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1. Introduction

Concentrated solar power (CSP) is one of the promising renewable

ABSTRACT

This work presents the design, experimental and numerical results related to a pilot-scale one-tank (thermocline)
thermal energy storage (TES) combining latent and sensible heat storage materials with synthetic oil as heat
transfer fluid (HTF). The layer of phase change material (PCM) is used to enhance the thermal performance of the
TES. Alumina spheres are used as sensible heat storage materials, while the PCM is NaNOj3 (sodium nitrate). The
PCM is encapsulated inside 140 stainless steel tubes. The volume of the PCM represents 5.5% of the storage
volume. NaNO3 was found safe to use with the synthetic oil at the designated operating conditions in case of
leaks in the tank. The influence of the phase change material on HTF temperatures were observed experimentally
during charge, discharge and stand-by. A numerical model that couples two one-dimensional (1D) physical
methods is developed. It simulates natural convection within the PCM capsules by modifying the thermal con-
ductivity of the material. The enthalpy porosity method is applied to simulate the phase changing behavior and a
single equation estimates the liquid fraction of the PCM at each time step. The model is validated from the
experimental results. This validation reveals that there is still a high fraction of unsolidified PCM in the tubes
during discharge, which indicates that the performance of the combined TES solution is limited by heat transfer
within the encapsulation tubes.

with molten salts as HTF costs only 66% of the total investment of two
tanks installation that uses molten salts as a storage medium and as HTF.
However, during the charge and discharge process of the TES, a thermal
gradient layer, typically called the thermocline thickness (or region),
develops between the hot and cold zones of the tank. The quality of

energies that could help countries achieving their green energy pro-
duction goals. One of the main advantages of CSP plants is the ability to
store energy on a large scale using thermal energy storage (TES) to
provide 24 h a day operation [1]. Among the three TES solutions, sen-
sible heat, latent heat, and thermo-chemical heat storage, CSP plants are
generally using only sensible heat storage [2]. Kuravi et al. [3] showed
that the most commercially developed storage technology in CSP plants
is the two-tank molten salts sensible TES. Py et al. [1] concluded that
about 49% of the two-tank TES cost is attributed to the molten salts.
One-tank also known as (Thermocline) TES could be an economically
viable TES solution in CSP plants because it replaces a two-tank TES
system with a single tank. Moreover, it uses inexpensive filler materials
and decreases the need for expensive HTF. J.E. Pacheco et al. [4]
concluded that a one-tank TES filled with quartzite rocks and operated

stored and released energy degrades inside this region, because the fluid
will be at a temperature lower than the useful temperature [5]. While
this layer is expanding during the charge and discharge operations, it
could account for up to 33% of total tank height [6], which reduces the
storage efficiency of the system and influences the outlet temperature of
the HTF flowing out the TES.

Phase change material (PCM) has a unique capacity to store/release
thermal energy at a relatively constant temperature. Therefore, it
attracted the attention in different engineering fields, such as tempera-
ture control applications and TES. Table 1 summarizes various PCM
applications appeared in the literature [7-11].

Adding a layer of PCM to a sensible heat TES tank could help sta-
bilizing the HTF outlet temperature due to quasi constant heat release/
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Nomenclature r Radius [m]
15 Control volume at the radial axis of the tube [m]

Qs Shape factor [m?/m?] SE Maximum allowable stress [N/m?]
Ar .y Area of heat exchange between HTF and tank's wall [m?] T Temperature [K]
Cp Heat capacity [Joul/kg.k] Tyt Temperature at axial position z at time t [K]
d Filler diameter [m] TS Tensile strength of the material [N/mz]
D Tank diameter [m] t Time [sec]
€tube Tube thickness [m] U, The combined uncertainty % [—]
ew Tank wall thickness [m] u; The individual uncertainty source% [—]
€ins Insulation layer thickness [m] 14 Volume [m?]
G Non-dimensional quantity derived from the discretization Vs Local velocity of HTF [m/s]

of the PCM equation [m] z Axial coordinate [m]
H Height Fm] - , Greek symbols
hgir convection heat transfer coefficient between tank's wall - .

i > B The coefficient of thermal expansion [1/K]
and surrounding atmosphere [w/m*.K] . . .
R . : I3 Tank porosity (void fraction) [—]
heny convection heat transfer coefficient between tube's wall . 3
5 p Density [kg/m~]
and HTF [w/m~.K] ; .
X .. . 0 Non dimensional temperature [—]
hy_, convection heat transfer coefficient between HTF and filler .. .
. 2 A Liquid fraction [—]

materials [w/m~.K]
h, Volumetric convection heat transfer coefficient between Subscripts

HTF and Solid filler particles [w/m®K] env. Encapsulation
hy, convection heat transfer coefficient between HTF and f Heat transfer fluid

tank's wall [w/m” K] Melt Phase changing material melting point
kf.efr Effective thermal conductivity of HTF [w/m.K] p Solid filler particles
kf_ax Axial effective thermal conductivity of HTF in the D—C PCM Phase change material

model [w/m.K] w Tank wall
kpcm—eff Effective thermal conductivity of PCM [w/m.K] liq_ Liqueﬁed phase change material
kp.efr Effective thermal conductivity of Solid filler particles [w/ sol. Solidified phase change material

m.K] in Inner tank diameter
lcn Characterize length [m] out Outer tank diameter
Leus Laten heat of fusion [Kj/kg] ins Insulated tank diameter
m Mass [kg]
m Mass flow rate [kg/s] Superscript
R Dynamic viscosity [kg/m-s] n time reference
v kinematic viscosity [m2/s] j Positions reference in axial direction
Pmax Maximum allowable internal pressure [N/m?] * Non dimensional quantity

studies are scarce.
Table 1 Hernandez et al. [14] numerically investigated a combined PCM

Diverse PCM applications [7-11].

Hot and cold TES

e TES with heat pumps.

Full-size PCM storage.

Multilayered PCM storage.

Combine PCM with other types of TES: sensible or thermochemical.
Solar TES with heat pumps: for building applications.

Temperature control

Cooling management of electronic chips.

Space heating and cooling, Integrated into building structure and components.
Protection and thermal management to batteries and vehicles.

Protection of delicate electronic components.

Protection of sensitive medical products.

Thermal control of transportation for food and beverages.

Use for personnel human needs, such as vests, clothes, hot, and cold local
treatments.

Thermal control of photovoltaic panels (PV), or combined photovoltaic-thermal
applications (PVT).

store during the phase change [12]. Furthermore it could improve the
thermal performance of the TES at a low cost [13]. Few studies
addressed this question to the authors' best knowledge, and experi-
mental data allowing validation of modelling approaches in these

layer of AlSi positioned above a sensible heat storage material (SHSM) of
steel slag the HTF operates between 27 and 597 °C and the phase change
temperature of the PCM is 576 °C. They applied one-dimensional (1D)
Continuous-Solid model (C-S) model on both latent and sensible heat
layer in the storage to study the effect of PCM ratio on the storage
performance. The study concluded that the optimum design is with a 5%
volume fraction of PCM layer when comparing 0%, 1%, 2.5%, 5%, 10%,
and 20%.

Galione et al. [15-17] evaluated the concept of a three-layer one-
tank TES using 1D Dispersion-Concentric (D-C) model; 20% of KOH380
as a PCM at the top, 60% of quartz rocks and sand as SHSM at the
middle, and 20% of KOH300 as a PCM at the bottom. The operating
temperatures of the suggested storage are 290-390 °C. Their simulations
showed better TES efficiency in the three-layered concept compared to
the case without PCM.

Zhao et al. [18] developed a numerical tool to study a 2000 MWh,
TES, using a 1D D-C model. They compared various setups with the same
thermal storage capacity: one-tank 100% SHSM filler, one-tank 100%
PCM, one-tank 50% low temperature (LT) PCM + 50% high temperature
(HT) PCM, multilayer one-tank 10% LT-PCM+ 80% SHSM-+10% HT-
PCM, and two-tanks sensible heat storage. They suggested a methodol-
ogy to design a one-tank TES. Moreover, they concluded that using the
multilayer solution requires a smaller tank size than the sensible heat
only, and provides the best replacement to the two-tanks TES compared



to other evaluated solutions.

Zanganeh et al. [12] numerically studied the influence of the PCM
layer size when combined to a rocks-filled one-tank TES that operates
between 590 and 650 °C. They tested three PCMs with four different
volume fraction of 0% PCM (sensible heat only), 0.67% PCM, 1.33%
PCM, and 2.67% PCM. The model is 1D with C-S approach in both
layers; sensible and PCM. They concluded that 1.33% of PCM stabilized
the outlet temperature of the tank for the simulated PCMs and provided
the best discharge efficiencies between the evaluated cases.

In another study of the same team, Zanganeh et al. [19] performed an
experimental work that combined PCM to SHSM in a 42 kWhy, lab-scale
one-tank TES, the sensible heat part being filled with rocks, and the
latent heat part with AlSiyo. The PCM is contained inside a bundle of
stainless-steel tubes placed in staggered positions, where the PCM vol-
ume ratio to the tank's height is 1.33%. The storage works between 20
and 600 °C and the PCM melting temperature is 575 °C. A C-S model is
validated from the experimental results and used to compare the
discharge process of the combined solution to sensible heat storage only.
It is shown that the discharge lasted for about 28.5% longer with this
combination compared to the sensible heat TES tank, with more stable
outlet temperature around the PCM melting point.

Ahmed et al. [13] used the one-dimensional (1D) Schumann model
to compare three setups of one-tank TES. The first is filled only with solid
rod structures as low-cost SHSM, the second contains only PCM spheres,
and the third combines the two. The operating temperature range is
135-195 °C, and the melting temperature of the PCM is 165 °C. They
found that the combined solution has a lower cost compared to the PCM
only TES and better performance compared to the sensible heat only
TES.

Although PCM integration in a one-tank TES provides a performance
enhancement opportunity, it is still not widely used in commercial in-
stallations. In order to improve confidence and reliability on the solu-
tion, some challenges need further research and analysis, such as the
thermal behavior, output temperature stability, safety, and materials
issues. Furthermore, a reliable modelling tool is required, as well as
pilot-scale experimental and operational results.

This work presents an experimental and modelling study of a
combining PCM layer to SHSM in a pilot-scale one-tank TES in a micro
CSP plant. The work addresses design challenges such PCM material
selection, encapsulation, and safety issues to build this solution at a
pilot-scale size. A compatibility test is performed between synthetic oil
(HTF) and NaNO3 (PCM) to ensure no fire in case of accidental leakage.
In addition, it provides 1D simulation method that couples two physical
models for each layer, the C—S in the SHSM layer and D—C in the PCM
layer. The objective is to have fast and reliable numerical solutions that
address the limitations of each approach. In the following, the

experimental setup is firstly presented as well as the material issues. The
numerical models for both the sensible and the PCM layer are then
detailed. The last section (before the conclusion) addresses the experi-
mental results and their comparison with the numerical data. It includes
a discussion on melting fraction in the PCM tubes. The PCM melting/
solidification is simulated using enthalpy porosity method (EPM), where
an equation for estimating the liquid fraction in the PCM is expressed
according to Voller method [20]. Moreover, the model simulates natural
convection inside the PCM capsules by modifying the thermal conduc-
tivity of the PCM during the phase change.

2. Experimental setup
2.1. MICROSOL-R facility

The main experiments of this study were performed with the
MICROSOL-R setup of PROMES laboratory (Font-Romeu-Odeillo-Via,
France). Fig. 1 illustrates the MICROSOL-R facility [21].

During the charging process, valve V4 is opened while the charge
pump P1 is activated allowing the synthetic oil HTF to be heated by a 70
kW electrical heater (EH). The three way valve V2 is opened in the tank
direction and valve V3 is opened to charge the one-tank TES (TC) while
valve V5 is closed.

For the discharge, the valve V4 is closed, and the discharge pump P2
starts injecting cold HTF in the tank TC from the bottom. The hot HTF
exits the tank from its top, V5 is opened and valve V3 is closed. The HTF
is cooled down using three water-steam heat exchangers HEX1, HEX2,
and HEX3. The outlet temperature of HEX3; which represents the inlet
temperature of the TES, can be controlled using four parameters: the
water pump power P3, and the opening percentage of the valves V6, V7,
and V8. The water is cooled down using a water-glycol-cooled heat
exchanger HEX4 operated by the pump P4, where the heat is rejected to
the surrounding atmosphere using three air fans.

The thermal energy storage TC is a 4 m® tank, 3.24 m height and
1.276 m internal diameter shown on Fig. 2. The tank contains four
vertically positioned baskets allowing easy access to the solid storage
material while filling and emptying. Furthermore, these baskets reduce
the possibility of thermal ratcheting.

The tank contains two buffer zones that include tubular HTF dis-
tributors enabling a homogeneous HTF distribution (see distributors on
Fig. 3).

The solid bed height is 2.64 m, and thermocouples are used to record
HTF temperature every 2 s with a precision of £1.5 °C. They are
distributed in the axial and radial positions, as illustrated in Fig. 4.

Nl
C3
Nz
Nl
Cc2
L
C1 Heater
(7
—\

Vi

>

[024]3 + 1238\

P1

Fig. 1. Schematic of Microsol-R pilot plant.
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Fig. 4. The storage zone inside the tank size and thermocouple positions.

2.2. Operational limitations and experimental conditions

The preferred operating temperature defined by the original design is
between 220 and 315 °C the HTF is a synthetic oil that has a working
temperature range of 0-350 °C. The system shuts off completely if the
temperature exceeds 345 °C at any point in circuit for safety reason.

It is not possible to perform a charge process with a large tempera-
ture difference between the inlet and the outlet of the TES tank in one-
step in this work. Mainly due to the electrical-heater power limitation,
for example, we cannot inject HTF at 315 °C, while the HTF within the
TES tank is at 225 °C. Hence, the charge must be performed in three
successive stages to achieve the targeted 315 °C temperature starting
from 220 °C. The focus of this work is on the final charging step between
286 and 315 °C, because it contains the melting phase of the PCM.

Table 2 illustrates the TES tank inlet/outlet temperature and the
mass flow rate for a typical charge/discharge process. These operating
conditions are applied in the experiment as well as the numerical study.

2.3. Thermal energy storage materials

The sensible heat storage material is 2 cm in diameter alumina
spheres that fills the lower part of the tank and has a mass of 4.66 tons.
The same materials was used in our previous work inside MICROSOL-R
[5].

The chosen PCM is sodium nitrate NaNOg, with a melting tempera-
ture of 306 °C [22,23]. It is available on the local market at a relatively
low price and suitable purity >99% [24]. Furthermore, it has proven
compatibility with Stainless steel 304 L, which is an excellent candidate
material for the envelope.

The latent heat of fusion of sodium nitrate was measured using a
differential scanning calorimetry (DSC). A 65.66 mg sample was heated
at a constant rate of 10 °C/min from 30 °C up to 400 °C and then cooled

Table 2

Operating conditions.
Process Charge Discharge
Mass flow rate [kg/h] 2700 2000

Temperature range [°C] 286-315 312-226




down at the same rate. The heat flow curve from the DSC in Fig. 5
confirms that latent heat of fusion of NaNOs is about 169 kJ/kg, and the
material melts at 307 °C and solidifies at 304.3 °C.

For the encapsulation material, Stainless steel SS304 is chosen
because it meets the criteria of envelope selection for PCM application as
compiled in Table 3 from [8,25-28].

Furthermore, Goods et al. [29] confirmed that the SS304 metal
shows a decay rate is 6-15 pm/year when using a mixture of NaNO3 and
KNOj3 at 570 °C. This low rate of degradation of SS304 with NaNOs
qualifies it to be used for long term service [8] with NaNOgs at a working
temperature of 350 °C [3,30].

Thermo-physical properties of all involved materials are calculated
as follow:

e HTF Jarytherm® oil [According to product technical datasheet].
p =1261.569 —0.7419173*T(K).

Cp = 649.84 4+ 3.1872180451*T(K).

k = 0.1521663 — 8.2406015038 7 *T(K).

Table 3
Required specifications for proper PCMs envelop design [8,25-28].

Mechanical stability and
flexibility

- Withstand internal pressure resulting from density
differences between phases.

- Provide the required structural rigidity.

- Allow easy PCM filling in, easy to manufacture.
Thermal stability - Sustain the maximum working temperature.

- Adapt to extension/contraction due to thermal
cycling, with a compatible thermal expansion
coefficient.

Compatibility - Corrosion resistance to PCM as well as HTF at the
predetermined temperature.
Integrity - Prevent the PCM from interacting with the

surrounding atmosphere.
- Provide a significant effective heat transfer coefficient,
suitable shape, and thermal conductivity.

Sufficient heat transfer
coefficient.

e Stainless steel 304 L
p = 8030 [kg/m’].
Cp = 502.48 [kJ /kg.K].

k=16 [W/mK]

B = exp.[19.75102% (In T(K) )* — 492.2114* (In T(K) )* +4602.039% (In T(K) )* — 19, 136.34* (In T(K) ) 4 29,858.54].

p = 1000%(3.9853 — (7.158 107°**T(°C) — (3.035 107**T(°C)* ) + (7.232 1072*T(°C)*) ).

e Alumina spheres [31,32]

Cp = 1117+ 0.14*T(K) — 41 1%exp.( — 0.006*T(K) ).

k = —2.469 10 **T(K)* +9.509 10 *T(K)>-0.124*T(K) + 61.76.
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Fig. 5. DSC results for the commercial NaNO3.

o NaNO; [33]

Priquia = 2160 [kg/ms}.

Potia = 1908 [kg/m’].

Cp = 444.53 +2.18*T(K).

k = 0.3057 +4.47 10" **T(K).
Les = 169 [KJ /kg].

2.4. Safety analysis

The main concern when using the NaNOs with the synthetic oil
Jarytherm® DBT is fire issue because sodium nitrate is considered “class
I oxidizers” that is the minimum out of four hazard classes [34], and oil
is a fuel. Therefore, two analyses were performed to ensure a low level of
risk in case of crack in the metal envelope. The first one aims to evaluate
the integrity of the tube to withstand the internal pressure from the PCM
density variation between solid to liquid and thus minimizing the po-
tential leakage. The second one evaluates the just-in-case scenario of
accidentally mixing the two materials.

2.4.1. Internal pressure
The maximum allowable internal pressure for a cylindrical container
can be calculated from hoop stress Eq. (1) [35].
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ewpbe: the thickness of the tube.

SE: is the maximum allowable stress for the materials.

SE = 0.85 TS/4: TS: tensile strength of the material.

From Eq. (1), a 48.3 mm outter diameter, 1.6 mm thickness SS304
tube can tolerate up to 47 bar. The maximum pressure expected inside
the container due to the density difference between the solid and the
liquid phase is estimated from Eq. (2) [36], which neglects the envelope
material thermal expansion.

V. .. — Meou
P —p void Psol (2)
mar = Pam | 00
void — )
lig

An air volume is suggested allowing the PCM to expand without
stressing the tube wall. The air ratio is defined as the ratio of air volume
to the inner volume of the encapsulation expressed in vol% at normal
conditions.

Fig. 6 plots the internal pressure within a 48.3 mm outer diameter
SS304 tube of 1.6 mm thickness against air ratio. It confirms that a
minimum of 10.7% air ratio is necessary to avoid exceeding the
maximum allowable pressure for this type of tube [37]. Therefore, an air
volume of 14% of the internal tube volume is chosen for this work.
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Fig. 7. DSC Heat flow comparison between 100% Oil and 91%wt.0Oil-9%
wt.NaNOs.

2.4.2. Compatibility between NaNO3 and synthetic oil

Pacheco et al. [4] evaluated the behavior of a mixture of Therminol®
HTF and liquid NaNOs. They concluded that there is no fire risk when
mixing this oil and NaNOs, furthermore, any fire incident primary cause
would be mixing the hot oil vapor with oxygen from the air, while
“accidentally mixing the two components should not create combus-
tion”. Moreover, NaNOs is thermally stable with a harmless formation of
nitrite (NaNO») and Oxygen (O3) at 380 °C at atmospheric pressure
[37,38]. Moreover, the leading cause of nitrate salts explosion is
ascribed to the ammonium nitrate (NH3NO3) and not to NaNO3 or KNO3
[34].

Although no direct contact between the PCM and oil is ensured in
this experiment by using stainless-steel pipes with a proper sealing
method, the reactivity of mixing NaNO3 with Jarytherm® oil was
investigated experimentally with two analyses. The first simulates an
arbitrary small PCM leakage into the HTF with a weight ratio of 9%
NaNO3 to 91% oil, while the second depicts a small quantity of oil
leasing inside the PCM encapsulation with a weight ratio of 84% NaNO3
to 16% oil (filling the air gap within the tubes with oil).

Fig. 7 compares the heat flow measurements of differential scanning
microscopy (DCS) for the 100% oil reference sample which contained
49.67 mg of oil, to the 91 wt% oil- 9 wt% NaNOs mixture sample with
total weight of 45.31 mg. The temperature was increased at a constant
rate of 5 °C/min up to 320 °C, then maintained at the highest temper-
ature for 180 min for both experiments.

Fig. 7 illustrates that the two curves have very similar shape, and no
peaks are observed at the heat flow curve during the test. The difference
between the two curves is attributed to additional thermal capacity of
the NaNOg as well as its latent heat of fusion. The mixture curve shows
some deviation from the reference sample at a temperature around 300
[°C] which could be explained by the melting of the PCM.

For the second analysis, the two tested samples are 109.08 mg of
100% NaNOs, and 61.72 mg consists of 16 wt% oil and 84 wt% NaNOs.
The DCS parameters are the same applied in the first analysis. Fig. 8
compares the heat flow between the two samples, where the shape of the
two curves are also very similar, and no peaks in the heat flow are
detected. Moreover, the 100% PCM sample has a bigger overall heat
than the mixed sample due to its bigger mas as well as the latent heat of
fusion of the PCM compared to the mixture sample, where the oil is
introduced.

Figs. 7 and 8 indicate that there are no exothermic reactions during
these analyses, which confirms that there is no fire risk from mixing a
small amount of NaNOs to the Jarytherm® oil or a small amount of oil to
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Table 4
PCM mass, envelope mass, envelope volume, and filling ratio for each row.

Row Meny Mpcm Viube Filling ratio
[kgl [kg] [m®]

1 34.72 48.12 0.031 86.63%

2 34.72 48.25 0.031 86.86%

3 34.71 48.07 0.031 86.51%

4 34.72 48.29 0.031 86.87%

5 34.72 48.21 0.031 86.78%

6 34.70 48.10 0.031 86.59%

7 34.69 48.21 0.031 86.80%

Total 242.98 337.24 0.22

Fig. 9. The final PCM layer package.

NaNOs at a temperature up to 320 [°C].

2.5. PCM layer design

For this experimental work, a 5.5% volumetric ratio of PCM to the
total tank volume is chosen. The PCM layer consists of 7 rows of SS304
tubes 48.3 mm outer diameter. Each tube is side-sealed on one side by
welded end-cap, while the other tube side is closed with a threaded end-
cap with suitable sealant material for high temperature applications.
The final measured porosity of the PCM layer is 0.508.

The tubes are filled using several stages as follows: 1- Measure the
tare weight of the empty tubes. 2- Fill vertically the salt inside the tubes.
3- Place the vertical tubes in an electric furnace to melt the PCM that
results in extra space formation (This step ensures no leakage from the
bottom of the tubes). 4- Add more PCM in the tubes and repeat steps 3
and 4 until reaching the required PCM filling ratio inside the tube. 5-
Record the tubes' gross weight. 6- Seal the tubes with Deacon 770-P®
(high-temperature tube's sealant) and a copper washer. 7- Place the
tubes horizontally inside the furnace and subject the containers to 3
cycles of melting/solidification. 8- Inspect visually for any possible
leakages. 9- Check each tube for hidden leakages by comparing its gross
weight before and after cycling.

The filling details of PCM layer is reflected in Table 4, which shows
for each row: the mass of filled PCM (mpcy), the mass of stainless steel
(Mepy), the volume of tubes (Viype), and the average filling ratio.

The final arrangement of tubes in the PCM layer is illustrated in
Fig. 9.

2.6. Uncertainty of measurements

The combined standard uncertainty of measurements is evaluated
using the root-sum-square method of all associated uncertainties Eq. (3)
[30].

mpcy
Vw)id - /;m;w
Pmax = Parm mpca (3)
va'd )
lig

Ug: is the combined uncertainty.

u;: is the individual uncertainty source.

The experimental setup has PYRO-SYSTEM® thermocouples type
PT100 1/3 B, which have +0.6 °C uncertainty, by neglecting the un-
certainty of data acquisition switch, this results in 1.2% uncertainty in
temperature reading relative to 100 °C temperature difference. More-
over, each thermocouple has a position uncertainty of +2.5 cm that will
give 1.9% uncertainty relative to 2.64 m total tank height. The mass
flow-metering device (Foxboro® Model 84F) has +0.5% uncertainty of
measurement. Applying Eq. (3) gives 9.8% of combined uncertainty.

Uncertainties in the temperature dependence of alumina thermo-
physical properties are estimated at 2% for heat capacity and 6% for
thermal conductivity [31]. NaNOg has an uncertainty of 6% in the
measured thermophysical properties [39]. Therefore, the combined
uncertainty equation of the NaNOg as PCM and alumina spheres as solid
filler in one tank is about 13%.

3. Numerical model

Biot number (Bi) of the solid filler is calculated from in accordance to
Eq. (4). Where the characterized length Ly, is d/6 for a sphere, and d/4
for a tube [40].

mpceym
Psol ( 4)

V., .. — mecu
void
Plig

Vioia —
Prax = Pam

For the heat convection coefficient h¢,, Nusselt number (Nu) is
calculated from the correlation suggested by Wakao et al. [41] Eq. (5).

V. . — mecu
void Psol
Pmax = Parm mpca (5)
Vioia — =
lig

The flow regime is evaluated by calculating Re at the particle
diameter level for a randomly packed bed from Eq. (6) [42].

mpcm

Vvoid T e
mm (6)

V., .. — Mecu

void Piiq

Prax = Pam

The numerical model of this work uses a 1D Continuous-Solid

Table 5
Biot number of alumina spheres and NaNO3 tubes at 315/220 °C and 2600 kg/h
mass flow rate.

Material Bed porosity Temperature [K] Diameter [m] Re Bi

Alumina  0.485 493.15 0.02 35.17  0.023
NaNO3 0.508 0.048 88.34  1.468
Alumina  0.485 588.15 0.02 65.73  0.032
NaNO3 0.508 0.048 165.11 1.706




approach (C—S) in the sensible heat storage part of the tank (alumina
spheres) and a 1D Dispersion-Concentric (D—C) approach in the PCM
layer of NaNO3 shown on Fig. 4. The C—S approach is used in the
alumina spheres because Bi is inferior to 0.1, while in the PCM tube is
superior to 0.1 Table 5. Moreover, the HTF flow in both parts of the tank;
the alumina spheres and PCM tubes could be assumed laminar based on
calculated Re values at the operating limits of this experiment based on
the Re value calculated in Table 5, where Re <260 for random packed
bed [43].

The simulation uses experimental tank inlet temperatures as model
input with a constant mass flow rate at each process of charge and
discharge. Table 2 indicates the maximum and minimum temperatures
with the rates of charge and discharge used in the designated
experiments.

3.1. One-dimensional continuous-solid model for sensible storage section
The main advantage of using the 1D C—S approach is performing a

quick simulation within the largest part of the TES tank (the sensible

heat storage with solid filler) with a good accuracy. The height of this

part is 2.18 m.

3.1.1. Model assumptions

1D incompressible HTF flow in the axial direction of the tank.

The HTF flow is laminar as indicated in Table 5 [44].

Heat transfer by radiation is neglected, because the maximum HTF
temperature inferior to 660 °C [45].

The solid is a continuous, isotropic porous medium.

The temperature gradient within the 2 cm alumina sphere is negli-
gible because Bi <0.1.

The tank is not adiabatic. Thermal losses to the environment are
considered by solving the energy balance equation at the tank's
walls.

The model neglects the thermal conduction between the tank wall
and solid filler.

Thermal diffusion of the HTF in the axial direction is considered.
The model uses temperature-dependent thermophysical properties.

3.1.2. Energy balance equations
The Model solves three coupled energy balance equations in the HTF,
solid filler, and wall temperature profiles, Egs. (7)-(9), respectively.
For the fluid:
oT; oT; o'Ty Afen
epCp)y5, +ePCP)vr g = ka2 + Iy (T, = T7) + h Ve (T, = T7)

A[HW = E'H'th’HIank

@]
For the solid particle:
T, o°T,
(1 - E)(pcp)p atl = preffﬁ+hv(7~f - TP) (8)
For the wall:

o, _ OTy . (A (hA) e
—— = ky w T; - T, — Tex =T,
pen ek (Y -n) )+ M=, n) @

w

3.1.3. Correlations
Egs. (10) and (11) express the effective thermal conductivities of the
fluid and the solid particle [5]:

kp.ofp = ks (10)

kpo = (1 =€)k, (€8]

Eq. (12) calculates the volumetric heat convection coefficient [6]:

h,
o ag 12)
asThe shape factor (1/m) identified by the total surface area of all
particles divided by the total volume of the tank [41], it is defined by Eq.
(13):

A(tot
a, = (101), =
Vtank
v, 1—v
Vp Viank — V¢ m"k( f/ V‘“"“) (13)
Lo _ Lo _ Len
Vtank Vtank Vtank
1—¢
T
L('h

And Eq. (14) evaluates the characteristic length for a spherical par-
ticle, Len:
@ Volume d,

" Area 6 a4

Based on Egs. (5), (12)-(14), the volumetric heat convection coef-
ficient is calculated from Eq. (15), which is the mostly used correlation
for spherical solid filler in modelling thermocline TES [44].

6(1 — €)ks. [2 + 1.1Re,"OPr1/3]

hy, = 15
e 1s)

The convection heat transfer coefficient between HTF and the tank
wall is calculated from Eq. (16) according to Beek [46]. This correlation
is suitable to use with spherical and cylindrical filler when Re is inferior
to 2000.

k
h = (2576Re, Pr'/ + 0.0936Re, " Pr )
dp (16)

Re, < 2000

The term (hA)yoext is calculated from the equivalent thermal resis-
tance of the cylindrical tank wall Eq. (17) [47].

1
(hA)w o ex

In Doul lVl Dins
1 _ Din + Dum + 1
(hA)wHexl B 2-wkyHank 270 KipgHuank — NairAext aa7)
Dy = Diy + 2e,

= Zth = Ry + Rinins + Ronair

Djys = Diy + 2e,, + 2eiy
At = ﬂ'(Din + 2e,, + 2€im)Hlank

The heat convection coefficient at the outside tank wall is estimated
from Eq. (18) according to Churchill et al. [48]. Where Nu of natural
convection is valid for laminar as well as turbulent flow.

2

0.387Rd’

Han huir i
ekl — Nug, = |0.825 + “@r
k., 27
(1 " {';ﬂ}—) 8)
Ra < 10"

Pr= Cp-,u/k, Ra = Gr-Pr,Gr = gﬂATHfh/l)2

Rayleigh number (Ra) at the outside surface of the vertical tank is
calculated from equation Eq. (19):

Ragr = pairgﬂairHimk (Tavg - Tm) / v 19

B is the coefficient of thermal expansion (1/T for an ideal gas).



Air properties are taken at an average temperature T ,,, between
surrounding temperature Ty and wall temperature Ty,.

3.1.4. Initial conditions
During charge at time t = 0:

Tf(I:()) — T(r:l]) — T&:ZO) — T(l:()) — TLow

P initial
For discharge at t = 0:

Tf(t:m = T‘()/:o) = TSZO) =Tl = Thign

initial

3.2. One-dimensional dispersion-concentric model for latent storage
section

The calculated Bi for a tube diameter 48.3 mm filled with NaNOgs at
315°Cis between 1.4 and 1.7 Table 5, which emphasizes the need to use
a numerical approach that considers the thermal gradient within the
tube, hence the D—C approach is selected.

3.2.1. Model assumptions

1D incompressible HTF flow in the axial direction of the tank.
Laminar flow, as justified in Table 5 [44].

Heat transfer by radiation is neglected with maximum HTF temper-
ature below 660 °C [45].

The PCM is encapsulated in horizontal tubes.

The temperature gradient within the PCM is assumed symmetric-
concentric distributed.

The thermal resistance of the stainless-steel tube is neglected due to
its high thermal conductivity.

The thermal capacity of the envelop materials is embedded in the
thermal capacity of the PCM as defined by Eq. (20) [19].

_ mpcMCpPCM + menv.Cpmv,

(0Cp)eyr = (20)

VTubes

Charge

Tul\ | T \ T(ti)pey

P =

INSULATION
Tank wall

5 7_ .| Discharge

Fig. 10. The D—C model control volume of PCM layer.

e Natural convection of the PCM is simulated by modifying the thermal
conductivity of the PCM during the phase change process according

to Eq. (21) [49,50].
Kpem—eff — 0.18RQ"25

PCM

kpem @1
Rapey = pPCMgﬂPCMdfube(Tf - Tm)/vPCM

The tank is not adiabatic, thus thermal losses to the environment are
taken into account by solving the energy balance equation at the tank
wall and adding a convective heat flux condition at the border.
Conduction between the tank wall and the tubes is neglected.

e HTF thermal diffusion in the axial direction is considered.

The model uses temperature-dependent thermophysical properties
for the HTF and PCM.

Melting and solidification of PCM are modeled using the enthalpy
porosity method, which assumes a constant melting temperature
during the phase change.

A is the liquid fraction of the PCM, its value varies between zero and
one and can be calculated with the enthalpy-porosity method.

3.2.2. Energy balance equations

The three coupled energy balance equations for the HTF, PCM, and
wall temperature profiles Egs. (22)-(24), respectively are solved ac-
cording to the control volume presented in Fig. 10.

For the HTF:
oT; oT; Ty Ar oy
E(pCp)f?-‘r g(pcp)fvfa_z = kf’“-"a_zz—i_h"a’“b'" (Tpcm - Tf) +hw ” (Tw - Tf)
(22)
For the PCM tubes:
0T, oA 190 o7,
ch . Lus* = -3 k;cm P 23
P In 22+ iy =1 37 (oo P22 (23)
And for the tank wall:
aT, T, Ary (hA)w—ext
- = kv 5+ he T, —-T, ———(Tew — T\
() =k ST ( = (1 ))+ et (1, -1,
24

The liquid fraction in the PCM equations is evaluated from Eq. (25)
according to Voller [20] enthalpy porosity source term.

oG (T PR )

PICED A CA)
Lyus 25)
A0 <o () — g
G0 N TR [ R Ay

G : is a non-dimensional quantity derived from the discretization of
the PCM equation according to Eq. (26).

AL 2 kpen

G=1+_ =T (26)
Ar 17 (pCp)pem
3.2.3. Correlations
Shape factor of the tube can be calculated from Eq. (27) [19].
Volume 7.deny-Liube 4
L 4 : for tubeszitb = 27)
Area mde deny.
4 -tube

Table 6
Row correction factors when Nyo,, < 20 [47].

Nrow 1 2 3 4 5 7

Staggered 0.64 0.76 0.84 0.89 0.92 0.95




4(1 —¢)
denv.

ag =

The heat convection coefficient at the tube surface is estimated from
Eq. (28) estimates the global convective heat transfer coefficient of the
layer.

Nu.k¢
henv = 2y L (28)

To calculate Nu, the HTF is assumed to be crossing a tube heat
exchanger placed in staggered arrangements, where, similar assumption
was validated experimentally by Zanganeh et al. [19]. The Nu is
calculated at each raw from Zukauskas correlation Eq. (29) [51].

PrfT 0.25
Nit = Cpo-CreRel P1YS - ( P.rf(,\,,,.)
T
(29)
Sr /)/'dEVlVV/',nlm(
Vimax = Vg5 Rgmax =
St — dew Ky

Renax for this work is between 466 and 871, therefore, the value of
Cre and m is 0.51, 0.5, respectively. St is the distance between two
consecutive tubes in the same row. The row correction factor is calcu-
lated at each raw according the factor lists illustrated in Table 6 pro-
vided by Incropera [47].

In the D—C approach according to Wakao [52], the HTF axial-
effective thermal conductivity ke,x Eq. (30), includes a static and dy-
namic expressions. The static effective thermal conductivity on hori-
zontal cylinder is calculated from Eq. (31), while dynamic HTF
conductivity is calculated from Eq. (32) for Re >0.8.

ke = K + K" (30)

kp
£ 0280-075logio (f)
b= <—”) f [€2D)

A kf
k_?yn = 0.5k;eRe.Pes Re > 0.8 (32)

3.2.4. Initial conditions
For charge:

— 77,0 —
TSC{?} = T/gc;n ) =T = Trow

initial
The liquid fraction
A0 — ¢

For discharge at t = 0:

— 0 —
Tyow = T;Ev'm) = Tl = Thigh

initial
The liquid fraction
A0 =
The boundary conditions at the center of the PCM tube is given by:

oT,
or

=Q0atr,=0

And the boundary conditions at the tube surface is given by Eq. (33)
[53].

k, (”%) _ (T}'” —p{fen) ) (33)

3.3. Coupling the two models

3.3.1. Boundary conditions - charge
During charge according to Fig. 4, the simulation is firstly performed

in the D—C model (PCM layer), where the experimental hot oil tem-
perature is applied as inlet boundary condition. Then the simulated
output temperature of the HTF of the D—C is assumed to be the inlet
temperature of HTF of the C—S model (the sensible heat part), where the
HTF outlet temperature of the C—S model represents the tank's outlet
temperature during charge, as follow:

In the D—C (PCM layer), hot HTF is injected at the top of the tank at:
T(l-,n) — intetn) _ T

f.pem exp

While adiabatic boundary conditions are assumed at the inlet in the
PCM layer and tank wall equations.
aT,()i;::) ()TS n)

0z 0z

The exit boundary condition is unknown, therefore no heat flux
(adiabatic) boundary conditions are applied, in order to determine the
last raw of the coefficients matrix [54]. The boundary condition at the
PCM layer exit is adiabatic at j = Hper, for the three equations:

arf(H])g.m.n) ‘)T,(.Z'nm'") _ ortenn

0z 0z 0z

The D—C approach is coupled with the C—S during charge process
by assuming that outlet temperature for the D—C (PCM layer) is the
input temperature of the C—S (sensible heat storage layer) at each
modeled time step.

T(Hpcm,n) _ T(l.n)

f.pem fp
Adiabatic boundary conditions are assumed in the energy balance
equations of the solid filler and tank wall:
aTlglﬂ) _ 0T£}.n) “o
0z 0z

Finally, at the outlet boundary condition of the C—S approach
adiabatic conditions are implemented:

(H.n)
ot

oTHm o)

0z 0z 0z =0

3.3.2. Boundary conditions - discharge

During discharge the inverse of charge will happen (Fig. 4). The
simulation starts in the C—S model (the sensible heat part), which uses
the experimental cold oil temperature as the inlet boundary condition.
Then the simulated HTF outlet temperature of the C—S model is
assumed to be the HTF inlet temperature of the D—C model (the PCM
layer). The HTF outlet temperature of the D—C model represent the
outlet temperature of the tank during discharge, as follow:

1, ;
T}.pll) = T,(;Tpm'n) = Tinpur

The outlet temperature of the HTF resulting from C—S model is
considered as the inlet temperature of the HTF in the D—C layer (PCM).

(Hpn) __ (1)
Tro ™ = Trpem

3.3.3. Discretization

The Matlab® program uses the finite difference method that is im-
plicit in time second order central differencing scheme. The simulation
updates the thermophysical properties of the materials at each iteration.

The program solves three-coupled partial non-linear differential
equations of both models C—S and D—C. It uses the Newton-Raphson
iteration method with convergence criteria of 10%, and a time step of
At = 0.5 s. The size of the control volume in the C—S model is Az = 0.02
m [55], while the control volume in the D—C is equal to the capsule
diameter 48.3 mm and the number of radial components is 10 [56] as
depicted in Fig. 10.
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Fig. 11. Temperature profile of the charge process, model against experiment.

4. Results
4.1. Charging process

The charging process starts when all mediums inside the tank have
about the same low temperature T, = 286 [°C]. While the HTF is
injected at a constant mass flow rate of 2700 kg/h the top of the tank,
with a temperature increasing gradually from Tiow to Thigh = 315 °C
using the electrical heater, then it remains constant at Th;gn until the end
of the process.

During this process Fig. 11, the hot oil enters the top of the tank from
the right of figure charging the PCM layer at the top of the tank between
the thermocouples located at 2.53 m — 2.18 m. After, it charges the
alumina sphere from top to bottom between position 2.18 m down to
0.05 m above the tank's outlet, where the cold oil exits the tank from the
lift of the Figure. The temperature profiles are plotted each 30 min from
0 to 180 min.

The charging experimental temperature profile of points in Fig. 11
illustrates that:

— After 30 min of charge the oil is at 310 °C at the tank's inlet (PCM
layer inlet), while the oil temperature in the middle of the PCM layer
section demonstrates a constant value around 307 °C. This semi-
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plateau behavior can be attributed to the beginning of phase
changing of the PCM within the tubes, where the melting tempera-
ture of the NaNOsg is about 307 °C according to the DCS measure-
ments of this work (Section 2.3 above). In the sensible heat section of
the tank, most of the alumina spheres are still at Tjoy.

After 60 min of charge, the tank's inlet temperature reaches 315 °C;
the maximum temperature of this process, the rate of increase of the
HTF temperature in the PCM layer is slower than the SHSM layer
affected by the melting of the remaining PCM within the tubes.
Furthermore, about third of the alumina spheres is charged above
300 °C between thermocouples at 1.34 m — 2.05 m. While the HTF
temperature at the tank's outlet remains at the lowest temperature of
this operation 285 °C.

At 90 min of charge, the HTF temperature in the PCM layer exceeded
310 °C, which suggests that most of the PCM had been melted.
Moreover, about two third of the SHSM layer is charged above
300 °C between 0.585 m - 2.05 m, and the tank's outlet temperature
started to increase.

From 120 min until 180 min, both mediums continue to charge at
similar rate, the tank's outlet temperature increases to near the Tp;gh,
where the process stopped.

260
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Fig. 12. Temperature profile of the discharge process, model against experiment.



4.2. Discharging process

During the discharge Fig. 12 points temperature profile, all the me-
diums inside the thermocline are at Thigy 312 °C, while the HTF is
entering the tank at Ty, 226 °C with a constant mass flow rate 2000 kg/
h. The cold oil is injected from the tank's lowest point (the lift side of
figure), discharging the alumina spheres section from the tank between
the thermocouples located at 0.05 m up to 2.18 m. Then the HTF enters
the PCM layer immediately after the thermocouple placed at 2.18 m
height, and exits the PCM layer and the tank after the thermocouple at
2.53 m (the right side of the Figure). Temperatures profiles are plotted
from 0 min up to 135 min at 15 min intervals.

The discharging experimental temperature profile of points in Fig. 11
shows that:

— After 75 min of discharge, about 50% of the alumina spheres section
of the tank is at the low temperature T),,y between thermocouples at
0.05 m - 1.08 m, which indicates that about 50% of the energy of the
SHSM is discharged.

— At 90 min the temperature profile indicates that significant amount
of the energy of the alumina spheres has been already discharged.
While the temperatures of the HTF between the PCM tubes demon-
strate a constant temperature at about 306 °C, which is very near the
solidification temperature found during the DSC analysis of the
NaNO3 304.5 °C (2.3 above). This indicates that the PCM experiences
an isothermal solidification at this time of the discharge.

— After 105 min of discharge, the SHSM has nearly no more energy to
discharge since most of the materials having reached the Tjoy of the
experiment. One the other hand, the HTF temperature between the
PCM tubes shows quasi-constant values at a level lower than the
previous step at about 300 °C. This can be attributed to the existence
of some PCM in phase changing state. Nevertheless, the already so-
lidified amount PCM inside the tubes limiting the heat exchange to
the outside HTF due to its low thermal resistance.

— Between 120 min and 135 min, the end of the discharge, the tem-
perature profiles show a reduced HTF temperature inside the tank in
both the PCM layer and the SHSM.

4.3. Radial temperature distribution in the PCM layer

The radial temperature evolution within the PCM layer is analyzed
by plotting the temperatures obtained from the horizontal thermocou-
ples located within the PCM layer. These thermocouples are located at
six locations as illustrated in Fig. 4.

Fig. 13 plots the radial temperature evolution during the charge
process at the designated positions. The thermocouples data demon-
strate a homogeneous HTF temperature distribution along the tank's
radial direction, which supports the assumption of one-dimensional
behavior for the model. A small fluctuation in the temperature is
observed for thermocouples located at 2.18 m, which is located in be-
tween the PCM layer and the alumina spheres bed. This deviation can be
explained by the variation of HTF velocity distribution between two
different filler materials, the alumina spheres and NaNOs tubes.

Similar to the charge process, the radial temperature evolution
maintained a one-dimensional evaluation during the discharge as shown
in Fig. 14. Furthermore, a small deviation in the radial temperature
distribution is observed at the interface position between the PCM tubes
and alumina spheres.

4.4. Stand-by

To evaluate the thermal behavior of the TES tank during a stand-by,
the system is partially discharged from 310 °C to 220 °C and the oper-
ation is intentionally stopped while the PCM layer temperatures is about
310 °C, and most of the remaining storage is at the low temperature.

Fig. 15 plots the temperature profile inside the tank during this
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Fig. 13. Radial temperature evolution during the charge at six axial refer-
ence positions.
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Fig. 14. Radial temperature evolution during the discharge at six axial refer-
ence positions.

stand-by period of about 5 h. Three main regions can be identified, low
temperature, thermal gradient, and high temperature regions.

The low-temperature zone covers about 60% of tank's height from
the lowest point up to 1.53 m, which is all in the sensible heat storage
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Fig. 15. Temperature profile during a stand-by period of 5 h.

part. The temperature remained unchanged for the 5 h test about 225 °C.
The thermal gradient region (thermocline thickness) occupies about
25.7% of the tank's height from 1.53 m up to 2.18 m with a temperature
ranging from 225 to 300 °C, which is also located in the sensible heat
storage part up to the PCM layer inlet. The lower end of this region has a
stable temperature of approximately 230 °C for the test duration, while
the upper end has also a stable temperature of ~300 °C. However, in
between these two limits, the farther the point from the PCM the higher
the temperature drop from its initial temperature, 5 °C at 2.05 m and
13 °C at 1.8 m, which indicates that the PCM solidification in the above
region reduced the temperature drop in the area adjacent to the PCM.
The high temperature zone represents 14.3% of the tank's height,
where the temperature drops for about 4 °C, from 310 °C down to 306 °C
in the first hour, and from 306 °C down to 302 °C for the second hour,
then it remains stable at 302 °C for the next 4 h until the end of the test.
This observation indicates that the solidification is happening during
stand-by, but with a lower kinetics compared to charge and discharge.
Where the temperature drops inside the tank during the stand-by due to
thermal stratification inside the tank and the thermal losses to the
environment, when the HTF temperature in the PCM layer drops to
below the solidification point of the NaNO3, some of the PCM starts to
solidify and stabilizing the temperature due to the latent heat of fusion.
The low thermal conductivity of the solid PCM limits the heat transfer
rate between liquid and solid PCM, resulting in slow solidification over
time, consequently slow temperature drop at the tube surface as well as
HTF in the adjacent area to the tubes.
The practice of partially discharging the combined thermal energy
storage is not recommended because it implies losing the latent heat of
fusion of the PCM in non-production operation.

4.5. Model validation

The temperature profiles is chosen to validate the model because it
represents the dynamic response of the TES at multiple time steps, which
embedding the complex heat transfer phenomena within the tank. It
provides an illustration about the temperature gradient and thermal
stratification within the tank [57], as well as the level of stored and
discharged thermal energy [58].

Fig. 11 compares the predicted temperature profile along the axial
axis of the tank to the experimental results during the charge process,
solid lines and points, respectively. The model presents a good predic-
tion of the experimental temperature profiles, although small deviation
appears at some points, which can be accommodated with the +2.7 °C
related to the 13% uncertainty of the measurement (2.6 above). The
PCM's influence is observed in the experiment and the simulation at
about 307 °C after 30 min of charge, which is very near the melting



temperature of the NaNO3.

Fig. 12 compares the numerical temperature profiles against the
experimental ones during discharge, solid lines and points, respectively.
It illustrates that, computed temperature profiles during discharge have
an acceptable agreement with the experimental temperatures in general.
The effects of PCM solidification is evidenced on the HTF temperature
for temperature profiles related to discharge times longer or equal to 90
min. The model demonstrated some deviation from the experimental
results between 120 min and 135 min the end of the discharge, which
could be attributed to the unstable mass flow rate as well as lower HTF
inlet temperature in the experimental setting at the final discharge stage.

The overall thermal dispersion along the tank vertical axis comes
from complex thermal interaction between the three components HTF,
tank's wall, and the solid filler material. The main heat transfer means
are conduction between the solid fillers, wall to solid filler conduction,
the temperature gradient within the solid filler, dispersion within the
HTF, convection (HTF to the wall), convection between HTF to solid
filler, and convection at the wall to the outside environment. Further-
more, when PCM is used as in this work, the melting/solidification and
the natural convection of the PCM are added factors to the complexity of
modelling the overall thermal dispersion inside the tank.

These phenomena are very hard to be experimentally separated from
each other at this size of tank as well as in real case scenario, hence, the
general thermal behavior of the HTF can only be followed and evalu-
ated. In any case, the model consistently provides similar HTF temper-
atures profiles as the experimental ones at multiple time steps and
locations inside the tank for both charge Fig. 11 and discharge Fig. 12.
The similar shapes and behavior of the temperature profiles confirm that
the model is adequately valid for both charge and discharge operations.

4.6. Estimation of liquid fraction in PCM

One advantage of using enthalpy porosity method is the ability to
predict liquid fraction. This parameter indicates the status of the PCM
charge at the studied control volume Fig. 16. Where charged PCM is
represented by liquid fraction of one and the PCM at liquid status. While
discharged PCM is described by liquid fraction of zero where the PCM is
at solid status. When the studied control volume has the two phases it is
characterized by liquid fraction between zero and one, which illustrates
the PCM charge percentage.

On the other hand, the liquid fraction is not a quantitative parameter,
because the model is 1D with a lot of simplifying assumptions, beside the
complex geometry of the PCM tubes. Therefore, its value cannot
describe the actual status of the PCM, while it is used in this section just
as an indication of the PCM charge status.

During charge process, the liquid fraction is evaluated at the last tube
in the PCM layer illustrated in Fig. 17.

Fig. 18 (a) plots the liquid fraction against the ten control volumes of
the tube radius after 120 min of charge. It illustrates that the liquid
fraction at PCM layer exit is equal to one, which confirms that the PCM is
entirely melted in this row, consequently all the PCM at previous rows
had been melted. This could be supported from the temperature profile
during charge at 120 min (Fig. 11) where the HTF temperature is already
exceeded the PCM phase changing temperature of 307 °C, which
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Fig. 16. Liquid fraction distribution along the control volume.
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Fig. 17. Liquid fraction within control volumes of the PCM Layer in the 1D
model during charge.

indicates that the PCM has completed the melting.

While during discharge process, the liquid fraction is checked at all
seven control volumes of the PCM layer Fig. 19.

Fig. 18 (b) plots the predicted liquid fractions at all PCM rows at 105
min. It shows that rows from 3 to 7 have a potential of more than 50% of
their PCM in still in liquid phase, which indicates that the PCM is not
completely solidified in all tubes. Moreover, the HTF temperature pro-
file at this time step during discharge Fig. 12 indicates similar behavior
at 105 min. It shows a semi-plateau curve at a lower temperature than
the PCM solidification at 300 °C, which is an indication of the existence
of PCM still undergoing the solidification process. Therefore, this
observation also indicates an additional potential energy that could be
used to increase the discharge duration and efficiency. However, the
heat transfer coefficient should be improved within the solid PCM and
the tubes envelop using a suitable solution such as improving the ther-
mal conductivity of the PCM, using nanomaterials, and metal fins within
the tubes.

5. Conclusions

This work developed a one-tank TES that combines a layer of tube-
encapsulated PCM at its top to a sensible heat storage medium bed.
The pilot-scale TES of MICROSOI-R installation at PROMES-CNRS,
France research facility is used to perform the experimental part of
this study.
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The experiment uses Jarytherm® oil as HTF, 4.41 ton of alumina
spheres as a sensible heat storage material, and NaNO3 as PCM that fills
about 5.5 vol% of the TES storage tank volume. The PCM layer consists

of 140 stainless steel filled with about 86% NaNOs, an air gap of 14% in
each tube is left to accommodate the PCM volume changes during
melting without stressing the tube's wall. The final mass of NaNOs that
filled the tubes is 337 kg, while the stainless steel envelope weighted
about 243 kg.

During charge, the experimental HTF temperature profile shows a
semi-constant region at 307 °C at 30 min. During the discharge of the
TES, the influence of PCM solidification is illustrated at 306 °C after 90
min, this temperature is also near the phase change temperature of the
PCM measured by the DCS test.

Furthermore, another semi-plateau temperature appeared on the
profile of the HTF at 300 °C after 105 min that is below the phase
changing point of the PCM. This suggests that while there is still liquid
PCM undergoing phase change inside the tubes, the already solidified
PCM is limiting the heat transfer between the liquid PCM and its
stainless steel envelop, reducing the HTF temperature near the PCM
encapsulation, and limiting the efficiency of the process.

The model that couples C—S approach in the SHSM and D—C in the
PCM layer is validated from the experimental results. The predicted HTF
temperature profiles agrees satisfactorily with experimental data, for
both charge and discharge. Furthermore, the 1D thermal behavior of the
HTF is verified from the radial temperatures.

It could be inferred from the numerical estimation of the liquid
fraction during discharge that a significant amount of PCM is still in
liquid phase. Which is undesired during the operation, therefore it is
necessary to improve the thermal performance of the PCM layer by
increasing the heat transfer between the PCM and HTF, using a proper
method.

Ongoing work is on progress to develop a general sizing method to
the PCM layer to improve the thermal performance of the TES, evaluate
the thermal performance of the combined TES versus a sensible heat
storage material only case for the same storage size and operating
conditions.
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