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Extended summary

Introduction

For central receiver concentrating solar power systems, the development of
high temperature thermal storage is a crucial aspect. A promising solution is a
packed-bed thermal energy storage using sodium as heat transfer fluid.

The system has not yet been deeply investigated. However, there have been both
experimental and numerical investigations of packed-bed thermal energy storage
systems with molten salts and other heat transfer fluids.

In the present work, a packed-bed thermal energy storage using sodium as heat
transfer fluid is theoretically investigated in order to assess the performances and
possible configurations during cycling and standby behaviour.

Model description

A two-phase, two-dimensional model is formulated and coded in MATLAB. The
temperature field in the fluid phase and inside the solid filler particles is solved,
as conduction within solid particles is not negligible at the high Biot numbers
characteristic of liquid metals. The equations are solved numerically with the finite
volumes method. The code is then validated with experimental data.

The tank is considered as a perfect cylinder containing a solid filler and a fluid
flowing through the void fraction. The solid filler is structured in spherical particles
of uniform diameter and it is assumed to have constant properties in the considered
temperature range. Fluid flow and heat transfer are assumed to be axisymmetric
and thus the governing equations can be reduced to be two-dimensional.

The fluid energy equation is:

0*T

or  oT

. 0*T 10T
el oL
ot ox

o _f_; 5| ho(T —=T5) = hy (T = Tp) (1)

EPfCps

Assuming isotropic conditions, the diffusion term coefficients in axial and radial
direction are equal and can be expressed as the product of porosity and thermal
conductivity ks, = ks = e€)s. The fluid properties are considered temperature-
dependent. The volumetric heat transfer coefficient is calculated from the surface
specific heat transfer coefficient and the specific surface of the particles in the bed.
The surface specific heat transfer coefficient is obtained with the Nusselt number.
For a sodium packed bed, there are no correlations available in the literature to
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Figure 1: Temperature distributions in the tank every half an hour for 2 hours discharge.
Comparison between experimental data from Pacheco et al. [17] (symbols)
and numerical temperature profiles (solid lines) for a molten salt packed bed

estimate the Nusselt number. Thus, we assume the minimum Nusselt number for a
sphere, the solid particles, which is 2.

hU:asv:a6(1_€> o= Nu)\f

dy dy

Nu =2 (2)

The solid equation for one representative particle is:

oT,

PsCs—, = ky

ot

T, | 20T,
oy y Oy

(3)

As the particle equation is applied for one representative particle in each control
volume, k, = A.

Besides the cycling behaviour, it is also interesting to investigate how well the
useful thermal energy can be preserved during standby periods. In this condition,
we consider fluid and solid as a homogeneous phase, with an effective thermal
conductivity composed by the thermal conductivities of the two different phases.The
energy equation for the homogeneous model is:

(Epfcpf +(1- 5);0305) o kmmw + kmix 72 + r or (4)
With the effective thermal conductivity: Emix = eXp+ (1 —€)As

Initial and boundary conditions

As initial condition we can have a uniform or a stratified temperature. For the
standby, we impose a step function.
At the inlet of the tank, a first order condition is set. In the multi-tank configuration,
the inlet temperature is equal to the outlet temperature from the previous tank,
which is variable with time. During standby a no flow condition is imposed.
At the outlet of the tank, we impose constant and equal to zero heat flux, namely
a second order boundary condition. In the center of the tank, we have a symmetry
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Table 1: Reference system

Sodium packed bed Solar Salt packed bed

Heat transfer fluid Na SoSa
Filler material Quartzite rock Quartzite rock
Thermal capacity, MWh 20 50
Design time, h ) 5
Maximum temperature, °C 390 390
Minimum temperature, °C 290 290
Tank height, m 14.8 14.0
Tank diameter, m 9.1 8.6
Porosity 0.22 0.22
Solid particles diameter, m 0.01905 0.01905

condition, thus, also no heat flux. At the tank wall, we apply a third order boundary
condition with an overall heat transfer coefficient considering conduction through the
wall and external convection. For the intra-particle equation we adopt a symmetry
condition in the center of the particle and third order boundary condition at the
surface

The code is successfully validated with experimental data for a molten salt
packed bed, (Fig. 1).

Operational modes

The reference system is defined starting from the papers of Xu et al. [22], [23], [24],

and the most important parameters are summarized in Tab. 1. Comparing our
reference system with the equivalent one using molten salt, we can reach a slightly
higher discharge efficiency for sodium (Tab. 2). The table shows the discharging
efficiencies obtained starting from a completely charged tank. The discharging
efficiency is defined as the ratio between the useful energy that can be extracted
from the system and the maximum possible one. The extracted thermal energy
is considered useful if it is above a threshold temperature of T,,,, — 20°C. The
effective discharging time is defined as the time for which the fluid can be discharged
at a temperature higher than the threshold temperature.
Fig. 2a depicts temperature distributions in the tank during the stable discharging
process for the two fluids considered, after 25 %, 50 %, 75 %, of the discharging
time and at the end of the process. The temperature profiles are slightly steeper
for sodium, which is an indicator for a higher efficiency.

During standby periods, on the contrary, the performance with sodium is worse
than with Solar Salt. The thermocline expansion over a period of 2 days is shown
in Fig. 2b. The packed bed using Solar Salt as heat transfer fluid is able to
maintain a better thermal stratification. After this standby period, for Solar Salt
the thermocline region occupies 20 % of the tank, for sodium the thermocline region
occupies 44 % of the tank. This is due to the very different thermal conductivities.
In the reference configuration sodium has a thermal conductivity of 75.14 Wm 1K™



starting from a fully charged tank

Table 2: Performance during a discharge process for sodium and Solar Salt packed beds

Discharging efficiency

Heat transfer fluid Effective discharging time
(h) (%)
Sodium 4.80 95.50
Solar Salt 4.73 94.89
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Figure 2: Comparison between sodium and Solar Salt

at the mean temperature. The thermal conductivity ky,, is equal to 21 Wm K-}
For Solar Salt the fluid conductivity is 0.51 Wm™'K™ and k., is 4.55 Wm K.

Therefore, for standby operation sodium is disadvantageous.

Parametric study

To better understand which parameters influence the performance of the system
In this summary only the three more

most, we conduct a parametric study.
meaningful parameters are discussed, which are: the ratio between the diameter

and the height of the tank, the dimension of the solid filler particles and the bed

porosity. As far as concerns the other parameters studied in the thesis we can briefly
summarize their effect on the system. Concerning the operating temperature, the
storage performance is influenced most by the difference between the maximum and
the minimum temperature. Increasing this difference the efficiency is worsened but
the energy that can be stored increases, or the volume of the tank can be reduced
maintaining the same thermal capacity. The fluid velocity greatly influences the
discharging time, thus it has to be low enough to ensure the effective discharging
time required, at the expense of a small decrease in efficiency. Concerning the filler
material, the most important aspect is the size of the filler particles, all the filler
materials considered ensure a good thermal performance, in this case the issue is

compatibility with sodium.
The thermal capacity of the system is kept constant and a discharging process
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Table 3: Effect of tank ratio D/H variation at constant thermal capacity

Ratio D/H Effective discharging time

Discharging efficiency

(h) (%)
0.2 4.86 96.66
0.6 4.80 95.50
1.0 4.75 94.37
1.5 4.69 92.79
390 25 —

B e —&-DH=02
© a P S DIH=06
°_3701 @20 < % D/H=1.0
g = e | [Ex-oH=15
§ g /X U\

2% g %
S E K \*\
330 E10F o o Bk
0_2 _GC) . .\3(
g © i
S 3107 2 5f oy
O < / W
T W Ok
x 0
290 : 04 ‘ D
2 8 0 2 4 6 8

Discharge time, h Discharge time, h

(a) Outlet temperature (b) Thermocline thickness

Figure 3: Influence of the ratio tank diameter-to-height on the outlet fluid temperature
(a) and the thermocline thickness (b)

starting from a completely charged tank is considered. We utilize four evaluation
criteria: the discharging efficiency and effective discharging time already introduced,
the outlet fluid temperature and the thermocline thickness. The thermocline
thickness is defined as the space in which the fluid temperature is between T,,,;,+5 °C
and T},,. — 5 °C.

Ratio tank diameter-to-height

The aspect ratio of the storage tank affect remarkably the thermal performance.
We vary the ratio between the tank diameter and the tank height from 0.2 to
1.5. The smaller the ratio D/H, which means the taller the tank, the higher the
efficiency. For a ratio of 0.2 we obtain an effective discharging efficiency of 96.66 %,
(Tab. 3). However, in this case the resulting tank height would be 31.3 m, which
is technically not feasible. As the mass flow rate is constant, a smaller diameter
corresponds to a higher velocity of the flow. Even if the fluid velocity is increasing,
also the tank height is increasing and the thermocline region takes the same time
to reach the exit of the tankFig. 3a. The thermocline thickness in absolute value
is greater for a taller tank, but in relative terms the trend is the opposite, as can
be seen in Fig. 3b. A smaller tank diameter-to-height ratio D/H is beneficial from
every point of view, the limit in this case is structural feasibility.

A possible solution could be to split the storage in more tanks connected in series.
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Table 4: Effect of filler particles diameter variation at constant thermal capacity

Particles diameter Effective discharging time Discharging efficiency

(m) (h) (%)
0.010 4.90 97.67
0.019 4.80 95.50
0.050 4.73 93.75
0.100 4.58 90.50
0.250 4.03 78.59
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Figure 4: Influence of the filler particles diameter on the outlet fluid temperature (a)
and the thermocline thickness (b)

Filler particles diameter

The particles’ diameter has a very significant influence on the heat transfer
between particles and fluid and within the solid. A small solid size increases the
total fluid/solid heat exchange surface and enhances stratification [15], [25]. The
heat transfer coefficient between the solid and the fluid at the mean temperature
spans from 7033.1 Wm=K™! for a particle diameter of 0.01 m, to 11.2 Wm=K"! for
a particle diameter of 0.25 m. Accordingly, the efficiency goes from 97.67 % to
78.59 %, shown in Tab. 4. In Fig. 4a we can see that the thermocline region reaches
the exit of the tank (i.e. outlet fluid temperature starts to decrease) significantly
sooner increasing the particle diameter. This is due to a larger thermocline region,
as depicted in Fig. 4b. With the largest particle diameter, more than half of the
tank is occupied by the thermocline region in the worst case. The best performances
are obtained for smaller particle diameters.

Porosity

Bed porosity is defined as the ratio of the fluid volume and the total volume
within the packed bed. The effect of a bed porosity variation is dictated by the
properties of the fluid and the filler. Varying the porosity in a sodium packed bed has
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Table 5: Effect of porosity variation at constant thermal capacity

Porosity Effective discharging time

Discharging efficiency

(h) (%)
0.10 4.85 96.44
0.22 4.80 95.50
0.40 4.74 94.14
0.60 4.67 92.70
0.80 4.61 91.23
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Figure 5: Influence of the bed porosity on the outlet fluid temperature (a) and the
thermocline thickness (b)

the opposite effect with respect to a molten-salt packed bed, with the filler material
quartzite. Increasing the porosity leads to a decrease of the effective discharging time
and effective discharging efficiency (Tab. 5). This is exactly the opposite behaviour
of what is obtained for molten salt. The reason is the different volumetric heat
capacity (pc,). Sodium has a volumetric heat capacity of 0.31 kWhm™K™ which is
lower than the solid filler one (quartzite rock) of 0.58 kWhm=K-!. Decreasing the
porosity means increasing the amount of solid and thus the energy storage capability
of the system. Solar Salt has a volumetric heat capacity of 0.78 kWhm=K"!, higher
than the one of quartzite rock, so a larger amount of fluid with respect to solid
is beneficial for the system. Observing the outlet fluid temperature (Fig. 5a), we
can notice that the temperature starts to decrease sooner for a porosity of 0.8,
meaning that the thermocline region reaches the exit of the tank in a shorter time.
This effect is damped by the increasing tank height. Fig. 5b shows the relative
thermocline thickness along time. The thickness increases faster for higher porosities
and reaches a higher maximum. This phenomenon is caused once again by the
high conductivity of sodium that degrades the thermal stratification increasing the
amount of liquid with respect to solid. At the mean temperature sodium has a
heat conduction coefficient of 75.14 Wm™K-!, quartzite rock has, in contrast, one
of 5.69 Wm'K. For Solar Salt the trend is the opposite because it has a heat
conduction coefficient at mean temperature of 0.51 Wm™K™!, lower than the one of
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Figure 6: Multi-tank configuration

the solid filler. Therefore, increasing the amount of fluid would improve the thermal
stratification.

Low porosities are employed also when dealing with other fluids, even if the efficiency
degrades. The bed porosity has a remarkable economical impact, as the fluid is
typically more expensive than the solid filler. Thus, for a packed bed with sodium
as heat transfer fluid, low porosities are advantageous both for cost reduction and
performance optimization.

Multi-tank configuration

For every case investigated in the parametric study the main drawback of sodium
with respect to other heat transfer fluids is standby behaviour. A possible solution
could be a configuration adopting more than one tank. The thermal capacity of
the storage is divided into separate smaller packed beds, connected in series. The
advantage of this configuration with respect to the single tank is that a thermo-
cline degradation during standby periods would affect only the tank in which the
thermocline is confined. Moreover, it is possible to reach higher efficiencies during
cyclic operating condition.

Focusing only on the discharging process, we can investigate how much the dis-
charging efficiency improves increasing the number of tanks. The results are plotted
in Fig. 6a with a solid line. The efficiency is always increasing with the number of
tanks. From 1 to 3 tanks there is an important improvement (+ 2.32 %).

For a multi-tank configuration it is also possible to further reduce the ratio tank
diameter-to-height with respect to the reference case. In the reference case the
ratio D/H is 0.6 and the tank height is 14.83 m. We can reduce the ratio D/H to
0.3. The single tank would be 23.92 m tall, for the 3-tanks system each tank height
would be 16.58 m, for the 5-tanks system it would be 13.99 m. The discharging
efficiency for this case is shown in Fig. 5.2 with a dashed line.
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To investigate the standby behaviour, a period of 4 days and a 5-tank system
are considered. The tanks are insulated, considering the wall structure defined
in [24]. As initial condition, we impose a step function in the central tank, minimum
temperature in the first two tanks and maximum temperature in the last two tanks
(Fig. 6b, gray line). After the standby period the central tank has experienced
a degradation of the thermocline, the other tanks are only affected by losses to
ambient. In this way the issue of thermocline degradation could be minimized,
paying attention to thermal insulation.

Conclusions

In order to rise the operational temperatures of a CSP plant and thus, the
overall efficiency, heat transfer fluids stable over a wide range of temperatures are
needed. Sodium has been identified as an excellent working fluid in solar tower
systems. The feasibility to employ it also as storage fluid in a packed bed was
assessed in this work.

A two-dimensional, two-phase model was applied to resolve the temperature field in
the fluid and inside the solid filler particles. The performances of a sodium packed
bed were evaluated and compared with those achievable with an equivalent system
with Solar Salt as heat transfer fluid. During cyclic operation conditions, sodium
allows to reach slightly higher efficiencies. However, during standby periods, the
thermocline region expands at a rate which is more than double.

A parametric study was performed. The parameters investigated were: operating
temperature, fluid velocity, dimensions of the storage tank, bed porosity, size of
the solid particles and filler material. The dimensions of the storage tank affect
the thermal performance remarkably. Tall tanks with small diameter are to be
preferred. The limit is given by structural issues. A low bed porosity is favourable
both for thermodynamic optimization and cost reduction. For what concerns the
filler material, the most important aspect is the size of the filler particles, which
has to be the lowest possible, maintaining a low porosity. All the filler materials
considered ensure a good thermal performance, in this case the issue is compatibility
with sodium.

As a possible solution to further increase the efficiency and to restrain the problem
of thermocline degradation during standby, a series multi-tank configuration was
proposed. The system performs at high efficiency and shows potential for further
development.

As a two-dimensional code was developed, it could be further exploited varying
also other parameters in the radial direction other than the temperature. The
fluid velocity and the bed porosity could be expressed as a function of the tank
radius to better simulate the reality. It could also be possible to take into account
anisotropic effective thermal conductivity, which would be particularly meaningful
for structured packed beds.

To validate the results obtained with the assumptions made, experimental investi-
gations with sodium as heat transfer fluid should be performed. In the author’s
opinion, this work shows potential for the analysed technology for further research
and possible applications in innovative CSP plants.
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Sommario

Lo sviluppo di possibili sistemi per I'accumulo termico ad alta temperatura ¢ un
aspetto cruciale per il futuro degli impianti a concentrazione solare. Una soluzione
promettente e I'utilizzo di sodio come fluido termovettore all’interno di un mezzo
POTosO0.

Il sistema e analizzato dal punto di vista teorico nel presente elaborato, con il fine
di valutarne le prestazioni e possibili configurazioni nelle fasi di ciclo e standby. E’
stato formulato e programmato in MATLAB un modello bifase, bidimensionale.
Il codice permette la risoluzione del campo di temperatura nella fase liquida ed
all’interno delle particelle solide, essendo la conduzione all’interno di esse non
trascurabile agli alti numeri di Biot caratteristici dei metalli liquidi.

E’ definita una configurazione di riferimento, se ne valutano le prestazioni e si
comparano i risultati ottenuti con quelli relativi ad un sistema equivalente, operante
con Solar Salt come fluido termovettore. Per il sodio si riscontra un’ efficienza leg-
germente superiore durante i cicli operativi, ¢ invece penalizzato durante i periodi
di standby.

Viene condotto uno studio parametrico, valutando l'influenza dei piu rilevanti
parametri operativi e strutturali sulle prestazioni di accumulo. I parametri aventi
maggior impatto sono risultati essere: 1’altezza del serbatoio o il rapporto tra questa
e il diametro, la porosita, il diametro delle particelle di solido.

Come possibile soluzione per migliorare ulteriormente l'efficienza e limitare la de-
gradazione del termoclino durante lo standby, viene proposta una configurazione
a serbatoi multipli collegati in serie, che mostra un rilevante miglioramento delle
performance e potenzialita per uno sviluppo futuro.

Parole chiave: Solare a concentrazione, Accumulo termico, Sodio, Termoclino,
Mezzo poroso

xXXVvii



Abstract

For central receiver concentrating solar power systems, the development of
high temperature thermal storage is a crucial aspect. A promising solution is a
packed-bed thermal energy storage using sodium as heat transfer fluid.

The system is theoretically studied in the present work in order to assess the
performances and possible configurations during cycling and standby behaviour.
A two-phase, two-dimensional model is formulated and coded in MATLAB. The
temperature field in the fluid phase and inside the solid filler particles is solved,
as conduction within solid particles is not negligible at the high Biot numbers
characteristic of liquid metals.

A reference system is defined, for which the performances are evaluated and com-
pared with those achievable using Solar Salt as heat transfer fluid. It is found that
the system with sodium reaches slightly higher efficiencies during cyclic operation,
however it is penalized during standby periods.

A parametric study is conducted, assessing the influence of some major operational
and structural parameters on the storage performance. The parameters having
the most significant impact are found to be: the tank height or the tank diameter-
to-height ratio, the porosity of the packed bed and the diameter of the solid filler
particles.

As a possible solution to further improve the efficiency of the system and minimize
the thermocline degradation during standby, a multi-tank configuration is proposed.
The system, consisting of multiple packed beds connected in series, is investigated
assessing the performance during cycling and standby. The configuration shows
significant enhancement and potential for further development.

Keywords: Concentrated solar power (CSP), Thermal storage, Sodium, Thermo-
cline, Packed bed
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Introduction

Research and improvement on renewable energy technologies is mandatory to
contrast climate change. Among the renewable energy sources, solar energy is the
most abundant. It can be directly exploited with two technologies: photovoltaic
(PV) and concentrated solar power (CSP). PV is a well-known technology, that
has grown rapidly and now reaches a global installed capacity of around 300 GW.
CSP on the other hand counts on a global installed capacity of only 5 GW, and
still faces significantly higher costs with respect to PV. The feature making CSP
appealing, and giving this technology the potential to gain a larger market share, is
the possibility to be integrated with a thermal storage [19].

From the point of view of electricity markets and distribution networks, the high
penetration of aleatory renewables introduces quite a few issues for security, reserve
margins and market clearance. A key aspect to increase renewables penetration
limiting these problems is the possibility to store energy.

At large scale, thermal energy storage is less expensive and more efficient than
most electric storage systems. Moreover, integrating a CSP plant with a thermal
storage system, it is possible to increase its load factor and competitiveness [14].
The power block can be downsized with respect to the solar field, and thanks to
the thermal storage it can work at full-load for longer time.

Among the different possible configuration of a CSP plant, central receiver systems
are particularly interesting. They present large long-term development potential
due to their high concentrating ratios and working temperatures. The very high
temperatures that can be reached in the solar tower, allow to increase the efficiency
of the conversion process from heat to electricity, reducing the cost of thermal
storage. The technology dates back to the 1970s, but in recent years it has drawn
attention and it has rapidly grown [27].

For central receiver systems, liquid metals, and in particular sodium, have proven to
be an efficient heat transfer fluid. Liquid metals are suitable to work at high temper-
ature and have excellent heat transfer characteristics [18]. Sodium has already been
tested as heat transfer fluid in a central receiver system in the IEA-SSPS in Almeria
during the 1980s [3]. In recent years, sodium receiver technologies have been more
deeply investigated and found advantageous, despite the safety issues [5], [10].
Concerning the thermal storage, the state-of-the-art technology is a sensible two-
tank molten salt storage system. In this configuration, if two different heat transfer
fluids are used for the receiver and for the storage, heat exchangers are needed
between the solar field and the storage and between the storage and the power
block. Two tanks are used, one storing the hot fluid and one storing the cold fluid.
For a liquid-metal based CSP system, using an indirect two tank molten salt storage
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presents some significant disadvantages. Other than the need of an additional heat
exchanger, the aspect affecting most the performance of the plant is the limitation
on the operating temperatures. In this case, the theoretically high temperatures in
the central receiver, are limited by the lower operational temperature of molten
salt, that are stable only up to around 600°C [21].

For a solar tower power plant working with sodium, other possible thermal storage
options have been investigated in the literature [16]. Sensible, latent and thermo-
chemical storage systems in different possible configurations have been considered.
One of the most promising systems is found to be a direct sensible one tank ther-
mocline storage with filler material, upgradeable to a one tank system with sensible
and phase change filler material.

For this type of system no heat exchangers are needed between the solar field and
the storage. Employing just one tank instead of two and replacing part of the
storage medium with low cost solid filler, it is possible to reduce the cost of the
storage by 30% [17]. Furthermore, high temperatures suitable for an advanced
power cycle can be maintained.

A packed bed storage system using sodium as heat transfer fluid has not yet been
deeply investigated. However, there have been both experimental and numerical
investigations of packed-bed thermal energy storage systems with molten salts and
other heat transfer fluids.

Literature review

An extensive and complete review on experimental applications and numerical
modelling of packed-bed thermal energy storage systems has been recently per-
formed by Esence et al. [7].

In 1982 an industrial packed bed for CSP application was built in Solar One, which
was a 10 MW, tower plant [8]. The thermal storage used thermal oil as heat transfer
fluid an a mixture of rocks and sand as filler material.

Other experimental data are available from the work of Pacheco et al. [17]. A
2.3 MWhy, storage was tested, with molten salt and different filler material in
the temperature range 290°C-390°C. The most promising fillers were found to be
quartzite rock and silica sand.

Concerning the numerical models developed for packed beds, a comparative investi-
gation was published by Ismail and Stuginsky [13], who also performed a parametric
study using water and air as working fluids.

Van Lew et al. [15], developed a one-dimensional model and investigated a packed
bed with thermal oil, it was found that the efficiency of the storage system increases
with tank height and reduced size of the filler particles.

Yang and Garimella [25], performed an extensive analysis using a comprehensive
model of mass, momentum and two-temperature energy transport inside a thermo-
cline packed bed. The authors conducted a parametric study using HITEC molten
salt and quartzite rocks as filler. The discharge efficiency was found to be improved
at low Reynolds number, larger thank height and smaller particle size.

Xu et al. [24], developed a comprehensive, transient, two-dimensional model for
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packed-bed thermal storage. The authors assessed different interstitial heat transfer
coefficients and effective thermal conductivity. A parametric study was performed
using Solar Salt and investigating fluid inlet velocity, inlet temperature, bed porosity,
tank height and standby behaviour [23]. Updated energy transport equations with
a dispersion concentric model were later used evaluating also the thermal gradient
inside the solid filler particles [22]. The effect of different particles diameter and
different filler materials on the performance of the packed bed was assessed. It was
found that when the particle filler size is small enough, the efficiency of the system
is nearly independent on the filler material.

Structure of the thesis

The aim of this work is to theoretically analyse the performance of a thermocline
system using sodium as heat transfer fluid and a solid filler material for sensible
heat storage. The thesis is organized in 5 chapters.

In the first chapter, the model used to describe the problem and how it is numeri-
cally solved is defined. The code in then validated with experimental data.

In the second chapter, the methodology applied throughout the work is presented.
A reference system is defined as well as the evaluation criteria adopted.

In the third chapter, the behaviour of the defined reference system is investigated.
Cyclic and standby operation conditions are considered and a comparison with a
packed bed with molten salt as heat transfer fluid is performed.

In the fourth chapter, an extensive parametric study is carried out, analysing the
effect of the main structural and operational parameters on the performance of the
storage system.

In the fifth chapter, a multi-tank configuration is assessed, investigating the possible
advantages provided during cycling and standby behaviour.






Chapter 1

Model description

A two-dimensional, two-phase model was developed to obtain the temperature
field inside the packed bed. The tank is considered as a perfect cylinder containing a
solid filler and a fluid flowing through the void fraction. The solid filler is structured
in spherical particles. Fluid flow and heat transfer are assumed to be axisymmetric
and thus the governing equations can be reduced to be two-dimensional. The
hot fluid enters from the top of the tank and exits from the bottom during the
charging process, the cold fluid enters from the bottom of the tank and exits from
the top during discharge. No distributors are included in the model. The fluid
flow in the tank is considered to be uniform and one-dimensional in the tank axial
direction. Also more than one tank can be considered for the multi-tank mode. In
this configuration the exit conditions of the previous tank are the inlet conditions
of the following tank.

Energy equations applied to the fluid and the solid are solved, assuming no mass
exchange and no heat generation inside the storage. Continuity and momentum
equations are not considered, the model only enables a thermal behaviour evalua-
tion.

The equations are solved numerically with the finite volumes method. The code
is then validated with experimental data for packed beds with molten salt and
thermal oil as heat transfer fluids.

A two-dimensional code allows to vary parameters like temperature, fluid velocity
and bed porosity along the radial direction. In this work we consider only temper-
ature as variable along the radius. It could be also possible to take into account
anisotropic effective thermal conductivity, which would be particularly meaningful
for structured packed beds.

1.1 Governing equations for cycling

A general review on possible numerical models for packed beds was presented in
the paper of Ismail and Stuginsky in 1999 [13]. The models presented in literature
can be mainly grouped into two categories: models accounting for a significant
thermal gradient inside the solid particles and models neglecting this phenomenon.
To maintain a more general field of applicability, in our code both this paths can
be followed. The fluid energy equation that is solved is the same in both cases,

5
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only the solid energy equation changes whether we consider the thermal gradient
inside the particles or not. When using sodium as heat transfer fluid the thermal
gradient in the fillers can not be neglected, because the Biot number is higher then
the threshold value of 0.1.

The fluid energy equation in the temperature form is:

oT oT o*T
=kipp——+ k¢
1% 52 + Ry

or  or 0*T 10T
ot " ox

Ha g | (T =T~ houlT = Tp)

EPfCpf

(1.1)

Starting from left hand side the terms of Eq. (1.1) represent: sum of the rate
of enthalpy change and net enthalpy due to the fluid flow, heat exchanged by
conduction in the axial and radial directions, heat exchanged by convection between
the fluid and the solid and heat losses to the ambient.

Assuming isotropic conditions, the diffusion term coefficients in axial and radial
direction are equal and can be expressed as the product of porosity and thermal
conductivity ks, = ks = €Ay. The fluid properties are considered temperature-
dependent. The volumetric heat transfer coefficient is calculated from the surface
specific heat transfer coefficient and the specific surface of the particles in the bed.

6(1—¢)
dp

hy, = as, =« (1.2)

The surface specific heat transfer coefficient is obtained from the Nusselt number.
For a sodium packed bed there are no correlations available in the literature to
estimate the Nusselt number. Thus, we assume the minimum Nusselt number for a
sphere, the solid particles, which is 2.

o NU)\f

« dp

Nu =2 (1.3)
For the solid phase we assume the solid fillers to be spherical particles with the
same diameter and constant properties. When the thermal gradient inside solids
is negligible, we consider the solid fillers to behave as a continuous, homogeneous
porous media. This approach can be used when the conduction resistance in the
solids of the packed bed is negligible compared to the convection resistance. This is
equivalent to say that the Biot number is very small (Bi < 0.1). For a packed bed
using solar salt as heat transfer fluid this condition is verified, as will be further
explained in Chapter 2.1. In this case, the continuous solid phase equation is:

2
(1-— 5)/)305% =k o7,

0*T, 18T5
ot  0x2

or? + r Or

+ kg + ho(T — Ty) (1.4)

Again, in Eq. (1.4) the terms of accumulated energy, diffusion along axial and radial
directions and convective heat exchange with the fluid are present. We assume that
heat losses through the wall take place only from the fluid phase.
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A further assumption is that contacts between solid particles are point contacts
and therefore heat conduction between solid particles is negligible. Thus, Eq. (1.4)

can be simplified to:
o7
(1-— 5)pscsﬁ = h(T —Ty) (1.5)
Eq. (1.1) and Eq. (1.5) are coupled and solved when the simplification of lumped
parameters can be made.
For sodium as heat transfer fluid, we consider also intra-particle diffusion. The

solid equation for one representative particle becomes:

o7,

S-S at - Y

oy?  y Oy

(1.6)

Eq. (1.1) and Eq. (1.6) are solved for a sodium packed bed. As the particle equation
is applied for one representative particle in each control volume, &, = ;.

Initial and boundary conditions

As initial condition we can have a uniform or a stratified temperature. If a
fully charged tank is considered, the overall tank is at maximum temperature.
Considering a fully discharged tank, it is at minimum temperature. If more than
one cycle is considered, a stratified temperature can be applied as initial condition.

Trnae fully ch d
T(z,rt=0)=Ts(x,r,t =0)=Ty(x,r,y,t =0) = Y C.arge
Toin  fully discharged

T = f(xa T)
stratified { Ty = g(z,r)
TP - h<$’ Ta y)

(1.7)

The boundary conditions can be arbitrarily chosen in the code. A conceptual
scheme of the storage system is represented in Fig. 1.1. For the fluid and solid
energy equations (Egs. (1.1) and (1.5)), the following boundary conditions are set.
At the inlet of the tank, which is the bottom of the tank for discharge and the top
of the tank for charge, a first order condition is set, with temperature equal to the
inlet temperature. In the multi-tank configuration, the inlet temperature is equal
to the outlet temperature from the previous tank (Thut,,evon), Which is variable
with time. For the solid phase, the adiabatic condition is employed.

Tz charging
T(x=0)="Twn=1< Thin discharging (1.8)
Toutprevions () multi-tank
0T,
=0 =0 1.9
=0 (19
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Figure 1.1: Conceptual representation of the storage system

At the outlet of the tank, we impose constant and equal to zero heat flux, namely
a second order boundary condition.

oT 0T,
— H) = = H) = 1.1
S =H)=0  Srr=H)=0 (1.10)
In the middle of the tank, we have a symmetry condition, thus, also no heat flux.
oT T,
S r=0)=0  —2(r=0)=0 (1.11)

At the tank wall, it is possible to select the symmetry condition, modelling the
system as one-dimensional, or we can apply a third order boundary condition,
taking into account also the radial temperature distribution influenced by heat
exchange with the ambient. Thermal losses are accounted for with an overall heat
transfer coefficient considering conduction through the wall and external convection.
Only the fluid phase is responsible for thermal losses to the ambient. For the solid
phase, adiabatic condition is assumed.

oT oT,
5, r=R)= Uu(To = T(r = R)) o

For the intra-particle equation we adopt a symmetry condition in the center of the
particle, thus, zero heat flux.

(r=R)=0 (1.12)

—L(y=0)=0 (1.13)

At the outer boundary, heat is exchanged with the fluid with a boundary condition
of third order. This boundary condition couples the fluid and the particle equation.

As a;;( =7,) :a(T—Tp(yzrp)) (1.14)
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1.2 Governing equations for standby

Besides the cycling behaviour, it is also interesting to investigate how well the
useful thermal energy can be preserved during standby periods. During no flow
condition, we can consider fluid and solid as a homogeneous phase, with an effective
thermal conductivity composed by the thermal conductivities of the two different
phases. Considering a homogeneous phase provides the advantage of solving just one
energy equation instead of two. This reduces the computational time significantly.
The energy equation for the homogeneous model can be expressed by:

8Tmix 82 Tmix

82Tmix 1 aTmm
(5Pfcpf +(1— 6),0805) ot = kmzzw + kmia

or? r Or

(1.15)

Various correlations for effective conductivity of isotropic packed beds of spheroidal
solids can be found in literature. The simplest ones neglect contact conduction and
enable to asses the value or the bounds of the effective conductivity from the void
fraction and the conductivities of fluid and solid. We consider the three following
definitions taken from the book by Incropera [12]:

keffmax = 8)\f + (1 — 5))\3 (1.16)
1 )\f—|—2)\5—28()\5—)\f)
keﬁ” - -

i ke M n -
min T (1= g) /A +e/A; Maawell =X LN, + e(Ag — Af)

N (117)

The maximum effective conductivity is estimated considering the fluid and the solid
to be in parallel, the minimum one considering them to be in series. In Fig. 1.2
we compare the temperature profiles obtained with the different definitions of keg
and considering fluid and solid as two separate phases adopting the heterogeneous
model presented in Sec. 1.1 and setting the fluid velocity to zero. The plot is
obtained starting from an ideal thermocline and simulating a standby period of
8 hours for the reference system defined in Chapter 2. The profiles do not differ
significantly from each other, in the present work we use kg, for the simulation
of the standby operation, exploiting the simplifications this assumption provides in
terms of computational time, however, knowing that we are slightly overestimating
the thermal diffusion.

Initial and boundary conditions

The performance of the storage system during standby depends on how well
the thermocline is preserved. To compare the behaviour of different configurations
in standby mode we start always from the same condition of an ideal thermocline,
which means that half of the tank is at minimum temperature and the other half
at maximum temperature.

1.18
Ther H/2<2x<H ( )

Toie(z, 7t =0) = {

The boundary conditions at the inlet and outlet of the tank are now no flow
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Figure 1.2: Thermocline degradation for 8 hours of standby using sodium. Comparison
between different effective thermal conductivities assuming fluid and solid
as homogeneous (hom.), and heterogeneous (het.).

conditions, thus constant and equal to zero heat flux.

ngix (x=0)=0 (1.19)
ag;”“ (x=H)=0 (1.20)

The boundary conditions in the radial direction are the same as in cycling mode,
symmetry in the middle of the tank and third order boundary condition at the
tank wall, now assuming heat transfer to the environment both from solid and fluid
phase.

a?:” (r=0)=0 (1.21)
a?;m (r = R) = Uy(To — Tiu(r = R)) (1.22)

1.3 Numerical method

The previously described governing equations are numerically solved using the
finite volume method (FV) and coded in MATLAB. When using lumped parameters,
the solid equation (Eq. (1.5)) can be solved analytically, otherwise both the fluid
(Eq. (1.1)) and the intra-particle equation (Eq. (1.6)) have to be solved numerically.
The FV method uses the integral form of the conservation equation. The domain is
subdivided into a finite number of control volumes. Fluxes at the surfaces of each
finite volume are evaluated and because the flux leaving a given volume is identical
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to the flux entering the adjacent, this method is conservative. A suitable mesh,
which can also be non-uniform, defines the control volumes and the calculation is
then performed in the center of each control volume. For solving the conservation
equation in each node, the volume and surface integrals have to be numerically
approximated by using differencing schemes. For space modelling two different
schemes can be directly selected in the code: upwind scheme and central difference
scheme. In this work we use an upwind scheme. For time modelling three different
schemes can be selected in the code: forward (explicit), backward (implicit), Crank-
Nicolson (mixed). We use Crank-Nicolson scheme unless otherwise specified.

The independence on the spatial grid and time modelling scheme adopted is checked
performing a sensitivity study every time the system configuration is changed. This
is accomplished calculating the temperature distribution in the tank at all time
steps and verifying that a change of less then 0.5°C is guaranteed when further
refining the grid.

The MATLAB code was written to be as general as possible. The main parameters
defining the thermal storage can be simply chosen in an input file. Different heat
transfer fluids and filler materials can be selected. The calculation mode can be
chosen between 'lumped parameters’ or ’intra-particle diffusion’. Also the number
of cycles and the number of tanks to put in series can be selected. Once the input
parameters are defined, the code cycles over every charge and discharge process and
over the number of tanks. For each cycle, the temperature field is solved within
a function. In this function a mesh for the computational domain is created. For
every time step, the temperature distributions of the fluid and solid phases are
found. Afterwards, post-processing of the results is performed to obtain significant
plots.

The calculations are then checked by determining the residual of the energy balance,
evaluating incoming energy due to enthalpy flow, outgoing energy due to enthalpy
flow and change in inner energy of the fluid and the solid phase.

1.4 Validation

The code is validated with experimental data available in literature using molten
salt and thermal oil as heat transfer fluids. Unfortunately, no experimental data
for a sodium packed bed were produced up to now.

A first validation is performed with the experimental results form the work of
Pacheco et al. [17]. The tests were conducted in Sandia National Laboratory on
a 2.3 MWh storage tank, 6.1 m tall, using a mixture of quartzite and silica sand
as filler material and molten salt as heat transfer fluid. The experimental set-up
accounted for a porosity of 0.22 and operating temperatures of 290 °C and 390 °C
as minimum and maximum temperatures respectively. The system was discharged
for two hours and temperature distributions were measured along the tank, however
the available temperature profiles suffer from significant and unexplained scattering.
The first temperature profile is used as the initial temperature condition.

At first, a grid sensitivity study is performed and 500 spatial steps in the axial
direction are chosen. Secondly, the time schemes are tested. The independence
on the time modelling scheme is verified using 3000 time steps and the second
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Figure 1.3: Temperature distribution in the tank after 2 hours discharge, comparison
between finite difference methods of Crank-Nicolson (CN), fully implicit
(IT) and fully explicit (FT) increasing the number of time steps
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Figure 1.5: Temperature distributions in the tank every half an hour for 2 hours
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order method of Crank-Nicolson. From Fig. 1.3, the difference between the three
time schemes that can be selected in the code is noticeable. The solutions of fully
implicit and fully explicit time schemes converge to the solution obtained with the
Crank-Nicolson method.

Furthermore, the assumption of lumped capacitance for the solid phase in case
of molten salt (Bi < 0.1), is verified in Fig. 1.4. The temperature profile along
the tank is plotted after every half an hour starting from the initial condition of
discharge. The temperature distributions considering intra-particle diffusion and
assuming lumped parameters coincide.

We obtain a solution that does not depend on the model we used to solve the
problem numerically. Now we can compare the temperature distributions along
the tank for the discharging process with the experimental data, Fig. 1.5. The
numerical and experimental results are quite in good agreement with each other.

A second validation is conducted with the data from a 170 MWh storage system
of the Solar One pilot plant. The thermal energy storage was operated between
1982 and 1986, using Caloria HT 43 synthetic oil as heat transfer fluid. The
design discharge time was 8 hours, with operating temperatures between 179 °C and
295 °C. The filler material was a mixture of granite rock and sand with a porosity
of 0.22 [11]. The first measured temperature distribution is again used as the initial
temperature condition. Also for this case we perform a grid sensitivity analysis
and check independence on the time scheme. The temperature profiles obtained
with the code for a discharge period of 4 hours and 8 hours are compared with the
experimental data, (Fig. 1.6). Again, we find a good agreement between numerical
and experimental results.



Chapter 2

Methodology

In this chapter the methodology adopted throughout the thesis is presented. A
reference system is defined. We then introduce the evaluation criteria for cycling
and standby behaviour.

2.1 Reference system

The reference system is defined based on the papers of Xu et al. [22], [23], [24].
All the parameters defining the reference system are listed in Tab. 2.1. The purpose
of this work is to investigate a packed bed using sodium as heat transfer fluid.
Nevertheless, we also make comparisons with the system employing Solar Salt
(SoSa), thus also the characteristics of the latter are listed in Tab. 2.1 for the sake
of completeness.

The tank is cylindrical and filled with uniformly sized solid particles modelled as
ideal spheres. The system is designed to store 50 MWh of thermal energy. The
design discharge time is 5 hours, meaning that 10 MW of thermal power can be
extracted for 5 hours in an ideal discharge. The discharging process can also last a
shorter or longer period. The charging process is also designed to last 5 hours.
Keeping constant the thermal capacity, the dimensions of the two storage systems
using sodium and Solar Salt are different. This is due to the different properties of
the fluids. The solid properties are considered constant, the fluid properties are
instead variable with the temperature. For sodium the following correlations are
used, where the temperature is in °C [9].

p=2950.1—0.22976 T + 1.46107°T* + 5.638 107 T% T € [98 —1370]  (2.1)
A=91.8—-0.049T T €104 —832] (2.2)
¢, = 1436.12 — 0.58024 T + 4.62081 10~* T T € [100 —900]  (2.3)

For Solar Salt the same correlations used by Xu et al. [24] are used, taken from
Zavoico [26].

The tank wall is schematized in Fig. 2.1. It is composed of three layers: insulation,
stainless steel, insulation. The wind velocity is considered constant and equal to

5mst.

15
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Table 2.1: Reference system

Sodium packed bed Solar Salt packed bed

Heat transfer fluid Na SoSa
Filler material Quartzite rock Quartzite rock
Thermal capacity, MWh 20 50
Design time, h D )
Mass flow rate, kg s 7.4 66.6
Maximum temperature, °C 390 390
Minimum temperature, °C 290 290
Tank height, m 14.8 14.0
Tank diameter, m 9.1 8.6
Tank diameter-to-height ratio 0.6 0.6
Porosity 0.22 0.22
Solid particles diameter, m 0.01905 0.01905
Thickness of insulation layer, m 0.2 0.2
Thickness of stainless steel wall, m 0.04 0.04
Density of quartzite rock, kg m™ 2500 2500
Specific heat capacity of quartzite 830 830
rock, Jkg !t Kt

Thermal conductivity of quartzite 5.69 5.69
rock, Wm" K-!

Thermal conductivity of insulation 0.1 0.1
layer, Wm™ K!

Thermal conductivity of stainless 35.0 35.0
steel, Wm™! K-!

Time step, s ) )

2.2 Performance evaluation for cycling

Four evaluation criteria are chosen in this work to assess the performance of the
storage system during cyclic operation: efficiency, effective discharging time, outlet
fluid temperature and thermocline thickness.

Efficiency

To quantify the amount of useful energy that can be stored and recovered,
we employ an energy efficiency. We define three different efficiencies: one for
the charging process (7ng), one for the discharging process (74is)and one for the
overall cycle (cyce). We refer to Fig. 1.1. During a charging process, the inlet
temperature is always the maximum temperature. The outlet temperature is always
the minimum temperature only for an ideal process. For a real process, at some
point the outlet temperature increases. The charge efficiency is define as the
ratio between the energy actually stored by the fluid (AHgoreq) and the maximum
possible one (AHy,.x). These quantities are calculated integrating along time the
difference of the enthalpy of the fluid flow entering and exiting the system. ¢. is the
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Figure 2.1: Schematic wall representation

design time of the charging process.

n _ A1T_Ist01red _ fgc m(cpmameax - CpoutTout)dt
Chg AHmaX fOC m(cpmameaX - CpminTmin)dt

For a discharging process the inlet temperature is always the minimum temperature.
The outlet temperature is always the maximum temperature only for an ideal
process. For a real process, at some point the outlet temperature decreases. The
discharge efficiency, considering only the discharging process, is defined as the
ratio between the energy actually released by the fluid (AHg;s) and the maximum
possible one (A Hyax). The extracted energy is considered useful only if delivered at
a temperature higher than a threshold value. This threshold is set at Ty, —20 °C, so
for the reference case it is 370 °C. For A Hg;s the limit of the integral ¢, represents the
time at which the outlet fluid temperature drops below the threshold temperature.
tq is the design time of the discharging process.

77 R AHdiS — fotx m(cpout Tout — Cpmin Tmln)dt
s A]—-[max gd m(cpmameax - cpminTmin>dt

If we consider the discharge as part of a cycle composed by charging and discharging,
the maximum energy that can be extracted depends on the energy that was
previously stored, which for a real process is lower than the maximum one. This
difference is not attributable to the discharging process. Thus, in a complete cycle
the discharging efficiency becomes:

(2.4)

(2.5)

o A11—_Idis
ndiscycle - AH’ tored
store:

A cycle is composed of a charging and a discharging process, thus the cycle efficiency
is equal to the product of charge efficiency and discharge efficiency.

A]¥dis
Neycle = TlchgTdiscycle — AH (27)

(2.6)
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Figure 2.2: Parameters used to evaluate the performance of the storage system

Effective discharging time

For the discharging process, which is more extensively investigated in this work,
we define an effective discharging time. This parameter is exactly the limit of the
integral t, we have previously introduced to calculate the effectively discharged
energy. Hence, the effective discharging time is the time for which the fluid can be
extracted from the storage tank at a temperature higher than the threshold value
of Tinax — 20 °C. The effective discharging time is always lower than the ideal design
time. For sodium in our reference case it is 4.8 hours, while the design time is 5
hours.

Outlet fluid temperature

We can graphically compare half a cycle (charge or discharge), plotting the
outlet fluid temperature. In Fig. 2.2a is displayed the outlet fluid temperature over
discharge time for the reference system employing sodium as heat transfer fluid.
This is the temperature of the fluid extracted from the tank. At the beginning
of the discharging process the outlet fluid temperature is equal to the maximum
temperature, then proceeding with the discharge, the temperature starts to decrease,
until the outlet temperature reaches the minimum temperature. From this plot it is
also possible to read the effective discharging time. This is the discharging time at
which the outlet fluid temperature is equal to the threshold value of T,,., — 20 °C.

Thermocline thickness

Another plot useful to characterize half a cycle (charging or discharging process),
is the thermocline thickness over time. This is the part of the tank where the fluid
temperature is in between the minimum and maximum temperature. As limits
of the thermocline we choose Ti,i, + 5 °C and Ty, — 5°C. Thus, the thermocline
thickness is defined as follows:

Lthermocline - H(Tmax - 5 OC) - H(Tmin + 5 OC) (28)
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To better understand how the thermocline thickness is calculated we can look
at Fig. 2.3. The figure shows the temperature distribution along the tank for
different time steps during discharge. In the initial condition the whole tank is at
the maximum temperature. Cold fluid enters and a thermocline region is formed,
which moves along the tank (to the right side of the figure). As the thermocline
region moves, it also expands constantly.

The thermocline thickness over discharging time is shown in Fig. 2.2b for the
reference system. Starting from a completely charged tank and discharging the
system, cold fluid enters the tank from the bottom and hot fluid exits from the
top. A thermocline region is formed at the entrance of the tank and gradually
moves upward in the tank as discharging proceeds. An ideal thermocline would
consist of a very steep thermal gradient and a sharp separation between cold and
hot fluid, so a thermocline thickness equal to zero. Due to nonidealities of the
system, during the discharging process, the thermocline region spreads. This is
attributable to non-infinite heat transfer between solid filler and fluid and thermal
diffusion. For a packed bed employing sodium, thermal diffusion has a dominant
role. Hence, during discharge, the thermocline thickness increases continuously
as the thermocline region moves in the tank. The maximum of the thermocline
thickness is reached at the time corresponding to the arrival of the thermocline at
the exit of the tank. Subsequently, the thermocline region is extracted from the
storage system and the portion of this thermocline remaining in the tank decreases
sharply. At the end of the discharging process, the whole thermocline region is
extracted from the tank, leaving the thermocline thickness to be zero. In this
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Figure 2.4: Thermocline expansion after 12 hours of standby for the reference system

condition the whole tank is at the minimum temperature.

2.3 Performance evaluation for standby

During a standby period it is important to preserve the energy stored. Therefore,
two fundamental aspects have to be considered. First, the system must not release
a significant amount of energy to the ambient. Second, if the storage is not
completely charged or discharged, the separation between hot and cold fluid has
to be maintained. However, thermal diffusion between the hot and the cold part
gradually leads to an assimilation of temperatures.

The first problem is investigated looking at temperature distributions both in radial
and in axial directions.

To address the second issue we set as initial condition the step function introduced
in Eq. (1.18), and then we evaluate the thermocline expansion after a certain
standby period. The thermocline region is defined in Eq. (2.8). We evaluate the
temperature distribution along the core of the tank. The thermocline expansion
after 12 hours of standby for the reference system is showed in Fig. 2.4. Starting
from an ideal step function, after 12 hours the thermocline region expands to 3.23
m, which compared to the tank height means that the thermocline occupies the
22 % of the tank. The relative thermocline thickness after 12 h of standby is used
as evaluation criteria for standby behaviour.



Chapter 3

Operational modes

In the present chapter we investigate the behaviour of the sodium packed bed
for the different operating conditions and compare it to the molten salt packed bed.
We consider the reference system presented in the previous chapter and look at the
performances during cyclic operation condition and standby condition. In light of
the results, we also examine the advantages provided by the 2D code and compare
it with the 1D simplification.

3.1 Cycling

A cycle consists of a charging and a discharging process. The thermocline region

is partly extracted from the tank at the end of a charging and discharging step. In
this way the system does not loose its storage capacity over cycles by unlimited
expansion of the thermocline. After some cycles, the system reaches a stabilized
state with constant performances over cycles. The same stable cycle is reached
starting from a fully charged or a fully discharged tank. A cycle is defined stable if
the temperature of the fluid does not change more than 0.1 % from the previous
cycle.
For our reference system it takes three cycles to reach stability. In Tab. 2.1 we
can see the cycle efficiency and the efficiency for each half cycle starting from
a completely charged tank. The efficiency deteriorates slightly but anyway it
maintains a high value.

Fig. 3.1 shows how the temperature distribution adjusts from one cycle to
the subsequent one. The plot illustrates the temperature profile along the tank
at different time steps during the charging process. In this case we start from a

Table 3.1: Efficiency for the reference system with sodium as heat transfer fluid starting
from a fully charged tank

Tlchg Ndis Tleycle
I cycle 100.00 95.50 95.50

IT cycle  96.41 96.54 93.07
IIT cycle  96.80 9591 92.84

21
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Figure 3.1: Temperature distribution in the tank for three charging processes at different
time steps: initial, 25 % of time, 50 % of time, 75 % of time, final

completely discharged system, thus the initial temperature distribution for the first
cycle is constant and equal to the minimum temperature. For the following cycles
the initial condition is set by the previous discharge, which leaves still a part of the
thermocline in the tank (bottom-left of the plot). Proceeding with the charging
process, hot fluid flows in and the thermocline moves right in the plot. After 25 %
of the charging time about 1/4 of the tank is at maximum temperature and 3/4 of
the tank are still at minimum temperature. The plot then shows the temperature
distributions at 50 % and 75 % of charging time and the final one. At the end of the
charging process almost the entire tank is at maximum temperature, but there is
still a portion of thermocline present, meaning that the charging efficiency is lower
than 100 %.

If we compare the reference system with the packed bed adopting molten salt
presented in Tab. 2.1, we can reach a slightly higher efficiency for sodium. Tab. 3.2
shows the cycle efficiencies obtained starting from a completely charged tank. Also
in this case the efficiency decreases for every subsequent cycle. All values are
slightly lower than in the case of sodium as heat transfer fluid. Fig. 3.2 depicts
temperature distributions in the tank during the stable discharging process for the
two fluids considered, after 25 %, 50 %, 75 %, of the discharging time and at the
end of the process. The temperature profiles are slightly steeper for sodium, which
is an indicator for a higher efficiency.

3.1.1 Discharge

In order to reduce the computational time and investigate the performance
of the packed bed in many different configurations, we focus our attention on
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Table 3.2: Efficiency for the storage system with Solar Salt as heat transfer fluid strarting

from a fully charged tank

nchg Nais ncycle
I cycle 100.00 94.89 94.89
IT cycle 96.03 96.07 92.25
III cycle  96.50 95.30 91.96
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Figure 3.2: Comparison of a stable discharging process using sodium and Solar Salt as

heat transfer fluids

the discharging process. For the reference system (Sec.2.1) we can compare the

behaviour of the thermal storage employing the performance parameters introduced
in Section 2.2. Tab. 3.3 shows the effective discharging time and the discharging effi-

ciency for sodium and Solar Salt. The storage using sodium performs slightly better
The same conclusion can be also drawn observing the outlet fluid temperature and

the thermocline thickness in Fig. 3.3.

3.2 Standby

Standby operation is one of the drawbacks of thermal storage with sodium.
The thermal conductivity of the fluid is very high and the thermal stratification
degrades quickly. In Fig. 3.4 we can see how the thermocline spreads for a long
standby period starting from an initial condition of ideal thermocline. After 8 days
the thermocline region occupies the whole tank.

Along the axis of the tank, thermal losses to ambient do not have a significant
impact for insulated systems. Fig. 3.5 shows the temperature distribution at the
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Table 3.3: Performance during a discharge process for sodium and Solar Salt packed

beds starting from a fully charged tank

Heat transfer fluid Effective discharging time

Discharging efficiency

(h) (%)
Sodium 4.80 95.50
Solar Salt 4.73 94.89
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Figure 3.3: Comparison between sodium and Solar Salt

core of the tank for a standby period of 2 days. The insulation structure is the
one defined in Sec. 2.1. If the tank is insulated, there are practically no differences
with the perfectly adiabatic system. If the tank is not insulated, the temperature
profile is shifted towards lower temperatures, with a slightly higher loss at higher
temperature. Although interesting from the theoretical point of view, not insulated
systems are quite unrealistic.

If we compare sodium and Solar Salt as heat transfer fluids, the performance
of the sodium packed bed is worse in case of standby operation. The thermocline
expansion over a period of 2 days is shown in Fig. 3.6. The packed bed using
Solar Salt as heat transfer fluid is able to maintain a better thermal stratification.
After this standby period, for Solar Salt the thermocline region occupies 20 % of
the tank, for sodium the thermocline region occupies 44 % of the tank. This is
due to the very different thermal conductivities. In the reference configuration
sodium has a thermal conductivity of 75.14 Wm™* K™ at the mean temperature. The
thermal conductivity of the mixture of fluid and solid weighted on the porosity as
defined in Eq. (1.16) is equal to 21 Wm™K"'. For Solar Salt the fluid conductivity
is 0.51 Wm'K™! and the one of the mixture with quartzite rock is 4.55 Wm*K!.
Therefore, for standby operation sodium is disadvantageous.



3.2. Standby

25

390

Temperature, °C
w
N
o

290

Figure 3.4: Thermocline

— Initial condition
——2 days
——4 days
——6 days
8 days
— — —Thermocline limit

10 12 14
Tank axial distance, m

expansion for the reference system for 8 days of standby

390

Temperature, °C
w
=
o

290

— Initial condition
— Adiabatic
— — ~With insulation

***** Without insulation| |

10 12 14

Tank axial distance, m

Figure 3.5: Temperature distribution in the tank after 2 days of standby considering

the system adiabatic, with insulation and without insulation



26 Chapter 3. Operational modes

390 = —
/
/
/
/
/
/
/
/
I
I
& |
g /
=) I
© 340 7
G.) I
o I
e /
(@) I
= 1
!
I
/
!
/ — Initial condition
// Na
Y ——-So0Sa
7
290 ——— =
0 0.5 1

Adimensional tank axial distance

Figure 3.6: Thermocline expansion for sodium and Solar Salt for 2 days of standby

3.3 Comparison 1D vs. 2D

We have developed a two-dimensional code that allows us to assess the temper-

ature distribution in the radial direction due to heat exchange with the ambient.
Thermal losses to the ambient may be a significant phenomenon and should be
taken into account mainly in poorly insulated systems, for storage tanks with large
surface-to-volume ratios, for process operation at high temperature or to simulate
losses in energy content during standby operation.
For the system we consider, two-dimensional temperature effects are appreciable
only during standby. Fig. 3.7 shows 2D temperature distributions for a standby
period of 2 days considering the system adiabatic, insulated and not insulated. For
the more realistic case of insulated storage system, 2D effects are negligible. As
far as concerns the temperature distribution, the one-dimensional approximation is
perfectly acceptable, and will be used for the parametric study in the next chapter.
As further development of the code, also other parameters could be varied along
the radial direction. Having already written the code as two-dimensional, this
improvements could be quite easily done. The bed porosity could be expressed as
function of the radius as it is done by Cascetta et al. [4], to consider lower porosities
in the center of the packed bed and higher ones close to the wall. Also the fluid
velocity and the effective thermal conductivity could be varied along the radius.
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Chapter 4

Parametric study

The objective of this Chapter is to investigate the influence of various parameters
on the performance of the thermal storage system. The reference system is defined
in Sec. 2.1 and is marked with a different linestyle in the graphs. In each section of
this chapter we vary one parameter while keeping the others constant and analyse
the effects on a discharging process, considering the performance indicators defined
in Chapter 2. Before proceeding further, it is important to clarify how the main
parameters defining the thermal storage are related to each other. The energy that
is extracted from the storage by the fluid is given by:

Q = 1, AT At (4.1)

With At we indicate the design discharge time. The thermal capacity (energy) of
the storage is given by:

2
Q- Z(g) H(2pyep, + (1 — €)poc,) AT (4.2)
From these two equations we can clearly see that changing one parameter, some
others will vary as direct consequence. For example when varying the porosity we
can keep the thermal capacity or the tank dimensions constant, not both.

Xu et al. conducted an extensive parametric study on a packed bed with Solar Salt
as heat transfer fluid [22],[23],[24]. They have chosen to keep the tank dimensions
constant. In the first part of the chapter, we reproduce the same parametric study,
adapting it to sodium. In the second part of the chapter, we investigate the effect of
other parameters of interest for our system, keeping the thermal capacity constant.
What is important to get from this study is a general trend linked to the different
parameters and a preferable direction in which to go when designing a packed bed
thermal storage system. However, always keep in mind that each system should
be adapted to the overall process considering economical constrains and technical
requirements.

4.1 Comparison with the studies of Xu et al.

We take as reference the parametric study performed by Xu et al. for a Solar
Salt packed bed [22],[23], [24], and we conduct the same study employing sodium

29
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Table 4.1: Effect of fluid inlet temperature variation

Fluid inlet temperature Effective discharging time Discharging efficiency

(°C) (h) (%)
190 4.67 93.94
240 4.72 94 .51
290 4.80 95.50
340 4.97 97.54
390
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Figure 4.1: Variation of outlet fluid temperature for the different inlet temperatures
considered

as heat transfer fluid. The storage tank volume and dimensions are kept constant
for every case, except when varying the tank height (Section 4.1.3).

4.1.1 Fluid inlet temperature

For a thermal storage it is important to maintain a high efficiency for different
inlet temperatures, which may have some fluctuations during operation. For example
in a Concentrated Solar Power (CSP) plant, the inlet temperature of the storage
system would depend on solar irradiation. The fluid inlet temperature, which is the
minimum fluid temperature for a discharging process, is varied in this section from
190°C to 340°C. The upper fluid temperature of 390 °C is kept constant. Fluid
inlet velocity, porosity and tank dimensions are also kept constant. In this way the
thermal capacity of the storage system will decrease with a decreasing temperature
difference (Trnae — Tin)-

In Fig. 4.1 we can see the temperature of the fluid at the outlet of the tank
depending on the discharge time. During the discharging process the colder fluid
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Figure 4.2: Variation of the thermocline thickness for the different inlet temperatures
considered

enters the tank from the bottom and hotter fluid is extracted from the top. Between
the colder and the hotter fluid, a thermocline region is formed. At the beginning
the fluid extracted is at the maximum temperature. However, at some point the
thermocline region, which is travelling upward in the tank, reaches the outlet
(after ~ 4.5 h in Fig. 4.1). Then the outlet fluid temperature starts to decrease
until the whole thermocline region is extracted from the tank and the fluid at the
lower temperature is withdraw. At this point the whole tank is at the minimum
temperature.
Fig. 4.1 shows that the outlet temperature profile adjusts to the different minimum
temperatures, starting to decrease at the same time for all the four cases, showing the
same behaviour of molten salts [23]. This means that the thermocline region arrives
at the outlet of the tank in the same moment for each case, being the dimensions
of the tank and the fluid mass flow rate unchanged. Once the thermocline region
has reached the top of the tank, the outlet temperature starts to be influenced by
the inlet temperature. The lower the temperature difference, the smaller and the
smoother the thermocline, so also starting to extract this thermocline from the
tank, the temperature would remain higher and efficiency increases Tab. 4.1. The
drawback of decreasing the temperature difference (T4 — Tin) is that also the
storage thermal capacity decreases, thus a lower amount of energy can be extracted
from the system.
In Tab. 4.1 also the effective discharging time is shown. Increasing the inlet
temperature, the outlet temperature will stay above the threshold of 370°C for
longer time.

In Fig. 4.2 the thermocline thickness over discharge time is shown. The thermocline
thickness increases up to the point when it reaches the top of the tank, then the
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Table 4.2: Effect of fluid inlet velocity variation

Inlet velocity Effective discharging time Discharging efficiency

(h) (%0)
0.5Uret 9.48 94.13
0.67tyet 7.12 94.76
Uret 4.80 95.50
tyes 2.41 95.76
Blret 0.97 96.07

thermocline region is extracted from the tank and the thickness decreases until it
becomes zero, meaning that the whole tank is now at the minimum temperature.
The maximum thermocline thickness increases with the temperature difference
(i.e. decreasing the inlet temperature), as the temperature gap that the thermal
transition region has to fill is increasing. Another effect taking place is the thermal
conductivity decrease with temperature, so a better stratification can be achieved for
higher temperatures. At 190 °C the thermal conductivity of sodium is 82.49 Wm™' K™,
at 390°C it is 72.69 Wm™ K. For solar salt on the contrary, the thermal conductivity
is almost constant for this range of temperatures, it spans from 0.48 Wm'K! at
190°C to 0.52 Wm™K! at 390 °C and so the thermocline region is not influenced by
the inlet temperature. For a sodium packed bed the difference between upper and
lower temperature has a quite remarkable influence on the performance and should
be carefully considered during the design phase. For a thermal storage subject
to a smaller temperature difference the efficiency increases but the stored energy
decreases. Thus, there will be a trade-off between this two opposing effects.

4.1.2 Fluid inlet velocity

The fluid inlet velocity is varied based on the reference case s = 0.0014 ms™,
multiplying it by factors going from 0.5 to 5. To vary the velocity means to vary
the mass flow rate, being the temperatures and the tank dimensions constant.
The discharging time decreases significantly with increasing velocity, as we can
see both from Tab. 4.2 and Fig. 4.3. The thermocline thickness represented in
Fig. 4.4 increases faster for higher velocities as the thermocline region moves with
the velocity of the fluid, but the maximum thickness is obtained for lower velocities
as heat conduction has more time to take place. As a result the discharging
efficiency is lower for lower velocities, (Tab. 4.2). This degradation of the thermal
stratification caused by heat conduction is negligible for solar salts, being convection
the predominant heat transfer mode, and so the maximum thermocline thickness
stays constant for every case considered. For our system the fluid velocity has
a very significant influence on the discharging time: a lower velocity leads to a
higher discharging time. The efficiency, however, improves with higher velocities.
The change in the discharging time is anyhow more significant than the change in
efficiency. Reducing the velocity of a factor 10, the effective discharging time is
increased by a factor 9.8, only suffering a loss of 1.9% in the efficiency.
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Table 4.3: Effect of tank height variation

Tank height Effective discharging time Discharging efficiency

(1) (h) (%)

6 1.92 94.21
8 2.57 94.71
10 3.23 95.02
12 3.88 95.26
14.8 4.80 95.50

4.1.3 Tank height

The tank height is one of the most important structural parameters. Its influence

on the storage efficiency has been investigated by many authors [15], [20], [23], but
never considering a liquid metal as heat transfer fluid. Xu et al. [23] vary only the
tank height, keeping the diameter constant. Accordingly, the capacity of the energy
storage changes in each case. We conduct the same study in this section, varying
the tank height from 6 to 14.8 m.
Also for sodium a higher tank height is beneficial for the thermal storage, increasing
both the effective discharging time and the effective discharging efficiency (Tab. 4.3).
The same applies for Solar Salt and the other heat transfer fluids already investigated
in literature.

In absolute terms the thermocline thickness increases with the height. Being the
cross section and the mass flow rate constant, the thermocline region moves at
the same speed independently from the height, and it continuously grows until
it reaches the tank exit and starts to be extracted from the tank. In relative
terms, with respect to the tank height, the thermocline region is instead decreasing
with increasing tank height, as shown in Fig. 4.5, because the absolute increase in
thermocline thickness, from 1.2 to 2.5 m, is much lower than the increase in tank
height, from 6 to 14.8 m. From a theoretical point of view the higher the tank the
better, practically the height of the tank is limited due to structural and mechanical
problems to a maximum of 16 m [7]. Although this limit is referred to storages with
molten salts, we can consider it also valid for a sodium thermal storage. Sodium
has indeed a lower density than molten salts, but with porosities around 0.22 as it
is for our reference case, the amount of fluid does not have a dominant influence on
the whole system.

4.1.4 Porosity

Bed porosity is defined as the ratio of the fluid volume and the total volume
within the packed bed. In this section it is varied from 0.1 to 0.8, while keeping the
tank dimensions constant. Low porosities are only possible for non-monodispersed
particles. As the code we developed is only able to solve for uniformly sized filler
particles, this fact is not considered in the simulations.

Varying the porosity in a sodium packed bed has the opposite effect with respect
to a molten-salt packed bed. Increasing the porosity leads to a decrease of the
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Table 4.4: Effect of porosity variation at constant tank dimensions

Porosity  Effective discharging time Discharging efficiency

() (%)
0.10 5.14 96.41
0.22 4.80 95.50
0.40 4.31 94.25
0.60 3.78 92.95
0.80 3.27 91.67

effective discharging time and effective discharging efficiency, (Tab. 4.4). This is
exactly the opposite behaviour of what is obtained for molten salt. The reason
is the different volumetric heat capacity (pc,). Sodium has a volumetric heat
capacity of 0.31 kWhm=K-! which is lower than the solid filler one (quartzite rock)
of 0.58 kWhm™3K. Decreasing the porosity means increasing the amount of solid
and thus the energy storage capability of the system. Solar Salt has a volumetric
heat capacity of 0.78 kWhm=K™, higher than the one of quartzite rock, so a larger
amount of fluid with respect to solid is beneficial for the system. In Fig. 4.6 we
can see that for sodium, at the highest porosity of 0.8, the fluid outlet temperature
starts to decrease significantly sooner and the curve becomes also less steeper. This
means that the thermocline region is occupying more space and arrives sooner at
the exit of the tank. For further analysis the thermocline thickness is shown in
the Appendix Fig. A.2. At the porosity of 0.8, the thermocline thickness increases
faster and reaches a higher maximum. This is due to the high thermal conductivity
of sodium, increasing the amount of liquid with respect to solid, heat conduction
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Table 4.5: Effect of filler particles diameter variation

Particles diameter Effective discharging time Discharging efficiency

(m) () (%)

0.010 4.90 97.67
0.019 4.80 95.50
0.050 4.73 93.75
0.100 4.58 90.50
0.250 4.03 78.59

within the fluid is enhanced and thermal stratification is degraded. Therefore, for
sodium low porosities are to be preferred. Actually low porosities are employed
also when dealing with other fluids. The bed porosity has a remarkable economical
impact, as the fluid is typically more expensive than the solid filler. Thus, for a
packed bed with sodium as heat transfer fluid, low porosities are advantageous both
for cost reduction and performance optimization.

4.1.5 Solid particles diameter

We now investigate the influence of the dimensions of the solid filler particles
on the performance of the system. We use the same particle diameters adopted by
Xu et al. in [22], keeping quartzite rock as filler material. The particles’” diameter
has a very significant influence on the heat exchange between particles and fluid
and within the solid. A small solid size increases the total fluid/solid heat exchange
area and enhances stratification [15],[25]. The heat transfer coefficient between
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Figure 4.7: Variation of outlet fluid temperature for the different filler particles diameters
considered

the solid and the fluid at the mean temperature spans from 7033.1 Wm3K for
a particle diameter of 0.01 m, to 11.2 Wm™3K"! for a particle diameter of 0.25 m.
Accordingly, the efficiency goes from 97.67 % to 78.59 %, shown in Tab. 4.5.
In Fig. 4.7 we can see that the thermocline region reaches the exit of the tank (i.e.
outlet fluid temperature starts to decrease) significantly sooner with increasing
particle diameter. This is due to a larger thermocline region, as depicted in Fig. 4.8.
With the largest particle diameter, more than half of the tank is occupied by the
thermocline region in the worst case. To further investigate the heat exchange
between the heat transfer fluid and the filler, we look at the temperature difference
between particle core and surface (Fig. 4.9) and between particle surface and fluid
(Fig. 4.10). The same plots are also shown in the paper from Xu et al. [22] with
molten salt as heat transfer fluid. The temperature differences are plotted against
the tank axis after discharging for half of the design time. Thus, the thermocline is
approximately in the middle of the tank. We can observe that both temperature
differences are increasing with increasing filler particle diameter, but the gradient
inside the particles becomes much more significant. This phenomenon agrees well
with the high Biot number (Bi ~ 13) and is indeed the reason why the temperature
gradient inside the particles can not be neglected and the assumption of lumped
parameters can not be made. For Solar Salt, in contrast, the temperature difference
between particle core and surface and between particle surface and fluid both in-
crease with the particle diameter, almost in the same range. For a particle diameter
of 25 cm the temperature differences are of 8.47 K and 10 K respectively [22].

A smaller size of the solid filler improves also flow uniformity and prevents flow
channelling near the walls, at the same time increasing the pressure loss. For
cylindrical beds flow channelling can be avoided guaranteeing a minimum tank-
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to-particle diameter ratio of 30-40 [7]. This condition is borderline for the largest
particle diameter considered (D/d = 36.4) and may introduce an other issue. All
in all, the best performances are obtained for lower particle diameters, so this is
the direction to take.

4.1.6 Filler material

For all the previous cases we have employed quartzite rock as solid filler, now
we consider other materials as done by Xu et al. [22]. In this section we keep the
tank dimensions constant, thus, the thermal capacity changes according to the
volumetric heat capacity of the material, listed in Tab. 4.6. We obtain thermal
capacities ranging from 50 MWh for quartzite rock to 145 MWh for cast iron. As a
consequence also the discharging time changes significantly, shown in Tab. 4.7. The
corresponding fluid outlet temperatures are plotted in Fig. A.3. As was obtained
by Xu et al. [22] for a packed bed using molten salt as heat transfer fluid, the
highest efficiency is achieved for high temperature concrete, the lowest for cast
iron, (Tab. 4.7). In Fig. 4.11 the thermocline thickness over discharge time is
shown. The highest thermocline thickness is reached for the high temperature
concrete packed bed. This material has the lowest thermal conductivity and hence
it takes more time to release its energy to the fluid. To further investigate this
phenomenon we can observe the temperature difference between particle core and
surface in Fig. 4.12. The temperature differences are shown over the tank axis, after
discharging for half of the design time, namely when the thermocline region is in the
middle of the tank. For high temperature concrete, heat conduction within the solid
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Table 4.6: Properties of different filler materials

Material Thermal conductivity Volumetric heat capacity
(Wm'K1) (KWh3K1)

Quartzite rock 5.69 0.58

Silicon carbide ceramics 120 0.67

High-temperature concrete 1.00 0.70

Alumina ceramics 30.0 0.81

Cast iron 29.3 1.84

Table 4.7: Effect of filler material variation at constant tank dimensions

Material Effective discharging time Discharging efficiency
(h) (%)

Quartzite rock 4.80 95.50

Silicon carbide ceramics 5.41 94.60

High-temperature concrete D.77 96.85

Alumina ceramics 6.45 94.59

Cast iron 13.75 94.37

particles is weaker and the core of the particles remains at a higher temperature in
the thermocline region. For all the other filler materials, however, the temperature
gradient inside the particles is much less significant. The system performs quite
well with all the materials considered. With sodium, the problem of compatibility
arises and should be further investigated.

4.2 Constant thermal capacity

In this second half of the Chapter, we further investigate the influence of some
selected parameters on the storage performance, always maintaining a constant
thermal capacity of 50 MWh and a design discharge time of 5 hours. Whenever is
possible, also the tank diameter-to-height ratio is kept constant. The reference case
is still the one defined in Chapter 2.1.

We also want to investigate these cases because the most important "size" of a
thermal storage system is not given by its physical dimensions, yet by the thermal
energy that can be extracted, in the sense of a power and a time interval.

4.2.1 Temperature level

The reference temperature range 290-390 °C is chosen according to Xu et al. [24].
This choice allows us to make a direct comparison between sodium and Solar Salts.
Nevertheless, sodium is chemically stable up to temperatures of more than 800 °C.

In this section we vary the fluid temperature range from the reference case of
290-390 °C up to 590-690 °C. The temperature difference between cold and hot fluid
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Table 4.8: Effect of fluid minimum and maximum temperature variation

Min and max temperature FEffective discharging time Discharging efficiency

(°C) (h) (%0)
290-390 4.80 95.50
390-490 4.80 95.35
490-590 479 95.23
590-690 A.78 95.08

T
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Figure 4.13: Thermocline expansion during a standby period of 12 hours for the refer-
ence case and the maximum temperature level considered

is kept constant and equal to 100 K. All the other parameters are kept constant and
equal to the reference case. As we can see from Tab. 4.8, the temperature level has
a negligible influence on the thermal performance, considering an insulated system.
The small decrease of efficiency increasing the temperature level is caused by the
decrease of density. In fact we pass from a density of 873.9kgm™ for the lower
mean temperature, to a density of 810.5kgm™ for the higher mean temperature.
The decrease of density causes an increase in the fluid velocity and the thermocline
reaches the tank top faster.

If we consider also the losses to ambient, of course higher fluid temperatures mean
higher thermal losses adopting the same insulation. However, considering the
wall structure defined in Chapter 2.1 and a standby period of twelve hours, the
thermal losses to the ambient are negligible. From F'ig. 4.13 we can see that the
increase of temperature has a positive effect on the thermocline expansion during
standby. This is due to the lower thermal conductivity at higher temperature.
For the temperature range of 290-390 °C the heat conduction coefficient of sodium
at mean temperature is 75.14 Wm™K-!, for the temperature range 590-690 °C it
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Table 4.9: Performance for two practical cases of interest

Temperatures Effective discharging time Discharging efficiency

(°C) (h) (%)
290-565 4.57 91.23
500-700 4.63 92.22
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Figure 4.14: Variation of the thermocline thickness for different operational tempera-
tures considered

is 60.44 Wm' K™, allowing a slightly better thermal stratification. The influence
of the temperature level on the performance of the system, keeping a constant
temperature difference, is negligible.

4.2.2 Operational temperatures

In this section we consider a temperature range of 290-565 °C, typical for solar
towers, and one of 500-700°C, for an advanced power cycle. We keep a constant
thermal capacity of 50 MWh and a design discharge time of 5 hours, the dimensions
of the tank will change accordingly, maintaining a constant tank diameter-to-height
ratio of 0.6. As the difference between upper and lower temperature increases,
the volume of the tank decreases. For the case at 290-565°C the tank height is
10.6 m, for the temperature range 500-700 °C it is 11.8 m, for the reference case at
290-390°C the tank is 14.8 m tall. The two cases considered here perform quite
similarly, despite the remarkable difference in temperature level. As we have seen
in the previous sections, the temperature level has an almost negligible influence
on the performance, the parameter related to temperature that instead affects the
system most is the difference between upper and lower temperature. In Section 4.1.1
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Table 4.10: Effect of tank ratio D/H variation

Ratio D/H  Effective discharging time Discharging efficiency

(h) (%)
0.2 4.86 96.66
0.6 4.80 95.50
1.0 A.75 94.37
1.5 4.69 92.79

we have seen an efficiency degradation with increasing temperature difference. The
same applies here, as we can see from Tab. 4.9. The reason of this performance
degradation can be seen in Fig. 4.14. Increasing the temperature difference to
which the system is subject leads to a wider thermocline region. Nevertheless, the
dimensions of the tank are reduced, which means cost reduction, so there will be a
trade-off between economical advantages and performance optimization.

4.2.3 Tank diameter-to-height ratio D/H

In this section we vary the ratio between the tank diameter and the tank height
from 0.2 to 1.5. For sodium as well as for other heat transfer fluids [4], [17], [15], the
aspect ratio influences the packed bed stratification and the efficiency remarkably.
In accordance with the results obtained in section 4.1.3, the smaller the ratio D/H,
which means the taller the tank, the higher the efficiency. For a ratio of 0.2 we
obtain an effective discharging efficiency of 96.66 %, (Tab. 4.10). However, in this
case the resulting tank height would be 31.3 m, which is technically not feasible.

For the commonly used heat transfer fluids it is possible to obtain the heat transfer
coefficient with Nusselt correlations dependent on Reynolds and Prandtl numbers,
so in this case a higher velocity directly causes a higher heat transfer coefficient.
For a sodium packed bed there are no correlations available and as explained in
Chapter 1 we assume a Nusselt number equal to 2. Therefore, the heat transfer
coefficient does not depend on the flow velocity. The thermocline thickness in
absolute value is greater for a taller tank, but in relative terms the trend is the
opposite, as can be seen in Fig. 4.15.

For this case we evaluate also the system behaviour during standby operation.
We consider a standby period of twelve hours, starting from a condition of ideal
thermal stratification: half of the tank at the minimum temperature and half at
the maximum temperature (Fig. 4.16).

During standby, the thermocline region expands in the same way for each different
aspect ratio. After twelve hours of standby the thermocline region occupies 3.23 m
for every case, of course this length is a different percentage of the absolute tank
hight. Comparing the thermocline expansion during standby with Solar Salt
(Fig. 4.17), also in this case we can see that diffusion is remarkably weaker for
the latter and Solar Salt behaves better during standby. A drawback of sodium is
exactly this: poor preservation of the thermal stratification during standby.

A smaller tank diameter-to-height ratio D/H is beneficial from every point of view,
the limit in this case is structural feasibility.



4.2. Constant thermal capacity

45

T T

25 T

\O
°.20F
)]
(%]
()
c
X
Q
c
= 15
o X
£ /
5 10F / :
_qc', }( ,/’/
- / Ve
2 e
© il
B 5 *)/J// y
o ///

s

/

Of 1
0 1

Figure 4.15: Variation of the relative thermocline thickness

Discharge time, h

diameter-to-height ratios considered

//\ —© DH=02
« S D/H=0.6
e ! D/H =
X X — % -DH=15
&
PR
PRGN
P X
- AN
o7 Q%
~ 7 i
O
1
DX
Wi
Ok
1
HAk
\\, \
1 1 1 {H\ * 1 1
3 4 5 6 7

390

370

w

a1

o
T

Temperature, °C
w
w
(@]
T

310

290

— Initial condition

—©-D/H=0.2

DH=1.0
——D/H=15

0.5

Adimensional tank axial distance

for the different tank

Figure 4.16: Thermocline expansion during a standby period of 12 hours for the different
tank diameter-to-height ratios considered



46 Chapter 4. Parametric study

)] w w N
(6)] o (8} o
T T T
u
|
L L L

Relative thermocline thickness, %
N
o

A
151 1
A
10 . A 1
S A ® Sodium
A Solar Salt
O Il Il Il Il Il Il Il Il

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Ratio D/H

Figure 4.17: Thermocline expansion during a standby period of 12 hours for sodium
and Solar Salt

Table 4.11: Effect of porosity variation at constant thermal capacity

Porosity Effective discharging time Discharging efficiency

(h) (%)
0.10 4.85 96.44
0.22 4.80 95.50
0.40 4.74 94.14
0.60 4.67 92.70
0.80 4.61 91.23

4.2.4 Porosity

Adopting the same porosities of Section 4.1.4, we investigate now the impact of
this parameter keeping the thermal capacity and the discharging time constant. The
tank dimensions change accordingly, with a constant ratio between tank diameter
and height. For a porosity of 0.1 we obtain a tank height of 14.53 m, for a porosity
of 0.8 a tank height of 16.64 m.

From Tab. 4.11 we can see that the efficiencies are very similar to those of Tab. 4.4.
However, now the change in the effective discharging time when changing the
porosity is less significant, as the design discharging time constant and equal to 5
hours. The trend is nevertheless the same: better performance for lower porosities.

Observing the outlet fluid temperature (Fig. 4.18), we can notice that also in this
case the temperature starts to decrease sooner for a porosity of 0.8, meaning that
the thermocline region reaches the exit of the tank in a shorter time. This effect
is damped by the increasing tank height so the temperature profiles are closer to
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Figure 4.18: Variation of outlet fluid temperature for the different bed porosities con-
sidered

each other with respect to the case at constant tank dimensions. Fig. 4.19 shows
the relative thermocline thickness along time. The thickness increases faster for
higher porosities and reaches a higher maximum, even if for higher porosities the
tank is taller. This is due to the fact that the absolute thermocline thickness is
increasing more than the tank height, from 2m at porosity equal to 0.1, to 4.6 m
at porosity 0.8. This phenomenon is caused once again by the high conductivity
of sodium that degrades the thermal stratification increasing the amount of liquid
with respect to solid.

Considering a standby period of twelve hours, we can see from Fig. 4.20 that a
small porosity is preferable also for this mode. The importance of this parameter
during standby mode is highlighted in Fig. 4.21, considering also Solar Salt. The
relative thermocline thickness is always higher for sodium. The deteroration of
performance with sodium increasing the porosity is evident. This is due to the
fact that the heat conduction coefficient of the fluid is significantly higher than
the one of the solid. At the mean temperature, sodium has a heat conduction
coefficient of 75.14 Wm™ K, for quartzite rock, in contrast, 5.69 Wm*K™. For
Solar Salt the trend is the opposite because it has a heat conduction coefficient at
mean temperature of 0.51 Wm K-, lower than the one of the solid filler. Therefore,
increasing the amount of fluid would improve the thermal stratification. Practically,
low porosities are used also for Solar Salt for economical reasons. For sodium
low porosities are better both from an economical and from a thermodynamic
point of view. For very low porosities, in the range of 0.1, pressure losses are
increased and thus the pumping power required. However, it remains negligible
compared with the power flows involved in concentrating solar power plants [2].
Therefore, the lower limit for the porosity is given by the practical feasibility of
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Figure 4.19: Variation of the relative thermocline thickness for the different bed porosi-
ties considered
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Table 4.12: Effect of filler material variation at constant thermal capacity

Material Effective discharging time Discharging efficiency
(h) (%)

Quartzite rock 4.80 95.50

Silicon carbide ceramics 4.76 94.72

High-temperature concrete 4.87 96.81

Alumina ceramics 4.77 94.79

Cast iron 4.76 94.65

the system. Porosity optimization could also interfere with filler particles diameter
optimization. Both parameters have to be as low as possible. Very low porosity is
only achievable adopting different sizes of the solid fillers, thus the average particles
size becomes higher than the minimum obtainable. Therefore, porosity and solid
particle diameter have to be carefully considered together.

4.2.5 Filler material

Employing the same filler materials as in Section 4.1.6, we now keep a constant
thermal capacity of 50 MWh and a design discharge time of 5 hours. The volume
of the tank varies according to the different materials properties, while keeping a
constant aspect ratio. The tank height ranges from 10.4 m for cast iron to 14.8 m
for quartzite rock. Again, the highest efficiency is obtained for high-temperature
concrete and the second highest for quartzite rock, (Tab. 4.12). In Fig. 4.22 we can
see that all materials behave very similarly.
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The interpretation of Fig. 4.23, showing the thermal stratification degradation after
twelve hours of standby, is quite straightforward. During standby only conduction
takes place, being the fluid and the porosity the same for all cases, the thermocline
expands more for higher thermal conductivities of the filler material, (Tab. 4.6). In
Fig. 4.24, we compare the thermocline expansion using sodium and Solar Salt as
heat transfer fluids. Again, sodium performs always worse during standby. The
relative thermocline thickness is plotted against the thermal diffusivity of the filler
material, defined as the ratio between thermal conductivity and volumetric heat
capacity (o = A\/(pcp)). Also for standby the best performing material is high-
temperature concrete, the second best is quartzite rock. To further investigate this
topic, on top of economic evaluation, the issue of compatibility with sodium should
be properly addressed.

Conclusions

As far as concerns operating temperature, what influences most the storage
performance is the difference between the maximum and the minimum temperature.
By increasing this difference the efficiency is worsened but the energy that can be
stored increases, or the volume of the tank can be reduced maintaining the same
thermal capacity.

The fluid velocity greatly influences the discharging time, thus it has to be low
enough to ensure the effective discharging time required, at the expense of a small
decrease in efficiency.

The dimensions and aspect raio of the storage tank remarkably affect the thermal
performance. Tall tanks with small diameters are to be preferred. The limit is
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given by structural issues.

The effect of a bed porosity variation is dictated by the properties of the fluid and
the filler. For a packed bed with sodium as heat transfer fluid, porosity has to be
as low as possible. This is favourable both for thermodynamic optimization and
cost reduction.

Concerning the filler material, the most important aspect is the size of the filler
particles, which has to be the lowest possible, maintaining a low porosity. All the
filler materials considered ensure a good thermal performance, in this case the issue
is compatibility with sodium.

For every case the main drawback of sodium with respect to other heat transfer
fluids is standby behaviour. This problem could be restrained with a different
system configuration. More than one tank could be employed in a multi-tank
configuration, which is investigated in Chapter 5.



Chapter 5

Multi-tank configuration

in this chapter we investigate a possible different system configuration adopting
more than one tank. The thermal capacity of the storage is divided into separate
smaller packed beds, connected in series. The maturity of this technology is still
on a very low level. It has been proposed as a promising solution for molten salt
thermocline storage [1]. Using air as heat transfer fluid a segmented packed was
investigated by Crandall and Thacher [6].
A packed bed multi-tank configuration using sodium as heat transfer fluid has
not yet been addressed and no data, experimental or numerical, are available in
literature.
The advantage of this configuration with respect to the single tank is that a
thermocline degradation during standby periods would affect only the tank in which
the thermocline is confined. Moreover, it is possible to reach higher efficiencies
during cyclic operating condition, as the equivalent tank height of the overall system
can be increased beyond the structural limits for a single tank.
The advantages with respect to a direct two tank system with molten salt, are the
features of the packed bed. Each tank is filled with a solid filler material. Exploiting
the concept of thermocline, cold and hot fluid do not have to be physically separated
and each tank is always full.
The disadvantage of this system is the higher cost to build the structure. The tank
and insulation material needed are increased and more foundations have to be built.
Moreover, the overall configuration becomes more complicated, requiring additional
instrumentation and piping.
A further development, to minimize these issues, could be to reassemble the tanks
in a single structure. This could be implemented using structured filler materials as
bricks or plates, to achieve a multi-chamber configuration. Further research should
be done regarding this subject to determine the feasibility of such a system.

5.1 Cycling

The multi-tank configuration features more than one packed bed, disposed close
to each other in space. The tanks could be placed closed to each other, providing
thermal insulation to each other. For sake of simplicity, we graphically represent
the tanks as in Fig. 5.1, one next to the other. Fig. 5.1 shows a system composed of
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Figure 5.1: Example of multi-tank configuration half discharged

5 packed beds. For every tank, the hotter part is always the upper part. The fluid
flows from the top of one tank to the bottom of the next one. For a discharging
process, always referring to Fig. 5.1, the heat transfer fluid enters from the bottom
of tank 1, exits from the top of tank 1, enters from the bottom of tank 2, and so
on. For a charging process the fluid flow enters on the top of tank 5, following
the reversed path. The thermocline region is pushed from one tank to the other.
In Fig. 5.1 the temperature is shown, starting form a completely charged system
and then discharging for half of the design discharge time. The first two tanks
have already released their thermal energy to the fluid and are now at minimum
temperature. The thermocline region is confined in the central tank, and the last
two tanks are still at the maximum temperature.

The tanks are all identical, the dimensions are obtained from the single tank
reference system with sodium (Tab. 2.1) keeping constant the tank diameter-to-
height ratio and the thermal capacity. All the other parameters are kept constant
for each tank.

Doing so, by increasing the number of tanks the diameter is reduced and efficiency
is increased. The system is equivalent to a single tank but significantly taller, and
as we have seen in Section 4.1.3, increasing the tank height the efficiency increases.
For a system of 5 tanks, we can calculate the efficiencies defined in section 2.2,
starting from a completely charged storage and reaching the stable cycle. The
results are shown in Tab. 5.1. For a single tank the stable cycle efficiency was
91.96 %, in this case it is 98.25 %, a significant improvement.

Focusing only on the discharging process, we can investigate how much the
discharging efficiency improves increasing the number of tanks. The results are
plotted in Fig. 5.2 with a solid line for the reference case. The efficiency is increasing
with the number of tanks. From 1 to 3 tanks there is an important improvement (+
2.32%). Futher increasing the number of tanks, the increase in efficiency becomes
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Table 5.1: Efficiency for the 5-tanks system

Tlchg Nais Tleycle

[ cycle 100.00 98.86 98.86
IT cycle 99.16 99.11 98.28
I cycle 99.23 99.01 98.25
IV cycle  99.24  99.00 98.25
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Figure 5.2: Discharging efficiency increasing the number of tanks for the reference case
(D/H = 0.6) and for a smaller tank diameter-to-height ratio (D/H = 0.3)

less significant (+ 0.49 % from 3 to 5 tanks), and the configuration less beneficial,
when also tanking economic aspects into account.

In the parametric study conducted in the previous chapter, we have determined
that the tank diameter-to-high ratio has a remarkable influence on the efficiency.
For a single tank it was not possible to reduce this ratio further with respect to the
reference case for mechanical and structural issues. As we have now splitted the
storage system into more and smaller tanks, we can reduce the aspect ratio. In the
reference case the ratio D/H is 0.6 and the tank height is 14.83 m. We can reduce
the ratio D/H to 0.3. The single tank would be 23.92 m tall, for the 3-tanks system
each tank height would be 16.58 m, for the 5-tanks system it would be 13.99 m.
The discharging efficiency for this case is shown in Fig. 5.2 with a dashed line. Also
in this case we can see that a system employing up to a maximum of 5 tanks is
most interesting for the storage capacity we consider. For larger thermal storages
also configurations with more tanks may be advantageous.
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5.2 Standby

During standby operation the two main critical aspects are thermal losses to
the ambient and thermocline degradation.
Heat release to the ambient is increased, as the surfaces for losses to ambient is
larger. The issue could be diminished with a careful disposition in space of the
tanks, that would shield each other. In this way the insulation thickness could be
reduced.
The thermocline degradation affects only the tank containing it. We consider a
standby period of 4 days, starting from an ideal thermocline in the central tank
of a 5-tanks system. The wall structure is the same defined in Tab. 2.1. The
temperature distribution we obtain along the axis of each tank is shown in Fig. 5.3.
Only in the central tank the thermocline is spreading, the other four only experience
thermal losses to the ambient. Prolonging the standby period, the thermocline
occupies the central tank completely after 3 days. Nevertheless, the other four
tanks are still at useful temperatures.
A careful economic analysis should be perform to design the system and find the
optimal configuration.

A multi-tank configuration consisting of packed beds connected in series, using
sodium as heat transfer could, could be beneficial both for cycling ans standby
behaviour. The system has to be carefully insulated. The optimal number of tanks
would depend mainly on the thermal capacity required.



Conclusions

In order to rise the operational temperatures of a CSP plant and thus, the
overall efficiency, heat transfer fluids stable over a wide range of temperatures are
needed. Sodium has been identified as an excellent working fluid in solar tower
systems. The feasibility to employ it also as storage fluid in a packed bed was
assessed in this work.

A two-dimensional, two-phase model was applied to resolve the temperature field
in the fluid and inside the solid filler particles. A MATLAB code was successfully
developed to numerically solve the problem and validated with experimental data.
The performances of a sodium packed bed were evaluated and compared with
those achievable with an equivalent system employing Solar Salt as heat transfer
fluid. During cyclic operation conditions, sodium allows to reach slightly higher
efficiencies. However, during standby periods, the thermocline region expands at a
rate which is more than double.

A parametric study was performed both at constant tank dimensions and at constant
thermal storage capacity. The parameters investigated were: operating temperature,
fluid velocity, dimensions of the storage tank, bed porosity, size of the solid particles
and filler material.

Concerning the operating temperature, the difference between the maximum and
the minimum temperature is the most influencing factor. Increasing this difference
the efficiency is worsened but the energy that can be stored increases, or the volume
of the tank can be reduced maintaining the same thermal capacity.

The fluid velocity influences greatly the time for which thermal power can be
withdrawn from the storage, thus it has to be low enough to ensure the effective
discharging time required, at the expense of a small decrease in efficiency.

The dimensions of the storage tank remarkably affect the thermal performance.
Tall tanks with small diameter are to be preferred. The limit is given by structural
issues. A low bed porosity is favourable both for thermodynamic optimization and
cost reduction. Concerning the filler material, the most important aspect is the size
of the filler particles, which has to be the as low as possible possible, maintaining a
low porosity. All the filler materials considered ensure a good thermal performance,
in this case the issue is compatibility with sodium.

As a possible solution to further increase the efficiency and to restrain the problem
of thermocline degradation during standby, a series multi-tank configuration was
proposed. The system performs at high efficiency and shows potential for further
development.

As a two-dimensional code was developed, it could be further exploited varying
also other parameters in the radial direction other than the temperature. The
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fluid velocity and the bed porosity could be expressed as a function of the tank
radius to better simulate the reality. It could also be possible to take into account
anisotropic effective thermal conductivity, which would be particularly meaningful
for structured packed beds.

To validate the results obtained with the assumptions made, experimental investi-
gations with sodium as heat transfer fluid should be performed. In the author’s
opinion, this work shows potential for the analysed technology for further research
and possible applications in innovative CSP plants.
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