, secondly, on the criteria hierarchy and finally, on the analysis of
their thermodynamic properties. The PCM material selection is inevitably bound to technical
and economical give and take compromises; the ultimate goal is that the selected PCM complies
with as many of the defined criteria as possible.

2. Description of the InnoSolPower system

This work is implemented at the framework of the InnoSolPower EU CSP ERANET project, which
aims at designing and demonstrating a novel, low temperature heat storage system especially for
concentrated solar power (CSP) systems. The system concept of the project is seen in Figure 1.
Solar energy is harvested from the solar block that consists of parabolic trough collectors, a heat
exchanger and a small buffer storage, to provide more uniform heat to the heat pump. The heat
exchanger is necessary, since the heat transfer fluid inside the parabolic trough collectors is different
from that in the heat pump supply side. The heat pump receives the solar thermal energy and pro-
duces high temperature heat, at approximately 120°C. This heat is either stored in the TES tank or it
is transferred directly to the ORC unit for electricity production, depending on the user profile, the
status of the TES and the solar irradiation. The specific operation parameters for this study are
shown in Table 1.

Solar T_sc_out Tsource,in T_orc_in ORC

Block

T_hp_load_in

Tscin

Tsource,out
Tstorage,out

p 55 R0
Charging Storing Discharging

Figure 1. InnoSolPower system concept.

Table 1. Main operation parameters.

Parabolic trough collectors

T_sc_out 120 °C
T_sc_in 100 °C
Heat pump

T_hp_load_out 122 °C
T_hp_load_in 108 °C
Thermal energy storage tank

Required energy to be stored 100 kWh
Storage duration 6 hours
T_tes_high 122 °C
T_tes_low 108 °C
Organic rankine cycle turbine

T_orc_in 120 °C

T_orc_out 45 °C
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This storage concept does not involve mass transfer or chemical reactions in the storage medium
and it is called indirect storage. In this concept, two different media exist; the first serves as the heat
carrier and the latter as the storage medium. The storage medium is contained inside the storage
tank and the heat carrier, through a heat exchanger, flows in and out of the tank, directed towards
the Heat Pump or the Organic Rankine Cycle, depending on the operation mode of the system. This
storage system is based on a single tank concept for the PCM.

2.1. Design methodology
2.1.1. PCM selection

Following an extensive market analysis of the available PCM materials, there are four candidate
PCM materials: H115, S117, H120 and A133. The final selection is the outcome of a multi-criteria
analysis, called Analytic Hierarchy Process (AHP) that follows the prerequisites of the system con-
cept and the prioritisation strategy (Saaty 1987). The AHP decomposes a complex decision-making
problem into a system of hierarchies. There are various criteria under which the energy storage
materials can be compared, but for this study, the following five evaluation criteria apply:

e Phase change temperature > Torc_out

¢ The final cost of material, including transportation

¢ Chemical stability and durability > 1000 thermal cycles
e Corrosiveness and toxicity

¢ Delivery time

The Analytic Hierarchy Process for selecting the PCM material was built in the MathCad soft-
ware. The comparison matrix A for the selection of the PCM material is a real 5*5 matrix Each entry
aij of the matrix A represents the importance of the ith criterion relative to the jth criterion (Table
2).

The scale of priorities, or normalised weights, are applied by making pairwise comparisons of all
the criteria. The vector of criteria weights is calculated as (Table 3).

Next, for a fixed criterion, the AHP assigns a score to each option according to the decision
maker’s pairwise comparisons of the options based on that criterion. The higher the score, the bet-
ter the performance of the option with respect to the considered criterion. The result is a matrix of
paired comparisons among the options (PCM) with respect to each criterion. Criteria are five, so
there are five such matrices.

The final step is to combine the criteria weights and the options scores, thus determining a global
score for each option and a consequent ranking. The global score for a given option is a weighted
sum of the scores it obtained with respect to all the criteria. This is done by multiplying the relative
normalised weight of each option with its corresponding normalised weight value for each alterna-
tive and summing over the options for each alternative. The overall priority scale is (Table 4).

This gives a final priority of 0.418 for S117, the most preferred material, with H120 as runner-up
with a priority of 0.325. The main substance contained in the S117 PCM is Magnesium Chloride

Table 2. Comparison matrix A of criteria.

Phase change Chemical stability and Corrosiveness and Delivery
temperature Cost durability toxicity time
Phase change temperature 1 5 7 7 5
Cost 1/5 1 3 7 7
Chemical stability and 1/7 1/3 1 3 5
durability
Corrosiveness and toxicity 1/7 1/7 1/3 1 1/3

Delivery time 1/5 1/7 1/5 3 1
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Table 3. Weight of criteria.
Weight of criteria

Phase change temperature 0.512
Cost 0.249
Chemical stability and durability 0.127
Corrosiveness and toxicity 0.04

Delivery time 0.071

Hexahydrate MCH, whose thermophysical properties are extensively described in the literature
(Cantor 1979; Chen, Li, and Zhang 2018; El-Sebaii et al. 2009; Hohlein, Konig-Haagen, and Briig-
gemann 2017; IEA Solar Heating and Cooling Task 2015) and summarised in the Table 5.

Test tube experiments with MCH showed that it exhibits no disparity between enthalpy of crys-
tallisation (heat retrieved) and enthalpy of fusion (heat stored) and thus, it melts almost congruently
(Cantor 1979). The experiments also observed the melting of MCH to happen over a range of temp-
eratures; some liquid was visible at 117°C and the sample completely liquefied at 120°C. It has to be
noted here that at temperatures around 140°C the irreversible side reaction dehydration due to
overheating appears:

MgCl2 - 2H20(s) = > MgOHCI(s) + HCl(g)

This reaction is undesirable because it reduces the amount of active material and produces HCI
gas that is toxic and corrosive to the system (Zondag et al. 2010). Therefore, during melting, the
temperature should be kept below 140°C.

On the other hand, crystallisation appears to be congruent at 117°C, with almost no supercooling
observed, even after 500 and 1002 cycles (Cantor 1979; El-Sebaii et al. 2009). Experiments for 500
cycles showed that it exhibits no disparity between enthalpy of crystallisation (heat retrieved) and
enthalpy of fusion (heat stored) and thus, it melts almost congruently (Cantor 1979; El-Sebaii et al.
2009). Therefore during melting, MCH forms a saturated aqueous phase and a solid phase. Due to
their density difference, the solid phase is gathered at the bottom of the container. This phenom-
enon is irreversible, which means during freezing, the solid phase will not be combined with the
saturated solution to form the original salt hydrate.

Table 4. Final ranking of the candidate PCMs.

H115 0.177
S117 0418
H120 0.325
A133 0.08

Table 5. Thermodynamic properties of magnesium chloride hexahydrate MCH.

Melting point 110.8-117.5°C

Maximum operational temperature 140°C

Thermal conductivity 0.694 W/mK (solid, 37°C)
0.704 W/mK (solid, 1107°C)
0.570 W/mK (liquid, 120°C)

Density 1.569 g/cm? (solid, 20°C)
1.450 g/cm? (liquid, 120°C)
1.422 g/cm? (liquid, 128°C)

Heat capacity 2.1 J/gK (solid, 25°C)

2.25 J/gK (solid, 100°C)
2.61 J/gK (liquid, 120°C)

Enthalpy 133.9-200 J/g
Viscosity 1.2¥107° Pas
Volumetric coefficient of thermal Expansion 1.17%10~* K" (solid)

3.76*107* K=" (liquid)
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Regarding stability and durability, limited work is reported concerning thermal cycling tests of
MCH (El-Sebaii et al. 2009; Shukla, Buddhi, and Sawhney 2008). Recent experimental thermal stab-
ility test results with MCH indicate a small shift of the melting temperature up to higher values, but
the change is less than 0.3 K in absolute values. The results showed that the melting enthalpy
increases within the first cycles and decreases afterwards subsequently to about 99% of the starting
value (Hohlein, Konig-Haagen, and Briiggemann 2017). The addition of extra water to the MCH
after each 50 cycles and the hermetically sealing of the container (El-Sebaii et al. 2009; Rathod
and Banerjee 2013) are two methods for stability improvement. Same authors investigated the
changes in thermophysical properties of MCH after 1000 thermal cycles in a sealed container
under the extra water principle (El-Sebaii et al. 2011). They found that the MCH solidifies almost
without supercooling; except in few cases where it showed maximum of 0.1-3.5°C of supercooling.
They found that the melting temperature and latent heat of fusion are slightly changed with repeat-
ing thermal cycling and that almost no supercooling is observed during solidification. The results
indicate that MCH is recommended as a promising storage material (Hohlein, Konig-Haagen, and
Briiggemann 2017; Li et al. 2011).

2.1.2. Tank and heat transfer fluid materials selection

The tank is made of steel alloy 304 or 310, since it is not in contact with the corrosive heat storage
material and therefore, there is no reason to select a higher steel grade. On the contrary, the encap-
sulation units should be made of high-grade stainless steel (such as 316L), since they are in contact
with the heat storage material. The insulation material of the tank is mineral wool.

The heat transfer fluid can be either water at 5 bar pressure, or Therminol SP thermal oil from
Eastman Chemical Company.

2.1.3. Tank design configuration

The concept is to have indirect storage process, where the heat carrier is different from the storage
medium. The general concept of the tank configuration consists of the following characteristics:

 The storage tank is horizontally placed, following the direction of the PCM cylinders. Following
long technical discussions among authors and PCM provider, horizontally layout is preferred
instead of vertical layout, since temperature gradients should be avoided so as to allow the
PCM to operate in a proper manner. The horizontal placement of the cylinders containing
PCM ensure that the temperature stratification is kept to a minimum.

The selected PCM is sensitive to the presence of air and water. Therefore, it needs to be encap-
sulated in an air/watertight container.

o The selected PCM is also sensitive to large temperature gradients (stratification) therefore, a ver-
tical design is not suitable since the PCM column that is parallel to the direction of HTS is the
length of the LTES tank.

 Inside the tank, there are closed cylinders filled with the PCM. The cylinders are horizontally
placed, since the temperature stratification has to be minimum.

 Inside the tank and outside the cylinders, there is a heat transfer fluid, flowing in and out.

The dimensioning process followed the flowchart of equations of the authors’ previous research
work (Christodoulaki et al. 2020). The dimensions of the tank and the tank subcomponents stems
from the initial requirement of having a total PCM volume of 2 m> and of the requirement to place
the PCM inside numerous horizontal cylinders of 0.05 m internal diameter maximum, so as to



1286 R. CHRISTODOULAKI ET AL.

Table 6. Dimensions of cylinders and tank.

Cylinders dimensions

Wall thickness m 0.003
Diameter cylinder external m 0.050
Diameter cylinder internal m 0.044
Length cylinder m 3
Volume cylinder external m> 0.0059
Volume cylinder internal m? 0.0046
Total PCM volume (theoretically required) m? 2

Total number of cylinders (theoretical maximum) 439
Tank dimensions
Length cylinder
Cylinders in cross section (grid, Tmm distance) 293

3
w

Diameter tank internal m 1.200
Thickness tank material m 0.015
Diameter tank external m 1.230
Length tank m 3.200
Volume tank internal m? 3.62
Volume tank external m> 3.80
Volume HTF (water or thermal oil) m3 1.89
Volume PCM m? 1.34
Volume steel 316L m? 0.389
Thickness insulation (mineral wool) m 0.080
Thickness of steel sheet cover m 0.005
Diameter assembly external m 1.400

minimise the temperature stratification phenomenon. The following table shows the detailed
dimensions of the cylinders.

Following the calculation of the total number of cylinders required to achieve the total PCM
volume, the dimensioning of the tank is elaborated as follows: Starting from the number of cylin-
ders required for the total volume of PCM, the internal diameter of the tank was calculated.
However, the cylinders cannot be just left inside the tank, but they have to be placed in a grid
and at a distance of at least Imm between them to ensure the flow of the heat transfer fluid
and to avoid excessive pressure differences. So, the total number of cylinders that fit inside the
tank are 293.

Regarding the length of the tank and subsequently, the length of the cylinders, this work inves-
tigates cylinders with 3 m length, for practical reasons; this option will facilitate the filling of the
cylinders with PCM and other practical issues related to the construction of the tank. Indeed, if
the cylinders were shorter, then more cylinders would have to be filled in with the hot melted
PCM (Table 6).

The cross section of the tank is seen in the Figure 2. The cylinders are placed in grid position,
with 1 mm apart. This distance ensures symmetry of the construction and homogeneous external
volumetric flow, as well as it enables less pressure losses of the heat transfer fluid.

2.2. Simulation process
2.2.1. Introduction

The thermal analysis of the above tank is implemented in the SOLIDWORKS Flow Simulation
software.

The detailed description of the tank design, application of specific dimensions and selections
of materials is out of the scope of this publication, however, the results of the simulations will be
presented, both for the tank charging process and the discharging process. Due to the unique
design of the tank, validation of the simulation results is difficult, however, the results will be
validated with the experimental data of the pilot plant that will be constructed at a later stage
of the project.
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Figure 2. Left: Side view of the tank consisting of 1 pack of cylinders. Right: Cross section and dimensions (cm) of the TES tank
with 293 tubes inside.

2.2.2. Simulation model

In this section, the most crucial parameters during the simulation model development will be
shown. The detailed process of the simulation model development can be found in the Annex.

Due to the SOLIDWORKS limitation of not being able to dynamically simulate the phase change
materials and in other words, not being able to simulate the process of melting and solidification,
the filling material is of limited interest in this study. Therefore, a basic assumption had to be
inserted at this point; the outside surface of the cylinders had to be at a constant temperature
and in particular, for S117 at 117°C.

In contrast to the cylinders filling, the heat transfer material is of crucial importance in this study.
Therefore, Therminol SP oil will be the material that will be flowing outside of the cylinders, in and
out of the tank.

The chosen material for the tank and the cylinders is the built-in material steel alloy 321.

The first boundary condition of this thermodynamic study is the inlet conditions of the heat
transfer oil, namely T;, =135°C, m = 1.46 kg/sec. The second boundary condition is the tempera-
ture of the tank envelope, T, = 20°C. The third boundary condition that had to be inserted in the
software is the temperature of the 293 cylinders envelope. In the case of PCM material, the envelope
of the cylinders (steel material) was assumed to have a steady temperature of 117°C. This approxi-
mation is close to reality, since the 117°C is the phase change temperature of the PCM material. So,
when heat is applied to the PCM, through the heat transfer oil external flow, this heat is stored as
latent heat inside the cylinders and its temperature remains constant throughout the whole process
(Figure 3).

For the discharging scenario, the temperature of the cylinders is set at 130°C and the temperature
of the heat transfer fluid is 102°C.

2.2.3. Simulation results for charging
The results, as set during the definition of the simulation goals are:
- Tfuid.out °C, the temperature of the Therminol SP exiting the tank,

- Quoss W, the heat losses from the tank envelope to the ambient,
- Qquia W, the heat transferred from/to the Therminol SP fluid.

The following figures visualise the CFD simulation implemented for the TES charging with the
storage material S117 and the Therminol SP fluid (Table 7).
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Figure 3. Application of constant wall temperature of cylinders at 117°C.

Table 7. CFD simulation results of TES charging process.

Tﬂuidjn °C
Tﬂuid.out °C
MAgid.in kg/ S
Qloss w
Qnuia W

135.0
126.6
1.46
336.9
26,989

The charging power of the tank is the calculated power of the fluid which is approximately

27 kW.

The surface temperature plots in Figure 4 show that the model produces logical results. More
specifically, the temperature of the tank envelope is about 25°C, which means that the Mineral
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Figure 4. Temperature surface plots for the tank envelope and the cylinders at steady-state for the charging process. The fluid

flow inlet is at the centre of the axes.
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Figure 5. Temperature cut contours in the longitudinal section for the whole tank at steady-state for the charging process. The
fluid flow is from left (axis centre) to right.

wool insulation works. The temperature gradient of the Mineral wool insulation, from the inner
part of the tank to the outer shell of the tank, is also logical. But apart from visualising the temp-
eratures, this figure is also used as a cross check for the input data. The temperature of the cylinders
is 117°C, which validates the inputs used in the model.

Figure 5 shows the temperatures inside the whole tank, as seen from above. The fluid flow is
from left to right and this explains why the temperature of the fluid flowing between the cylinders
is decreased, from left to right. Indeed, the inlet temperature is set at 135°C and the outlet bulk
temperature has been calculated at 126.65°C. A similar temperature gradient is seen for the steel
tank and the Mineral wool insulation and this is thermodynamically reasonable. Moreover, the
presence of the insulation is justified, since it prevents the tank from losing excessive heat. The
results also show that the thickness of the insulation is sufficient for this application, since the
outer average temperature of the tank envelope is 22.3°C, which is close to the ambient temperature,
set at 20°C (Figure 6).

2.2.4. Simulation results for discharging

Similarly to the charging scenario, the results of the discharging process are reasonable and the
visualisations indicate that the model works and a successful cross check of the input data to the
model has been elaborated. As an example, Figure 7 shows the temperatures inside the whole
tank, as seen from above. The fluid flow is from left to right and it can be seen that the temp-
erature of the fluid flowing between the cylinders is now increased, from left to right. Indeed,
the inlet temperature is set at 102°C and the outlet bulk temperature has been calculated at
114.8°C. A similar temperature gradient is seen for the steel tank and the Mineral wool insula-
tion and this is thermodynamically reasonable. Moreover, the presence of the insulation is jus-
tified, since it prevents the tank from losing excessive heat. The results also show that the
thickness of the insulation is sufficient for this application, since the outer temperature of the
tank envelope ranges from 21.24°C to 22.58°C, which is very close to the ambient temperature,
set at 20°C (Table 8).
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Table 8. CFD simulation results of TES discharging process.

Tﬂuid4in °C 102
Thuid.out °C 114.8
Mauid.in kg/S 1.46
Qioss w 3254
w 48,354

Qnuid
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The discharging power of the tank is the calculated power of the fluid, in this case is approxi-
mately 48 kW (Figures 8 and 9).

3. Discussion

The objective of this study was the identification of the most appropriate heat storage type for the
technical prerequisites of the InnoSolPower project. The storage tank under consideration should
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provide continuous generation of heat at relatively low temperatures (<160°C) and for a duration of
six hours. The operational temperature of the heat storage tank material should be also suitable for
the corresponding high-temperature heat pump to be coupled upstream of the heat storage tank
and Organic Rankine Cycle engine to be coupled downstream of the heat storage tank. Under
these circumstances, latent heat storage was applied since it has the greatest potential to be energy
and cost efficient.

The extensive literature and market in-desk research that was implemented in this work, resulted
in five different PCMs that could be potentially used. These were carefully selected through the
definition of the most important criteria; phase change temperature, purchase and transportation
cost, chemical stability and durability, corrosiveness and toxicity and delivery time. The Analytic
Hierarchy Process was then elaborated with the view to decompose this complex decision-making
problem and finally, identified the most appropriate PCM for this specific application: the S117.

The definition of the materials used, the specific technical characteristics and the dimensions of
the subcomponents allowed the detailed design of the tank in a CAD software. The definition of the
operational parameters of the tank allowed the simulation of the thermal performance of the tank,
in charging and discharging process into the SOLIDWORKS Flow simulation software. The results
showed that the charging and discharging power of the tank is approximately 27 and 48 kW,
respectively. Temperature surface plots for the tank envelope and the cylinders during charging
and discharging as well as temperature cut contours in the longitudinal section for the whole
tank were produced. The results showed that the tank operates as expected, so the subsequent pro-
ject activities that is the tank physical construction, can now initiate. Minor adjustments to the
design could be allowed, in order to align the design with the constructional limitations and market
availability of subcomponents. This work is useful for mechanical engineers and heat storage tank
developers and explains the detailed steps that were followed, from the concept identification up to
the tank thermal simulation.
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Annex: Simulation model development process

SOLIDWORKS Flow Simulation is a Computational Fluid Dynamics (CFD) analysis software that is fully embedded
in the mechanical design environment for all general engineering applications. It includes a representation of the
Navier-Stokes equations, turbulence models and models for physical phenomena. SOLIDWORKS Flow Simulation
is used here for the steady-state simulation of this heat transfer problem. A steady-state analysis determines how the
heat transfer of the system stabilises rather than when the system stabilises.

Firstly, the tank was designed in the software. Designing the heat storage tank in Solidworks started with a 2-
dimensional sketch, using the sheet ‘Sketch’. After designing the 2-D sketch, which was the cross section of the
tank with the 293 cylinders inside with a distance of 1 mm between them, the 3-dimensional objects were then cre-
ated, using the built-in tool called ‘Features’ and the ‘Extruded boss/base’ button. The extrusion of the 293 cylinders
in a grid with 1 mm apart was implemented with the ‘linear pattern’ feature (Figure 10).

In practice, the 293 cylinders are filled by 90% of their volume with PCM and then, they are sealed, therefore the
tank requires lids in the inflow and outflow region. The lids are also necessary for SolidWorks to enable the heat flow
calculations.

After the finalisation of the 3-D drawing, the application of appearances in each component of tank followed. As
such, in the cylinders ‘polished steel’ was applied and in the tank ‘brushed steel’ was applied, only for visualisation
purpose. The specific construction materials would be applied at a later stage. Before initiating the CFD analysis the
geometry analysis and the check of the whole drawing through the ‘Evaluate’ sheet, had to be implemented. The
drawing showed no errors and therefore, the CFD analysis could start.

The model building is implemented through the flow simulation wizard, in the ‘Flow simulation’ sheet. The analy-
sis type selected is external flow, excluding cavities without flow conditions, with heat conduction in solid materials
and radiation with ambient temperature 20°C.
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Figure 10. Extruded Boss/Base and creation of solid regions, in the SOLIDWORKS Feature add-in.
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Figure 11. Adding the new heat transfer fluid, Therminol SP (Eastman Chemical Company 2023).
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Figure 12. Selection of appropriate computational domain for the 3-D simulation
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Figure 13. Stainless steel material applied in the tank envelope and the cylinders.

The heat transfer fluid in this study is an oil called Therminol SP (Eastman Chemical Company 2023). Therminol
SP is not a built-in material in SolidWorks, therefore, this material had to be created by inserting thermal conduc-
tivity, density and specific heat capacity data.

The surfaces are stated as blackbodies, so they absorb all incident radiation, regardless of frequency or angle of
incidence and they also emit black-body radiation. The roughness of the surfaces is assumed as Oum.

The conditions set to the model are: pressure 1.01325 bar and 20.05°C ambient temperature.

The selected computational domain is seen in Figure 12 and the heat transfer fluid subdomain is the volume
between the cylinders and the tank.

The calculation of the heat transfer fluid velocity is as follows: The assumed mass flow is 1.46 kg/sec. The average
density of the Therminol SP fluid is 807 kg/m>, therefore the volume flow becomes 0.0018 m*/sec. The area of the
external flow is the area of the tank, minus the area of the cylinders. The area of the tank is 1.1304 m? and that of
the cylinders is 0.575 m?, so the area of the external flow is 0.5554 m” Therefore, the velocity of the Therminol
SP is set at 0.00324 m/sec.

Then, a new insulation material is created in the Engineering Database. The material properties that are inserted
are density 160 kg/m?, specific heat capacity 1030 J/kg*K and thermal conductivity 0.035 W/m*K. Steel 321 already
exists in the Database as a predefined material and it is applied in the tank and the cylinders.

The choice of meshing technology and the impact that choosing a Cartesian-based mesh has on the way the geo-
metry is handled, in particular solid-fluid and solid-solid interfaces, the wall treatment used to capture boundary
layer evolution, and calculation of skin friction and heat fluxes. For this exercise, automatic global mesh was selected,
7 out of 7 resolution and advanced channel refinement.



	Abstract
	1. Introduction to latent heat storage
	1.1. Material types
	1.1.1. Inorganic PCM
	1.1.2. Organic PCM

	1.2. Container types
	1.3. Application to this study

	2. Description of the InnoSolPower system
	2.1. Design methodology
	2.1.1. PCM selection
	2.1.2. Tank and heat transfer fluid materials selection
	2.1.3. Tank design configuration

	2.2. Simulation process
	2.2.1. Introduction
	2.2.2. Simulation model
	2.2.3. Simulation results for charging
	2.2.4. Simulation results for discharging

	3. Discussion
	Acknowledgements
	Disclosure statement
	ORCID
	References
	Annex: Simulation model development process


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


