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Abstract

The need for a new enduring sustainable energy model is undeniable. Renewable
energies are the key factor in this transition but their intermittent nature over
time is their greatest disadvantage. Within solar thermal energy CSPs, apart
from said intermittency in production, present limitations in their efficiency due
to the limit of the operating temperature of conventional heat transfer fluids.

This work aims to address both problems, studying thermal energy storage
based on fluidized beds with direct irradiation on the particles. Sensible energy
storage is considered a simple and inexpensive way to store thermal energy.
There are a multitude of sensible energy storage materials, and for this reason
the starting point of this work was to analyze the most suitable materials, with
three standing out above the rest: sand, SiC and carbo (CARBOACCUCAST
r ID50). This doctoral thesis thus focuses on material characterization and ex-
perimental and numerical studies to optimize a fluidized bed with concentrated
solar energy for CSP applications. In this way, four stages can be distinguished.

Firstly, the properties of the materials were characterized and compared,
highlighting the suitability of SiC and carbo. This stage yielded enriching con-
clusions as a result of the collaboration with the University of Barcelona. Sub-
sequently, these materials were experimentally tested and compared in terms
of thermal efficiency under different fluidization technologies (bubbling and
spouted beds), varying the airflow rate and irradiation level. From this second
stage, SiC was chosen as the material providing the highest efficiency compared
to the rest. The comparison of both technologies highlights the lower pumping
costs of the spouted bed in achieving similar results, in terms of efficiency and
temperature, compared to those obtained in a bubbling fluidized bed.

The third stage involved carrying out different tests on a larger bed using
SiC in different airflow configurations in a bubbling fluidized bed: even and un-
even fluidization. Uneven fluidization consists of introducing different airflows
through the center and periphery of the bed. The experimental results indicate
that uneven fluidization reduces the maximum temperatures on the top of the
bed, especially for shallow beds. As the bed height is increased (up to 15 cm in
this work) the influence of the uneven flow is mitigated.

Finally, in the fourth stage, numerical simulations of the SiC fluidized bed
were conducted using Barracuda, aiming to reproduce the experimental condi-
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Abstract

tions as closely as possible. To the best of the author’s knowledge, there are no
previous numerical works using a directly irradiated fluidized bed. The numer-
ical results permits a more detailed analysis of the influence of the irradiation
on the fluidized bed’s behavior and the heating rate of the particles. Increasing
the airflow rate, the maximum temperatures on the top are reduced and the
energy stored in the particles increases.
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Resumen

Es innegable la necesidad de un nuevo modelo energético sostenible a lo largo
del tiempo. Las energías renovables son el factor clave en dicha transición pero
su naturaleza intermitente en el tiempo es su mayor desventaja. Dentro de la
energía solar térmica, las centrales termosolares, a parte de dicha intermitencia
en la producción, presentan limitaciones en su eficiencia debido al límite de la
temperatura operativa de los fluidos caloportadores convencionales. Este tra-
bajo trata de resolver ambos problemas, estudiando el almacenamiento térmico
de energía basado en lechos fluidizados con radiación directa.

El almacenamiento de calor sensible se considera una forma sencilla y económica
de almacenar energía térmica. Existen multitud de materiales de almace-
namiento de energía sensible, por esta razón el punto de partida de este trabajo
ha sido analizar los materiales más adecuados, destacándose tres sobre el resto:
arena, SiC y carbo (CARBOACCUCASTr ID50). Por tanto, esta tesis doc-
toral estudia el almacenamiento térmico de energía y transferencia de calor en
lechos fluidizados con distintos materiales de almacenamiento de energía sensi-
ble. Para ello, se pueden distinguir en el trabajo cuatro etapas.

Primeramente, se han caracterizado las propiedades de los materiales y se
han comparado sus propiedades, resaltándose la idoneidad del SiC y del carbo.
En esta etapa, se obtuvieron enriquecedoras conclusiones como resultado de la
colaboración con la Universidad de Barcelona. Posteriormente, se trasladó la
comparativa a términos de eficiencia térmica del lecho bajo distintas casuísticas
de ensayos experimentales (diferentes caudales de aire, distintos flujos de ra-
diación). De esta segunda etapa, se escogió el SiC como el material que mayor
eficiencia proporcionaba en comparación con el resto. Con el fin de analizar el
comportamiento de estos lechos con distintos materiales como sistema de alma-
cenamiento térmico, se han realizado ciclos de carga (con distintos flujos de ra-
diación) y descarga, considerando la tecnología convencional de lecho fluidizado
burbujeante y lecho fluidizado ’en chorro’ (spouted bed). Asimismo, ambas
tecnologías fueron comparadas destacándose los menores costes de bombeo del
spouted bed para conseguir resultados similares, en términos de eficiencia y
temperatura, que los conseguidos en lecho fluidizado burbujeante.
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Resumen

La tercera etapa implica la realización de distintos ensayos en un lecho
cilíndrico de mayores dimensiones empleando el SiC en distintas configuraciones
de entrada de aire en un lecho fluidizado burbujeante: fluidización homogénea
(even fluidization) y no homogénea (uneven fluidization). La fluidización no
homogénea consiste en introducir distintos caudales de aire por el centro y
periferia del lecho. Los resultados experimentales indican que con la fluidización
no homogénea se consigue una reducción de las temperaturas máximas en la
parte superior del lecho, especialmente para lechos poco profundos. A medida
que la altura del lecho aumenta (hasta 15 cm en este trabajo), se mitiga la
influencia de la fluidización no homogénea.

Finalmente, en la cuarta etapa, se han realizado simulaciones numéricas
con Barracuda del lecho fluidizado con SiC, tratando de reproducir lo más
fielmente posible las condiciones experimentales. Según el conocimiento de
los autores, no existen trabajos previos de simulación de un lecho fluidizado
directamente irradiado. Los resultados numéricos permiten analizar más en
detalle la influencia de la irradiación en el comportamiento de un lecho fluidizado
y en la velocidad de calentamiento de las partículas. Se observó que aumentando
el caudal de aire, se reducen las temperaturas máximas en la parte superior y
aumenta la energía almacenada en las partículas.
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CHAPTER

ONE

Introduction

1.1 Renewable Energy

The enormous growth of the world population, the depletion and increase in
the cost of fossil resources, the acceleration of the effects of climate change
are indicators that show the need for a change in the current global energy
model. Some authors affirm that the energy transition tends towards a sustain-
able model based on the use of renewable energies (del Granado et al., 2018;
Bandyopadhyay, 2019). According to a recent report from International En-
ergy Agency (International Energy Agency, 2019), renewables, including solar,
wind, hydro, biofuels and others, are at the centre of the transition to a less
carbon-intensive and more sustainable energy system. In fact, this recent re-
port predicts that the share of renewable energy in global power generation will
increase from 26% today to 30% in 2024.

However, renewables are intermittent energy production sources and diffi-
cult to predict since they depend on weather conditions. Moreover, in many
cases, they try to satisfy a power demand that is not stable either. Therefore,
to guarantee a sufficient supply to satisfy demand, energy storage conversion
systems capable of supplying peaks in demand are necessary. One of the strate-
gies to solve this trouble is by storing energy in moments of low-demand, so
as for it to be available when it is reached peak-demand requirements. Thus,
energy storage systems arise indispensable for a proper and efficient harness-
ing of renewable energies (Prasad et al., 2020; Zappa et al., 2019; Olabi, 2017;
Krajačić et al., 2011).
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1. Introduction

1.2 Concentrating Solar Power (CSP)

1.2.1 CSP Technologies

Concentrated solar energy systems allow to capture the solar radiation in a
heat transfer fluid (HTF), through the concentration of radiation by a series of
mirrors. Reflectors are located in different configurations to capture sunlight
and focus it onto receiver where HTF is located. This heated fluid can go to
a conventional steam turbine that is attached to a generator, thus electricity is
produced (Islam et al., 2018).

Overall, CSP plants consist of several components such as solar concen-
trators (mirrors), receiver, steam turbine and electrical generator. Nowadays,
different types of CSP plants are found. According to Figure 1.1, it can be
identified three types of CSP systems.

CSP


1) Linear concentrating system

Linear Fresnel reflector
Parabolic trough

2) Parabolic dish-engine
3) Solar power towers

Figure 1.1: CSP Technologies scheme.

Linear concentrating systems concentrate the radiation in tubes (receivers)
thanks to linear mirrors, which have the same length than tubes. In turn, it
can be distinguished two design of linear concentrating system: linear Fresnel
and parabolic troughs. Linear Fresnel reflectors consists of a large number of
solar concentrators (Fresnel reflectors) which are located in parallel rows plane
or with slightly curved in order to reflect the solar radiation to above pipes
(Figure 1.2 (a)). The main characteristic of the parabolic trough is that each
mirror has its own receiver pipe, which is located at the centre of the parabola
(Figure 1.2 (b)). According to Figure 1.1, a second type of CSP systems are the
parabolic dish-engine. In this case, the reflectors present the shape of a dish
and concentrates the solar radiation onto a receiver located at the focal point
(Figure 1.2 (c)). Third type of CSP systems are the solar power tower plants
(Figure 1.2 (d)). A field of heliostats (sun-tracking mirrors), which change their
orientation to track the sun, reflect the solar beam radiation onto a central
receiver located at the top of a tower. According to Xu et al. (2016), parabolic
trough collector is the technology more installed, specifically it occupies more
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than 82% of the global facilities due to their simple modular components and
the longer term proved reliability and durability, their lower-cost and the higher
capacity obtained being necessary a low operating temperature range (150-
400◦C).

Solar power tower plants is the second CSP technology more installed and
the one of the fastest growing (Islam et al., 2018). At the end of 2016, according
to Ho (2017), the solar power tower plants capacity was only 600 MW (13%)
of the nearly 5 GW global operational capacity around the world. However,
of the nearly 5 GW of CSP plants that were under construction or announced
in this year, about 3 GW (60%) were based on solar power plant technology.
Linear Fresnel reflector systems represent with 14% the third most frequently
used CSP technology. Compared to the other CSP technologies, power dish
engine systems are a relatively young technology with only 2 plants around the
world (Maricopa Solar Project and Tooele Army Depot) (SolarPACES, 2020),
which are non-operational currently.

To evaluate the success of implementing a CSP technology, the key perfor-
mance indicators (KPIs) must be taken into account. From literature point
of view (Cabeza et al., 2015; European Solar Thermal Electricity Association,
2013), KPIs for CSP can be grouped in three overarching strategies: increase
efficiency and reduce costs, improve dispatchability and improve the environ-
mental profile. The first strategy aims to reduce the electricity costs in the new
generation of CSP plants saving up to 50% by 2025 and, thus reaching com-
petitive levels with conventional sources (European Solar Thermal Electricity
Association, 2013). From the first strategy, it can be highlighted KPIs such as:
increased the solar to electricity conversion efficiency, increase the heat trans-
fer fluid temperature and reduce overall costs (commercial plants, power block
costs, HTF and collectors) increasing the operating hours. Another aspect that
should be improve in the next generation of CSP plants is the cost and efficiency
of storage. In this sense, this PhD thesis tries to propose improvement solutions
for some KPIs cited, focusing on the improvement of CSP plants, specifically
solar power plants.
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Turbine
Generator

Electricity Condenser

Linear Fresnel reflectors

Receiver

Water vapour

Water

(a) Linear Fresnel.

Parabolic concentrator

Receiver

Outlet

Inlet

(b) Parabolic trough.

Reflector

Receiver/ engine

(c) Parabolic dish.

Heliostats field

Receiver

Cold tank Hot tank

Evaporator

Condenser

Turbine

Generator

Water vapourLiquid water

(d) Solar tower.

Figure 1.2: CSP technologies (Yagüe-Alcaraz, 2020).
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1.2.2 Heat Transfer Fluids (HTFs) and Particles

The upward trend in the construction of solar power tower plants is due to
that they are more suitable for achieving very high temperatures compared to
other CSP technologies previously cited and, thereby, enhancing the efficiency
of converting heat into electricity (Vignarooban et al., 2015; Moser et al., 2013).
The principle of operation of the solar power tower plants consists on concen-
trating the solar radiation (using mirrors or heliostats) in a receiver, where the
HTF is located. Once the solar energy is collected and transferred to an HTF,
the thermal energy is usually stored in a tank or deposit (see Figure 1.2 (d)).
The heat storage medium can be the same HTF, a different HTF (if an inter-
mediate heat exchanger is used), a bed of solid particles or a combination of
both. Finally, this thermal energy is used to boil water and produce the steam,
which is driven to a turbine (generator) and electricity is produced. Therefore,
HTF is one of the most important components for overall performance and ef-
ficiency of CSP systems. Currently, CSP plants use HTFs such as thermal oils
or molten salts, whose main inconvenience is their operating limit temperature:
400◦C and 560◦C, respectively. Thus, there is a great interest in the search
for HTFs that permits the elevation of the maximum temperature to improve
the cycle efficiency. In this context, the use of solid particles is becoming a
true alternative to conventional HTFs because they can reach temperatures up
to 1000◦C without degradation, well above the limit of 560◦C of current CSP
system obtained with molten salts as HTFs (Almendros-Ibáñez et al., 2019;
Calderón et al., 2018; Ho, 2016).

In this way, Geldart classification (see subsection 1.6.3) implies knowing
certain physical properties of solids, but to determine the suitability of a ma-
terial, it is necessary to characterize the properties of solid particles for CSP,
which can be grouped into 5 groups, according to Figure 1.3: physical, optical,
mechanical, thermal and chemical. Many of the properties shown in Figure are
directly associated to the behavior of the particles in different aspects. The
particles must store energy in the form of heat, therefore the storage capacity
is related to parameters such as density and specific heat. And, for example,
the particles must have good optical properties since they will receive, directly
or indirectly, solar radiation. For this reason, particles that have high absorp-
tivity and emissivity values (close to 1) for direct radiation are preferred and,
however, to minimize the radiation losses, materials with low solar absorptance
should only be considered as reference or for indirectly irradiated receiver sys-
tems (Calderón et al., 2019; Ho, 2016).
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Properties



Physical


Density
Sphericity
Particle size distribution
Roundness

Optical

Absorptance
Emissivity

Mechanical


Hardness
Yield strength
Fracture toughness

Chemical
{
Chemical composition

Thermal


Thermal conductivity
Melting point
Thermal expansion coefficient
Elongation

Figure 1.3: Scheme of properties and parameters of solid particle materials for CSP
(Calderón et al., 2019).

Therefore, to analyze the adequacy of the particles that can be used in a
specific application, in this case CSP, it is necessary to first characterize the
material and know the properties shown in the scope without neglecting an-
other aspects like their cost. Table 1.1 summarizes the different particles used
by different reference researchers who used a fluidized bed with direct radia-
tion on particles for CSP and, therefore, within the theme of this thesis. High
emissivity and absorptivity values can be highlighted in the Table for certain
materials which are considered suitable to radiate directly and that reach ele-
vate temperatures in different reference works. According to Almendros-Ibáñez
et al. (2019), in direct particles receivers systems there is an important lack of
information about the properties of the materials to be used during the fluidiza-
tion process at very high temperatures. In the last decade, different research
works (Díaz-Heras et al., 2020a; Calderón et al., 2019; Zhang et al., 2016; Ho,
2016) pointed out suitable materials to be fluidized and directly radiated such
as Silicon Carbide, Zirconia, Carbo, Silica sand, alumina or Olivine. Despite
its poor optical properties, one of the most promising materials for high tem-
perature TES is the desert sand due to its very low cost and optimum location
next to CSP plants (Diago et al., 2018).
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Table 1.1: Particles used by different researchers for fluidized bed with direct radi-
ation on particles.
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1.3 Thermal Energy Storage for Solar Applica-
tions

To equilibrate the mismatch that can occur between the availability of the
renewable energy, especially solar energy, and its consumption is required a
thermal energy storage (TES). There are different ways to store solar energy
depending on the temperature, the total amount of energy to be stored, the
storage time (which can be vary from a few hours to several months) and, of
course, the final application of the energy (Almendros-Ibáñez et al., 2019). In
any way, an adequate energy storage system must present a high efficiency
(minimum thermal losses), easy accessibility and extraction of stored energy,
thermal energy storage capacity notable and low-cost and small-size, since it
plays an important role in energy conservation (Cabeza, 2014).

According to Kyriaki et al. (2020) and Cabeza (2014), TES methods can
be divided into three main different types (see Figure 1.4): sensible, latent and
thermochemical.

TES Methods


Sensible energy storage
Latent energy storage
Thermochemical storage

Figure 1.4: Summary of the main TES Methods.

1.3.1 Sensible Energy Storage

Sensible energy storage, the energy is stored or released when the storage ma-
terial increases or decreases its temperature. The amount of energy stored
depends directly to the specific heat (cp) and mass of the storage medium (m)
and the temperature increase to which it is subjected (∆T ). Sensible storage
systems use commonly as storage medium water, rocks, sand, oil. As heat
transfer fluid, these systems use commonly water due to its high specific heat,
although it is also common to see systems that use air (lower specific heat) for
their simplicity of operation and low cost. The amount of sensible energy stored
can be obtained according to Equation (1.1):

∆Esensible = m · cp ·∆T (1.1)
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1.3.2 Latent Energy Storage

Latent energy storage uses the phase change process at an approximately con-
stant temperature to store energy from the Phase Change Materials (PCMs),
which changes from solid to liquid. The heat is released when the material
solidifies. In this case, the amount of energy stored is directly proportional
to the mass of material (m) and its enthalpy variation (∆h) during the phase
change process. PCMs are selected based on appropriated melting enthalpy,
temperature, availability and cost. The best known PCMs is the water, which
is used as ice for cold storage (Cabeza, 2014). During the phase change, the
latent energy released or stored is obtained by the Equation (1.2):

∆Elatent = m ·∆h (1.2)

Storage densities are larger in latent than in sensible storage systems (be-
cause the amount of thermal energy exchanged during the phase change process
of a specific material is higher than that due to a temperature increment) and
the temperature interval is much smaller (in an ideal phase change process, the
temperature would remain constant). The main disadvantages of latent storage
is that storage properties decrease significantly with the replay of cycles and
PCMs present an expensive cost (Izquierdo-Barrientos et al., 2013). A wide va-
riety of PCMs have potential use in low and medium temperature applications
(Cabeza, 2014), although there are still no commercially available materials
that can withstand temperatures as high as those reached in high temperature
applications such as CSP plants. Furthermore, sensible storage is widespread
because storage materials are usually cheaper than PCMs.

1.3.3 Thermochemical Energy Storage

Thermochemical storage allows to capture large amounts of energy by reversible
chemical reactions, which can be of endothermic reaction (used to store energy)
or exothermic reaction (used to recovery the energy). The most common reac-
tions are between a gas and a solid and, therefore, they depend mainly on the
pressure and temperature. According to the Equation (1.3), when the storage
material (C) receives energy, the charging process occurs and an endothermic
reaction take place, being A and B the products obtained. On the contrary,
when A and B are put together, an exothermic reaction releases energy during
the discharging process and C is obtained as product. Therefore, the storage

9
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capacity of this system is the heat released when C is formed.

A+B � Heat+ C (1.3)

In comparison with sensible and latent heat storage, thermochemical storage
systems is the least mature type of TES, although it augurs goods results and
efficiency values since it can provide more compact energy storage relative to la-
tent and sensible TES due to the higher energy densities of the thermochemical
materials (H Abedin & A Rosen, 2011; Alva et al., 2018).

1.4 Fluid-Particle technologies for TES applica-
tions

1.4.1 Particle classification

The characteristics and behaviour of the fluidized beds depend strongly on the
properties of the solid and the fluid used. The density and the size of the
solid particles are two important parameters to be considered in the fluidiza-
tion process. Geldart (1973) defined the fluidization regimes (for air at ambi-
ent conditions) shown in Figure 1.5, which are recognized by the fluidization
community as the standard classification system, and this author distinguished
between four main groups of particles. The lower left side of the diagram shows
particle sizes under approximately 50 µm, which are type C particles. These
particles are very cohesive and difficult to fluidize. Successively, we can find
the particles type A, which can be easily fluidized with low gas velocities and
form small bubble sizes for high gas velocities. Greater particle diameters than
those corresponding to the Geldart A classification lead to type B particles,
which are characterized by vigorous bubbling and mixing and are typically as-
sociated with the growth of large bubbles along the bed height. Finally, type
D particles have a mean particle size dp ≥ 1 mm, which is the lower particle
size limit for packed bed. Particles type D are difficult to fluidize because very
large bubbles appear at the top of the bed and pumping cost to fluidize these
large particles is very high. In fact, it is not recommendable employing particles
with diameter size higher since 1 mm because they have associated a reason-
able pumping cost. Therefore, type D particles are used in packed beds or,
alternatively, are fluidized in a spouted bed. In accordance with the subsection
1.6.3, spouted bed is a type of fluidization process in which the gas is intro-
duced at the bottom of the bed through a small orifice located in the center.
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According to Epstein (2011), Geldart D particles in spouted beds achieve the
same purpose for coarse particles as fluidization does for fine materials. Like-
wise, Geldart D particles have usually associated higher pumping costs due to
the minimum fluidization velocity increases with the particle and density. In
contrast, for Geldart C, A and B particles, the minimum fluidization velocity
is always under 1 m/s, which ensures a reasonable pumping cost during the
fluidization process (Almendros-Ibáñez et al., 2019).
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Figure 1.5: Reproduction of the original Geldart diagram for particle classification
(Geldart, 1973). The color map indicates the minimum fluidization velocity in m/s.

Table 1.2 indicates the main characteristics and differences obtain between
the particles in packed beds and in fluidized beds, attending to the Geldart
classification.

1.4.2 Packed beds as TES systems

There are different possibilities to store thermal energy using particles as stor-
age medium, they can be in packed (also fixed) or fluidized beds. A specific
fluid-particle technique is selected for each specific case, depending on the ap-
plications, the form in which the energy is stored (sensible, latent or thermo-
chemical) and the temperature level operation.

In a packed bed, the particles are at rest and an HTF percolates between
the voids in the bed. The main characteristic of a packed bed is the use of
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Table 1.2: Main characteristics of the different particle types used in packed and
gas-fluidized beds.
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1.4. Fluid-Particle technologies for TES applications

large-sized particles, typically ranging from a few millimeters up to several
centimeters. In gas packed beds, the large size of the particles permits the use
of enough fluid velocities to reach turbulent flow in the fluid without notable
increasing the pressure drop. In packed beds with air, which is one of the
most common fluids used in packed beds, the superficial air velocity is typically
around 0.1m/s . us . 1m/s. The lower limit can lead to very low heat transfer
rates between the solids and the air, whereas the upper limit can lead to an
excessive gas pressure drop (Almendros-Ibáñez et al., 2019).

In recent years, low-temperature (in the range of 100-150 ◦C) liquid-based
solar energy applications based on packed bed with sensible storage materials
have created a great interest between the research community since the energy
provided by nonconcentratic solar collectors, according to Almendros-Ibáñez
et al. (2019), allows to reach higher energy density (e.g., the thermal mass of
rocks is between 1/3 and 1/2 of that of water), as well as the better thermal
properties of liquids HTFs compared with those of air from a heat transfer
standpoint (e.g., water has a 4 times higher specific heat and 24 times higher
thermal conductivity than air). As a consequence, greater storage volumes
and pumping operation costs should be expected from solar air-based systems
compared with liquid-based systems. Nevertheless, low-temperature air-based
solar systems are sometimes preferred over liquid-based systems because they
offer some advantages (Alkilani et al., 2011; Tyagi et al., 2012; Saxena et al.,
2015). Among them, it can be highlighted that the flat plate solar collectors
are relatively simple in construction and are, in general, cheaper than liquid flat
collectors, with high reliability for summer or winter operations. The majority
of applications (except for those in which a liquid is necessary, such as domestic
heat water (DHW) applications) do not require the use of an additional heat
exchanger, and hence, lower solar air heater outlet temperatures are required for
operation, increasing the collection efficiency and the solar utilizability (Oztop
et al., 2013; Duffie & Beckman, 2013). Different solid materials can be used
to store sensible energy in air-based solar energy systems such as aluminum,
concrete, copper, earth (wet or dry) and different stones (granite, limestone,
sandstone), according to the review work of Singh et al. (2010). Most packed
bed systems have a single tank that as a thermocline, so that the tank contains
both HTF hot and cold reservoirs and a filler material compatible with the
HTF, which provides sensible heat capacity at a reduced cost. In these tanks,
the particle size has a notable influence on the thermal front. There is an
optimum particles size that minimizes the pressure drop and the irreversibility
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associated with the heat transfer area between the HTF and the particles.
Sensible energy storage in a high-temperature packed bed of rocks is spe-

cially suitable in air-based central receiver CSP plants, which uses air as HTF.
In the same way as in low-temperature packed bed, a heat exchanger is not
necessary between the storage tank and HTF since the operating temperature
constraints due to the chemical instability of the HTF or the rocks eliminated.
Fricker (2004) work summarizes perfectly the use of packed bed for CSP plants
since they studied the storage efficiency and cost of different ceramic bodies for
high temperature storage up to 800 ◦C. They concluded that a packed bed of
ceramic saddles has the lowest cost and the highest net capacity as a function
of gross storage capacity, followed by a packed bed of ceramic spheres.

Regarding latent energy storage in packed beds, low-temperature PCM en-
capsulation techniques have been widely studied in the recent years. In this
line, it can be highlighted several works such as the cascade PCM configura-
tions of Galione et al. (2015), whose simulated the behavior of a multi-layered
solid PCM packed bed, works where the PCM behavior is study in a tank with
different configurations as TES in a real solar pilot plant (Cabeza et al., 2006)
or at lab-scale (Mehling et al., 2003). For medium-temperature applications,
PCM materials have been employed in packed bed storage units, one of the most
promising being a solar thermal power plant powering an Organic Rankine Cy-
cle (ORC) to be used in small- and medium-scale systems (from kilowatts to a
few megawatts). PCMs have been also investigated for application in the high-
temperature storage systems of CSP plants. However, PCMs for solar thermal
plants require other methods than the use of polymeric shells usually employed
at low temperatures and a major drawback in using PCMs is their low ther-
mal conductivity, which causes high thermal resistance to heat transfer during
the charging and discharging period (Almendros-Ibáñez et al., 2019). Among
the medium-high temperature works, the study of Manfrida et al. (2016), who
simulated the operation of a solar power plant consisting of a solar field of
parabolic trough collectors, which fed both the evaporator of a basic ORC and
two storage tanks filled with encapsulated spheres of PCM installed in parallel,
and the work of Flueckiger & Garimella (2014) who evaluated the performance
of a PCM in a system-level simulations of a 100-MWe-power tower tank to re-
place quartzite rock in a dual-media thermocline tank of molten salts, operating
between 300 ◦C and 600 ◦C.

A different alternative to store energy in packed beds is by thermochemical
reactions (thermochemical energy storage). Several works (Solé et al., 2015; Yu
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1.4. Fluid-Particle technologies for TES applications

et al., 2013; Aydin et al., 2015) used sorption processes, using as sorbent mate-
rials zeolites, silica gel and salt hydrates in solar applications (solar collectors in
buildings) without concentrating. Krese et al. (2018) reviewed thermochemical
energy storage systems for building applications (low-temperature) and con-
cluded that the most promising technology is that based on physical sorption
with water vapor as sorbate. They also remarked that the prototypes tested
so far did not perform as successful as expected, exhibiting a lower thermal
storage capacity due to the low heat and mass transfer rates in the packed bed
reactors. The main problem of the thermochemical packed bed reactors is the
low thermal conductivity and heat transfer rate. Pan & Zhao (2017) compared
the different thermochemical reactors employed for high-temperatures TES and
noted that packed beds have been extensively studied experimentally by differ-
ent researchers, although their intrinsic drawbacks (low heat and mass transfer
rates) limit their applicability. The recent research works attempt to overcome
these problems, which are common for low- and high- temperature applications
with thermochemical energy storage in packed beds.

1.4.3 Fluidized beds as TES systems

There is an important characteristic parameter for each solid material (in func-
tion of the density and diameter of the particles) called minimum fluidization
velocity (umf ), which is defined as air velocity that generates a gas pressure
drop that overcomes the weight of the bed (Kunii & Levenspiel, 2013). When
the flow rate is increased beyond the minimum fluidization velocity, large in-
stabilities with bubbling are observed and, this regime is called fluidization.

Fluidized beds of solid particles are considered an attractive mean of storing
energy, because of the high heat transfer coefficients produced by the intense
gas-particle interaction and the high mixing rates that characterize them. In
fact, a number of authors have found that fluidized beds behave in a fashion
similar to a well mixed tank, i.e., there are no significant thermal gradients
in the bed, with temperature being practically uniform across the entire bed
(Díaz-Heras et al., 2020c). For this reason, when the bed is coupled with a solar
collector (low-temperature sensible energy storage), packed beds are preferred
because the stratification permits an increase in the thermal efficiency of solar
collection systems (Almendros-Ibáñez et al., 2019), as was explained in the
previous subsection.

Fluidized beds with sensible energy storage for high-temperature applica-
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tions are studied in depth in subsection 1.6, as they are within the scope of this
thesis.

According to Izquierdo-Barrientos et al. (2013), the use of granular PCMs
with fluidized beds for low temperature applications opens the possibility of
maintaining the temperature level in the bed at the desired temperature. In a
properly designed storage system, the particles in the bed can reach a maximum
temperature established by the PCM. However, these types of systems have
been studied on a lab-scale and are not commercially available. It has been
detected a lack of information in the field of PCMs with fluidized beds for high
temperature applications.

According to Almendros-Ibáñez et al. (2019), there is no relevant research
on the use of fluidized bed technology for thermochemical energy storage in the
low-temperature range. For high temperature applications in CSP, thermocline
tanks have been showed to be competitive in comparison with two-tanks systems
with molten salts, due to the reduction in costs (Pacheco et al., 2002). At lab-
scale, high temperature thermochemical fluidized bed technology has shown
satisfactory results. In this way, more research is needed in higher sizes facilities
and with different materials.

1.4.4 Packed beds vs Fluidized beds: sensible energy stor-
age

The differences between packed and fluidized beds, in addition to their different
particles sizes and gas velocities, are summarized in Table 1.3. One of the main
difference between the two particles technologies, which is of primary impor-
tance for thermal energy storage applications, is the temperature distribution
in the bed. The temperature distribution in a packed bed is stratified, which
is major advantage for solar systems, as the fluid is pumped to the solar collec-
tors comes from the lower temperature region of the packed bed, increasing the
collector efficiency. Rosen (2001) showed that in a packed bed with the same
content, its exergy content increases with stratification. A packed bed with
a sharp thermal front, has a higher exergy content that the same bed with a
lower thermal gradient in the thermocline region or a well mixed bed, because
during the discharging process the HTF can be extracted at higher tempera-
ture (higher exergy content) for longer periods of time. In contrast, fluidized
beds are characterized by high mixing rates, which tend to produce a uniform
temperature distribution in the bed and, therefore, reduce the exergy content.
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Packed beds Fluidized beds
Particle size & 1mm < 1mm
Temperature distribution plug-flow and stratified well mixed and homogenous
in the bed
Heat transfer rate with low, high,
an immersed surface h ≈ 10− 102 W/(m2 K) h ≈ 102 − 103 W/(m2 K)
Erosion and abrasion null high
of the particles
Pressure drop and low-medium can be high for deep beds
pumping costs

Table 1.3: Main characteristics of packed and fluidized beds.

Another notable difference between both technologies is the achievable ther-
mal efficiency, which is defined by Flamant & Olalde (1983) as the ratio between
the thermal power given by the particles to the gas stream divided the incident
power on the bed. According to Figure 1.6, where is represented the thermal ef-
ficiency versus mass flow for two different materials and for packed and fluidized
beds, higher thermal efficiencies are obtained when working with fluidized beds
instead of packed beds. Note that the particle diameter of both ZrO2 and SiC
in packed beds is of the order of 3.33 and 2.5 times greater than the particle
diameter of the same material but in fluidized beds, respectively. Likewise, this
figure highlighted that the maximum thermal efficiency and, consequently, the
most suitable material was SiC compared to ZrO2 (Almendros-Ibáñez et al.,
2019).

1.5 Equivalent thermal conductivity in packed
beds

Packed beds are simple and economical systems for thermal energy storage
purposes. For years, they have been widely used for sensible thermal energy
storage due to simplicity and low cost. Sensible energy storage through the
use of packed bed systems has been a successful solution for a variety of low
temperature applications (Singh et al., 2010). Several examples of the integra-
tion of packed beds for low temperature applications can be found in literature,
such as: in greenhouses (Öztürk & Başçetinçelik, 2003), for drying of different
agricultural products (Atalay et al., 2017; Tomar et al., 2017), or in buildings
for providing a solar contribution of the domestic hot water or space heating
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Figure 1.6: Thermal efficiency vs mass flow rate in the fluidized and packed bed
receivers (Flamant & Olalde, 1983).

demands (Duffle & Beckman, 1992).
In recent years, there are new thermal energy storage systems with packed

beds. They have been used for latent energy storage applications, using en-
capsulated phase change materials to store energy at a nearly constant tem-
perature (Nallusamy et al., 2007; Oró et al., 2013; Izquierdo-Barrientos et al.,
2016; Arfaoui et al., 2017; de Gracia & Cabeza, 2017; Almendros-Ibáñez et al.,
2019). Although its application entails a greater level of complexity, packed
bed systems have been also widely employed in high temperature applications.
For example, in CSP plants, dual thermocline tanks have demonstrated to be
an economical alternative to the conventional configuration based on the use of
two molten salts tanks (Fernández-Torrijos et al., 2017; Kolb, 2011; Almendros-
Ibáñez et al., 2019). According to Pacheco et al. (2002), the cost of a thermo-
cline tank is about 2/3 of the cost of two molten salts tanks due to the reduction
in the number of tanks and the needed storage volume of molten salts.

The heat transfer process between a packed bed of solids and an interpen-
etrating fluid is very complex and involves different heat transfer mechanisms.
Figure 1.7 shows a simplified schematic of the different heat transfer mechanisms
at particle scale. Through the contact points between two adjacent particles
there is heat conduction, which is strongly affected by the size and geometry of
the particles. These geometrical characteristics determine the potential num-
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1.5. Equivalent thermal conductivity in packed beds

ber of contact points as well as their contact area between adjacent particles.
The fluid located in the vicinity of contact points is probably at rest, due to
the small space available, playing a relevant role the heat conduction through
the fluid confined between adjacent particles. This mechanism is dominated
by the thermal conductivity of the fluid, which can greatly vary, depending for
example if the fluid is in a gas or liquid phase. Likewise, some of the fluid near
the particles can be in motion. If the temperature gradients between the parti-
cles surfaces are sufficiently strong, natural convection currents arise within the
fluid. Finally, radiation heat transfer can play a relevant role in beds of par-
ticles operating at high temperatures as large temperature gradients between
adjacent particles within the bed may exist, where view factors between parti-
cles are established by their relative positions, geometries and bed arrangement.
Note that radiation heat transfer is only relevant when particles are separated
by a radiative nonparticipating gas (not a liquid), due to its high transmittance
value. All these complex heat transfer mechanisms are usually grouped in one
parameter called “Effective Thermal Conductivity”, keff , which depends on a
multitude of variables, such as the solid and fluid properties, particle size, fluid
velocity, operating temperatures, etc. In addition, we can distinguish between
“Stagnant Thermal Conductivity”, k0

eff , when the fluid in the bed is in rest;
k0,rad
eff , also with the fluid in rest but taking into account the radiation heat

transfer; “Axial Effective Thermal Conductivity”, kaeff , measured in the direc-
tion of the fluid motion; and “Radial Effective Thermal Conductivity”, kreff , in
the radial direction, perpendicular to the direction of the fluid motion (Díaz-
Heras et al., 2020b). This section of the thesis summarizes the main findings
of the comprehensive review by Díaz-Heras et al. (2020b) about the different
correlations available in the literature for computing the equivalent thermal
conductivity in packed beds.

Figure 1.7: Schematic of the different physical phenomena involved in the effective
thermal conductivity of packed beds (Esence et al., 2017).
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1.5.1 Correlations for stagnant thermal conductivity (k0
eff)

A multitude of correlations can be found in the literature to estimate stagnant
thermal conductivity (without flow velocity induced by external equipment such
as a fan) at low temperatures. They have been determined under different ex-
perimental conditions: different fluids, particle sizes and geometries, and ob-
tained experimentally or theoretically. These correlations were obtained under
the assumption that the medium was isotropic, that is, it was assumed that the
stagnant thermal conductivity in the bed for both directions (radial and axial)
could be practically considered as the same value, i.e. k0

eff,radial ≈ k0
eff,axial,

(Yagi et al., 1960), due to symmetry.
Figure 1.8 shows a comparison of the different correlations for determin-

ing stagnant effective thermal conductivity proposed by different authors and
for different solids. For clarity, only the most representative correlations are
plotted in Figure 1.8. The reader can find more information about equations
and working ranges, in the work Díaz-Heras et al. (2020b). The lines represent
the different correlations while the points correspond to the experimental data
obtained for different materials as shown in the legend of the figure. The black
and red lines (according to Tavman (1996) and Maxwell (1954) bounds, respec-
tively) indicate the theoretical minimum and maximum values. The correlation
proposed by Kunii & Smith (1960) predicted stagnant effective conductivity
values lower than the minimum possible for values of ks/kf . 20. The shaded
region of the figure illustrates the typical working range of solid conductivity
versus fluid conductivity (ks/kf ) for different packed bed energy storage sys-
tems.

Different stagnant thermal conductivity correlations for packed beds can
be found in the literature, depending on the particle size, geometry or heat
transfer fluid. The majority of the reported experimental data are contained
within the shaded area, with the exception of steel balls (Yagi et al., 1960) and
ball bearings (Elsari & Hughes, 2002), which are in the range of ks/kf ≈ 103.

The correlation proposed by Gonzo (2002) can be considered an empiri-
cal enhancement of the Maxwell equation, presenting a similar shape to the
minimum Maxwell bound but exhibiting an initial higher slope, and therefore
reaching higher values of k0

eff/kf . This correlation covers a wide range of con-
ductivity ratios 10−3 < ks/kf < 104 for 0.15 < ε < 0.85. The correlations in
Zehner & Schlunder (1970), Krupiczka (1967) and Hadley (1986) follow a sim-
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Figure 1.8: Comparison of the different experimental correlations used in the esti-
mation of the stagnant effective thermal conductivity in packed-sphere beds. ks and
kf are the thermal conductivity of the solid particles and fluid, respectively.

ilar trend in almost the entire x-axis, except for values ks/kf > 103 where they
begin to separate from each other. An alternative expression for k0

eff/kf was
also formulated by Votruba et al. (1972), reporting similar results to the corre-
lation developed by Krupiczka (1967). The correlation proposed by Batchelor
& O’brien (1977) was proposed for values of ks/kf � 1 and contrasted with
experimental values of ks/kf & 102. For this reason, this correlation does not
provide reasonable values for values of ks/kf . 102.

Among them, several correlations, such as the ones proposed by Maxwell
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(1954) and Tavman (1996), did not report any uncertainty, as they just pro-
vided the maximum and minimum limits, considering valid any value included
within these limits. The maximum uncertainty with a relative value of 32.96%
was reported by Zehner & Schlunder (1970). On the other hand, the most
accurate correlation, according to the data reviewed, corresponded to the one
proposed by Hadley (1986) with a value of 12.40%. As exception, Krupiczka
(1967) determined in detail the uncertainty values associated with the use of
the correlations, being even represented in the figures of the work.

In summary, in view of the results presented in Figure 1.8, for the most
common range 101 . ks/kf . 102, the correlations proposed by Krupiczka
(1967); Zehner & Schlunder (1970); Hadley (1986); Gonzo (2002) produce simi-
lar results, exhibiting discrepancies smaller than the experimental uncertainties
associated with the correlations and in good agreement with the individual
data of Yagi et al. (1960) and Elsari & Hughes (2002) for the same range of
ks/kf . Therefore, the use of any of these correlations is valid in the range
101 . ks/kf . 102. For values of the ks/kf & 102 the correlation proposed
by Gonzo (2002) differs significantly from the others and its use is not rec-
ommended in this range. In addition, the correlation proposed by Batchelor
& O’brien (1977) can be used in this range of high values of ks/kf as it was
obtained for ks/kf � 1. The main discrepancies in Figure 1.8 corresponds to
the correlation proposed by Kunii & Smith (1960) because it tends to signifi-
cantly underestimate the effective conductivity compared to other correlations
and experimental data. Thus, this correlation should be used with caution.
Lower values are also reported by the individual data for Chromia alumina and
Alumina cylinders and spheres obtained by Elsari & Hughes (2002). These val-
ues may be affected by the relative small diameter of the bed used by Elsari &
Hughes (2002), as it is discussed later in Section 1.5.2.

1.5.2 Previous studies of thermal conductivity with gas
flow

Figure 1.9 represents the effective radial thermal conductivity and fluid conduc-
tivity ratio kreff/kf for different materials versus the Reynolds number from the
works reviewed. The radial effective conductivity (kreff ) is usually expressed as
follows:

kreff
kf

=
k0
eff

kf
+ αr RePr (1.4)
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1.5. Equivalent thermal conductivity in packed beds

The reported range of variation for the Reynolds number was between 0
and 1450. All the correlations for different materials exhibit a similar tendency.
Likewise the correlation for the polystyrene (Demirel et al., 2000) presents a
turning point (or stretch) from which this correlation shifts from being the
one that estimates the highest values of kreff/kf (for Reynolds < 200) to the
correlation that provides the lowest value of kreff/kf (for Re > 500).

No noticeable differences are exhibited between the different correlations for
the entire range of Reynolds numbers analyzed. All the experimental works
analyzed have demonstrated the small (almost negligible) effect of the airflow
rate on kreff , as the value of the proportional constant in the radial direction αr
is approximately αr ≈ 0.1 for all the experimental results shown in Figure 1.9.
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Figure 1.9: Comparison of different correlations of radial thermal conductivity for
different materials. The arrows indicates the range of the experimental conditions in
which they were obtained. For the theoretical equation proposed by Kuwahara et al.
(1996) it is assumed a Pr = 0.7 (air) and a typical voidage in packed beds of ε = 0.45.

Figure 1.10 displays the effective axial thermal conductivities and fluid con-
ductivity ratio kaeff/kf versus the Reynolds number for different works (with
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different materials inside of packed beds) in the general range of variation of
the Reynolds number was found to be between 0 and 50. The main difference
detected in this Figure is the different slopes (αa) of the lines or correlations,
which shown discrepancies of about one order of magnitude may have on the
effective axial conductivity.
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Figure 1.10: Comparison of different correlations of axial thermal conductivity for
different materials. The arrows indicates the range of the experimental conditions in
which they were obtained. For the theoretical equation proposed by Kuwahara (1999)
we assume a Pr = 0.7 (air) and a typical voidage in packed beds of ε = 0.45.

Some of the previous correlations are shown in Figure 1.11, but eliminating
the correlations that presented the steepest slopes in Figure 1.10 (mainly pro-
posed by Elsari & Hughes (2002)). The axial conductivity, shown in Figure 1.10
and 1.11, is usually expressed as follows:

kaeff
kf

=
k0
eff

kf
+ αaRePr (1.5)

This figure shows that the slopes of the correlations only differ slightly,
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1.5. Equivalent thermal conductivity in packed beds

demonstrating that each correlation is determined by the value of the conduc-
tivity of each solid versus the conductivity of the fluid (the stagnant thermal
conductivity), with each solid material corresponding to a line. It is worth not-
ing that when the Reynolds number is increased, higher values of kaeff/kf are
obtained.

In view of Figure 1.10, the use of the correlations proposed by Elsari &
Hughes (2002) is not recommended because of the large discrepancies compared
with other correlations. The reason of these large differences could be the small
ratio of dp/dbed used in this work, which is between 0.13 ≤ dp/dbed ≤ 0.32.
With such dimensions, the wall influence may be relevant and an important
fraction of the air could percolates through the region close to the wall due
to the high voidage. An interesting point to note, that can be easily observed
in Figure 1.10, is that the effective thermal conductivity increases with the
airflow rate (higher Reynolds numbers). This behavior was expected because
all the correlations available in the literature estimate the effective thermal
conductivity considering that the fluid flows through the bed in the opposite
direction that the heat flux does.

1.5.3 Previous studies of thermal conductivity in packed
bed with PCMs

In recent years, packed beds containing PCMs as latent energy storage material
have been widely studied, both experimentally and numerically (Rady, 2009;
Wu et al., 2014; Izquierdo-Barrientos et al., 2016; de Gracia & Cabeza, 2017).
It can be distinguished particles that typically present a spherical geometry of
a relatively small diameter (dp . 1 cm). In these cases, the PCM is embedded
in a porous matrix or encapsulated in a small volume, which greatly hinders
the movement of the liquid PCM and the development of natural convection
currents. Nevertheless, there are also other PCM encapsulated spheres with a
larger size (typically 1 cm . dp . 10 cm) where the natural convection of the
PCM, when it is in liquid form, enhances heat transfer.

There is no available specific correlations in the literature for the effective
thermal conductivity for granular PCM of small size. Usually, the numeri-
cal models available in the literature (Izquierdo-Barrientos et al., 2016; Rady,
2009) used the correlations proposed for conventional materials. For large en-
capsulated PCMs (such as spheres with a diameter of various centimeters, for
example), the effective thermal conductivity can be enhanced when the PCM
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Figure 1.11: Detail of some of the previous correlations of axial thermal conduc-
tivity for different materials for values of αaRePr ≤ 30. The arrows indicates the
range of the experimental conditions in which they were obtained. For the theoretical
equation proposed by Kuwahara et al. (1996) we assume a Pr = 0.7 (air) and a typical
voidage in packed beds of ε = 0.45.

is in liquid form and the natural convection within the capsule can improve the
heat transfer process.

Figure 1.12 shows different correlations proposed by different authors for
estimating the effective thermal conductivity in packed bed of spheres filled
with PCM with large diameters. Note that only the correlations proposed by
Amin et al. (2014) and Liao et al. (2018), which were plotted in Figure 1.12 with
red and blue solid lines, were obtained using a phase change material within the
spheres. The other correlations (in black color) were developed using spheres
filled with gases. Comparing the different correlations, it was found that the
correlations obtained using spheres without a phase change material showed a
similar behavior and slope. The correlations proposed by Amin et al. (2014) and
Liao et al. (2018) tend significantly to overestimate the effective conductivity,
especially for high Rayleigh numbers (Ra & 107).

In view of these results, it seems clear that extend the use of correlations
developed for spherical enclosures filled with gases to enclosures containing a
phase change material, can lead to considerable underestimations of the effec-
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1.5. Equivalent thermal conductivity in packed beds

tive thermal conductivity. More efforts are therefore necessary to develop new
correlations involving different PCMs and different geometries of large size.

1.5.4 Influence of equivalent thermal conductivity on packed
bed

To analyze the influence of effective thermal conductivity on bed performance,
we compared the influence of different bed parameters during a charging pro-
cess with respect to kaeff = 0, which corresponds to the analytical solution of
Schumann (1929). kaeff was calculated according to the correlation proposed
by Yagi et al. (1960), increasing this axial effective conductivity by a factor of
10. Note that we observed discrepancies of one order of magnitude in different
correlations for the effective axial conductivity (see Figure 1.10). When multi-
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Figure 1.12: Effective thermal conductivity in encapsulated PCMs of large size.
The blue and red solid lines represents the two only correlations originally obtained
for PCMs. The black and dashed or dotted lines represent correlations originally
obtained for natural convection within spheres without phase change.
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plying the effective axial conductivity by 10, the conduction characteristic time
is reduced by a factor of 10. The reader can find the non-dimensional complete
analysis in the work by Díaz-Heras et al. (2020b). In this work, high discrepan-
cies of one order of magnitude in the correlations available in the literature for
axial effective thermal conductivity were observed for different combinations of
solid particles and HTF (a total of 6 different cases). Nevertheless, a sensitivity
analysis concludes that the influence of on a packed bed performance is negli-
gible for most cases because the conduction characteristic time is usually much
larger than that for convection. Only for very low flow rates (as in thermocline
tanks) kaeff correlation can influence on charging and discharging times.

1.5.5 Conclusions

Large discrepancies can be found in the axial effective thermal conductivity,
kaeff , when using different correlations available in the literature. Differences
of one order of magnitude in this parameter have been reported. Nevertheless,
results from a sensitivity analysis conducted have demonstrated that these large
differences do not play a relevant role on the performance of packed beds for heat
storage applications, as typically the conduction characteristic time is much
larger than the convection one. As a consequence, the influence of kaeff on
the packed bed thermal response during the charging or discharging processes
can be assumed negligible. After carrying out a comprehensive review of the
correlations for the effective thermal conductivity available in the literature, it
is clear the lack of available correlations for thermocline tanks, where the fluid
velocity is low, and for packed beds containing encapsulated PCMs. There is a
need of new research in this area, which allows a greater the development of new
correlations for these cases that permits a proper design of these thermal energy
storage systems using accurate numerical models. In addition, new correlations
developed under experimental conditions in which the heat transfer fluid flows
in the same direction as the heat flux are requiered.

1.6 Fluidized beds for CSP applications

The use of solid particles in CSP as next HTF generation has been previously
studied by different researchers since the eighties until now. For example, Hruby
(1986) and Evans et al. (1987) were the pioneers in the development of down-
stream particles receivers including radiation heat transfer.

28



1.6. Fluidized beds for CSP applications

Figure 1.13 summarizes the different receiver designs proposed by Ho (2016),
who classified them in two main categories, depending on whether the solar
radiation is supplied directly or not in the particles. Direct particle heating
receivers irradiate the particles directly as they fall through a receiver, while
indirect particle heating receivers utilize tubes or other enclosures to convey
heat to the particles. Alternatively, direct particle receiver designs include free-
falling, obstructed flow, centrifugal and fluidized beds. The main advantage of
these designs, thanks to direct heating of the working fluid, is that heat exchang-
ers are not necessary, and therefore, higher temperature levels are available to
fire the power cycle, maximizing its exergy performance. Furthermore, the flux
and the temperature limitations associated with a tubular central receiver (high
stresses resulting from the containment of high temperature and high pressure
fluids) are mitigated. However, indirect particle designs (gravity-driven particle
flow through enclosures, flow in tubes with or without fluidization) present the
availability to store the particles for energy production during non-solar hours
(Almendros-Ibáñez et al., 2019).

From the available literature about CSP receiver systems, this work is
framed within fluidization technologies, briefly explaining the indirect radia-
tion beds and, with special attention, in fluidization technologies with direct
particle radiation. In fact, most of the research (Flamant, 1982; Flamant &
Olalde, 1983; Matsubara et al., 2014; Tregambi et al., 2016; Salatino et al., 2016;
Sánchez-González & Gómez-Hernández, 2020; Tregambi et al., 2020) using flu-
idized beds with direct radiation on particles thanks to beam-down systems for
CSP plants since the high mixing rates (high heat and mass transfer rates) of
fluidized beds permit to rapidly distribute a concentrated energy on the top of
the bed (Almendros-Ibáñez et al., 2019).

1.6.1 Indirect particle radiation

Recently, other authors proposed transporting fluidized particles inside a tube
(indirect receiver) radiated by a sun oven (Flamant et al., 2013; Benoit et al.,
2015; Zhang et al., 2017; García-Triñanes et al., 2018). The work of Benoit
et al. (2015) shown how the solar absorber tube is suspended on a horizontal
metallic frame, thus allowing its thermal expansion through two-end filled com-
pensators. The bottom of the tube is colder than the top (red hot) because of
the cold particle feed. The particles get hotter while passing through the irra-
diated cavity. Benoit et al. (2015) were able to maintain a solid temperature
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Figure 1.13: Scheme of classification of different particle receiver design, according
to Ho (2016).

of 750 ◦C with tube temperature under its maximum operation limit. They
increased the particle temperature 200 ◦C in a length of 50 cm of irradiated
tube. In this type of indirect radiation system, it is very important to have
high heat transfer coefficients for the particle suspension in order to reduce the
temperature and the thermal stress on the tube. The data obtained by Zhang
et al. (2017) shown, under their experimental conditions (Geldat A particles,
SiC, with a mean particle size of 64µm and solid flux under 100 kg/(sm2)), the
heat transfer coefficient increases approximately linearly with the flux of solid
moving in the tube. Likewise, the heat flux transferred to the particles in the
bed increases linearly with the particle flow for both single- and multi-tube sys-
tems, and the heat transfer coefficient increases with the solid flux for different
tube diameters. Zhang et al. (2017) did not observe high differences in this co-
efficient by changing the diameter, although the use of fins in the tube notably
increased (by a multiple of two) the heat transfer coefficient. García-Triñanes
et al. (2018), under the same experimental conditions of Zhang et al. (2017),
measured the particle motion within the tube together with the heat transfer
coefficient. They concluded that the motion of particles on the inner surface
of the wall tube is the dominant factor that controls the overall heat transfer
coefficient at the tube (Almendros-Ibáñez et al., 2019).

In general, one of the main advantages of indirect particle heating receivers
is that they allow increasing the residence time and no particle losses due to
containment. However, these receivers present complex designs. Among its
drawbacks, the need to carry out a study and the high thermal stress suffered
by the tubes or containers where the particles are found and are radiated can
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be highlighted. In fact, the typical troubles of these facilities are: necessity to
find materials that have an additional heat transfer resistance from irradiated
walls to particles, they present parasitic energy requirements to fluidize particle
and hot spots on enclosures should be identified because they may cause de-
terioration or failure if mass flow and cooling is not maintained. Furthermore,
this facilities need to maintenance sufficient mass flow for high desired power
requirements (Ho, 2016).

1.6.2 Direct particle radiation

Matsubara et al. (2014) distinguished between two different schematics of CSP
reflector systems: a conventional solar tower system (Figure 1.14(a)) and el-
liptical mirror or beam-down reflector (Figure 1.14(b)). The main difference
detected between two configurations is that conventional tower systems collect
the sun energy in one unique point of concentration, the receiver located at the
top of the tower and, with the use of a beam-down reflector, it is necessary
concentrate the radiation in two focus: first focus is the concentration point
from the energy collected by the heliostats and the second focus is located in
the bed surface, as result of reflecting the radiation from the heliostats in the
beam-down reflector. Therefore, both schemes can be used to directly radiated
the particles in a fluidized bed, although the option with the beam-down reflec-
tor is preferred because it avoids the high pumping cost of moving the particles
up. In this way, there are few designs proposed with conventional tower system
with fluidized beds due to the tower high. For example, Flamant (1982) pro-
posed a theoretical model similar to a conventional tower system, although this
design was not developed. An alternative to implemented a similar configura-
tion than conventional systems is the solution proposed by Sánchez-González
& Gómez-Hernández (2020). They proposed a beam-down linear reflector, in
which the linear receiver is located in the ground-placed, reducing the pumping
and maintenance costs.

1.6.3 Fluidization technologies with direct radiation on
particles

Salatino et al. (2016) observed that the main characteristics of a fluidized bed
to properly distribute the concentrated solar energy along the mass of particles
in the bed are:
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(a) Conventional tower system

        

(b) Beam-down reflector system

Figure 1.14: Different configurations of a CSP reflector system, depending on the
location of the receiver Matsubara et al. (2014).

• Low parasitic energy losses to reach the fluidization state.

• Large surface to bed heat transfer coefficients.

• Very high thermal diffusivity.

The first two characteristics can be solve using Geldart A-B particles and a op-
erating at gas superficial velocities just above incipient fluidization. To achieve
high thermal diffusivity values, which permit minimizing the large thermal gra-
dients in a bed with a concentrated energy input. Salatino et al. (2016) proposed
the use of uneven fluidization, in which the gas flow is not uniformly distributed
along the bed distributor as occurs in the traditional bubbling fluidized bed or
even fluidization, and/or unsteady (pulsed) fluidized.

Figure 1.15 is a qualitative scheme that compares the gross solids flow pat-
terns that are likely establish in the case of even (Figure 1.15 (a)) and uneven
fluidization (Figure 1.15 (b)). In even fluidization, a fraction f of the bed
cross-section is fluidized at a gas superficial velocity exceeding the minimum
fluidization velocity, where (1−f) is the fractional cross-section of the bed that
is kept at incipient fluidization. In this line, Salatino et al. (2016) estimated that
uneven fluidization can improve the solid diffusivity by one order of magnitude.

A particle type of uneven fluidization is a spouted bed, which has also
been studied in different works for CSP applications (Littman et al., 1974; Liu
et al., 2008; Epstein, 2011; Matsubara et al., 2014). Matsubara et al. (2014)
experimentally studied a spouted bed with a draft tube, which organizes the
particle motion in the bed. They measured the temperature distribution in the
bed, maintaining a ratio between the gas velocity in the core and in the annulus
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Figure 1.15: Qualitative outline of the solid flow patterns in dense gas fluidized
beds: A) even fluidization; B) uneven fluidization. (Salatino et al., 2016)

of the bed vD/vA = 1.56. Their results also shown that when the airflow rate
is increased, the bed of particles is better mixed and the temperature is more
homogeneous along the bed height. Both technologies will be explained in depth
in the Section 1.7.

1.7 Bubbling and spouted fluidized beds for CSP
applications: a theoretical comparison

Depending on the flow distribution at the air inlet of the fluidized bed, it can
be distinguished two different fluidization technologies: bubbling fluidization
technology (see Figure 1.16(a)), when the flow inlet is uniformly along the bed
section, and spouted technology (see Figure 1.16(b)), when it is injected a higher
velocity in the spout region or center of the bed than in the rest of the section.

Bubbling fluidization is characterized by a vigorous bubbling along the bed
height, which generates high mixing rates in the bed and, in consequence, a
uniform temperature distribution. Figure 1.16(a) shows a simple scheme of a
bubbling fluidized bed, in which two phases are clearly distinguished: bubbles
and dense phase. Spouted bed is an alternative particle technology that permits
similar results to traditional fluidization processes in Geldart D particles, with
reasonable pumping costs (Epstein, 2011). In this type of fluidization, the gas
is introduced by a small opening in the base of the cone-shape bed, as shown in
Figure 1.16(b). Two clear regions are distinguished: the central or core region
of the bed, where the voidage is very high, and the annular region around the
jet. On the top of the bed, a form similar to a "fountain" appears, where the
particles conveyed from the central jet are projected onto the top of the annular
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Figure 1.16: Scheme of the two fluidization technologies studied: (a) bubbling
fluidized bed and (b) spouted bed (Díaz-Heras et al., 2020c).

region. In this annular region, the particles move down slowly, while part of
the gas percolates through the particles in a countercurrent configuration.

This section of the thesis summarized the main results obtained by Díaz-
Heras et al. (2020c), who developed two simple numerical models to compare
both fluidization technologies (bubbling and spouted beds) in terms of temper-
ature distribution.

1.7.1 Fluidized bed modeling

The numerical models proposed for both fluidization technologies assume that
the walls of the bed are adiabatic. Only heat losses due to radiation from the
bed surface are considered in the model. The models compute the particle and
the gas temperature in the different regions of the beds. Depending on the case,
some temperatures vary along the bed height, although others are considered
to be well-mixed. For both cases a concentrated solar irradiation of İ = 50 kW
is considered on the top of the bed. In the bubbling bed, the solar irradiation
is considered uniformly distributed over the upper bed cross-sectional area,
because the model does not consider radial variations. For the spouted bed,
the solar irradiation is divided into the spout and the annular regions. A total
mass of approximately 150 kg of sand particles, with an emissivity ε = 0.8
is used. In the bubbling bed, the particle size is dp = 0.4mm (Geldart B
particles), whereas, in the spouted bed, it is dp = 1mm (Geldart D particles).
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The reader is referenced to the work by Díaz-Heras et al. (2020c) to get more
information about the equations of the model and the numerical resolution.
Table 1.4 summarizes the main thermophysical properties of the two sands
proposed, including their minimum fluidization velocities, Umf .

Particle size, dp, [mm] 0.4 1.0
Minimum fluidization velocity, Umf , [m/s] 0.14 0.56
Density, ρp [kg/m3] 2500
Thermal conductivity, kp [W/(mK)] 4.0
Specific heat, cp [J/(kgK)] 900
Absortivity, α [-] 0.8

Table 1.4: Properties of the sand employed in the simulations. The minimum
fluidization velocity was calculated according to Kunii & Levenspiel (2013).

1.7.2 Results

The results for the bubbling fluidized model are summarized in Figures 1.17
and 1.18. For spouted bed, the results are shown in Figures 1.19 and 1.20.
Figure 1.17 shows the evolution of the temperature of the dense phase (Td) and
the temperature of the bubble phase (Tb) at a bed height x = 0.25L during the
heating process, for different superficial gas velocities: 1.5, 2.0, and 2.5Umf .
It can clearly be observed that the maximum steady-state temperature in the
dense phase decreases when the airflow rate increases. This result indicates
that, to maximize the temperature in the bed, it is preferable to operate at
low air velocities. Nevertheless, high air flow rates generate higher mixing rates
and the concentrated radiation flux on the top of the bed is better- distributed
in the whole bed. A compromise between both effects is necessary in a real
application.

When the airflow rate increases, more gas percolates through the bed in the
form of bubbles. The bubbling and mixing are more vigorous, but the heat
exchange between particles and the gas is also improved, increasing the energy
carried by the gas stream.

The energy stored in the particles is calculated with the following Equation
(1.6), which is based on the mass of the particles (ms) by their specific heat
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Figure 1.17: Temperature evolution in the bubbling fluidized bed for various
superficial gas velocities. For a gas velocity of U = 1.5Umf the temperature
Td ≈ Tb(x = 0.25L). For all the cases, at x & 0.5L both curves coincide.

(cp) and by the difference in temperature of the dense phase and the ambient.

Est(t) = ms cp (Td(t)− T0) (1.6)

The efficiency for both cases (bubbling fluidized and spouted bed) is defined
as the energy stored (Est) in the particles of the storage system and, therefore,
it is the energy captured by the particles from the total irradiation in the cross
sectional area in the bed. The efficiency(η) of the storage system can be defined
as follows:

η(t) = Est(t)∫ t

0
ĠA dt

(1.7)

The energy received by the system is calculated as the integral of the con-
centrated solar radiation on the surface of the bed for each instant of time (dt),
where Ġ is the concentrated solar irradiation per cross sectional area in the bed
and A is the total cross sectional area of the bed.

Figure 1.18 shows the evolution of the efficiency of the bubbling fluidized
bed for different fluidization velocities. As expected, the efficiency of the system
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is higher for low gas velocities, because more energy is stored in the bed and
less energy is transferred to the bubbles.
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Figure 1.18: Evolution of the efficiency of the bubbling fluidized bed system for
different air fluidization velocities.

In the spouted bed, the air gas velocity is fixed and equal to 1.2 times
the minimum spouting velocity. This velocity was varied in the typical range
between 1 and 1.5Um,s and no noticeable differences were observed. Instead, the
fraction of the radiation on the top of bed concentrated on the spout diameter,
defined as:

Rs = İs

İ
(1.8)

was varied. Consequently, the radiation power concentrated on the top of the
annular region is Ra = 1−Rs. Three different cases were studied for Rs = 0.05,
0.10 and 0.20. As the annular region (Aa = 0.360m2) is much larger than the
spout area (As = 2× 10−3 m2), the value of Ġs is always higher than Ġa.

Figure 1.19 shows the temperature evolution of the particles in the spout,
Ts,p and in the annular region at the top Ta,px=L

and at the bottom Ta,px=0 .
The temperature in the spout was considered homogeneous, so there are no
axial variations. In contrast, the temperature in the annular region decreases
as the particles move downward. The particles heated in the spout fall onto
the top of the annular region, where its temperature increases again due to the
radiation on the top of the annular region (Ġa). This is why the temperature

37



1. Introduction

of the particles on the top of the annular region is always higher than the
temperature of the particles coming from the spout. As the particles on the
top move downward, they transfer heat to the gas that percolates through the
voids, and their temperature is slightly reduced. Once the particles in the
annulus reach the bottom of the bed, they are transferred to the spout where
they are heated again. Figure 1.19 also shows that the temperatures in the bed
are higher when more energy is concentrated on the spout diameter rather than
in the annulus. The maximum temperature in the spout after 104 seconds is
1000K for Rs = 0.05, although this value increases around a 10% for Rs = 0.20.

Figure 1.19(b) shows a detail of the first seconds of the charging process. It
can identified how the particles on the top of the annulus increase their tem-
perature rapidly, whereas the temperature at the bottom increases after 150
seconds, which is characteristically the time needed to transport the particles
from the top to the bottom of the annular region. After this time, the temper-
ature profile in the spout changes its slope, increasing the temperature rapidly
because the spout absorbs the particles from the bottom of the annular region.

The storage efficiency of the spouted bed is shown in Figure 1.20. After the
transient period, during the initial period (showed in detail in Figure 1.20(b))
the efficiency curves are similar to those obtained in the case of the fluidized
bed. The efficiency decreases with time, being higher for Rs = 0.20.
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Figure 1.19: Temperature evolution in the particles of the spouted bed during (a)
10000 seconds and (b) detail of the first 500 seconds, for Rs = 0.05, 0.10 and 0.20.
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Figure 1.20: Evolution of the efficiency of the bubbling fluidized bed system for
different values of Rs for during (a) 104 seconds and (b) detail of the first 1000
seconds.
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1.7.3 Discussion of the results and conclusions

The main conclusions were that the spouted beds reached higher temperatures
in the particles compared with the bubbling bed (over 1000 K), although the
charging times were approximately four times larger than in the bubbling bed,
resulting in similar charging efficiencies. In addition, the maximum temper-
ature in the spouted bed could be slightly increased by concentrating higher
solar radiation flux in central spout. Other relevant aspects that highlighted
this study was that the airflow rate in the bubbling fluidized bed had a notable
effect on the maximum temperature reached in the bed. Increasing the airflow
rate (from 1.5 to 2.5 times the minimum fluidization velocity), the maximum
temperature reached in the bed is reduced from 950 K to 750 K, respectively.
Higher efficiencies and lower pumping costs were obtained for less airflow rates.
Increasing the superficial gas velocity, the bed temperature decreases, this idea
was also highlighted in the a similar bubbling fluidized work of Tregambi et al.
(2016). In contrast, the diffusion coefficient, which is a measure of the bed
capacity to disperse the concentrated solar energy, is reduced (with lower air
velocities). The main drawback in a real application is that the diffusion coef-
ficient in the bubbling fluidized bed increases with the air velocity. High values
of this coefficient permit a better distribution of the concentrated solar energy
along the whole of the bed. Thus, the air fluidization velocity in a bubbling bed
must be high enough to obtain the necessary diffusion coefficient (to properly
distributed the concentrated solar energy) but low enough to reach the desired
elevated temperature (to increase the thermodynamic efficiency of the cycle)
and to keep the pumping costs low. A compromise is necessary since in a CSP
plant with particles, the control of the air velocity in bubbling bed permits the
maximum temperature reached in the bed to be adapted to the variation of so-
lar radiation along the day. Low gas velocities during sunrise and sunset (start
and stop periods of CSP plants) allow higher temperatures to be reached in the
particles, reduces the start-up period and prolonging the hours of continuous
operation.

In spouted bed, the diffusion coefficient obtained is one order of magnitude
higher than the coefficients obtained in the bubbling bed. In contrast, in the
annular region, where the the particle velocity is much lower, the diffusion co-
efficient is reduced. This indicated that the high gas and particle velocities
in the spout region permits the concentrated solar energy to be diffused much
more rapidly than in the annulus. The low particle velocity and diffusion coef-
ficients in the annulus of the spouted bed, generates larger charging times than
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those obtained in the bubbling bed. For example, 3000s of charging time were
necessary in the bubbling bed while in the spouted bed were necessary more
than 104s for the same mass of particles. In contrast in the spouted bed, the
maximum temperature reached in the particles is over 1000K, which is higher
than in the bubbling bed. Thus, more energy is stored in the spout, but more
time is required to store it.

1.8 Scope of the thesis

This PhD thesis presents a study about the heat transfer and thermal energy
storage in fluidized beds with different solid particles. The study includes ex-
perimental analysis of the performance, heat storage and heat transfer from the
bed to immersed surfaces of two thermal fluidization technologies, bubbling and
spouting beds, when they are filled with different materials (silica sand, Sili-
con Carbide and Carbo Accucast ID50), which were previously characterized
at extremely conditions (high temperature and after several fluidization cycles)
in collaboration with the Universitat of Barcelona. Experimental test condi-
tions are used as inputs in a numerical study for the Computational Particle
Fluid Dynamics (CPFD) analysis, which is carried out with the Barracuda R©
software.

This dissertation is organized in 7 more chapters.
Chapter 2 collects an overall explanation of the experimental set up, a

description of the materials used and the different tests carried out for their
characterization.

Chapter 3 delves into the characterization of the main materials on which
this thesis is developed. Basically, the different solid particles undergo ther-
mal treatments and fluidization cycles justifying the suitability of the chosen
materials.

From Chapter 4 to Chapter 6 (both of them included) every unit has been
written as an independent article. Thus, each one has its own abstract, intro-
duction, notation and bibliography.

In Chapter 4 the experimental performance of three different granular ma-
terials: sand, carbo and SiC, considering different airflow rates and two distinct
fluidization technologies (bubbling and spouted) as storage system is evaluated.
The charging and discharging efficiencies and the influence of the parameters
such as radiation levels and airflow rates are calculated. Furthermore, the effi-
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ciency of the three solid particles is compared, giving the degree of suitability
of using one material instead of another.

Chapter 5 presents an experimental study of the temperature distribution
on the free surface of a fluidized bed with concentrated radiation using a ther-
mographic camera. The influence of the height of the bed and airflow rate were
studied for two different fluidization processes: even and uneven fluidization.

Chapter 6 covers the numerical analysis carried out in Barracuda, in which
a simulation of a 3D fluidized bed with radiation, containing SiC, were realized.
The bed behavior is studied in the CPFD software, taking into account the
experimental conditions of the experimental tests shown previously, in Chapter
4.

Finally, in Chapters 7 and 8 the main conclusions of the thesis are sum-
marized and briefly discussed.
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CHAPTER

TWO

Experimental set-up and materials

This chapter presents the experimental set-up and materials used for the dif-
ferent experimental studies carried out in this thesis. Some properties of the
materials are also presented. Nevertheless, a brief description of the experimen-
tal set-up and the methods is included in each of the subsequent chapters.

2.1 Experimental Set-up

Direct radiation fluidized bed tests were performed with the facility shown in
Figure 2.1. This facility permits to operate with two different beds of different
sizes: a large- and a small-diameter bed. In turn, both sizes of beds admit mod-
ifications to work with bubbling and spouted beds; however, the works included
in this thesis have been carried out with bubbling bed in large-size fluidize bed
and with both configurations in small-size bed (spouted and bubbling). The
bed walls are insulated with an insulating jacket to minimize thermal losses.

There are two elements common to any of the cases tested:

• Control and data acquisition system. The control and acquisition
system is based on a programmable control PLC. It has the relevant inputs
and outputs for the acquisition of all the variables involved such as airflow
rates, flow temperatures, bed temperatures, bed pressure and variation
regulation. Monitoring and controlling of all variables in local or remote
mode can be done via USB port or Ethernet card.

• Simulator of solar radiation. An elliptical reflector was utilized in
combination with the Xe-lamp to concentrate the radiation into a single
point (or a very small area) of the top surface of the bed. The radiation
flux is provided by a 4 kWe Xenon lamp (OSRAM XBO 4000 W/HS XL
OFR), similar to the one used by Tregambi et al. (2016), which can be reg-
ulated to 2 and 4 kWe thanks to a two-stage potentiometer. The Xe-lamp
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was appropriately placed in one focus of the ellipse, with the top surface
of the bed of particles being other focus, in close proximity to the most
superficial temperature sensor to measure the maximum temperatures.
In any case, the total focal length (Lfocal) between the focuses is 1.29 m.
To ensure that the focal length is maintained in all tests, the elliptical
reflector with the Xe-lamp is rigidly attached to a support structure with
the aim of accurately regulating its position along the three axes.

Figure 2.1: General view of the laboratory facility.

2.1.1 Small-size bed

Figure 2.2 shows a scheme of the experimental facility, which consists on a
fluidized bed with smaller size, specifically with inner bed diameter of 76.2 mm.
This set-up permits the implementation of two distinct airflow configurations
to provide different fluidization patterns: bubbling and spouted fluidized beds
(see Figure 2.3). Except for the bed configuration (bubbling or spouted bed),
the rest of the elements in the facility are common for the different fluidization
tests. In a bubbling bed, the air is uniformly distributed through the bottom
section of the bed (from the distributor plate), where the turbulent motion and
collapse of bubbles provoke a high gas/particles mixing rate (see Figure 1.16(a)).
In contrast, in a spouted bed, the air is introduced through a small orifice at
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the bottom of a conical bed, creating a high-velocity vertical stream in the
central region of the bed, where the particles are rapidly conveyed to the top
part, being projected in the form of a fountain, according to Figure 1.16(b).
This fluidization technology presents similar features to the uneven fluidization
proposed by Salatino et al. (2016), likewise generating enhanced heat diffusion
in the uneven fluidization of the incident solar energy that reaches the top
surface of the bed.

The airflow required to fluidize this small-size bed of particles is supplied
by a CEVIK PRO compressor with an operating pressure of 10 bar, and a
maximum airflow rate of 550L/min. The airflow rate introduced in the bed is
controlled by a mass flow controller, maintaining a constant inlet airflow rate.
Between the compressor and the plenum, there is an auxiliary electric heater
(see Figure 2.2), which allows the air to be heated up to a desired level before
being introduced in the bed. This heater was not utilized in the tests carried
out for this thesis; the incident radiation flux from the lamp was the only energy
input in the bed.

Figure 2.2: Schematic representation of the experimental apparatus of small-size
fluidized bed of 3". Dimensions in mm.
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(a) Bubbling bed (b) Spouted bed

Figure 2.3: Schematic diagrams of both fluidization arrangements (bubbling and
spouted bed).

The bubbling bed consists of a cylindrical 304 stainless steel tube, with an
inner diameter of 76.2 mm and a height of 80 mm. The airflow is uniformly
supplied into the bed through a distributor plate (Figure 2.3(a)) with a thick-
ness of 1 mm and containing 44 perforations, each with a diameter of 1 mm
(representing an open area of 0.8% of the total area). The distributor plate
present a mesh to avoid the particles inlet. This distributor was designed to
ensure a minimum pressure drop equal to 30% of the total bed pressure drop,
a threshold value recommended by Kunii & Levenspiel (2013) for achieving a
homogenous air distribution at any cross section of the bed.

On the other hand, the spouted bed consists of a conical 304 stainless steel
bed, with a minimum inner diameter of 20 mm (air inlet at the bottom part),
and a maximum inner diameter of 76.2 mm at the height of 80 mm (upper part).
In this bed configuration, the air enters at the bottom of the bed conveying the
particles through the central region of the bed, which are finally expelled in a
fountain fashion from the center of the bed to the annular region where they
fall (Figure 2.3(b)). In any of the bed configurations (spouted or bubbling bed),
the upper part of the bed is open to the atmosphere.
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2.1. Experimental Set-up

The performance of the bubbling bed is monitored by a pressure sensor and
4 type T thermocouples, one of which is located in the plenum and the rest at
different heights along the bed: 60 (TI-1), 40 (TI-2) and 20 mm (TI-3) measured
from the distributor plate, according to Figure 2.2. Pressure is measured in the
plenum of the bed by the pressure sensor. For the spouted bed, two type
T thermocouples evenly distributed along the height of the bed measure the
vertical temperature profile of the bed. For both cases, the temperature and
pressure sensors are connected to the data acquisition system for monitoring
and recording the experimental data.

2.1.2 Large-size bed

Figure 2.4 shows a schematic diagram of the experimental facility with the
largest fluidized bed. This bed also permits working with both configurations.
However, the tests shown herein are based on the bubbling fluidized bed con-
figuration. This bubbling bed consists of a cylindrical 304 stainless steel tube,
with an external diameter of 323.90 mm and a total height of 700 mm. The
airflow is supplied into the bed through the distribution plate at the lowest part,
which separates the particle bed from the plenum. The plate has a thickness of
2 mm and containing 89 perforations, each with a diameter of 2 mm. A mesh is
located on the distributor to prevent particles entering the plenum through the
distributor holes. The plenum is divided into two concentric parts to permit
independent control of the airflow through the central region of the bed (with
a central diameter of 108.2mm) and the annular periphery (the remaining an-
nular region being up to 314.76 mm of the inner bed diameter), as shown in
Figure 2.5(a). Figure 2.5(b) shows a photograph of the plenum where the two
parts can be clearly distinguished. The central cylinder, shown in Figure 2.5(b),
can be removed when a uniform flow distribution throughout the cross sectional
area is desired (producing an even fluidization).

In this size of bed, two independent blowers produce the air supplied for the
fluidization stages. The air streams supplied for Blowers 1 and 2 (see Figure 2.4)
enters through the center and the periphery of the bed, respectively. Blower
1 (with a nominal power of 850 W) and Blower 2 (2200 W) can deliver a
maximum airflow rate of 1000L/min and 2000L/min , respectively. The airflow
rate supplied by each blower is controlled by a variable-frequency drive, being
measured by a flowmeter located at the inlet of each blower.
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2. Experimental set-up and materials

Between the blowers and the plenum, auxiliary electric heaters were installed
with the aim of preheating the air up to the desired level before entering into the
bed. The air temperature at the blower outlet varies depending on the frequency
dictated by the variable-frequency drive. The higher the airflow rate, the higher
are the frequency and outlet temperature. To provide the same conditions at
the bed inlet, regardless of the airflow rate, the air stream was heated to 65 ◦C,
which is the maximum temperature reached by the blowers. The bed is heated
mainly by radiation flux received from the beam-down reflector with the Xe-
lamp, which works for these tests at 2 kWe. The upper part of the bed is open
to the atmosphere.

Figure 2.4: Schematic representation of the experimental apparatus of large-size
fluidized bed. Dimensions in mm.

The temperature and pressure of the bed could be monitored by pressure
sensors and type T thermocouples. Temperatures along the bed are measured
with type T thermocouples (up to 20 shots) as far as the bed is filled with
particles. Pressure is also measured in the two air inlet located in the plenum,
where is also located one thermocouple in each inlet to confirm the air inlet
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2.1. Experimental Set-up

(a) Section AA’. Dimensions in mm. (b) Picture of the plenum.

Figure 2.5: Details of the plenum configuration: (a) section of AA’ and (b) Image
of the plenum, distinguishing the two headers by which the airflow is supplied to the
bed during uneven fluidization.

temperature after going through the heaters. As in the previous cases, the
measurements data are recorded and saved by the data acquisition system. For
tests carried out with this large-size bed facility, an infrared camera (OPTRIS
GmbH PI400) is also necessary to measure the temperature distribution on
the whole bed surface, which is mounted at the lower part of the beam-down
reflector, being rigidly fixed to the structure(see Figure 2.4). This camera allows
to record the temperature in the bed surface in two measuring ranges: 0−250 ◦C
or 150− 900 ◦C.

2.1.3 Radiation map

To characterize the radiation from the Xe-lamp on the particles, it was measured
at the two operating powers: 2 and 4 kWe, placing the lamp at the same focal
distance from the bed surface (constant focal length of 1.29 m). Figure 2.6
shows the radiation distribution maps for both cases (2 and 4 kWe) measured
during the calibration processes using a water-cooled radiative heat flux sensor
(Vatell TG-9000), which is suitable for measurements at high temperatures
(Tregambi et al., 2016; Díaz-Heras et al., 2020). The red line represents the
radiation profile for a constant power of 4 kWe along a plane corresponding to
the top surface of the large-size bed, which includes the smaller bed diameter
(shading in the Figure). The blue line shows the radiation profile for a constant
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2. Experimental set-up and materials

power of 2 kWe. The data represented as points were obtained as the mean
value of three repeated measurements. There were practically no differences
between repeated measurements. As expected, the peak radiation flux occurs
at the center of the bed; around the peak point, the curve is gradually depressed
but not truncated, exhibiting a clear symmetrical bell-shape pattern. For the
electrical power of 2 kWe a maximum radiation flux of 65 kW/m2 is obtained.
For the test where the lamp delivered a power of 4 kWe, the peak flux was
almost doubled to 115 kW/m2. Integrating the radiation flux profile over the
top cross-sectional area of the small-size bed, the average incident radiation
power on the top of the bed was 140.63 W for 2 kWe and 231.32 W for 4 kWe.
An overall efficiency of about 6-7% is obtained (defined as the ratio of the
incident radiation on the top surface of the bed to the total electrical power of
the lamp), which is similar to the efficiency values reported by Ma et al. (2019).
In the large-size bed, for the electrical power of 2 kWe (the only power in which
this bed has been operated), the integration of the radiation flux profile over
the whole cross sectional area on the top of the large-size bed was 654.81 W.
In this case, the overall efficiency obtained was approximately 32.74%.

2.2 Materials

This work focuses on the study of solid particles as sensible thermal storage
material. After studying the most used materials in the literature (Díaz-Heras
et al., 2021; Calderón et al., 2019; Ho, 2016; Diago et al., 2018), it was decided
to choose sand and SiC for being the materials usually chosen by the authors
to be radiated and fluidized. In addition, the carbo (CARBOACCUCASTr

ID50) was included as promising candidate to be used as alternative HTF and
storage material in CSP plants. These three materials were characterized, in
collaboration with the University of Barcelona, before and after being fluidized
(assessing their resistance to abrasion) and before and after aging treatments
(high temperature 900 ◦C). The results of these three materials compared are
collected within Díaz-Heras et al. (2021) and will be summarize in the Chapter
3.

Therefore, these particular granular materials were selected because they
fulfil certain critical requirements that make them good candidates, showing a
good suitability for being fluidized and simultaneously subjected to extremely
high solar radiation fluxes (and thus, high temperatures). For example, sand is
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Figure 2.6: Radiation maps measured when the radiation power emitted by the
lamp was 2 and 4 kWe. The x-axis represents the bed diameters (value x = 0
corresponds in both cases with the center of the bed). The shaded region represents
the small-size bed diameter.

an abundant and economical material that shows a stable behavior (i.e., without
changes in its composition) after a large number of cycles of being fluidized
and heated to extremely high temperatures (Diago et al., 2018). Specifically,
the sand used in this work (Figure 2.7(a)) comes from Sachonuño mine from
Segovia, located in Castille and León, Spain and it is supplied by Silices de
Segovia, S.L.

Black silicon carbide (Figure 2.7(b)) is produced by heating silica sand and
a carbon source, usually petroleum coke. Coke is obtained by the distillation
of the carbon. After that process, Silicon Carbide (SiC) can have two different
colours depending on the purity, black or green. The used material is black sili-
con carbide (98.5%-99.3% of purity), which is provided by Panadyne, Inc. This
material has excellent optical properties. This feature, together with its high
hardness, chemical stability, thermal shock resistance and ability to withstand
high temperatures, makes it a good candidate. Some authors (Ho (2016); Fla-
mant & Olalde (1983)) have studied the potential integration of this material in
solar thermal power plants systems because it can reach temperatures of 1400 ◦C
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2. Experimental set-up and materials

(Avila-Marin, 2011). For the tests carried out on Chapter 5, large amounts of
SiC were necessary and SiC with similar characteristics as that studied by Uni-
versity of Barcelona was purchased. This second type of SiC (46 grain) used
in this thesis was supplied by Navarro SiC, S.A. Both Silicon carbides present
the similar properties but the diameter differs, being the SiC from Navarro
SiC company 1.5 times higher. Finally, CARBOACCUCASTr ID50 (Figure
2.7(c)) was also chosen because it is a ceramic material that presents very high
particle breakdown resistance, exhibiting at the same time a notable ability to
withstand extremely high temperatures without showing any degradation in its
properties. Carbo is a ceramic proppant. A proppant is a synthetic solid mate-
rial designed to keep an induced hydraulic fracture. This material is provided
by Carbo Ceramics, Inc. Figure 2.7 shows the three materials characterized in
collaboration with University of Barcelona.

(a) Silica sand (b) SiC (c) Carbo

Figure 2.7: Sensible energy storage materials used. The appearance of both SiC is
the same.

2.2.1 Density

Real density of each solid particle material under study has been characterized
with an Helium Pycnometer from Micrometrics previously calibrated. With
this device, the real volume of a solid is measured when a known Helium vol-
ume is expanded into a chamber containing the sample and the same chamber
without the sample material. Consequently, the real volume obtained does not
include any pore volume accessible to the gas and the sample mass is previously
weighted, so the density is directly calculated. Table 2.1 shows the density val-
ues for the solid particles used and their standard deviation, where it is identified
that the carbo is the densest material and that there is no significant difference
between the densities of two SiC used.
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2.2. Materials

Material ρ [kg/m3] d90 [mm]
Sand 2630 ± 40 0.47
SiC 3220 ± 140 0.41

Carbo 3350 ± 210 0.36
SiC Navarro 3210 ± 110 0.64

Table 2.1: Summary of the physical analyses results (density and d90 values) for
the four materials.

2.2.2 Particle Size

The determination of the Particle Size Distribution (PSD) has been carried out
with a Coulter Counter Multisizer laser diffraction particle size analyser using
Electrical Sensing Zone Method for PSD analyses and with the particle analyzer
Morphologi 4. PSD is important to be known in order to optimize the receiver
thermal efficiency and to avoid sintering. The cumulative size distribution for
the sand, SiC, carbo and SiC (Navarro) are plotted in Figure 2.8. This method
permits to obtain the d90 parameter which indicates the diameter of 90% of
the sample volume. Table 2.1 summarizes the d90 parameter for the different
materials used, in which can be highlighted that all materials have a similar
diameter (0.36-0.47 mm), except for the second SiC Navarro, which is notably
larger than the rest. According to Geldart (1973) classification, all particles
used in this work are Geldart B. The measurements shown in Figures 2.8(a),
2.8(b) and 2.8(c) were carried out by the Department of Materials Science &
Physical Chemistry of University of Barcelona.

2.2.3 Thermal properties

The main thermal property that it is necessary to get is the specific heat (cp),
since the energy storage capacity of each material depends of the particles mass
and specific heat (m · cp). The specific heat is the amount of heat per unit
of mass required to raise the temperature 1◦C. These data were obtained by
Differential Scanning Calorimetry (DSC) at 400◦C. The used device is DSC822e
from Mettler Toledo. In general terms, energy is introduced simultaneously into
a sample and a reference cell. Temperatures of both cells are raised identically
at the same time. The difference in the input of the energy required to match
the temperature of the sample to the reference is the amount of excess heat
absorbed or released by the molecule in the sample (Gill et al., 2010). According
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(c) Carbo
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(d) SiC Navarro

Figure 2.8: PSD for sand (a), SiC (b), Carbo (c) and SiC Navarro (d).

to the results of Díaz-Heras et al. (2021), the specific heat of the materials tested
are almost constant values over thermal, mechanical and combined treatments.
The mean specific heat for the sand and carbo for the temperature range used
in this work, is 1.05 and 1.08 kJ/(kg·K), respectively. For SiC from Barcelona
used in this work for the operating temperature range, the mean specific heat
is 1.27 kJ/(kg·K).

2.2.4 Optical properties

In a fluidized bed, the particles are in continuous motion, this implies that
the radiation exposure time is short and, therefore, good optical properties are
requested for the particles. One of the most important property is the absorp-
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2.2. Materials

tivity (α) since it is the radiation absorbed by the surface material, in this case,
by the solid particles located at the bed surface. The absorptivity values were
measured by University of Barcelona. They used an spectrophotometer that
studies the material reflection in front of a specific portion of the electromag-
netic spectrum. The used spectrophotometer is Perkin Elmer lambda 950 with
a 150 mm integrating sphere. Table 2.2 shows the absorptivity values obtained
for sand, SiC and carbo. SiC and carbo present similar and high values of
absorptivity, while the sand value is practically half.

Material Sand SiC Carbo
α 0.49 0.90 0.95

Table 2.2: Absorptivity values of sand, SiC and carbo.

In the laboratory, the visual change of some materials after being radiated
has been detected by visual inspection. For example, Figure 2.9 shows the sand
state (this sand is the same initial sample shown in Figure 2.7(a)) after being
radiated. In this figure, it can be highlighted the emittance (radiation reflected)
from the bed of sand particles, that is to say, the sand itself radiates and shows
that striking tone.

Figure 2.9: Bed of sand after being radiated during 2 hours.

2.2.5 Minimum fluidization and spouting velocity

The first step to fluidize a material is to achieve the minimum fluidization veloc-
ity (Umf ) in the bed, which represents the minimum airflow rate (or velocity)
that needs to be supplied in a bubbling fluidized bed to counteract the weight of
the particles. According to Kathuria & Saxena (1987), the pressure drop across
the bed of particles (∆Pparticles) can be obtained by subtracting the total pres-
sure drop of the system when filled with particles ∆Psystem + particles and the
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2. Experimental set-up and materials

pressure drop when the bed is empty ∆Psystem (Sánchez-Delgado et al., 2011;
Izquierdo-Barrientos et al., 2013) (see Equation (2.1)).

∆Pparticles = ∆Psystem + particles −∆Psystem (2.1)

Figure 2.10 shows the experimentally measured ∆Pparticles versus the super-
ficial air velocity in the bed for the sand, SiC and carbo and the same process
was carried out in the operating range for the second type of SiC used (Navarro).
The minimum fluidization velocity of each material is obtained by the intersec-
tion of the horizontal line, the vertical coordinate of which is proportional to the
mass of particles tested, and the fitting line adjusted for the first points of the
bed pressure drop of each material. The horizontal lines represent the pressure
drop generated by the weight of the particles in the bed, which is porportionar
to the mass of particles. This pressure drop was calculated as follows:

∆Pmass = m · g
π

4D
2

(2.2)

The minimum fluidization velocity obtained using the described procedure is
then converted into an airflow rate by multiplying it by the cross sectional area
of the bed. The minimum fluidization velocities of the materials tested are on
the order of 0.08-0.10 m/s in Figure 2.10 and for SiC (Navarro), the minimum
fluidization velocity is double with respect to the other three materials. This is
due to the highest particle diameter of this type of SiC.

In the case of spouted beds, there is an equivalent parameter to the minimum
fluidization velocity in fluidized beds, this is the minimum spouting velocity
(Ums). The minimum spouting velocity in a spouted fluid bed is defined as
the spout nozzle gas velocity required to initiate spouting regardless of the
fluidization state of the annular region, which can be fluidized or not (Zhong
et al., 2006). The Ums for each material was measured following the method
proposed by Mathur & Epstein (1974), being subsequently visually corroborated
by detecting the threshold values that make the particles fall in a fountain
fashion onto the upper surface of the bed (incipient spouting) when the airflow
rate is increased. Table 2.3 lists, among others, the Umf and Ums of the different
materials used in this thesis.
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Figure 2.10: Minimum fluidization velocities for sand, SiC and carbo.

2.2.6 Summary of the properties of the four materials

Table 2.3 summarizes the material properties shown in the previous subsections.
From this table it is possible to highlight the poor optical properties of sand
(α), however, it is the most economical material. Likewise, Table 2.3 shows
the suitable optical properties (α ≈ 1) of the SiC and carbo, but instead they
are dense materials and present an elevate cost. Further studies are necessary
to conclude which is the best material. For this reason, sand, SiC and carbo
properties were in depth before and after being subjected to thermal treatments
and fluidization cycles, among others processes. The results of this study is
summarize in the next chapter and detailed in the scientific publication Díaz-
Heras et al. (2021).
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2. Experimental set-up and materials

Material ρ d90 cp α Umf Ums Cost
[kg/m3] [mm] [kJ/(kg·K)] [-] [m/s] [m/s] [e/kg]

Sand 2630 0.47 1.05 0.49 0.08 0.42 0.441

SiC 3220 0.41 1.27 0.90 0.09 0.53 2.401

Carbo 3350 0.36 1.08 0.95 0.10 0.69 1.701

SiCNAV ARRO 3210 0.64 - - 0.24 - 2.192

Table 2.3: Properties of the materials used in these experiments. The costs have
been calculated according to the price of the material: 1 when ten tonnes are bought
or 2 when 75 kg are bought.
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CHAPTER

THREE

Characterization and testing of solid
particles to be used in CSP plants: aging

and fluidization tests

This section of the thesis summarizes some of the experimental results obtained
in the characterization of the three main materials by Díaz-Heras et al. (2021).
This work is an extensive experimental study carried out with the University
of Barcelona. To see more information about any of the following sections, the
reader should be go to the cited reference. The main aim of this work was
to characterize the particles changes produced in their composition, structure,
or properties when solid particles are subjected through several thermal and
mechanical processes. The goal was to observe those changes in their physical,
thermal and optical properties besides the study of the changes in their chemical
composition. Solid particles such as Silica sand, Silicon Carbide and Carbo
Accucast ID50 were subjected to extreme treatments similar to those given in
a CSP plant: high temperatures and fluidization process.

3.1 Physical and thermal treatments

In a central receiver, temperatures can reach over 1000 ◦C. Hence it is important
to make sure the particle media can stand these temperatures during extended
periods of exposition (the worst scenario). Therefore, to corroborate the se-
lected solid particles materials are able to reach the desired temperature, an
aging treatment has been undergone. This aging treatment consists in leaving
the samples in the furnace at 900 ◦C for 500 hours and then, leave them cool
at room temperature with a moderate cooling rate.

The fluidization tests consist on fluidizing solid particles in the bed for 250
hours at 2 times the minimum fluidization velocity employing the small-size

73



3. Characterization and testing of solid particles: aging and fluidization tests

bed facility explained in the Section 2.1.1 of this thesis. The motion of the
particles, which are in continuous operation, produces the abrasion and erosion
of the particles.

3.2 Methodology

In this work, 12 samples were analysed, specifically 4 different samples were
studied for each material:

1. Initial sample: material as supplied.

2. Aging sample: sample subjected to the thermal aging, leaving a sample
at 900 ◦C during 500 hours.

3. Fluidization sample: the solid particles of this sample have been fluidized
during 250 hours at 2 Umf at ambient temperature.

4. Aging+fluidization sample: This sample has been subjected to both treat-
ments. Firstly, the sample was heated in a furnace at the same condition
than the aging sample and, in a second step, this material was fluidized
as the previous sample conditions.

All the methods set out below are intended to identify particles density,
thermal resistance and mechanical abrasion resistance, their optical properties,
change of their chemical composition and the minimum fluidization rate of
each material before (sample 1) and after each treatment (samples 2, 3 and 4),
without sifting.

3.3 Results

3.3.1 Physical properties: Scanning Electron Microscopy
(SEM)

One more test has been carried out to study the solid particles structure be-
fore and after fluidization and aging processes. The microstructure and surface
morphology of the three initial samples and three samples after being fluidized
and aging were examined by Scanning Electron Microscopy (SEM) performed
on a FEI Quanta-200 electron microscope. SEM is a type of electronic micro-
scope capable of producing high resolution images of a surface. It generates
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an electron beam to create the images. It is used with high vacuum and needs
conductor samples.

Figure 3.1 reinforce the main idea that the selected materials present suitable
properties to work in CSP at high temperatures and fluidized. Despite it is
a qualitative observation, some superficial wear is observed especially in the
particles edges in the images of fluidized samples of sand and SiC. Moreover,
fluidized sand particles show small particles on the surface, probably due to the
production of fines during fluidization. In general, the results show no changes
observed by the morphologic studies and, furthermore they corroborate and
assert that the mechanical and thermal treatments performed do not break
either affect the samples here studied. On the other hand, it can be highlighted
than the carbo is a material with great porosity on its surface.

3.3.2 Thermal properties

The cp was measured to understand the potential of each material to be used
as thermal energy storage medium and the main results are shown in Figure
3.2. The cp changes between 5-8% over thermal, mechanical and combined
treatments. The cp slightly increase with thermal aging treatment (up to 4%)
for Carbo and sand samples, while it slightly decrease (up to 8%) for the SiC
sample. Likewise, fluidization has not significant influence on the cp. Therefore,
as a conclusion, none of the three materials tested vary their energy storage
capacity significantly, under the experimental conditions tested in this work.

3.3.3 Optical properties

The absorptivity results are shown in Figure 3.3. The absorptivity of the silica
sand is the lowest measured in this study; however, this property is able to
increase up to 50% increment. This fact is key if the required final application
is direct-open CSP plant receiver for the final system. Moreover, the differences
between the other two materials are similar as well achieving less than % incre-
ments, if any. SiC and Carbo have higher absorptivity, being Carbo Accuscast
ID50 the one with higher absorptance properties with the highest values after
the combined thermal treatment (more than 95% absorptivity). The variation
of the absorptivity measures carried out within each case is negligible. This
property is crucial for open-direct systems to be installed in CSP plants and
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3. Characterization and testing of solid particles: aging and fluidization tests

(a) Initial sample of sand (b) Aged+Fluidized sample of sand

(c) Initial sample of SiC (Panadyne) (d) Aged+Fluidized sample of SiC

(e) Initial sample of carbo (f) Aged+Fluidized sample of carbo

Figure 3.1: SEM pictures before and after aged (thermal) and fluidization (me-
chanical) processes fluidization for sand (a, b), SiC (c, d) and Carbo (e, f).
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3.3. Results

Figure 3.2: Specific heat versus treatments. Equipment error: ±0.01 kJ/(kg K).

hence, all the materials here studied can be used, except the silica sand be-
cause this solid particle presents very low absorptivity. However, it could be
the most promising solution for many other CSP configuration that appear in
CSP database.

3.3.4 Chemical composition

During the treatments done in this study, particles undergo harsh conditions.
It is important to have information of chemical compositions and the crystalline
phases in the samples, with a view to understand changes due to the treatments.
Silica sand from Segovia was identified as having the crystalline structure of
quartz when analysing the main components. Moreover, the X-Ray patterns
of the four different silica sand samples almost overlap revealing that there are
not significant changes in the crystalline structure with the treatments.

Silicon carbide had SiC as main crystalline phase. Similarly, there are not
significant changes with the treatment. Carbo Accucast ID50 was composed by
two major crystalline ohases which are aluminium oxide and mullite. In this
case, when both treatments (aging and fluidization) were applied, the baseline
suggested an increase in amorphous content, indicating that these treatments
affected the crystallinity of the solid.
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Figure 3.3: Absorptivity diagram with data for samples for sand, SiC and Carbo.

3.4 Conclusions

The three granular materials tested show good resistance to the fluidization
process and are stable at high temperatures during long time periods. There
is no significant change in their chemical composition and their energy storage
capacity (specific heat) and absorptivity did not vary notably after the tests.
The main attractive property of SiC and Carbo are their very high absorptivity,
which is around or over 0.9, while for the sand it is around 0.4. This fact ensures
a higher capacity of absorbing direct solar radiation on them, increasing the
temperature and the efficiency of the system. In contrasts sand is an abundant
material in regions of the planet with high levels of solar radiation (Diago et al.,
2018) and is 4-5 times cheaper than SiC and Carbo. Also, its lower density
permits to transport/fluidize sand particles with lower pumping costs.
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CHAPTER

FOUR

Experimental study of different materials
in fluidized beds with a beam-down solar

reflector for CSP applications.

Fluidized beds are particularly suitable for integration into Concentrated Solar
Power (CSP) plants with beam-down reflectors. Due to the high mixing rates
and heat diffusion typical of fluidized beds, they enable the highly concentrated
solar flux from the beam-down reflector to impinge directly on the particles.
Depending on size, density, surface roughness, optical and mechanical proper-
ties, some granular materials are more appropriate than others to store thermal
energy at high-temperatures in a fluidized bed. In this line, this work compares
the experimental performance of three different granular materials: sand, carbo
Accucast ID50 and SiC, considering different airflow rates, and two fluidization
technologies: bubbling and spouted bed. Experimental tests were carried out
in a facility specifically tailored for these type of tests that permitted different
flow arrangements to apply different fluidization techniques using air as the
working fluid, including a beam-down reflector with a 4 kWe lamp to simulate
the concentrated solar radiation (peak radiation flux of 115kW/m2).

The temperature evolution and storage/recovery efficiencies for the different
materials were compared using the two fluidization technologies, and varying
the radiation level and airflow rate. Because of these tests, the influence of
the airflow rate and radiation levels on the thermal efficiency of the beds was
evaluated. The experimental results showed that SiC was the best candidate,
as it exhibited the best thermal performance, reaching a peak storage efficiency
of ηC = 0.95, obtained with an airflow rate of 2.5Umf . Maximum temperatures
of 250◦C were reached in a cylindrical bed with an aspect ratio of L/D≈1.
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4. Experimental study of different materials in fluidized beds

4.1 Introduction

Some authors (Bandyopadhyay, 2019) claim our society is approaching a paradigm
shift that will force us to entirely change our energy model. In essence, the key
features of this new energy model can be grouped into three main areas of in-
terest: improvements in energy efficiency, expansion of renewable energies with
widespread implementation of performance monitoring and control of energy
systems based on smart data analysis. This work can be included in the first
two areas since it proposes improvements in the efficiency of current Concen-
trated Solar Power (CSP) systems, by increasing the utilizability of solar energy
and the thermodynamic efficiency of power generation systems, they may be ac-
tivated by a higher temperature level. In this sense, the report presented by the
European Solar Thermal Electricity Association (Teske et al., 2016) stated that
solar thermal power systems could supply as much as 6 % of global electricity
demand in 2030, and this figure could easily reach 12 % in 2050. These estimates
could be even higher with improvements in current solar thermal power systems.
This work is mainly focused on enhancing the thermal efficiency of the power
generation systems of CSP plants, which is substantially limited by the max-
imum operating temperatures that conventional Heat Transfer Fluids (HTFs)
can withstand without degradation. Most common HTFs consist of thermal
oils and molten salts, which cannot operate at temperatures above 400◦C (Vi-
gnarooban et al., 2015) and 565◦C (Ho & Iverson, 2014; Kuravi et al., 2013),
respectively. At higher temperatures, these fluids begin to degrade (thermal
instability), and different components and equipment in CSP plants may be
subject to severe oxidation and corrosion problems. Obviously, these maximum
operating temperatures impose an important limitation on the thermodynamic
efficiency of CSP systems.

The use of solid particles as heat transfer medium enables a significant in-
crease in the maximum operating temperatures of CSP systems. Several studies
have reported that temperatures up to 1000◦C (Diago et al., 2018; Avila-Marin,
2011) have been reached in fluidized beds containing solid particles. Two main
technologies can be distinguished for thermal energy storage using granular ma-
terials: packed (or fixed) and fluidized beds. The former is typically used in
low-temperature applications, such as domestic hot water or building heating
systems, since the main advantage of packed beds is their characteristic temper-
ature stratification, which lowers solar collector operating temperatures (and
therefore, increases collector performance), reduces auxiliary energy require-
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ments and increases the bed exergy content. Fluidized beds are particularly
suitable for providing rapid heat diffusion of the concentrated beam radiation
that reaches the CSP receiver, because of the high heat transfer coefficients pro-
duced by the intense gas-particle interactions and the high mixing rates typical
of fluidized beds (Almendros-Ibáñez et al., 2019). In fact, a number of authors
have found that fluidized beds behave in a fashion similar to a well-mixed tank,
i.e., there are no significant thermal gradients in the bed, with the tempera-
ture being practically uniform across the entire bed (Izquierdo-Barrientos et al.,
2013).

There are different works in the literature that focused on the use of solid
particles in CSP plants. For example, research at NREL proposed the use of a
free falling particle receiver on the top of a tower (Martinek et al., 2018; Morris
et al., 2016) in combination of a fluidized bed as a heat exchanger system
to interchange the energy stored in the particles to the power block (Ma &
Martinek, 2017; Ma et al., 2017). Ho et al. (2016) studied an advanced falling
particle receiver system, which was designed and constructed at Sandia National
Laboratories. The thermal efficiency of this pilot plant, for inlet temperatures
of around 440◦C and average particle irradiance fluxes in the range of 110-211
kW/m2, varied from 60 to 65%. Other works proposed to concentrate the solar
energy on the external surface of a tube, in which solid particle are fluidized
and transported (Le Gal et al., 2019).

Recently, several works dealing with the combined performance of fluidized
beds and beam-down reflectors for CSP applications have been published. The
first works date from the 1980s by Flamant (1982); Flamant & Olalde (1983),
who corroborated the advantages of fluidized beds over packed beds for rapidly
distributing a highly concentrated solar energy that impinges on a small area
of the top surface across the entire volume of the bed. More recently, Tregambi
et al. (2016) experimentally studied the superficial temperature distribution on
the top of a bed of particles under controlled bubbling conditions. The au-
thors demonstrated how a continuous injection of a bubbling air stream in the
bed was able to diminish the peak temperature on the top surface of the bed.
Salatino et al. (2016) proposed the use of uneven and pulsed fluidization as an
alternative to increase the heat diffusion efficiency in the bed, which helps to dis-
tribute the concentrated solar energy on the top, using a lower airflow rate, and
consequently, with lower pumping costs compared to a conventional bubbling
fluidization. Briongos et al. (2018) proposed a numerical model of a bubbling
fluidized bed with a beam-down reflector, which was consistent with the ex-
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perimental results of Flamant (1982). In this way, there are different works,
which try to validate a prototype spouted bed fluidization receiver, through
different experiments using a 3.0 kWh solar simulator (Matsubara et al., 2014)
and numerical computation to get the performance (Bellan et al., 2019).

Almendros-Ibáñez et al. (2019) reviewed the different technologies available
for solar thermal energy storage applications, including packed and fluidized
beds. In this review, the authors highlighted the suitability of fluidized beds
for distributing concentrated solar energy due to the high gas/solid mixing
rates. All the previous studies, except the very early works by Flamant (1982);
Flamant & Olalde (1983), focused only on numerical and theoretical models.
Tregambi et al. (2016) presents experimental data, but they studied the influ-
ence of artificially injected bubbles, rather than a real bubbling fluidized bed
and for only one type of material: SiC. This work presents a comparative anal-
ysis of the behaviour of three different materials (Sand, SiC and Carbo), which
have suitable properties to be used in a fluidized bed with concentration solar
energy on the top. The properties of these materials were previously tested in a
different work (Díaz-Heras et al., 2021) by the authors, and tested that the three
materials maintained their structure and properties after aging treatments up
to 900 ◦C and being fluidized more than 250 hours. Thus, they are suitable to
be used for CSP and fluidization applications. In this chapter, which is based
on the publication (Díaz-Heras et al., 2020a), we experimentally compared the
performance of the three materials under similar fluidization and concentrated
solar energy conditions. The experimental study covers two different fluidiza-
tion technologies: bubbling and spouted bed, with the aim of compare both of
them in terms of solar energy storage and fluidizing pumping cost. For both
fluidization technologies, we performed an in deep analysis of temperature evo-
lution and efficiencies for the three materials varying the airflow rate and the
radiation level.

In the following subsections, the experimental results are presented and
discussed, and the main conclusion of this work Díaz-Heras et al. (2020a) are
summarized in the subsection 4.5.

4.2 Experimental facility and materials

In this work, charging and discharging experiments were carried out, using three
different granular materials fluidized under two different fluidization techniques
and varying the supply airflow rate. Figures 2.2 and 4.1 show a scheme and
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a photo of the experimental facility, which permits the implementation of two
distinct airflow configurations to provide different fluidization patterns: bub-
bling and spouted fluidized beds (see Figure 2.3). The small-size bed facility
with both configurations was explained in detail in the Chapter 2.1.1 of this
thesis.

Figure 4.1: Experimental setup used in this work.

Figures 2.2, 2.3 and 4.1 show a beam-down reflector system, which includes
a 4 kWe Xe-lamp, to simulate the effect of the incoming concentrated solar
radiation in a CSP plant (solar radiation from the field of heliostats). As de-
tailed in Chapter 2, the lamp can work at 2 and 4 kWe. For this reason, the
radiation flux was measured with a water-cooled radiative heat flux sensor (see
subsection 2.1.3) for both electric powers. The results were shown in Figure 2.6,
where the shaded region of this radiation map corresponds to cross-sectional
area of the small-size bed. In fact, integrating these radiation flux profiles, the
average radiation power on the top of both small-size bed configurations was
140.63 W for 2 kWe and 231.32 for 4 kWe.

Three materials were tested in the experiments: sand, SiC and carbo (see
Figure 2.7) at different conditions according to the explanations detailed in
Chapter 3. The main properties of the materials used in this work were sum-
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marized in Table 2.3. Table 2.3 indicates that the sand is the material with
the lowest density and the highest d90 parameter, while the opposite properties
are exhibited by carbo. In any event, despite small discrepancies between the
properties of the selected materials, the three granular materials fall under the
Geldart B classification (Geldart, 1973). According to the Geldart classification
(Geldart, 1973), Geldart B particles are appropriate for use in fluidized beds
because these granular solids can be relatively easy fluidized, showing a charac-
teristic vigorous mixing generated by the formation, growth, motion and final
collapse of the bubbles (Kunii & Levenspiel, 2013). This continuous agitation
and movement of the particles inside the fluidized bed promotes a rapid heat
diffusion, with the bed having a strong tendency to behave as a well-mixed tank
at a uniform temperature. Table 4.1 summarizes the main characteristics of the
measurement instruments, including their measurement ranges and associated
uncertainties.

Measurement instruments Measuring ranges Uncertainty
Type-T thermocouples 0-400◦C ±0.2 ◦C
Type-A pressure sensor Plenum: 0-600 mbar ±3 mbar

Bed: 0-100 mbar ±0.5 mbar
Mass flow controller 0-200 l/min ±0.1 l/min
Radiation sensor 0-3750 kW/m2 ±0.25 kW/m2

Table 4.1: Summary of the measurement ranges and uncertainties for the measure-
ment instruments used in the experimental tests.

4.2.1 Hydrodynamic of the fluidized bed

According to the subsection 2.2.5, the minimum fluidization velocity and min-
imum spouting velocity for each materials were obtained experimentally. The
minimum velocities obtained were converted into an airflow rate by multiplying
it by the cross-sectional area of this small-size bed. Table 4.2 summarizes the
values for both minimum bubbling and spouting fluidization velocities obtained
for the different materials, together with their associated airflow rates. For the
case of the spouted beds, the data refer to the minimum diameter, i.e., at the
bottom of the cone. Table 4.2 shows the required airflow rates for both the
bubbling fluidized and spouted beds for each material. The minimum airflow
rates for achieving bubbling fluidization V̇mf are around 2-3 times higher than
those needed for the spouted bed V̇ms. However, when these values are trans-
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lated into velocities, dividing by the air inlet section, the minimum spouting
velocities Ums are much higher than the minimum fluidization velocities Umf
(between 5 and 7 times higher).

Ums (ms ) Umf (ms ) V̇ms ( l
min ) V̇mf ( l

min )
Sand 0.42 0.08 8.00 24.51
SiC 0.53 0.09 10.00 28.27

Carbo 0.69 0.10 13.00 30.51

Table 4.2: Summary of the minimum spouting and fluidization velocities and airflow
rates.

Table 4.3 shows the data of the power needed for fluidize the particles in
each case. It was simple calculated as:

Ẇ = V̇ ∆psystem + particles (4.1)

Note that for a fluidized bed, in contrast to a packed or fixed bed, the pres-
sure drop of the particle does not vary with the airflow rate, the only increase
in the pressure drop is related with ∆psystem. Table 4.3 points out that the
power needed in bubbling beds are far greater than in spouted beds. Consid-
ering minimum fluidization (U/Umf = 1) and minimum spouting (U/Ums = 1)
conditions, it is observed that the consumption powers of the bubbling beds
are 5-9 times higher than that of spouted beds (despite detecting in Table 4.2
that Ums ∼ (5 − 7)Umf ). This table also reports some drawbacks of using
carbo, which is the densest material according to Table 2.3. The fluidization of
carbo with respect to the lightest material (sand), requires an increase in the
fluidization pumping power of 1.5 times for the bubbling bed, and 2.5-3 times
for the spouted bed.

Fluidized bed Spouted bed
U/Umf U/Ums

1.00 1.50 2.00 2.50 1.00 1.25 1.50 1.75
Sand 0.449 0.798 1.275 1.906 0.052 0.063 0.073 0.090
SiC 0.549 1.010 1.650 2.483 0.095 0.110 0.126 0.149

Carbo 0.639 1.191 1.951 2.944 0.130 0.181 0.198 0.224

Table 4.3: Power needed (in Watts) for air pumping in each case.
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4.2.2 Thermal energy storage capacity

The aim of this work was to compare different materials under similar operating
conditions. Table 4.4 details the mass for the different materials and fluidization
techniques. The heat storage capacity for Sic and Carbo was 714-720 J/K, while
for the sand, it was 586 J/K (according to the data showed in Tables 2.3 and
4.4).

For the spouted bed, the mass of particles was selected in such a way that
guaranteed the minimum height for a proper circulation of the particles in all
tests. Due to the geometrical restrictions of the bed, the mass used in the
spouted bed is approximately 2 to 3 times that necessary for the spouted bed
(see Table 4.4). At laboratory-scale level, these differences may seem insignifi-
cant (a maximum discrepancy of only 103 g between materials for the bubbling
fluidized bed), but in a full-scale CSP plant context, they can generate signif-
icant integration problems due to the volume to be considered in the selection
of one or another material (Ma et al. (2014) and Briongos et al. (2018)).

Sand SiC Carbo
mB 558 g 567 g 661 g
mS 200 g 245 g 255 g

Table 4.4: Mass of particles used for each fluidization technique and different ma-
terial.

4.3 Experimental results

A total of 27 tests were carried out to measure the differential performance of
the bed under the two fluidization techniques (bubbling and spouting), using
the three different materials, and varying the airflow rate and radiation flux.
These tests were divided into charging processes (stage of energy storage) and
discharging processes (stage of heat recovery). To study the effects of the differ-
ent variables, the experimental tests were grouped into three mains campaigns,
each consisting of 9 tests. The first campaign of experimental tests (described
in the subsection 4.3.1) was designed to analyze the airflow rate influence. The
second campaign (described in the subsection 4.3.2) focused on the radiation
flux influence, comparing the performance of the bed when the lamp emits a
thermal power of 2 or 4 kWe. Finally, the third group of experimental tests
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(described in subsection 4.3.3) dealt with the influence of the fluidization tech-
nique utilized, carrying out 9 additional tests in the spouted bed with a lamp
power of 2 kWe.

For each group of tests, the overall bed performance can be described by
three key performance parameters: the storage efficiency during the charging
process, ηC , the recovery efficiency of the discharging process, ηD (Elsayed et al.,
1988; Izquierdo-Barrientos et al., 2013) and the recovery efficiency evaluated in
terms of the energy recovered by the airstream during the discharging process,
ηair. The storage efficiency is defined as follows:

ηC = Es
Ein

=
ms cp,s

∫ t
t=0 dT∫ t

t=0 Q̇rad dt
= ms cp,s (T̄ (t)− T̄t=0)∫ t

t=0 Q̇rad dt
(4.2)

where the numerator is the thermal energy storage capacity (Es), and the de-
nominator is the total radiation energy that effectively reaches the bed surface
during an experimental test (Ein). Es can be formulated as the product of
the mass of solid particles (ms), the specific heat of each material (cp,s) and
the temperature variation between the initial temperature (T̄t=0) and a certain
instant of time “t” (T̄ (t)), where T̄ (t) is computed as the average temperature
of the different thermocouples distributed along the bed height. The incoming
energy flux that effectively reaches the top surface of the bed were evaluated
through radiation, varying the power emitted by the Xe-lamp, as depicted in
Figure 2.6 for small-size bed diameter.

After 2 hours of operation, the Xe-lamp is switched off, initiating the dis-
charging process (the energy recovery stage) for an hour, maintaining a constant
airflow rate during both processes (charging and discharging). The efficiency
of the energy recovery process can be quantified using the following expression
from (Elsayed et al., 1988; Izquierdo-Barrientos et al., 2013; Xu et al., 2013)
(Equation (4.3)).

ηD = ED
Es,max

= ms cp,s (T̄max − T̄ (t))
ms cp,s (T̄max − Tamb)

= T̄max − T̄ (t)
T̄max − Tamb

(4.3)

In Equation (4.3) the numerator indicates the actual energy recovered from
the bed, which is computed using the temperature difference between the max-
imum value reached at the end of the charging process and, therefore, the
beginning of the discharging process, T̄max, and the actual temperature at each
time ”t”, T̄ (t). The denominator expresses the maximum energy that can be
recovered from the bed, considering the temperature difference between the
maximum temperature reached and the ambient temperature, Tamb. All the
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temperatures plotted represent the average values of the three thermocouples
located along the bed height.

Equation (4.3) also expresses the effective energy recovered by the air during
the discharging process if the bed walls were replaced by adiabatic walls avoiding
heat losses to the surroundings. In a small lab-scale facility, as the one used
in this work, the ratio between the bed volume and its exterior envelope area
is typically very small, in our case: V/A = 2.22 × 10−2 m3/m2, and the heat
losses are important. In addition, the mass of the bed walls and distributor
(mw = 1.744 kg) is greater than the mass of particles contained in the bed (see
Table 4.4). The specific heat of the walls is cp,w = 502 J/(kgK), similar to the
specific heat of the materials. Thus, the energy stored in the walls and in the
distributor can not be considered negligible. In fact, other works (Izquierdo-
Barrientos et al., 2015, 2016) have pointed out that the energy stored in a bed of
sand (similar to the one used in this work) with an internal diameter of 200mm,
may easily account for over 15-20% of the total energy stored in the particles.
In addition, Izquierdo-Barrientos et al. (2016) remarked that the energy stored
in the walls may be particularly important for small bed diameters. For these
reasons, it is convenient to define an efficiency ratio, ηair, that relates the energy
recovered by the air during the discharging process to the total energy stored
in the bed, accounting both particles and bed walls, i.e.:

ηair = Eair

Esw,max
=
∫ t
t=0 ṁair cp,air (Tair,out − Tair,in) dt

(ms cp,s +mw cp,w)
(
T̄max − Tamb

) (4.4)

In the previous equation, mw and cp,w represent the mass and specific heat
of the bed walls. In the efficiency calculations, the outlet temperature of the
air during the discharging process may be assumed equal to the mean bed
temperature (Tair,out ≈ T̄ ). This assumption was corroborated by previous
works Izquierdo-Barrientos et al. (2016); Díaz-Heras et al. (2020b), where au-
thors clearly observed that the outlet air temperature closely approached the
bed temperature due to the high mixing rates typical of fluidized beds. It can
also be assumed for a fluidized bed that the temperature discrepancy between
the particles contained in the bed (which exhibit a uniform temperature) and
the bed walls is sufficiently small. Izquierdo-Barrientos et al. (2016) modeled a
fluidized bed taking into account the heat losses through the bed walls. They
used a bed manufactured with stainless steel walls and filled with sand, similar
to the bed used in this work, confirming that the temperatures of the walls and
particles were very similar.
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4.3.1 Bubbling bed: airflow rate influence

To study the influence of the airflow rate in the bubbling bed, 9 different tests
varying the airflow rate were carried out, maintaining constant the radiation
flux from the Xe-lamp at 2 kW. The three materials were tested considering
three excess air velocities over the minimum fluidization conditions: U/Umf =
1.5, 2.0 and 2.5 (see Table 4.2). Figure 4.2 shows the temperature evolutions
over time for the 9 tests conducted, where temperatures curves correspond to
average temperatures calculated from the thermocouples shown in Figure 2.2.
For each airflow rate tested, the duration of the charging and discharging stages
corresponds to 2 and 1 hour, respectively. As expected, for bubbling fluidized
beds, due to the high mixing rates that occur inside the bed, no significant
temperature differences were measured between the three thermocouples lo-
cated along the bed height, with the three presenting approximately the same
temperature (bed behaves like a well-mixed bed showing a uniform tempera-
ture throughout the bed) (Izquierdo-Barrientos et al., 2013). The temperature
differences between thermocouples were below 0.2K. During the charging pro-
cesses, carbo and SiC reported the maximum temperature values, while sand
reached lower temperatures due to its low absorptivity.

For the three tested materials, lower air velocities result in higher peak
temperatures during the charging processes. For this reason, the maximum
temperatures during the energy storage processes occur in all the tests at U =
1.5Umf , obtaining lower peak values when the airflow is progressively increased
for the tests at 2Umf and 2.5Umf , respectively. During the discharging process,
the opposite situation is observed, where the tests using the higher airflow rates
(2.5Umf ) exhibit the faster energy recovery processes, associated with lower
temperature profiles.

In the context of this work, it was considered that the steady state is reached
when the temperature variation with respect to time is below 0.5 ◦C/min. This
situation occurs after 3000 seconds for all cases, although, it happens slightly
faster for the tests using higher airflows. The difference between the transient
and steady state as a function of the airflow can be well distinguished in the
case of sand, showing that the steady state using a airflow of 2.5Umf is reached
approximately after 2000 seconds, only a few seconds later for 2Umf , while
approximately after 3500 seconds for the case of 1.5Umf .

Another interesting aspect to highlight from these tests is that both the
carbo and the sand exhibit approximately the same temperature reduction at
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steady state between tests when airflow is increased, that is, T2Umf
−T2.5Umf

≈
T1.5Umf

−T2Umf
. However, for the case of SiC, the temperature profiles obtained

for lower airflow rates revealed temperature reductions slightly higher than
those obtained for higher airflow rates, T1.5Umf

− T2Umf
> T2Umf

− T2.5Umf
.

Figure 4.3(a) shows the results of the efficiency of materials during the
charging process at 2 kWe. The same behavior was found in all the tests: a
bell-shape evolution with a peak of efficiency at approximately 250 seconds,
and a later gradual decrease in the charging efficiency. These efficiency peaks
are due to the rapid heating of the granular material during the initial periods.
Although SiC and carbo have similar absorptivities (see Table 2.3), SiC tem-
perature rises faster, reaching more rapidly its peak charging efficiency. This
faster response of SiC could be related to more favourable fluidization condi-
tions, such as those associated with narrower particle size distributions, which
facilitates a more homogeneous fluidization. At steady state, SiC and carbo
achieve similar temperatures.

According to Equation (4.2), the different behaviors in ηC are due to the
different bed temperatures during the charging, which are shown in Figure 4.2.
From the performance curve (Figure 4.3(a)), it is possible to identify the peak
of the SiC (ηC = 0.95), and how the airflow influence on the SiC and carbo
is almost negligible during the first 700 seconds of the tests. On the other
hand, the sand exhibits different peak efficiencies depending on the excess air
introduced in the bed (ηC = 0.47 for the 1.5Umf test and ηC = 0.53 for the
2.5Umf test). At the end of the charging process, regardless of the material
and airflow rate, all cases tend towards the same efficiency value (approximately
ηC = 0.1).

Figure 4.2 shows that the sand reaches much lower temperatures (for the
same excess gas velocity) than the other two materials. These lower tempera-
tures can be explained in part by the lower absorptivity of sand, also playing a
role the lower lower energy storage capacity of the sand compared with SiC and
carbo (714−720 vs. 586 J/K). Figure 4.3(a) shows that, although temperature
discrepancies are apparent between carbo and sand, both materials exhibit sim-
ilar charging efficiencies. Assuming that the charging efficiency is independent
of the mass of particles, the temperatures reached by a lower mass of sand (up
to reach the reference energy storage capacity of mcp = 714− 720 J/K) would
probably approach carbo temperatures.

Figure 4.3(b) shows the discharging and air efficiencies for the three materi-
als, considering the three excess airflow rates studied (1.5, 2 and 2.5Umf ). The
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discharging process begins when the lamp, which emits a power of 2 kWe during
the previous charging stage, is turned off. In all cases, ηD increases with higher
airflow rates, as higher air velocities promote a more vigorous bubbling, associ-
ated with higher heat transfer coefficients between the air percolating the bed
and the solid particles. Similar results were reported by Izquierdo-Barrientos
et al. (2013) in a fluidized bed with sand and a granular PCM. The differences
between ηD and ηair are caused by the heat losses to the surroundings, which
are significant in small facilities, as the one used in this work. In general, ηair is
higher for carbo, as this material requires a higher fluidization airflow rate. For
tests involving a same material, the influence of the airflow rate is unclear, as
increases in the airflow rate, augment the energy carried by the air in form of
enthalpy, but also reduce the maximum temperatures at the beginning of the
discharge processes. These opposing effects might explain why higher airflow
rates provoke increases in ηair for sand, but decreases for SiC and carbo.

Figure 4.2: Temperature profiles as a function of time for the three materials
considering three excess airflow rates (1.5, 2 and 2.5Umf ). These tests were carried
out for a lamp power of 2 kWe.
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According to Equation (4.3), the discharge efficiency is estimated by the
maximum temperature difference and that obtained for each instant of the test
with respect to the maximum temperature difference for each test. Therefore,
the greater the difference between the maximum temperature obtained and that
of each instant of time, the higher is the energy release efficiency. This explains
that the solid lines of the high flow tests, which had lower temperatures, are
those that show the best performance.

4.3.2 Influence of radiation power

The performance of the three granular materials was evaluated varying the
electric power consumed by the lamp. Two radiation levels were considered: 2
and 4 kWe.

The different temperature profiles of sand for the three excess fluidization
velocities are plotted in Figure 4.4(a). Temperatures of sand with 4 kWe (higher
temperature profiles) are perfectly distinguished from those corresponding to
the 2 kWe tests.

When the lamp works at 4 kWe, the maximum temperatures in the bed de-
crease by approximately 20 ◦C for each increase in the airflow rate (from 1.5Umf
to 2.0Umf , and from 2.0Umf to 2.5Umf ). These temperature reductions were
of only 10 ◦C for the 2 kWe cases. For the tests shown in Figure 4.4(a), it can
be considered that the steady state is reached after approximately 2000 sec-
onds the charging process is initiated. However, for the tests with 2 kWe the
transient stage is shorter, reaching faster the steady state.

In general, for the studied sand tests, it can be observed that doubling the
radiation power causes an approximately 1.6 times increase in the maximum
temperatures. For example, for the same excess airflow (1.5Umf ), the steady-
state temperature obtained with 4 kWe (T4kWe,1.5Umf

= 230◦C) is 60% higher
than that of 2 kWe (T2kWe,1.5Umf

= 140◦C). This finding is related to the effi-
ciency results shown during the charging process in Figure 4.5(a). This figure
presents the charging efficiency, and it is observed almost no differences between
the curves at 2 and 4 kWe. Only a slightly increase of the maximum efficiency in
the 4 kWe case, which seems to be independent of the airflow rate. The reason
is that the storage capacity, relegated to the temperature differential, is com-
pensated for by the increase in bed radiation. In other words, the temperature
ratio of the 4 kWe tests with respect to the 2 kWe tests is in the order of 1.6.
This value presents exactly the same proportion as the radiated energy incident
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Figure 4.3: Charging (a) and discharging (b) efficiencies as a function of time for
the three studied materials, considering three excess airflow rates (1.5, 2 and 2.5Umf ).
These tests were carried out for a lamp power of 2 kWe.
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in the bed section for 4 kWe and 2 kWe tests, which measured 231.32 W and
140.62 W, respectively.

Figure 4.4(b) shows the temperature profiles as a function of time for the
different tests involving SiC. In comparison with the profiles shown for sand
(Figure 4.4(a)), the SiC exhibits higher temperatures for both the 2 kWe and
4 kWe tests. In addition, the linear relationship between steady-state tempera-
tures and airflow rates observed for the experimental tests with sand no longer
applies. Based on Figure 4.4(b), the same trend can be identified as in the tem-
perature profile of the sand. Comparing the temperature profile at 2 kWe of
the sand and SiC, it can be identified that the range of temperature difference
is somewhat greater than in sand. The charging efficiency curves for SiC are
shown in Figure 4.5(b). In this case, only small differences can be found between
the curves, indicating that the charging efficiency of SiC is nearly independent
of the airflow rate and the radiation level.

In the case of carbo the temperature and efficiency curves are showed in
Figures 4.4(c) and 4.5(c), respectively. The maximum efficiency is obtained for
the maximum airflow rate (U = 2.5Umf ) and lamp power (4 kWe). Contrary
to the other two granular materials, substantial differences are observed in the
maximum charging efficiency when the incident radiation is varied. For U ≤
2Umf , the maximum efficiency obtained with 4 kWe is reduced with respect to
the values obtained with 2 kWe, although it increases in the case of U = 2.5Umf .

Regarding the discharging efficiencies, no noticeable differences between the
three materials were observed when the bed is discharged from a higher tem-
perature level (tests involving a lamp power of 4 kWe), with the curves being
similar to those plotted in Figure 4.3(b). Thus, to avoid duplication, these
graphs have been omitted from this work.

4.3.3 Comparison between two fluidization technology: bub-
bling and spouted beds

This section addresses the differential performance of the three granular mate-
rials for the spouted bed configuration. The results obtained for the spouted
bed are compared with those previously presented for the bubbling bed.

The two fluidization technologies are compared, applying the same radiation
flux on the top surface of the beds (the lamp works at 2 kWe), which requires the
consideration of two significant differences between experiments: the operating
airflows are different and the mass of granular material of the spouted bed is
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(a) Sand

(b) SiC

(c) Carbo

Figure 4.4: Temperature profiles as a function of time for the three different gran-
ular materials tested, using different airflow rates and lamp powers.
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(a) Sand

(b) SiC

(c) Carbo

Figure 4.5: Charging efficiencies as a function of time for the three different granular
materials tested, using different airflow rates and lamp powers.
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approximately half that in the bubbling bed, as shown in Tables 4.2 and 4.4.
Figures 4.6(a), 4.6(b) and 4.6(c) show the temperature evolution of sand,

SiC and carbo, respectively, for the 9 tests carried out using both fluidization
technologies and the different excess airflow rates when the lamp power was
2 kWe. In general, the spouted bed technology has a longer warm-up period
than that exhibited by the bubbling bed, that is, it presents a slower response
during the initial stages of start-up. At steady state, however, the spouted
beds reached higher peak temperatures. This is mainly due to aspects of the
spouted bed: first, the mass of the granular solids contained in the spouted bed
is approximately half that used in bubbling fluidized bed, and second, there are
significant differences between the inlet airflow introduced in both fluidization
technologies. Table 4.2 shows the minimum fluidization airflow rates for the
two fluidization techniques, where it can clearly be seen that the spouted bed
only requires about 1/3 of the minimum fluidization airflow required by the
bubbling bed (V̇ms ∼ 1/3 V̇mf ). As in the temperature profiles obtained for
the bubbling bed, the SiC also reaches higher temperatures than the other two
granular materials. Similarly to the bubbling bed, peak temperatures reached
in the beds are higher when the airflow rate is reduced. Note that the airflow
rate needed for the spouting bed is approximately half the airflow rate used in
the bubbling bed. In consequence, the pumping costs are lower for the spouted
bed.

Figure 4.7(a) represents the efficiency profiles as a function of time obtained
for the sand, carbo and SiC in the spouted bed. As mentioned in the previous
sections, this figure shows that the SiC performs much better than the sand
or carbo. In general terms, the charging efficiency obtained using the spouted
bed is lower than in the bubbling fluidized bed. For example, for the SiC
case considering the same radiation flux (a lamp power of 2 kWe), the best
charging performance for the bubbling bed was ηC = 0.95, while this peak
for the spouted bed is less than half that value, specifically ηC = 0.53. This
behavior is directly related to the mass of particles used in each fluidization
test. In short, the charging efficiency is significantly influenced by the mass of
particles involved. And, therefore, higher charging efficiency is obtained in the
bubbling bed configuration.

Regarding the differential performance of the three granular materials tested,
the sand shows lower efficiencies than carbo and SiC, which show overlapping
and higher discharging curves. With regard to the airflow influence, the highest
discharging efficiencies are always observed for tests involving higher airflow
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(a) Sand

(b) SiC

(c) Carbo

Figure 4.6: Temperature evolutions for the three granular materials tested. The
lamp power was equal to 2 kWe for both fluidization technologies: spouted and bub-
bling beds.
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Figure 4.7: Evolution of the charging (a) and discharging (b) efficiencies as a
function of time for the three granular materials studied when the airflow rates are
varied. All tests were carried out with a lamp power of 2 kWe and spouted bed
configuration.
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rates.
Figure 4.7(b) shows the discharging efficiency obtained for each granular

material when the airflow rate is varied, considering three excess minimum flu-
idization velocities 1.5, 2 and 2.5Umf . This figure depicts the same tendency
shown by the discharging efficiency of Figure 4.3(b), obtained using the bub-
bling fluidized bed, but exhibiting a much more curved discharging efficiency,
approaching 1 more slowly. This means that the discharging efficiency is lower,
with it being more difficult to fully discharge the bed, since the inlet airflow
rates involved are much lower than those introduced in the bubbling bed. The
air efficiency is also plotted in Figure 4.7(b), showing lower values than those
exhibited for the bubbling bed tests due to the lower airflow rate. In general,
for a given material, ηair only varies slightly with increasing air velocities.

One distinguishing characteristic between both fluidization technologies is
the large difference in the pumping costs needed to circulate the fluidizing air
through the bed. As previously indicated (see Table 4.3), the airflow rate
and pressure drop necessary to fully fluidize a spouted bed are typically much
lower than those in a fluidized bed. For the experimental conditions of this
work, the pumping power needed to maintain the particles under a continuous
fluidization are between 5 and 9 times lower in the spouted bed. Figure 4.8
compares the ratio between the thermal energy stored in the particles (Es),
defined in Equation (4.2), and the total energy needed to fluidize the particles,
i.e.:

Es
W

=
ms cp,s

∫ t
t=0 dT∫ t

t=0 Ẇ dt
= ms cp,s (T̄ (t)− T̄t=0)

Ẇ t
(4.5)

This figure clearly shows how spouted beds reach much higher values of Es/W
than bubbling beds. Although the thermal efficiency, ηC , is lower in spouted
beds, this is partially compensated for by the reduced values of W . Comparing
materials, in both bubbling and spouted bed, carbo presents the lowest values
due to its higher density together with the higher volumetric flow rates required
to fluidize this material. Comparing sand and SiC, the lower density of the
sand (and consequently lower pumping requirements) compensates in part its
lower thermal efficiency, and both materials exhibit similar Es/W ratios for the
spouted bed. Regarding the bubbling bed tests, although behaving similarly to
sand, the highest values of Es/W are reported by SiC.
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Figure 4.8: Ratio between the energy stored in the bed of particles, Es, and the
total energy needed for fluidizing the particles, W , during the charging process in the
fluidized bed (a) and in the spouted bed(b).
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4.4 Discussion

4.4.1 Discussion of the results

According to the experimental results obtained for the three granular materials,
SiC is clearly the material that performs better in both fluidization techniques
(bubbling and spouting) when a concentrated radiation flux impinges on the
top surface of the bed. Because of its high absorptivity, this material reaches
higher temperatures during the charging process and, consequently, provides
the highest charging efficiency, with a peak of ηC = 0.95 for U = 2.5Umf .
Moreover, during the discharging process, with no incident radiation on the top
surface, the SiC also exhibits better efficiencies, although in this case, only small
differences between the three materials are observed. The main disadvantage of
SiC compared with the other materials, especially with sand, is its higher cost.
Sand has the advantage of being abundant and cheap, particularly in regions
of the planet with high levels of solar radiation throughout the year, which,
in turn, are good candidate locations for installing CSP plants (Diago et al.,
2018).

One interesting aspect observed in all experimental tests of the present work,
is that the peak charging efficiency is almost independent of the incident radia-
tion and airflow rate. Thus, to maximize the efficiency of the charging process
of a fluidized bed for CSP applications, the fluidized bed system should be
designed in such a way that the particle residence time is equal to the time
needed to achieve the maximum efficiency, which for the experimental condi-
tions of this work was approximately 250 s, regardless of the material, incident
radiation level, airflow rate or fluidization technology employed.

Regarding the discharging process, no direct influence of the lamp power
occurs, as during this stage the bed receives no incident radiation flux. The
only effect is due to the initial temperature level for the discharging process
(higher initial temperatures when higher radiation levels are used to charge the
bed). This may justify the slightly higher efficiencies obtained with SiC, as this
material reaches the highest temperatures at the end of the charging process.

It should be noted that in a real CSP plant with a beam-down reflector,
there are multiple alternatives for recovering the energy stored in the particles.
It can be directly recovered from the particles themselves, or alternatively by
using a heat exchanger inside the fluidized bed. See, for example the work by
Fernández-Torrijos et al. (2018), who proposed the use of a plate heat exchanger
for a supercritical CO2 cycle. Although they proposed this system as a solution
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for integration into a CSP plant with free-falling particles, it is perfectly appli-
cable to a CSP system including a beam-down reflector. In any event, the heat
recovery process of the energy stored in the particles in a CSP plant is highly
dependent on the thermodynamic cycle in the power block.

One relevant characteristic observed in the three granular materials under
fluidization conditions is the increase in the bed temperature when the air-
flow rate is reduced. This observation opens up the possibility of controlling
real CSP plants with a beam-down reflector by adjusting the supply airflow
rate to maintain a desired temperature within the bed, without requiring a
complex strategy to control the concentrated radiation flux from the heliostats
(Sánchez-González et al., 2017, 2018). Currently, in conventional CSP plants
with a central receiver and molten salts as the HTF, an aiming strategy is nec-
essary during the start-up of the plant in order not to exceed the maximum
temperatures allowed, thus preventing degradation of the HTF, and other re-
lated harmful problems such as corrosion or excessive thermal stresses in the
tubes. For example, during the start-up stage, when the radiation levels are
low, the airflow rate can be low to permit a rapid rise in the temperature of the
bed. The supply airflow rate can be gradually increased as the level of beam
solar radiation augments. In this sense, it should be noted that, contrary to the
conventional system, in which the pressure drop is a function of the flow rate
squared, the air pressure drop in a fluidized bed does not vary with higher air-
flow rates, and therefore, does not entail increased pumping costs. This control
strategy cannot be properly implemented in other systems using particles such
as packed beds, indirect systems (Benoit et al., 2015; García-Triñanes et al.,
2016) or free-falling particle receivers (Ho, 2016).

Regarding the two fluidization techniques compared in this work, bubbling
and spouted beds, it should be noted that the spouted bed presents similar
results to those exhibited by the bubbling bed, but using only around one-third
of the airflow rate needed for the conventional bubbling fluidized bed. This
allows to pumping costs in a CSP plant to be further reduced. However, the
charging efficiency is lower than in the bubbling bed case, and consequently,
the time needed to fully charge the bed is longer. Nevertheless, more develop-
ments and experiments of this type of uneven fluidization technique should be
carried out in pilot plants and larger facilities (full-scale tests) to corroborate
the experimental results observed in this work at lab-scale level.

It is interesting to notice the large differences in price between the three
materials (see Table 2.3). Sand is by far the most economical material, with
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a price that depending on the actual location of the CSP plant, could even be
much lower than that indicated in the table (Diago et al., 2018). In this way, it is
obvious that in the design of a new CSP system including this technology, great
care should be taken to ascertain if the increase in the efficiency of the system,
obtained using a more costly material, such as SiC, compensates its higher price,
as candidate materials compete with an abundant and inexpensive material as
it is sand. A detailed economic analysis may be required to determine the best
alternative.

4.4.2 Discussion of scale-up

The experimental results presented in this work were obtained in a small-scale
experimental facility. Obviously, the results are not directly extrapolable to
much larger scale installations, although they certainly can spread some light
about the expected behavior of a full-scale facility. Two main findings of this
work can be expected: SiC will produce the best thermal performance during
the charging process, and sand will be the most competitive material in terms
of pumping costs. Additionally, in a real full-scale application, thermal losses
to surroundings and wall effects will be much less important.

The scalability of a bubbling fluidized bed reactor has been widely studied
in previous works (Glicksman, 1984; Glicksman et al., 1993; Zanganeh et al.,
2012). The pioneering work by Glicksman (1984) showed that to maintain a
fluid-dynamics similarity when scaled-up a fluidized bed reactor, the following
non-dimensional numbers should be maintained constant:

U ρg dp
µ

,
U

gD
,

ρg
ρs
,

D

H
, φ, PSD (4.6)

In order to ensure a similar bubble size distribution and bubble frequency in the
scaled-up bed, the previous non-dimensional numbers have to be kept constant.
The difficulty that authors found was that to strictly maintain constant all the
parameters in Equation (4.6), it is required either use extremely dense materials
or beds with hugely uneven dimensions (e.g., beds with a diameter of several
meters and a height of only a few centimeters) (Zanganeh et al., 2012). In
addition, the non-dimensional magnitudes in Equation (4.6) neither account
any heat transfer process nor the effects of concentrated solar energy on the top
of the bed, which provoke temperature gradients between particles.

A similar bubble size distribution is recommended in bubbling fluidized bed
reactors such as combustors and gasifiers, where the oxygen content in the air

106



4.4. Discussion

passes through the bed in the form of bubbles, reacting with the bed material
(biomass or coal, for example). In small-scale facilities the bubble size can be
similar to the bed size (slugging regime), whereas in full-scale installations the
wall effects can be considered negligible. In our case, there are no chemical
reactions, thus even bubble size distributions and frequencies are not critical
aspects of the fluidization. It is important to ensure a good fluidization process
throughout the cross sectional area of the bed, preventing the appearance of
dead zones without being fluidized, in which particles may suffer severe over-
heating and sintering problems.

Regarding spouted beds, in addition to the non-dimensional parameters
in Equation (4.6), it is also necessary to add the voidage εmf , the angle of
internal friction of the particles ϕ, and the coefficient of restitution ϕp. These
parameters are necessary due to the more frequent particle-to-particle collisions
given in spouted beds as well as the greater transmission of compression and
friction forces compared to a bubbling fluidized bed (Grace & Lim, 2011). Grace
& Lim (2011) proposed as a rule of thumb for a single spouted bed, that the
ratio between the bed diameter and the particle size should be:

D

dp
≤ 300 (4.7)

For larger sizes, it is recommended the use of multiple spout geometries, in
which a large cross sectional area is divided into several modular spouted beds
connected in parallel. In any case, the size of each module should not exceed
the limit imposed by Equation (4.7).

Another important aspect of the scale-up is the influence of the radiation
flux, which in this work has a maximum value around 120 kW/m2, and in a
full-scale CSP system can reach values up to 1000 kW/m2. For example, the
Miyazaki beam-down system (Kodama et al., 2014; Matsubara et al., 2015),
which consisted in an elliptical reflector with 88 heliostats that covered a total
area of 176m2, reported a peak radiation flux of 500 kW/m2, reaching much
higher temperatures than those obtained in this work. The materials used in
this work were tested at higher temperatures in a different work (Díaz-Heras
et al., 2021), no exhibiting notable variations in their properties, and therefore,
demonstrating they are good candidates to be used in CSP applications. Also
at higher flux densities, the thermal behavior exhibited by the spouted and
bubbling fluidized beds, may differ from that observed in this work, especially
if multiple spouted beds arranged in parallel are used, as the benefit of the
lower pumping cost of a spouted bed can be significantly reduced. At higher
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temperatures, the minimum fluidization velocity of the bed varies. According to
some works (Guo et al., 2003; Subramani et al., 2007), the minimum fluidization
velocity tends to decrease slightly with increasing temperatures. This finding
can be considered advantageous since the pumping costs can be reduced.

In summary, for scale-up the system proposed in this work should followed
different design guidelines. Initially, prior to large full-scale facilities (with D >

0.5m), it is recommended the construction of a pilot small-scale facility (with
D ∼0.5m) subjected to relatively high radiation flux levels (Rüdisüli et al.,
2012), with the aim of evaluating the proper heat diffusion of the concentrated
solar energy that impinges on the top surface of the bed. From this pilot plant,
energy losses to the surroundings as well as wall effects can be also be accounted,
considering that its influence will be much lower in a full-scale plant. Thus, this
intermediate size will help to corroborate the results obtained in this work and
to define the final full-scale facility. Also, with a well designed full-scale facility
is possible to perform a complete economical analysis to corroborate if the
higher thermal performance of the SiC compensates its higher pumping cost,
compared with other materials, such as sand.

4.5 Conclusions

The main conclusions of this work are:

1. SiC presents the highest charging and discharging efficiencies, exhibiting
higher temperatures in the bed. The peak charging efficiency from all
the conducted tests was ηC = 0.95, obtained for the tests using an excess
airflow rate equivalent to 2.5 times the Umf of the bed.

2. The three tested materials present a similar behavior: the peak tempera-
ture in the bed increases when the airflow rate is reduced.

3. The efficiency curves are relatively insensitive to variations in the incident
radiation flux on the top surface of the bed. In addition, the maximum
charging efficiencies for the two fluidization technologies and the three
materials tested always occur at approximately 250 s.

4. Taking into account the pumping power, the thermal differences between
SiC and sand are reduced due to the lower density of the sand, which
needs lower airflow rates and lower pumping power.
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5. Spouted beds presents values of Es/W approximately 3-5 higher than
bubbling fluidized beds, due to the lower pumping requirements of spouted
beds.

4.6 Notation

cp Specific heat [ J
kg·K ]

D Bed diameter [m]

d90 Particle diameter of the 90% of sample volume [m]

dT Temperature differential [s]

dt time differential [s]

Es Stored energy [J]

Ein Inlet energy [J]

ED Recovery energy during discharging process [J]

g gravitational constant [m/s2]

H Bed height [m]

m mass of solid particles [kg]

PSD Particle Size Distribution [%]

Q̇rad Radiation flux energy obtained by the lamp [W]

T Temperature [K]

T̄ (t) Mean temperature of different thermocouples in the bed at each in-
stant of time [K]

Tt=0 Initial temperature of the test [K]

Tamb Ambient temperature [K]
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t time [s]

U Superficial gas velocity [m/s]

Umf Minimum fluidization velocity [m/s]

Ums Minimum spouting velocity [m/s]

V̇mf Minimum fluidization airflow rate [m3/s]

V̇ms Minimum spouting airflow rate [m3/s]

Ẇ Pumping power [W]

4.6.1 Greek symbols

∆P Pressure drop [Pa]

η Efficiency [-]

ρ Density [kg/m3]

φ Particle sphericity [-]

4.6.2 Subscripts

C Charging process

D Discharging process

e Electric

g Gas

max maximum value

s Solid particles
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CHAPTER

FIVE

Experimental observations on directly
irradiated fluidized beds: even and

uneven fluidization

This section presents the experimental results obtained in a directly irradiated
fluidized bed an published in Díaz-Heras et al. (2020b). A large-size bed with a
diameter of 314.76mm was filled with SiC particles and directly irradiated from
the top with a beam-down reflector with a 2kW Xe-lamp. The study examines
the influence of the bed height and airflow rate on the temperature distribution
over the top surface of the bed (where the concentrated irradiation impinged),
measured with an infrared camera. In addition, two fluidization patterns were
compared: even and uneven fluidization. In the first case, the air is uniformly
distributed through the cross-sectional area of the bed, while in the second
case, a higher flow is deliberately introduced through the center of the bed,
with minimum fluidization conditions being maintained in the rest of the bed.
The heat exchange of the concentrated radiative flux over the fluidized particles
in motion under the action of bubble bursting was assessed by characterizing
the temperature of the particles (Probability Density Function, mean value and
standard deviation). The results of this work show how the uneven fluidization
can reduce the maximum temperature of the particles, especially in the case of
shallow beds. In any event, uneven fluidization exhibits a similar behavior to
even fluidization but with lower pumping costs, as the airflow rate is reduced
by up to 26.4%, compared to even fluidization. The effects of the uneven
fluidization are more important for shallow beds especially at high air velocities,
although under the experimental conditions of this work, no clear heat diffusion
improvements were found in the uneven fluidization tests when the air velocity
in the center of the bed exceeded two times the minimum fluidization velocity.
This work is very extensive and has appendices where all the results are provided
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in tables, to see it the reader should consult the work Díaz-Heras et al. (2020b).

5.1 Introduction

In recent years, interest has grown enormously in the development and de-
ployment of Concentrated Solar Power (CSP) as an alternative technology to
electricity production based on conventional power plants using the combustion
of fossil fuels. According to the International Energy Agency (IEA, 2019), the
total installed capacity of CSP plants worldwide increased 700MW in just 2018,
which represents the largest annual expansion since 2013 and almost six times
more than that in 2017. Moreover, an additional growth of 3.4GW is fore-
cast for the period 2019-2024. The International Renewable Energy Agency
(IRENA, 2019) predicts a total of 8500GW installed over the world by 2050,
which would constitute one-third of global electricity generation.

One of the main limitations of currently operating CSP plants is the max-
imum operating temperature, which is approximately 565 ◦C for solar central
receivers with molten salts as heat transfer fluid (HTF) (Rodríguez-Sánchez
et al., 2014). Higher temperatures would cause severe corrosion and degra-
dation problems in the HTF. One alternative in order to operate at higher
temperatures and consequently increase the thermal efficiency of the power
cycle is the use of solid particles instead of a fluid to store the concentrated
solar energy (Ho, 2016, 2017; Jiang et al., 2019; Almendros-Ibáñez et al., 2019).
There are different alternatives to concentrate the solar energy on the particles,
which can be classified in two main categories: direct and indirect systems,
depending on whether the concentrated solar energy impinges directly on the
solid particles or not. An example of an indirect system is that proposed by
Benoit et al. (2015), who moved a stream of fluidized particles along the inte-
rior of a pipe, which was externally radiated. The two most common solutions
for direct systems found in the literature are free falling systems (Ho, 2016,
2017), in which solid particles fall down in a curtain fashion from the top part
of a tower that is radiated by heliostats, and solutions based on fluidized beds
at ground level with a secondary beam-down reflector placed in a upper level
with the aim of redirecting and concentrating the radiation coming from the
heliostats over the top surface of a freely bubbling fluidized bed. According to
Almendros-Ibáñez et al. (2019), the high mixing rates typical of fluidized beds
makes them a suitable particle technology to diffuse the extremely high levels
of concentrated solar flux on the top surface of the bed throughout the whole
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mass of particles, reducing the risk of hot spots that could sinter the parti-
cles. These characteristics also make fluidized beds an appropriate technology
for solar-thermochemical reactors (Bellan et al., 2018; Tregambi et al., 2018,
2020).

In recent years, several research works involving advanced numerical model-
ing have expanded the knowledge of freely bubbling fluidized beds subjected
to concentrated solar energy on their top surface. For example, Briongos
et al. (2018) proposed a two-phase K-L model which exhibited a satisfactory
goodness-of-fit against the experimental results of Flamant (1982). Díaz-Heras
et al. (2020c) proposed two simple models for freely bubbling and spouted beds.
The results showed that spouted beds reached higher peak temperatures, al-
though the charging times were four times lower than those needed for charging
a bubbling bed with the same mass of particles. Sánchez-González & Gómez-
Hernández (2020) proposed a novel linear particle receiver with Fresnel lens, in
which the fluidized particles were moved linearly.

All these previous numerical works clearly show the potential advantages of
the integration of fluidized beds in CSP plants, the experimental results avail-
able in the literature are limited. The first pioneering experimental works in
this field were carried out by Flamant (1982) and Flamant & Olalde (1983) in
the early 80s. These authors performed experimental tests with a 6.5 kW solar
oven, consisting of a bed with an internal diameter of 6.5 cm, using different
materials. They corroborated the uniform temperature along the bed height
compared with a packed bed, and the high efficiencies obtained with SiC due to
its high absorptivity. More recently, Tregambi et al. (2016), using an infrared
camera, experimentally recorded the top surface temperature of a fluidized bed
directly irradiated with a beam-down reflector. Tregambi et al. (2016) used a
square bed filled with SiC particles with a fixed height of 20 cm. The authors
studied the influence of isolated injected bubbles under fixed, incipient fluidiza-
tion and freely bubbling conditions, reporting how the bursting of the bubbles
on the bed surface drastically decreased the peak temperatures. This effect was
mitigated under freely bubbling conditions due to the interactions with other
bubbles. Díaz-Heras et al. (2020a) presented the experimental results of energy
storage/recovery processes using a bubbling and a small spouted bed (7.62 cm
diameter). The beds were directly radiated from the top with a beam-down
reflector, testing the performance of three different materials: SiC, sand and
carbo. The results showed SiC was the best candidate for integration in CSP
plants, because it provided the highest thermal efficiency, due to its great ab-
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sorptivity, although accompanied by a slight increase in the pumping costs due
to its higher density.

This paper presents the experimental temperature distributions obtained in
a directly radiated bubbling fluidized bed. Tregambi et al. (2016) analyzed the
bubbles behavior in a fluidized bed with a constant height of Hbed = 0.2m
at different air velocities. Salatino et al. (2016) pioneered the use of uneven
fluidization for CSP applications, although only from a theoretical point of
view. The main contribution of this study with regard to these previous works
(Tregambi et al., 2016; Salatino et al., 2016) lies in the experimental investi-
gation of the influence of the supply airflow rate and bed height on the bed
temperature distribution, including two different fluidization patterns: even
and uneven fluidization. According to Salatino et al. (2016), uneven fluidiza-
tion can improve heat diffusion in the bed with a lower associated pumping cost
compared to a conventional freely bubbling even fluidized bed.

5.2 Experimental facility and materials

5.2.1 Experimental facility

The large-size bed facility used to carry out this work was described in the Sec-
tion 2.1.2 of this thesis (see Figures 2.4 and 2.5). Results were obtained with
the large-size fluidized bed, with different mass of particles and, therefore, at
different levels of particle filling (’Hbed’ according to Figure 2.4), but keeping
the focal length constant. The aim of these tests is to measure the tempera-
ture distribution on the surface of the fluidized bed for different airflow rates.
For this purpose, it was necessary to use a thermal camera (OPTRIS GmbH
PI400), which is mounted at the lower part of the beam-down reflector, being
rigidly fixed to the structure(see Figure 2.4). This camera allows the temper-
ature in the bed surface to be recorded in two measuring ranges: 0 − 250 ◦C
or 150 − 900 ◦C. During some experiments, the temperatures of the particles
jump between both limits, making it necessary to repeat the experiments twice,
changing the camera filter, as is subsequently explained. Table 5.1 summarizes
the main characteristics of the measurement instruments, including their mea-
surement ranges and associated uncertainties.
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Measurement instruments Measuring ranges Uncertainty
Type-T thermocouples 0-400◦C ±0.2 ◦C
Type-A pressure sensor Plenum: 0-600 mbar ±3 mbar

Bed: 0-100 mbar ±0.5 mbar
Flowmeter 1 150-3000 l/min ±30 l/min
Flowmeter 2 300-6000 l/min ±60 l/min

Infrared camera 0-250 ◦C ±2 ◦C
150-900 ◦C ±2 ◦C

Radiation sensor 0-3750 kW/m2 ±0.25 kW/m2

Table 5.1: Summary of the measurement ranges and uncertainties for the measure-
ment instruments used in the experimental tests.

5.2.2 Materials

The sensible storage material used to fill the bed is black silicon carbide (SiC)
from Navarro SiC, S.A. The properties of this material were summarized in the
last row of Table 2.3 and described in the Section 2.2 of this document.

5.2.3 Characterization of the radiation provided by the
solar simulator

The map of concentrated radiation from the 2 kWe Xe-lamp impinging on the
top surface of the bed was previously explained and shown in Section 2.1.3,
specifically Figure 2.6. In these tests, the total radiation flux, which impinges
in all the distance represented (± ≈ 15 cm), was considered.

5.2.4 Experimental procedure and operating conditions

Different experiments were carried out varying the bed height (varying the mass
of particles in the bed) and the supply airflow rate. All the tests conducted
are detailed in Table 5.2 and Table 5.3, corresponding to even and uneven
fluidization, respectively. Each test started with the particles at rest (packed
bed conditions), denoted as Stage I in the tables, in which no airflow is supplied
but the Xe-lamp is switched on, modulated to 2 kWe during the entire test.
After 15 minutes, the temperature variations were lower than 0.5 ◦C/min and
steady state conditions were considered.

Tables 5.2 and 5.3 summarize the experimental conditions for even and
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uneven fluidization experiments, respectively. These tables show the different
stages in which the airflow rate was progressively increased. For even fluidiza-
tion, the air was uniformly distributed through the cross-section of the bed, and
for uneven fluidization, two different airflow rates were introduced, one through
the central region and the other through the periphery region. In Stage II, in
both the even and uneven fluidization, the air velocity was below the minimum
fluidization conditions. For even fluidization, half of the airflow rate needed to
fluidize the particles was introduced, whereas in the uneven case Up/Umf = 0.5
was introduced in the periphery, and Uc/Umf = 0.75 in the central region. For
subsequent stages in the uneven fluidization, the airflow rate was maintained at
minimum fluidization conditions in the periphery, being progressively increased
in the central region up to three times the minimum fluidization velocity. The
duration of each stage was 5 minutes, which was sufficient to clearly observe a
steady temperature distribution with the infrared camera.

Fixed bed Fluidized bed
Stages I II III IV V
U/Umf [-] 0 0.5 1 1.25 1.5
V̇ [L/min] 0 562.5 1125 1406.25 1687.5
Initial - final time [min] 0-15 15-20 20-25 25-30 30-35
Camera measuring range [◦C] 0− 250 and 150− 900 0− 250

Table 5.2: Details of the different stages corresponding to the tests conducted in
even fluidization

Fixed bed Fluidized bed
Stages I II III IV V VI VII
Uc/Umf [-] 0 0.75 1.25 1.5 2 2.5 3
Up/Umf [-] 0 0.5 1
V̇c [L/min] 0 99.71 166.19 199.43 265.90 332.38 398.85
V̇p [L/min] 0 488.37 976.74
V̇T = V̇c + V̇p [L/min] 0 588.08 1142.93 1176.17 1242.64 1309.12 1375.59
Initial - final time [min] 0-15 15-20 20-25 25-30 30-35 35-40 40-45
Camera measuring range [◦C] 0− 250 and 150− 900 0− 250

Table 5.3: Details of the different stages corresponding to the tests conducted in
uneven fluidization

.

The aim of these experiments was to measure the temperature distribution
on the free surface of the fluidized bed. The same stages shown in Tables 5.2
and 5.3, but varying the airflow rate, were reproduced for different bed heights.
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When the height of the bed increases, the possible airflow paths for the bub-
ble ascending in the bed also vary (Werther & Molerus, 1973; Sánchez-Delgado
et al., 2013), and this affects the heat diffusion of the concentrated solar energy.
Additionally, as the height is increased, the bubble size and velocity have a
tendency to increase, and the velocity of the projected particles from the free
surface of the bed is more vigorous (Almendros-Ibáñez et al., 2006, 2009). The
bed height was varied between 5 and 15 cm, increasing accordingly the mass of
particles in the bed. A mass increment of 1 kg of particles corresponds approx-
imately to 1 cm in the height of the bed. When the bed height was increased,
the Xe-lamp was also elevated the same length to maintain the focal length con-
stant between the lamp and the free surface of the bed. As SiC particles belong
to Geldart B category, the bed expansion caused by the fluidization process
can be considered negligible, not being necessary to readjust the lamp position
once the bed is fluidized, as the focal length practically does not change. The
temperature during the experiments ranged between 20 and 400 ◦C according
to the measurements reported by the infrared camera. As mentioned earlier, to
properly measure the full range of temperatures, it was necessary to repeat the
experiments twice with the two filters of the camera: 0−250 ◦C and 150−900 ◦C,
following a similar procedure as that conducted by Tregambi et al. (2016).

The entire duration of the tests was recorded with the infrared camera.
The last two stages (Stages VI and VII) were only considered relevant for the
uneven fluidization tests. According to the measuring ranges of the thermal
camera, and the temperatures achieved in the tests, which ranged between 20
and 400 ◦C, it was necessary to carry out the tests shown in Tables 5.2 and
5.3 twice. Under fluidization conditions, the peak temperature in the bed never
exceeded 250 ◦C, and thus only one measuring range was needed for the camera.
However, for the first two stages, it was necessary to conduct additional tests
using the high temperature camera range of 150− 900 ◦C.

To study the influence of the bed height, these procedures were repeated for
5 different bed heights, corresponding to Hbed = 5, 7.5, 10, 12.5 and 15 cm. The
height of the bed was varied by adding more material in the bed. When the
height of the bed was varied, the beam-down reflector was moved to maintain
the distance between the Xe-lamp and the free surface of the bed equal to the
focal length.
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5.3 Results

5.3.1 Qualitative analyses of the thermal maps of the ir-
radiated bed surface

A first example of the measurements obtained with the infrared camera is shown
in Figure 5.1, which illustrates the temperature map obtained for even fluidiza-
tion with U/Umf = 0.5, and a bed height of Hbed = 7.5 cm. The entire volume
of the bed reports an even distribution of the air through the cross-sectional
area. It is observed that the maximum temperatures achieved, around 170 ◦C,
are produced in the center of the bed, whereas the temperature drops gradually
in the periphery. In this case, because the bed height is small, the different
temperatures between the particles on the top of the bed and the air coming
from the distributor in the form of jets can be clearly distinguished.

Figure 5.1: Even fluidization test at U/Umf = 0.5 (packed bed), Hbed = 7.5 cm and
t = 17min. This picture was taken with the camera measuring range of 0 − 250 ◦C.

Figure 5.2 shows the temperature maps for three different bed heights:
Hbed = 5, 10 and 15 cm, and three different fluidization velocities, U/Umf =
1.00, 1.25 and 1.50, for even fluidization conditions. In general, it is observed
that the temperature decreases, for the same airflow rate, when the height of
the bed rises, achieving higher temperatures when the air velocity increases for
the same bed height.

Figures 6.12(a)-5.2(c) show the temperature maps for the lower height (Hbed =
5 cm). In this case, the temperatures observed are significantly higher than
those measured in the other cases with higher heights (Hbed = 10 cm and
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15 cm), with the temperatures being considerably insensitive to airflow rate
variations. In this case, the small bed height probably precludes to obtain the
bubble circulation paths characteristic of fully bubbling beds. Instead, the air
coming from the distributor shows a tendency to bypass the bed, establishing
preferential vertical paths for the gas with the form of jets, almost without
interacting with the particles, and with no bubble formation. Figure 5.3 shows
the jet length Ljet, calculated according to three different authors (Penn et al.,
2020; Müller et al., 2009; Rees et al., 2006) for the experimental conditions of
this work. The correlations used to calculate Ljet mainly depend on variables
including hole diameter, minimum fluidization velocity, gravity, particle diam-
eter, and inlet air velocity. The correlation proposed by Penn et al. (2020),
considers the influence of the jet in total holes located in the bed distributor,
while the correlations by Müller et al. (2009); Rees et al. (2006) take into ac-
count the influence of the length of a single jet one hole). It is observed that the
bed can reach a height of several centimeters from the distributor. According
to Penn et al. (2020), for the tests carried out in this work, the jet length is
higher than Hbed = 5 cm, which is the minimum bed height considered in these
tests.

Figures 5.2(d)-5.2(f) and 5.2(g)-6.12(c) show the temperatures for Hbed =
10 cm and Hbed = 15 cm, respectively. Both cases show a similar behavior
when the air velocity grows: the particle temperature increases with the air
velocity. For U/Umf = 1, in Figures 5.2(d) and 5.2(g), some circular regions
corresponding to the bubble bursting on the bed surface can be observed. In
these cases, at minimum fluidization conditions, the intensity of the bubble
bursting on the bed surface and the resultant projection of solids are low. As
the air velocity increases, the bubble size grows along the bed height, and
consequently the bubbles that reach the bed surface are higher and have a
greater velocity. Therefore, the bubble bursting and the projection of solids
are more vigorous and intense (Almendros-Ibáñez et al., 2006, 2009), meaning
that the well-defined circles observed for U/Umf = 1 now appear progressively
distorted due to the projected particles that creates a smoke cloud of particles
that is heated by the concentrated radiation.

Figure 5.4 shows the different temperature maps obtained for uneven flu-
idization experiments for three different bed heights: Hbed = 5, 10 and 15 cm,
and four different ratios of the air introduced in the center with respect to the
periphery of the bed (Uc/Up = 1.25, 1.50 and 2.00 and 2.50). Compared with
even fluidization results (see Figure 5.2), the temperature distribution over the
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(a) Hbed = 5 cm
U/Umf = 1.00

(b) Hbed = 5 cm
U/Umf = 1.25

(c) Hbed = 5 cm
U/Umf = 1.50

(d) Hbed = 10 cm
U/Umf = 1.00

(e) Hbed = 10 cm
U/Umf = 1.25

(f) Hbed = 10 cm
U/Umf = 1.50

(g) Hbed = 15 cm
U/Umf = 1.00

(h) Hbed = 15 cm
U/Umf = 1.25

(i) Hbed = 15 cm
U/Umf = 1.50

Figure 5.2: Even fluidization for different bed heights (Hbed = 5, 10 and 15 cm)
and air flow rates (U/Umf = 1.00, 1.25 and 1.50). All pictures were taken using the
camera measuring range of 0 − 250 ◦C.
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Figure 5.3: Back-to-back comparison between the different theoretical and empiri-
cal models available in the literature to calculate Ljet.

whole cross-sectional area is clearly less homogeneous. The higher velocity of
the air stream in the center of the bed generates higher temperatures in this
region than those in the periphery. For example, for a bed height Hbed = 5 cm
and a velocity ratio of Uc/Up = 1.25, a relatively small region of high tempera-
ture can be observed in the center of the bed. This region of high temperature
shows a clear tendency to expand as the air velocity in the center of the bed
increases.

The behavior exhibited for higher bed heights (Hbed = 10 and 15 cm) is
similar; apparently the influence of higher velocities in the center is mitigated
due to the higher bed height for low airflow rates. For Hbed = 10 cm and
Uc/Up = 1.25 (Figure 5.4(e)) no higher temperatures are exhibited in the center
of the bed, with this picture being qualitatively similar to that presented in
Figure 5.2(d) for even fluidization, in which a number of bubbles of different
size also erupt uniformly throughout the cross-sectional area of the bed. As
the air velocity in the center is increased (Uc/Up = 1.50, Figure 5.4(f)), a small
hotter region in the center appears, which progressively grows as Uc augments.
For the higher bed height (Hbed = 15 cm), it is necessary to reach a velocity
ratio Uc/Up = 2.50 to observe the hotter spot in the center of the bed.
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(a) Hbed = 5 cm
Uc/Up = 1.25

(b) Hbed = 5 cm
Uc/Up = 1.50

(c) Hbed = 5 cm
Uc/Up = 2.00

(d) Hbed = 5 cm
Uc/Up = 2.50

(e) Hbed = 10 cm
Uc/Up = 1.25

(f) Hbed = 10 cm
Uc/Up = 1.50

(g) Hbed = 10 cm
Uc/Up = 2.00

(h) Hbed = 10 cm
Uc/Up = 2.50

(i) Hbed = 15 cm
Uc/Up = 1.25

(j) Hbed = 15 cm
Uc/Up = 1.50

(k) Hbed = 15 cm
Uc/Up = 2.00

(l) Hbed = 15 cm
Uc/Up = 2.50

Figure 5.4: Uneven fluidization for different bed heights (Hbed = 5, 10 and 15 cm)
and airflow rates (Uc/Up = 1.25, 1.50, 2.00 and 2.50). Pictures were taken in the
camera measuring range of 0 − 250 ◦C.
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5.3.2 Quantitative analyses: Probability Density Func-
tion of temperature distributions

Numerical procedure used to obtain PDF

To quantitatively analyze the infrared images shown in the previous section,
the temperature distribution along the diameter of the irradiated top surface
of the bed was used. In this way, a discrete Probability Density Function
(PDF) of the temperatures was plotted from the data of the infrared camera.
The PDF provides the relative probability of occurrence corresponding to each
value of temperature T . Denoting the cumulative distribution function of the
temperatures as F (T ), the PDF is defined as follows:

PDF = dF (T )
dT (5.1)

The PDFs in fluidization stages were obtained for 7 photograms in each
case, considering a total time of 30 seconds when the system is under steady
state conditions. Figure 5.5 shows an example of a discrete PDF obtained for
the case of even fluidization with U/Umf = 0.5 and a bed height of 5 cm. The
discrete distribution was adjusted to a continuous Kernel distribution with the
optimum value of the bandwidth of a normal distribution. It can be observed
that the continuous Kernel PDF properly adjusts to the experimental discrete
data. All the experiments summarized in Tables 5.2 and 5.3 were adjusted to
Kernel continuous distributions.

PDF of packed bed results

Figure 5.6 shows the different PDFs obtained for even flow distribution with
U/Umf = 0.5, and uneven distribution with Uc = 0.75Umf and Up = 0.5Umf ,
for different bed heights. In all cases, the bed behaves like a packed bed be-
cause the airflow rate is below the minimum fluidization conditions. A curious
effect occurs for the uneven fluidization cases corresponding to low bed heights
(Hbed = 5 cm and 10 cm); two peaks can be clearly distinguished in the distribu-
tion, which correspond to the central and the periphery of the irradiated surface
of the bed. The higher airflow rate in the central region causes this bi-modal
distribution, which is more evident in the case of Hbed = 10 cm. When the
bed height is increased to Hbed = 15 cm, this effect is gradually mitigated, with
the second peaks losing significance with respect to the first ones (at smaller
temperatures). This indicates that the effect of the uneven flow distribution is
reduced as the bed height increases.
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Figure 5.5: PDF obtained experimentally for even fluidization with U/Umf = 0.5
and a bed height Hbed = 5 cm. The solid black line represents the adjusted Kernel
continuous distribution.
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Figure 5.6: PDFs obtained for even (dashed lines) and uneven (solid lines) flow
distributions when the bed behaves in packed bed conditions. For the even case
U = 0.5Umf , while for the uneven case Uc = 0.75Umf and Up = 0.5Umf .
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PDF of fluidized bed results

Figure 5.7 shows the PDFs obtained for even and uneven fluidization varying
the airflow rate and for different bed heights. Figure 5.7(a) shows the case of
even fluidization with a shallow bed (Hbed = 5 cm). As the air velocity exceeds
the minimum fluidization conditions, the PDF becomes narrower indicating a
more uniform temperature over the top surface of the bed. In contrast, in the
uneven case (Figure 5.7(b)), two clear peaks can be distinguished in the PDF
curves, which also cover a wider range of temperatures, indicating different
temperatures in the center of the bed, where radiation is more intense, and in the
periphery. To corroborate this observation, Figure 5.8 shows the temperature
PDF for even and uneven fluidization forHbed = 5 cm, but considering one PDF
for the central region of the bed (within a circle of 5 cm diameter, Figure 5.8(a))
and another PDF for the temperatures measured in the annular peripheral
region (that contained between the bed diameter and central region previously
defined, Figure 5.8(b)). The temperature distributions of both regions differs
more in the uneven case. Figure 5.8(b) shows a relatively narrow distribution
of the temperature at the center, while a wider distribution covering lower
temperatures is exhibited in the periphery. As the airflow Uc increases, the
distance between both separated distributions diminishes gradually. For the
even case (Figure 5.8(a)), the two distributions appear closer than in the uneven
case, being closer as the airflow rate increases.

For even fluidization with higher bed heights (Hbed = 10 cm and 15 cm in
Figures 5.7(c) and 5.7(e), respectively), the PDFs move to higher temperatures
as the airflow increases. In addition, the PDFs become narrower, indicating a
more uniform temperature. Qualitatively, these results agree totally with the
behavior observed previously in Figure 5.2. In the uneven fluidization (Fig-
ures 5.7(d) and 5.7(f)), the PDFs also show a clear tendency to move to the
right, to higher temperatures, although the range of the distribution is wider
than in the even case, indicating a greater dispersion of the temperatures. In
addition, for the experimental conditions of this work, increases in the airflow
through the bed center beyond Uc/Up = 2 for Hbed = 10 cm showed no ef-
fect on the temperature profile of the top of the bed. Likewise, in the case
of Hbed = 15 cm, temperature variations occur in the top surface of the bed
because higher airflow rates can also be considered negligible.
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(a) Even Hbed = 5 cm
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(b) Uneven Hbed = 5 cm
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(c) Even Hbed = 10 cm
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(d) Uneven Hbed = 10 cm
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(e) Even Hbed = 15 cm
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(f) Uneven Hbed = 15 cm

Figure 5.7: PDFs for even and uneven fluidization for different bed heights and
airflow rates.
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(a) Even flow with Hbed = 5 cm and U/Umf = 0.5
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Figure 5.8: PDFs obtained for even and uneven flow with Hbed = 5 cm in the center
of the cross sectional area (r < 2.5 cm) and in the periphery (2.5 < r < rbed).
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Mean temperatures and standard deviations

The mean temperatures and standard deviations were directly obtained from
the PDF by using the following expressions:

T̄ =
∫ Tmax

Tmin

T · PDF(T ) · dT (5.2)

σ =

√∫ Tmax

Tmin

(
T − T̄

)2 · PDF(T ) · dT (5.3)

considering for the computations the values: Tmin = 20 ◦C and Tmax = 400 ◦C.
Figure 5.9 shows the mean temperature and the standard deviation of the

PDFs shown in Figure 5.7. The numerical values of the data represented in
this figure were summarized in Tables in Appendix Section of this publication.
In terms of mean temperature over the cross-sectional area, the behavior is
reasonably similar in all cases: the maximum temperature on the bed surface
is approximately 180 − 200 ◦C when no airflow is supplied into the bed. This
maximum temperature gradually decreases when air is introduced into the bed,
maintaining the supply airflow rate below the minimum fluidization conditions.
For even fluidization, the minimum temperature is reached at minimum fluidiza-
tion conditions, increasing slightly when the air velocity increases. For uneven
fluidization, the minimum temperature is observed when Uc/Umf = 1.25, being
also higher as Uc increases. For values of Uc/Umf > 2, extremely few variations
in the mean temperature occur.

The previous figures have demonstrated the notable influence of the bed
height on the mean temperature for both even and uneven fluidization, estab-
lished in terms of lower mean temperatures for higher bed heights. As com-
mented, for the shallow bed of Hbed = 5 cm, the airflow from the distributor
has a tendency to bypass the bed, reaching the free surface almost without in-
teracting with the solids in the bed, which generates the hot spots at the center
of the top surface of the bed, more frequently observed in the even fluidization.
For the uneven fluidization, this problem is mitigated by the higher airflow rate
through the center of the bed. Thus, despite the central region is the zone
being subjected to higher levels of radiation, peak temperatures are maintained
within acceptable values by the greater agitation of this central region. For
Hbed = 10 cm and 15 cm, the mean temperatures for even fluidization in the
range 1 ≤ U/Umf ≤ 1.5 are similar to those recorded for uneven fluidization
with 1.25 ≤ Uc/Umf ≤ 2.
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Figure 5.9: Mean temperature (a) and standard deviation (b) over the top surface
of the bed for even and uneven fluidization.

Regarding the standard deviation, when the bed behaves under packed bed
conditions, the standard deviation reported is high, due to the great tempera-
ture dispersion over the free surface of the bed. Once the bed is fluidized, the
standard deviation is greatly reduced, because the fluidization process and the
eruption of bubbles on the bed surface causes a homogenization of the tem-
peratures due to the high mixing rates of fluidized beds. Although difficult to
appreciate in Figure 5.9(b) because of the scale, the standard deviation is al-
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5. Experimental observations: even and uneven fluidization

ways reduced (slightly) for higher airflow rates, or higher bed heights, for both
even or uneven fluidization (see Appendix Section in the publication).

For a better comparison of even and uneven fluidization, Figure 5.10 shows
the mean temperatures and standard deviations for the central region of the bed
(the area within a circle with a diameter of 5 cm) and the periphery (annular
region around up to reach the bed walls). Higher temperatures always occur in
the central region, because the concentrated radiation impinges more intensely
in this region, corresponding also to the region where higher air velocities are
introduced in the uneven fluidization.

It is observed that the initial temperatures when U = 0 are considerably
higher in the central region than in the periphery, as expected. These maximum
temperatures are reduced when air is introduced at U < Umf . The minimum
temperatures in both the center and periphery correspond to U/Umf = 1 for
even, and Uc/Umf = 1.25 for uneven fluidization. For uneven fluidization, when
supply airflow rates are higher than Umf , the temperatures in the center and in
the periphery slightly increase, while remainings approximately constant when
Uc/Umf ≥ 2.

For the shallow bed (Hbed = 5 cm), the differences in T̄ between the center
and periphery for even fluidization diminish progressively as U increases. For
U/Umf = 1, the difference is 5.5 ◦C approximately and is reduced to 1.9 ◦C for
U/Umf = 1.5. In this case, the uneven fluidization limits the maximum tem-
peratures achieved in the center and in the periphery of the bed. For example,
for Uc/Umf = 1.25, compared to U/Umf = 1, the maximum temperatures in
the center and in the periphery of the bed are 13◦C lower. This result indicates
the great influence of the uneven fluidization on shallow beds, where the higher
air velocities in central regions of the bed can easily reach the free surface of the
bed. In contrast, for the deep bed (Hbed = 15 cm), the differences between even
and uneven fluidization in terms of T̄c and T̄p are almost negligible because the
great height of the bed reduces the influence of the central regions of the bed
at higher air velocities.

The standard deviation notably increases for the uneven case with Uc/Umf =
0.75 and Hbed = 15 cm, compared to the value for U = 0 in the center of the
bed. In any event, when the bed is fluidized, the standard deviations σc and σp
tend to become constant around a value of 1− 2 ◦C.
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(b) Periphery of the bed
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Figure 5.10: Mean temperatures and standard deviations for the central and an-
nular regions of the free surface of the bed for even and uneven fluidization.

5.4 Discussion of the results

The experimental results of this work show that uneven fluidization, especially
for shallow beds, considerably diminishes the maximum temperatures reached
by the particles on the free surface of the fluidized bed. The higher airflow rate
through the central region of the bed augments the circulation rate of these
particles, consequently reducing the time they are exposed to high radiation
levels. These particles are rapidly projected to the periphery of the bed, mixing
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with the rest of particles underneath. The influence of the central higher velocity
region on the performance of the bed is gradually reduced as the bed height
increases, because the higher-pressure head imposed by the larger bed height
tends to homogenize the air distribution in form of bubbles through the dense
phase of the bed. It should be noted that the mean temperature of the bed
is much lower than the peak temperatures reached by the particles at the top
surface of the bed. To properly compute the total thermal energy stored in
the bed, it has to be considered the mean temperature of the bed (not its top
surface) (Díaz-Heras et al., 2020a).

Another important advantage of uneven fluidization is that it exhibits simi-
lar (or even lower for shallow beds) maximum temperatures to even fluidization,
but requires lower supply airflow rates. Under the experimental conditions of
this work, the periphery of the bed (which represents 89.7% of the total bed
cross-sectional area), for uneven fluidization tests, was maintained at minimum
fluidization conditions, only increasing the airflow through the central region.
Thus, the pumping costs associated with the circulation of the air were notably
reduced because of the significantly lower airflow rate requirements of uneven
fluidization (Salatino et al., 2016). For the experimental conditions of this work,
it was observed that increases in the air velocity in the central region beyond
Uc/Umf = 2, did not have a noticeable effect on the results, increasing the
pumping costs without benefit. For this case, according to the data presented
in Table 5.3, the required airflow rate was V̇ = 1242.64L/min, which is 11.7 %
and 26.4 % lower than those needed for even fluidization with U/Umf = 1.25 and
1.50, respectively. Considering that the bed pressure drop is nearly the same
(as the weight of the particles in the bed does not vary), this finding yields
a proportional reduction in the pumping energy consumption. Thus, uneven
fluidization exhibits a similar behavior to even fluidization (even reducing the
maximum temperatures on the free surface of the bed under certain conditions),
only requiring approximately three-quarters of the pumping consumption.

The lowest temperatures at the bed top surface always occur when the bed
is fluidized using low air velocities (U/Umf = 1.00 and Uc/Umf = 1.25 for
even and uneven fluidization, respectively). This observation can be explained
by the increased rate of projected particles from bubble bursting at the bed
surface associated with airflow rates above minimum fluidization conditions. As
air velocity exceeds minimum fluidization conditions, more bubbles and with
greater sizes reach the top surface of the bed. The bubble velocity increases with
its size, resulting more vigorous and intense projections of particles (Almendros-
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Ibáñez et al., 2006, 2009), that travel greater distances over the top surface of the
bed. Consequently, particles are exposed during more time to the concentrated
radiation, returning to the bed surface at a higher temperature.

Although projection of particles inevitably occurs in the bed, the low air
velocities used in this work, practically ensure that the entrainment of particles
is not a relevant issue. In addition, the high hardness of the SiC precludes
the formation of fines during the fluidization process. Under different exper-
imental conditions, for example, using much higher velocities and/or smaller
size particles, some fines may be elutriated in the bed. This fact might produce
that these elutriated particles absorb part of the concentrated irradiation, hence
diminishing the effective irradiation that reaches the bed surface.

The experimental results obtained in this work are in good agreement with
those obtained by Tregambi et al. (2016): a wide PDF range is exhibited
under fixed bed conditions, becoming narrower as the airflow rate is increased
above minimum fluidization conditions. Tregambi et al. (2016) employed a fixed
bed with a constant bed height of 0.2m, reporting much higher temperatures.
This work extends their results to lower bed heights, also including the bed
performance under uneven fluidization.

5.5 Conclusions

The experimental results of these tests shown that uneven fluidization is a favor-
able alternative to conventional even fluidization for CSP applications, as this
fluidization technique better distributes the concentrated solar energy on the
free surface of the bed, requiring lower pumping costs. Under the experimental
conditions of this work, for uneven fluidization, no noticeable differences were
found for air velocities in the central region when Uc/Umf > 2. For air velocities
above this ratio, the temperature distribution on the top of the bed is similar
to those exhibited for even fluidization with U/Umf = 1.25 and 1.50, but sup-
plying airflow rates a 11.7% and 26.4% lower, respectively. Experimental tests
conducted under uneven fluidization have shown the significant influence of the
height of the bed on performance. For shallow beds (Hbed = 5 cm), the differen-
tial performance exhibited between the uneven fluidization and even fluidization
is notable in terms of temperature distributions and maximum temperature re-
ductions, with the two fluidization techniques behaving more similarly as the
bed height is increased.
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5.6 Notation

d̄p Mean particle diameter [m]

d90 Particle diameter of the 90% of sample volume [m]

F Cumulative Distribution Function [-]

Hbed Bed height [m]

Ljet Jet length [m]

PDF Probability Density Function [◦C−1]

T Temperature [◦C]

T̄ Mean temperature [◦C]

Tmax Maximum temperature [◦C]

Tmin Minimum temperature [◦C]

U Superficial gas velocity [m/s]

Umf Minimum fluidization velocity [m/s]

V̇ Airflow rate [L/min]

5.6.1 Greek symbols

ρ Density [kg/m3]

σ Standard deviation [◦C]

5.6.2 Subscripts

c central region

p periphery region
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CHAPTER

SIX

3D Numerical simulation of a directly
irradiated fluidized bed

This Chapter is integrally the paper Díaz-Heras et al. (2021b), which has been
sent for submitting to an international journal. This paper presents the numer-
ical results obtained in a directly irradiated fluidized bed. The numerical model
was implemented using CPFD Barracuda software coupled with a P-1 radiation
model. The bed consists of a cylindrical geometry with a diameter of 7.62 cm
and a fixed bed height of 8 cm, which contains SiC particles. The irradiation
on the top of the bed was implemented by including a high temperature surface
that directly irradiates on the top of the bed, with a uniform radiation flux
of 3 × 104 kW/m2. The work studies the influence of the airflow rate and the
thermal behavior of the irradiated bed.

The results show that increasing the airflow rate (up to 2.5 times the mini-
mum fluidization conditions) notably enhances the mixing rate and the turbu-
lence levels on the top of the bed, which reduces the appearance of hot spots
on the top and achieves a more uniform temperature on the upper half of the
bed. Therefore, the radiation losses from the top particles are reduced and the
thermal energy stored in the particles augments. The calculations were per-
formed with a time step of 10−3 s, which was found to be a reasonable value to
maintain the accuracy of the model with a reasonable computational cost.

6.1 Introduction

Using fluidized beds as thermal energy storage (TES) systems has several ad-
vantages due to their high mixing rates and heat and mass transfer coefficients
(Almendros-Ibáñez et al., 2019). Fluidized beds are present in different indus-
trial processes within the pharmaceutical industry (homogeneous and hetero-
geneous reactors (Esteves et al., 2017; Wormsbecker et al., 2005)), chemical
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6. 3D Numerical simulation of a directly irradiated fluidized bed

industry (catalytic process (Li et al., 2010; Grace, 1990)), oil industry (to con-
vert heavy oil in light oil products (Wu et al., 2020)), and in manufacturing
lightweight aggregates (Chuang et al., 2018; Ding et al., 2019). Recently, flu-
idized beds have also been proposed as a promising alternative to packed beds
for TES applications, especially for thermochemical and concentrated solar en-
ergy applications (Almendros-Ibáñez et al., 2019). Fluidized beds with direct
radiation on particles thus hold great promise in the new generation of Con-
centrated Solar Power (CSP) plants. Many authors (Díaz-Heras et al., 2020b;
Tregambi et al., 2019; Ho & Iverson, 2014) have chosen bubbling fluidized beds
as a solar radiation receiver/storage system to avoid corrosion problems and hot
spots in the solar receiver, which can reach temperatures above 1000◦C (Diago
et al., 2018; Avila-Marin, 2011).

Different numerical techniques and software suites aim to reproduce the con-
ditions of a bubbling fluidized bed. In this sense, Barracuda Virtual Reactorr
is a unique Computational Particle Fluid Dynamics (CPFD) software that was
designed with the purpose of modeling particle-solid flows in fluidized bed sys-
tems. In contrast to other software tools, Barracuda presents a recently devel-
oped Eulerian-Lagrangian modeling technique based on a strong coupling be-
tween the fluid phase and particles known as multiphase particle-in-cell (MP-
PIC). MP-PIC is an intermediate method based on the Eulerian-Lagrangian
model. It is based on analyzing the behavior of a group of particles (called
’cell’), notably reducing the computational cost in comparison with a full La-
grangian model, which models the motion of all individual particles in the bed.
In contrast, an Eulerian approach would present a relatively low computational
cost, since the bed behavior is modeled as two interpenetrating fluids.

The first works addressing CPFD-Barracuda software date from 2006, (Zhao
et al., 2006; Cocco et al., 2006). Given the comparative novelty of the software,
the literature is still relatively scant. Most of the published works are valida-
tions of experimental results of specific parameters, such as the analysis of the
minimum fluidization velocity (Chladek et al., 2018; Amarasinghe et al., 2017;
Jayarathna et al., 2017), particle agglomeration (Furuvik et al., 2019), the effect
of the particle size distribution (Shi et al., 2014), the heat transfer coefficient
influence in the axial and radial direction (Zhang & Wei, 2017), the general
work-flow behavior of a random cluster of particles (Lanza et al., 2016) and
the wall effect influence on the vertical particle velocity and bubble distribution
(Liang et al., 2014).
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Amarasinghe et al. (2017) was the first work in which the minimum fluidiza-
tion velocity was estimated using Barracuda. The authors carried out several
Computational Fluid Dynamics(CFD) simulations and experiments to com-
pare the minimum fluidization velocity using three different materials: zirconia
(Geldart A), bronze (Geldart B) and steel particles (Geldart D). They used
a combined Wen-Yu drag model, which showed a good fit for Geldart B and
D particles, but a significant mismatch between results in the case of Geldart
A particles. Subsequently, a similar work was carried out by (Chladek et al.,
2018). In this case, the Barracuda predictions and the experimental results on
the minimum fluidization velocity were accurate, but a significant discrepancy
for zirconia particles (Geldart A) was revealed. Jayarathna et al. (2017) pro-
posed a parallel work with zirconia but, in this case, the authors adjusted the
default drag models from the Barracuda setting. Modifying the adjustment
coefficient of the Wen-Yu Ergun drag model, the numerical data properly fit-
ted the experimental results, achieving a difference lower than 10−3 m/s in the
minimum fluidization velocity value obtained for zirconia (Geldart A) particles.
(Wu et al., 2020) studied the fluidization of Fluid Catalytic Cracking (FCC)
particles by CPFD, using a drag model based on the equivalent particle in a
cluster with a comprehensive analysis of the particle forces. In line with the
previously cited works, these authors concluded that Barracuda presents an es-
sential drag model that accurately predicts the behavior of this type of gas-solid
flow in high-density downers with FCC particles.

CPFD-Barracuda allows in-depth study of the isothermal hydrodynamics of
gas-solid bubbling fluidized beds in different reactors (Yang et al., 2018; Wang
et al., 2018; Adkins et al., 2017; Kodam et al., 2017). Of these hydrodynamic
studies, two works can be highlighted (Yang et al., 2018; Córcoles et al., 2020),
which, in addition to using Barracuda as CPFD, compared CPFD-Barracuda
results with TFM-Fluent and experimentally. Yang et al. (2018) studied the
behavior of a 3D bubbling fluidized bed, specifically the solid volume fraction
and solid concentration along axial and radial direction, with and without baf-
fles. Different simulations were carried out, varying the software inputs, such as
inlet gas velocity, with different mesh sizes and modifying the number of parti-
cles in the cell. Yang et al. (2018) reported there were considerable mismatches
between the Barracuda simulation results and the experimental data. Likewise,
these mismatches were greater with the numerical approach based on two fluid
model using Fluent software (TFM-Fluent) than with CPFD-Barracuda. Cór-
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coles et al. (2020) also presented the results of a 3D numerical simulation for
a bubbling fluidized bed using the novel CPFD model and TFM-Fluent. The
aim of this work was to compare the results obtained with CPFD-Barracuda,
TFM-Fluent and experimental data (frequency analysis, bubble size, bubble
velocity, bubble passage frequency), focusing on the influence of the time step
and number of cells obtained with Barracuda. The authors concluded that
Barracuda is, in general, able to predict the behavior of bubbling beds with
reasonable accuracy with a low computational cost.

Thus, for the authors knowledge this is the first work that simulates a di-
rectly irradiated fluidized bed. In this work, we use the CPFD model to simulate
a directly irradiated bubbling fluidized bed with SiC particles. The experimen-
tal conditions of Díaz-Heras et al. (2020a) have been reproduced numerically.
In the following sections, the numerical model, boundary conditions and geom-
etry are explained in depth. Subsequently, a sensitivity analysis of the influence
of the time step in the numerical results is performed. Finally the numerical
results for different airflow rates are presented, in terms of the power spectral
density (PSD) of pressure signals, particle-fraction and particle temperature.

6.2 Geometry description and materials

In this work, we reproduced the experimental conditions described by Díaz-
Heras et al. (2020a) (Chapter 4 of this thesis), which consist of a bubbling
fluidized bed (inner diameter of Dbed =76.2 mm), filled with Geldart B SiC
particles, with an initial fixed bed height (h0) of 80 mm.

Previous works (Díaz-Heras et al., 2021a, 2020a) have concluded that the
most suitable material is SiC, being more efficient than silica sand and carbo.
SiC reached the highest value of thermal efficiency, which was 0.95 at 2.5 times
the minimum fluidization velocity (Umf ) in the bubbling fluidized bed config-
uration. Díaz-Heras et al. (2021a, 2020a) used SiC particles with a density of
3220 kg/m3 and a mean particle diameter of 406.2µm. Figure 6.1 shows the
particle size distribution of SiC particles, which was entered in Barracuda as
input data. CPFD-Barracuda allows a particle size distribution to be defined
rather than a mean particle size.

The experimental minimum fluidization velocity (Umf ) was 0.09m/s and
we conducted numerical simulations at 1.5, 2.0 and 2.5Umf . The inlet gas
temperature was assumed to be equal to the experimental value (297.15K)
with a uniform airflow rate through the cross sectional area of the bed. Díaz-
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Heras et al. (2020a) used a beam-down reflector with a 2 kW Xenon lamp, which
produced an average effective irradiation on the bed surface of 140.63W, with a
maximum flux peak of 65 kW/m2. The radiation model implemented in CPFD-
Barracuda (explained later) is one-dimensional, thus it was not possible to
reproduce a bell-shape concentrated irradiation on the top of the bed. Instead,
we reproduced numerical conditions that resulted in a uniform irradiation on
the bed equal to the mean experimental value of 140.63W.

Although we reproduced the same material with the same airflow rates and
irradiation level, the numerical results shown in this work will not be directly
comparable with the experimental ones. This is principally because the Bar-
racuda software does not allow the walls of the bed to be included, and these
store a larger amount of energy than the energy stored in the particles (Díaz-
Heras et al., 2020a). In addition, to include the radiation, the numerical ge-
ometry was notably modified in comparison with the experimental one, which
was directly open to the atmosphere. Consequently, the thermal losses to the
surroundings in the numerical model are much lower than in the experimental
results presented by Díaz-Heras et al. (2020a), and the temperature levels ob-
tained with the Barracuda software are notably higher than in the experiments.
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Figure 6.1: Accumulative particle size distribution, obtained experimentally (Díaz-
Heras et al., 2020a, 2021a).
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6.3 Numerical model

6.3.1 Bubbling fluidized bed simulated with Barracuda

Governing equations

CPFD Barracuda solves the fluid dynamics in three dimensions using the fol-
lowing governing equations of MP-PIC for the continuum phase (Equation (6.1)
and Equation (6.2)) (Anderson & Jackson, 1967) and the particle phase (Equa-
tion (6.4)) (Snider, 2001).

Fluid-phase continuity equation:

∂(θfρf )
∂t

+∇ · (θfρf ~uf ) = 0 (6.1)

Fluid-phase momentum equation:

∂(θfρf ~uf )
∂t

+∇ · (θfρf ~uf ~uf ) = −∇p− ~F + θfρf~g +∇ · (θfτf ) (6.2)

Acceleration on a particle:

∂ ~up
∂t

= Dp · ( ~uf − ~up)−
1
ρp
· ∇p− 1

θpρp
· ∇ · τp + ~g (6.3)

where θf is the fluid volume fraction (voidage), θp is the particle volume fraction,
ρf and ρp are the fluid and particle densities, ~uf and ~up are the fluid and particle
velocities, p is the pressure, ~F is the momentum exchange rate per volume
between gas and particles, ~g is the gravity acceleration, τf is the viscous stress
tensor term and Dp is the drag function. The continuum particle stress (τp)
model used in this study is an extension of the model from Harris & Crighton
(1994).

τp =
Psθ

β
p

max [(θcp − θp), ε(1− θp)]
(6.4)

where Ps is the pressure constant, θcp is the particle volume fraction at close
packing and ε is a constant value of 10−7. According to Auzerais et al. (1988),
β is a constant term, which has a recommended value in the range of 2 ≤ β ≤ 5.

The momentum exchange rate between gas and particle phases ~F in Equa-
tion (6.2) is computed as follows:

~F =
∫ ∫ ∫

f

{
mp

[
Dp( ~uf − ~up)−

1
ρp
∇ p
]

+ ~up
dmp

dt

}
dmp d ~up dTp (6.5)
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From the previous equation, mp is the mass of particles, Tp is the tem-
perature of the particle and f represents the particle probability distribution
function, which is computed for the particle position without a collision model
using the Liouville equation:

∂f

∂t
+∇ · (f ~up) +∇ ~up ·

(
f
∂ ~up
∂t

)
= 0 (6.6)

The air density is computed using the equation of state of the ideal gas:

p = ρfRgT (6.7)

where Rg is the gas constant and T the absolute temperature.
Fluid-phase energy equation:

∂
∂t (θfρfhf ) +∇ · (θfρfhf ~uf ) = θf

(
∂p
∂t + ~uf · ∇p

)
+ Φ−∇ · (θfq) + Q̇+ q̇D + Sh (6.8)

where hf is the fluid enthalpy, Φ is the viscous dissipation, q̇D is the enthalpy
diffusion term and Q̇ is an energy source per volume. In this work, there is
neither an energy source nor chemical reactions and the viscous dissipation term
is ignored. To take into account the enthalpy diffusion in chemical reactions,
see Snider et al. (2011). The fluid heat flux (q) and the conservative energy
exchange from the particle phase to the fluid phase (Sh) are shown in Equations
(6.9) and (6.10), respectively.

q = −kf∇Tf (6.9)

where kf is the fluid thermal conductivity and Tf is the fluid temperature.
The conservative energy exchange from the particle phase to the fluid phase

(O’Rourke, 1981) is calculated according to Eq. (6.10).

Sh =
∫ ∫ ∫

f
{
mp

[
Dp( ~up − ~uf )2 − CV dTp

dt

]
− dmp

dt

[
hp + 1

2 ( ~up − ~uf )2]} dmpd ~updTp(6.10)

where hp is particle enthalpy and CV is the specific heat of the solid particles
at a constant volume. According to Snider et al. (2011), 1/2( ~up − ~uf )2 and
Dp( ~up − ~uf ) are negligible for low Mach number flows.

Particle energy equation:
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CV
dTp
dt

= 1
mp

kfNuf
dp

Api(Tf − Tp) (6.11)

where CV is the specific heat of the particle material, Nuf is the Nusselt
number for heat transfer in the fluid to the particle, dp is the particle diameter,
Api is the projected area of the particle and kf is the fluid thermal conductivity.

Drag model

In CPFD modeling of gas-solids flow, the selection of the correct drag model
plays an important role. The drag force on the particle is described by Equation
(6.12). Essentially, Fp depends on the fluid conditions, the gas-particle drag
coefficient (Equation (6.13)) and Reynolds number (Equation (6.17)).

Fp = mpDp| ~uf − ~up| (6.12)

There are different models to obtain the drag model for solid particles.
For this case, the Wen-Yu model drag force (Wen, 1966) was used, which is
expressed as follows

Dp = 0.75Cd
ρf | ~uf − ~up|

ρpdp
(6.13)

and

Cd = 24
Re

θ−2.65
f for Re < 0.5 (6.14)

Cd = 24
Re

(1 + 0.15Re0.687) θ−2.65
f for 0.5 ≤ Re ≤ 1000 (6.15)

Cd = 0.44θ−2.65
f for Re > 1000 (6.16)

where Cd is the gas-particle drag coefficient, dp is the particle diameter and
Re is the Reynolds number.

Re = ρf | ~uf − ~up|dp
µf

(6.17)

where µf is the dynamic fluid viscosity.
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Heat transfer coefficients

Barracuda allows us to introduce the wall thermal losses with a convective fluid-
to-wall heat transfer model, according to Eq. (6.18). This fluid-to-wall heat
transfer coefficient (hw) is a combination of a lean gas phase heat transfer co-
efficient (hg) and a dense phase coefficient (hd). The fluid-to-wall heat transfer
coefficient is weighted by function fd, which is a function of the particle volume
fraction at the wall.

hw = hg + fdhd (6.18)

hg = (c0Re
n1Prn2 + c1)kf

H
+ c2 (6.19)

hd = (c3Re
n3
p )kf

dp
(6.20)

where c0, c1, c2, c3, n1, n2 and n3 are input coefficients and H is the total
height. In this work, c0, c1, c2 and c3 had a value of 0.46, 3.66, 0 W/(m2K)
and 0.525; n1, n2 and n3 presented a value of 0.5, 0.33 and 0.75, respectively.

Heat transfer between the fluid phase and the particle phase is modeled by
the fluid-to-particle heat transfer coefficient (hfp). Eq. (6.21) shows the fluid-
to-particle heat transfer model, which Barracuda allows to be modified in its
interface.

hfp = (c4Re
n4Pr0.33 + c5)kf

dp
+ c6 (6.21)

where c4, c5 and c6 and n4 are input coefficients with the following values 0.37,
0.1, 0 W/(m2K) and 0.6, respectively.

Numerical setup

The input parameters incorporated in the Barracudar software were intended
to reproduce as faithfully as possible the conditions of the previous experimental
tests (Díaz-Heras et al., 2020a). All the simulated cases in this work were
carried out in the same way: firstly, the bed was freely fluidized without thermal
irradiation (isothermal flow) for 240 s and the thermal irradiation was then
switched on for a further 180 s, making a total of 420 s of numerical simulation.
Figures 6.2(a) and 6.2(b) show the computational domain, which was a 3D
model with an inner diameter of 76.2 and a height (H) of 500 mm. The value
of the dimensions indicated in Figure 6.2(a) are summarized in Table 6.1. The
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geometry of the numerical model is different to the experimental condition of
Díaz-Heras et al. (2020a). In the numerical geometry, there is an artificial hot
disc at the top, which radiates to the bed surface of particles. The outlets of
the air were imposed through two orifices at the wall close to the top of the
bed, with inner diameter (Dout) of 20 mm and both located at a distance of
400 mm (xout) from the gas inlet. The height of 0.5m was selected to avoid
the influence of the exit conditions on the bed behavior. The experimental bed
of Díaz-Heras et al. (2020a) was open to the atmosphere, but, in the numerical
model, the inclusion of the radiation disc on the top precludes reproducing
exactly the same geometry.

The boundary conditions introduced in the simulation are shown in Figure
6.2(b): a uniform airflow rate at the bottom of the bed with a constant temper-
ature, a pressure outlet of 105 Pa at the air outlets (represented in yellow color)
and a constant temperature of the thermal disc located at the top of the bed.
The selection of this temperature is explained later in the paper. The bound-
ary conditions at the thermal wall are non-slip for the air and normal (0.85)
and tangent (0.85) momentum retention and diffuse bounce (5) for particles.
Regarding the energy equation, a heat transfer coefficient at the wall was calcu-
lated by Barracuda with a constant imposed ambient temperature of 297.15K.
In this case, the wall heat transfer coefficient is computed by Barracuda.

An initial fixed bed height of 80 mm was used, with an initial particle
volume fraction at close packing of θcp = 0.55. For the sensitivity analysis,
three different time steps were compared to choose the most suitable one, these
time steps being 10−3 s, 5 · 10−4 s and 10−4 s.

Dimensions dout =0.02 m xout =0.40 m
H=0.50 m h0 =0.08 m Dbed =0.0762 m

Table 6.1: Main geometrical dimensions introduced in CPFD-Barracuda simula-
tions, according to Figure 6.2.

The grid used is shown in Figure 6.3. The cube edge of this uniform grid is
3.6 mm, with the grid being made up of a total of 96,327 cubic cells. CPFD-
Barracuda generates a rectangular domain in the x-y plane with a uniform com-
putational cell size in the three dimensions. This means that the total number
of cells is not included in the domain. Thus, the number of real cells within the
physical domain of the bed is lower, specifically 52,243 cells, considering only
54.23% of all cells generated.
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(a) Dimensions scheme (b) Boundary conditions

Figure 6.2: CPFD model of the bubbling fluidized bed: (a) Dimensions and (b)
View of boundary conditions.

Figure 6.3: Detail of the grid used with a total of 96,327 cells.
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6.3.2 Implementation of radiation heat transfer in CPFD-
Barracuda

P1 radiation model in Barracuda

The radiation model was able to be implemented in Barracuda. In the radiation
P1 model, the transport equation for incident radiation is calculated as follows:

∇ · (Γ∇G) + 4(an2σT 4 + Ep)− (a+ ap) ·G = 0 (6.22)

where n is the reflective index of the fluid, σ is the Stefan-Boltzmann con-
stant and G is the incident radiation to be solved. The radiation diffuse coef-
ficient (Γ) is expressed according to the different absorption coefficients, such
as absorption coefficient of the fluid (a) and the equivalent particle absorption
coefficient (ap) in the control volume (V ), and the equivalent particle scattering
factor (σp). In turn, ap and σp are calculated using equations 6.24 and 6.25.

Γ = 1
3(a+ ap + σp)

(6.23)

ap =
np∑
i=1

εpi
Api
V

(6.24)

σp =
np∑
i=1

(1− fpi)(1− εpi)
Api
V

(6.25)

Equations (6.24) and (6.25) include terms such as the emissivity of each
particle (εpi), the projected area of particle (Api) and the control volume (V ).
Furthermore, to calculate the equivalent particle scattering factor, it is neces-
sary to include the scatter factor of each particle i (fpi).

Equation (6.26) permits the equivalent emission of the particles to be ob-
tained.

Ep =
np∑
i=1

εpiApi
σT 4

pi

V
(6.26)
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This P1 model implements the Marshak (Marshak, 1947) boundary condi-
tion for the radiative heat flux at the thermal wall (qw):

−qw = Γw ·
(
∂G

∂n

)
w

= εw
2(2− εw) · (4σ T

4
w −Gw) (6.27)

Likewise, the heat source due to radiation (qr) is

−∇ · qr = ∇ · (Γ∇G) = (a+ ap)G− (a · n2σT 4 + Ep) (6.28)

Equation (6.28) of the heat source is integrated into the energy equation to
take account of the contribution from radiation.

Irradiation level on the particles

Prior to the numerical simulations, the same geometry was simulated at fixed
bed conditions (no airflow) to compute the net radiation flux on the top of the
particles. The temperature of the thermal disc at the top was varied and the
net radiation flux on the particles was obtained for different disc temperatures.
It was expected that:

Q̇rad ∼
(
T 4

disc − T 4
p
)

(6.29)

where Q̇rad is the net radiation flux on the top of the fixed bed, Tdisc is the
temperature of the thermal disc and Tp the temperature of the particles. Fig-
ure 6.4 shows Q̇rad values obtained from Barracuda and the linear fit of these
data, observing a correct linear ratio (R2 = 1). The equation of this line is:

Q̇rad = a
(
T 4

disc − T 4
p
)

+ b (6.30)

where a = 7.5232× 1011 W/K4 and b = −0.0133W. Equation (6.30) relates
the net irradiation flux on the particles, Q̇rad with the temperature imposed
in the thermal disc, Tdisc. Díaz-Heras et al. (2020a) obtained a net radiation
flux of Q̇rad = 140.63 W. For an initial particle temperature of 300K, a disc
temperature of 1166.01K is necessary. This was the temperature imposed as
boundary condition in the thermal disc.
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Figure 6.4: Ratio between the net flux of radiation on the particles and the differ-
ence in temperature between the radiative disk and the particles raised to the fourth
power

6.3.3 Sensitivity analysis: time step influence

The influence of the time step was studied through three cases of the Barracuda
simulations. We compared the Courant-Friedrichs-Lewy (CFL) number, the
mean temperature in the bed and the power spectral density (PSD) of pressure
measurement for three different time steps (10−3 s, 5 ·10−4 s and 10−4 s) with
an airflow rate of 2.5Umf . In the three cases, the first 240 s of the simulation
were isothermal and from 240 s to 420 s the bed was irradiated.

The CFL number (De Moura & Kubrusly, 2013; Courant et al., 1928) was
obtained from Barracuda and is defined as the ratio between the time step and
the residence time of the air in the cell:

CFL = u dt

dx
(6.31)

This number establishes a convergence condition of differential equations in
partial derivatives solved by certain algorithms and is useful to determine the
adequate time step and simulated mesh size (Liang et al., 2014). Evidently, the
finer the mesh size and the shorter the time step, the more accurate are the
simulation results, while the computational cost increases. The CFL number
provides guidance for selecting a suitable time step and mesh size to balance
the accuracy of results and computational efficiency. According to Zhang et al.
(2020), the default CFL parameters often allow for a relatively large average
time step. Barracuda recommends a CFL value between 0.8 and 1.5 to maintain
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a compromise between stability, accuracy and calculation velocity. In fact, if
the simulation reaches CFL values greater than 1.5, Barracuda automatically
reduces the time step to get CFL = 0.8.
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Figure 6.5: Evolution of CFL factor for the three time steps studied with CPFD-
Barracuda.

Figure 6.5 shows the CFL algorithm obtained from Barracuda for the three
time steps for 1 second of simulation. This figure shows that, for the cases with
higher time steps (10−3s and 5 ·10−4s) Barracuda modifies the time step for
maintaining the CFL factor between 0.8 and 1.5. According to Table 6.2, the
number of numerical iterations for dt = 5 ·10−4s is higher than for 10−3 s, which
indicates the time step is lower and, therefore, CFL was modified more times.
By contrast, for the lowest time step case (10−4s), Barracuda did not modify
the CFL during simulation since it was under the maximum limit of CFL=1.5;
specifically the CFL of this case was between 0.1<CFL<0.5. According to Table
6.2, Case 3 has a high computational cost of 35 days, while in Cases 1 and 2,
this duration was approximately a third of that in Case 3 (12-13 days). The
computational cost shown in Table 6.2 is for the total simulation time of 420s.
For the different cases, the computational cost is almost the same value for the
last 180 s of simulation with radiation, as the first 240 s of isothermal simulation
spending approximately 1 day.

Figure 6.6(a) shows the mean particle temperature (defined in Eq. (6.32))
along the simulation time with radiation for the three cases. The differences
between the three cases are almost negligible. According to the zoom shown in
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∆t tcomp CFL Niter total Niter
[s] [s] [-] 0s < t < 420s 240s < t < 420s

Case 1 10−3 1.02·106 0.8-1.5 7.87·105 5.01·105

Case 2 5·10−4 1.13·106 0.8-1.5 8.15·105 5.33·105

Case 3 10−4 3.05·106 0.1-0.5 2.38·106 2.10·106

Table 6.2: Summary of the computational parameters for the different cases studied
in the CPFD-Barracuda simulations: computational time tcomp, CFL factor and
number of iterations Niter.

Figure 6.6(b), the maximum temperature variation between the highest (10−3s)
and the lowest (10−4s) time step obtained was 2.37 K. Therefore, we can con-
clude that within the range of time steps tested in this work, there is no signif-
icant influence on the mean temperature of the bed.

T̄p =
∑
Tp · θp∑
θp

(6.32)
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Figure 6.6: Evolution of mean temperature along the time for the three time steps
studied with CPFD-Barracuda.

The power spectral density (PSD) of pressure measurements is shown in
Figure 6.7. The procedure to obtain the PSD is similar to that explained in
Acosta-Iborra et al. (2011), and is described in more detail in Section 6.4.1 of
this work. Figures 6.7(a) and 6.7(c) represent the PSD of the bed pressure at
different heights (3 and 6 cm) in the first 240 seconds of simulation without
radiation. The first 5 seconds of each simulation were discarded due to the
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transient start-up period. These two cases show there is no variation between
the PSD profiles. In fact, both cases present one dominant peak in the frequency
spectrum at 4.9 Hz.
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(c) z=6cm 0<t<240s
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(d) z=6cm 240<t<420s

Figure 6.7: Normalized PSD for the three time steps studied with CPFD-Barracuda
at different bed heights and with and without radiation.

Figures 6.7(b) and 6.7(d) show the PSD in the two studied heights (3 and
6 cm) for the simulation with radiation, from 240s to 420s. In general, it is
observed that no radiation PSDs (Figures 6.7(a) and 6.7(c)) present a clear
maximum peak of frequency overlapped for three cases of time steps, while
cases with radiation (Figures 6.7(b) and 6.7(d)) have no clear peak and present
a wider spectrum with multiple peaks at different frequencies. Evidently, the
high irradiation levels and the substantial changes in the air density with tem-
perature notably influence the fluidization behavior of the bed. During the 180
s of simulation with radiation, the bed temperature increases from 300K up
to a maximum temperature close to 600K. This data indicates that the air
density is halved during this transient period and the various peaks observed
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6. 3D Numerical simulation of a directly irradiated fluidized bed

in the spectra may be related to the progressive change in the air density and
its influence on the fluidization behavior.

Due to the very high computational cost of the case with the lower time
step (10−4 s) (see Table 6.2) and the negligible differences observed in the mean
temperature in the bed for the three time steps, the following numerical results,
varying the airflow rate, were obtained with a time step of 10−3 s. Barracuda
modified this when necessary to maintain a CFL factor between the recom-
mended limits for a compromise between accuracy and computational cost.

6.4 Results

6.4.1 Frequency analysis

The PSD of the absolute and differential pressure measurements were obtained
to analyze the hydrodynamics of the bed at different airflow rates. Figures 6.8
represent the PSD of absolute pressure at different heights (3 and 6 cm) across
a complete simulation with a first step of no radiation (only fluidization) and
with radiation (thermal disc switched on). Figures 6.8(a) and 6.8(c) show the
normalized PSD of absolute pressure obtained from the Barracuda simulation
without radiation. For both heights, it can be highlighted that the maximum
PSD peaks are in the frequency range of 4-6 Hz. The radiation cases (Figures
6.8(b) and 6.8(d)) show that the radiation implemented in the simulation in-
volves certain complexity. In this case, the lower density of the hot air located
in the surface at the top of the bed, together with the agitation of the particles,
makes it impossible to have a clear frequency. In Figures 6.8(b) and 6.8(d), it
can be observed that the lower frequency is where the lowest agitation exists,
that is, in the 1.5 Umf case. Therefore, the maximum peaks appear at low
frequencies (approximately 2 Hz). Then, the 2 Umf case, both heights at 3 and
6 cm, presents its maximum peaks a couple of Hz after that in the previous case
of 1.5 Umf . Finally, the case with the highest bubbling (2.5 Umf ) presents the
maximum peak at a higher frequency.

6.4.2 Particle volume fraction

The porosity or voidage of the bed is an input parameter in Barracuda. For
this case, the initial volume fraction of particles introduced was a fixed value of
0.55 in packed bed conditions. Once the simulation regime is introduced, the
appearance of bubbles begins, which is noticeable by looking at the porosity of
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Figure 6.8: Normalized PSD of absolute pressure for the three airflow rates studied
with CPFD-Barracuda at different bed heights and with and without radiation.

the bed in each case. Figure 6.9 shows three different snapshots of the evolution
of the particle volume fraction in the bed for different levels of fluidization
(1.5, 2 and 2.5 Umf ) at the same instant of time, 300s. The snapshots show
various bubbles erupting at the bed surface. As the airflow rate increases, the
fluidization behavior is more turbulent and the free surface of the bed is less
clearly defined. In this sense, the red region (high concentration of particles),
located at the bottom of the bed, is higher in the Figure 6.9(c) than in Figure
6.9(a). The air bubbles move upward from the bottom of the bed, rising to the
surface where the bubbles erupt. In all cases, close to the bed surface, a chain of
bubbles appears and the bubble eruption occurs. This eruption causes a large
projection of particles, which is more turbulent, the higher the airflow. Figure
6.9(c) is a clear example of this turbulence with the higher clouds of particles
that appear in the bed surface of particles.
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(a) 1.5 Umf
t=300s

(b) 2 Umf
t=300s

(c) 2.5 Umf
t=300s

Figure 6.9: Snapshots of particle volume fraction evolution for 300s at different
airflow rates.

6.4.3 Temperature analysis

The aim of this work was to obtain a qualitative and quantitative thermal
analysis. The influence of the thermal disc on the surface of the bed was studied.
Basically, the disc directly heats the bed (particles and fluid). Figures 6.11 and
6.12 show the radiative heat disc effect on the fluid and particles, respectively.
Furthermore, different snapshots of temperature of the particles were taken on
the surface of the bed (z = 8 cm), under different levels of fluidization (1.5, 2 and
2.5 Umf ) and in different instants of time. The bed was irradiated from 240s to
420s. For this reason, to see the temperature evolution, intermediate instants
were taken: 300s, 320s, 340s, 360s. Figure 6.10 shows the particle temperature
variation from the minimum airflow rate to the maximum level of fluidization
(2.5 Umf ) for the same instants of time, at 300s. The lowest temperature at the
surface of the bed was obtained for the case of 1.5 Umf at 300s (Figure 6.10(a)).
This snapshot presents a bluish color, colder than the rest. Likewise, the surface
of the bed presents clouds of particles, in red tones, with high temperatures
known as ’hot spots’. These hot spots (or small surfaces) are present in low-
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medium airflow rates (1.5 and 2 Umf ) and are the results of the rising bubbles on
the surface of the bed, according to the explanation in Figure 6.9. However, the
hot spots do not appear in the surface of the bed where there are higher mixing
rates, as in the 2.5 Umf cases. In this sense, the 2.5 Umf snapshots (Figures
6.10(i), 6.10(j), 6.10(k) and 6.10(l)) show homogeneous particle temperatures in
the bed surface, which range from intermediate temperatures, 450 K at 300s (in
green tones), to warmer or yellowish tones (545 K at 360s). The movement of
the bubbles along the bed and the influence detected on the particle temperature
of the bed surface is also observed in Figure 6.12.

Figures 6.11 and 6.12 show the air and the particle temperature along the
bed height for different instants of time. At the end of the simulation, the air
of the top bed reached a maximum temperature of 690 K. For the same instant
of time (300s), at the same height (h0 = 8 cm), the air temperature was 300 K
and particle temperature was 460 K. As expected, the particles reached higher
temperatures than the fluid for the same height due to the direct radiation on
the particles and the low absorptivity of the air.

The results observed in Figure 6.12 indicate that the increase in the air-
flow rate improves the mixing and the turbulent motion of the particles on the
top region of the bed. Consequently, the particle temperature is more homo-
geneous for the case with 2.5Umf . For the case with the lower airflow rate
(U = 1.5Umf ), regions of lower temperature in green can be observed. These
represent the bubble ascending from the bottom of the bed and the particles
carried by these bubbles. These particles are at a lower temperature because
they are transported from the bottom of the bed. The particles in red (higher
temperatures) correspond to the particles that remain on the top of the bed for
several seconds and are directly exposed to the thermal irradiation.

The qualitative results presented in Figure 6.12 are corroborated in Fig-
ure 6.13. This figure shows the evolution of the mean particle temperature
(defined in Eq. (6.32)) over time at different axial positions in the cross-section
of the bed for the three air velocities studied. It summarizes the evolution
of the axial temperature during the simulation with radiation for the different
airflow rates studied. In general, the temperature profiles indicate that the
highest temperatures are obtained, as expected, in the upper part of the bed
(z= 8 cm), and the temperatures decrease as the location height of the probes
decrease (move away from the top of the bed). In fact, for a height below 4
cm (h<4cm), the bed barely presents variations in temperature for the period
of time simulated. Figure 6.13(a) shows the temperature profiles for the case
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(a) 1.5 Umf
300s

(b) 1.5 Umf
320s

(c) 1.5 Umf
340s

(d) 1.5 Umf
360s

(e) 2 Umf
300s

(f) 2 Umf
320s

(g) 2 Umf
340s

(h) 2 Umf
360s

(i) 2.5 Umf
300s

(j) 2.5 Umf
320s

(k) 2.5 Umf
340s

(l) 2.5 Umf
360s

Figure 6.10: Particle temperatures for different instants of time and airflow rates
(U/Umf = 1.5, 2 and 2.50). All snapshots were taken from Barracuda.
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(a) 300s at 2.5Umf (b) 420s at 2.5Umf

Figure 6.11: Example cases of the thermal fluid behavior at 2.5 Umf : cell average
fluid temperature for a)300s and b)420s .

with the minimum airflow rate. In this case, only the first two centimeters near
the top of the bed (z=8, 7 and 6 cm) were affected by radiation from the disc
during the 180 s of numerical simulation with irradiation. In the case of 2 Umf
(Figure 6.13(b)), the influence of radiation up to 4 cm high is observed, that is,
the thermal front advances 1 cm more towards the bottom of the bed. Figure
6.13(c) shows the case with the highest mixing rate and the most agitation.
Consequently, the upper half of the bed (between 4 and 8 cm) is fully mixed
and the particle temperature is uniform in this region of the bed from 360 s,
approximately.

Figure 6.13 show that the maximum temperatures of the bed were reached
at 1.5 Umf , with average bed temperatures of 600 K, while the maximum tem-
perature for the 2 and 2.5 Umf cases were minor and matching (approximately
540 K). Despite the maximum temperatures coinciding, the two profiles are
completely different. In the profiles in Figure 6.13(b), the temperatures of the
different heights spread over time and differ uniformly between different heights.
However, the 2.5 Umf profile presents a starting period where the profiles of
the different temperatures are closer together. From 360s, the temperatures of
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(a) 1.5 Umf
t=300s

(b) 2 Umf
t=300s

(c) 2.5 Umf
t=300s

Figure 6.12: Snapshots of particle temperature for 300s at different airflow rates.

the upper half of the bed are uniform.
After 180 s of simulation with radiation in Barracuda (240 s< t < 420 s),

the mean temperatures of the bed for the airflow rates studied of 1.5, 2.0 y
2.5Umf are 409, 414 y 472 K, respectively. The results indicate that the mean
temperature in the bed increases with the airflow rate. As can be observed in
the numerical simulations, the increase in the airflow promotes the mixing and
the turbulence in the bed, which makes the particles with higher temperatures
on the top of the bed mix rapidly with the cold temperatures on the bottom of
the bed. Although the maximum local temperatures are observed to have low
air velocities, the mean temperature in the bed increases. Thus, the thermal
efficiency of the system (defined as the ratio of the energy stored in the par-
ticles and the input thermal energy by radiation from the top) increases with
the airflow rate. The experimental work of Díaz-Heras et al. (2020a) showed
the opposite tendency: the thermal efficiency was higher for lower airflow rates.
These differences could be attributed to the high thermal losses of the exper-
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Figure 6.13: Evolution of axial temperature along the time for the three airflow
rates studied with CPFD-Barracuda.

169



6. 3D Numerical simulation of a directly irradiated fluidized bed

imental facility, which was open to the atmosphere. In this case, the thermal
losses notably increase with the airflow rate. In contrast, in the numerical re-
sults of the present work, the particles are confined in a tube of 0.5m length
and the thermal losses are notably lower.

6.5 Conclusions

This paper presents a numerical simulation of a bubbling fluidized bed with
concentrated irradiation from the top. The numerical model implemented with
the CPFD-Barracuda software shows a high computational cost when the time
step is reduced. For a time step of dt = 10−4 s, the computational cost was
three times the cost for dt = 10−3 s. CPFD-Barracuda has the advantage of
automatically modifying the time step to maintain the CFL factor between
the recommended limits of 0.8 and 1.5, which permits a high time step to
be imposed with a reasonable computational cost and without losing accuracy
in the numerical results. For the cases tested in this work, the global thermal
behavior in the bed presents negligible differences between simulations with dt =
10−3 or 10−4 s, with the maximum difference being in the mean temperature of
the bed being lower than 3K for a temperature variation of almost 300K.

Regarding the numerical influence of the airflow rate, the numerical results
show that if the air velocity is augmented, the mixing rate and the turbulence
level in the bed increase, generating a more homogeneous particle temperature
in the upper half of the bed and an increase in the mean bed temperature. Thus,
increasing the airflow rate reduced the number of hot particles on the top of
the bed and the heat losses due to radiation from these particles, increasing, in
turn, the energy stored in the particles.

6.6 Notation

6.6.1 Abbreviations

CFD Computational fluid dynamics

CFL Courant-Friedrichs Lewy

CPFD Computational particle fluid dynamics
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CSP Concentrated solar power

FCC Fluid catalytic cracking

MP-PIC Multiphase particle in cell

PSD Power spectral density

TFM Two fluid models

6.6.2 Latin letters

a Absorption coefficient of the fluid [m−1]

ap Equivalent particle absorption coefficient [m−1]

Ap Projected area of particle i [m2]

Cd Gas-particle drag coefficient [-]

CV Specific heat at volume constant [J/K]

Db Bed diameter [m]

Dp Drag function [-]

dout Diameter of the air outlets [m]

dp Particle diameter [m]

dt Time step [s]

dx Length interval [m]

Ep Equivalent emission of the particles [W/m3]

~F Momentum exchange rate per volume between gas and particles [N/m3]

Fp Drag force exerted on the particle [N ]
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fpi Scatter factor of particle i [-]

G Incident radiation [W/m2]

~g Gravity acceleration [m/s2]

H Total height [m]

hd Convective heat transfer coefficient of the dense phase [W/m2K]

hf Fluid enthalpy [J ]

hfp Fluid-to-particle heat transfer coefficient [W/m2K]

hg Convective heat transfer coefficient of the gas phase [W/m2K]

hp Particles enthalpy [J ]

h0 Bed height with particles [m]

hw Fluid-to-wall heat transfer coefficient [W/m2K]

kf Fluid thermal conductivity [W/(m ·K)]

mp Mass of the particles [kg]

n Reflective index of the fluid [-]

p Pressure [Pa]

Pr Prandtl number [-]

Ps Pressure constant [-]

qr Radiative heat flux of a heat source [W/m2]

qw Radiative heat flux at the thermal wall [W/m2]

Re Reynolds number [-]

T Absolute temperature [K]
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Tf Fluid temperature [K]

Tdisc Thermal disc temperature [K]

Tpi Temperature of particle i [K]

Tp Particles temperature [K]

~uf Fluid velocity [m/s]

~up Particle velocity [m/s]

umf Minimum fluidization velocity [m/s]

V Control volume [m3]

Vp Particle volume [m3]

y Pierced length [m]

xout Distance from the bed bottom to the air outlets [m]

6.6.3 Greek symbols

β Constant [-]

Γ Radiation diffuse coefficient [m]

εpi Emissivity of particle i [-]

ε Constant [-]

θcp Particle volume fraction at close packing [-]

θf Fluid volume fraction [-]

θp Particle volume fraction [-]

µf Dynamic fluid viscosity [Pa · s]
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ρf Fluid density [kg/m3]

ρp Particle density [kg/m3]

σ Stefan-Boltzmann constant, [σ = 5.67 J/(sm2K4)]

σp Equivalent particle absorption coefficient of the fluid [m−1]

τf Viscous stress tensor [Pa]

τp Particle stress tensor [Pa]

6.6.4 Subscripts

f fluid

p particles

w thermal wall
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CHAPTER

SEVEN

Conclusions

This PhD thesis presents a study of thermal energy storage in fluidized beds
with direct irradiation and reports the influence on the bed behavior under
different conditions (different materials, fluidization technologies: bubbling and
spouted bed and airflow configurations: even and uneven fluidization, and vary-
ing the bed height and the irradiation level). This chapter summarizes the more
relevant conclusions obtained, from the four stages mentioned in the abstract,
for this research. The results of the characterization of materials showed SiC to
be the best candidate and the most recommendable due to its optimal optical
properties. The main drawback of this material is its high cost, since substan-
tial quantities are necessary in a large-scale bed. SiC costs 5.5 times more than
the cheapest material (sand). This is an important factor to take into account
when considering real large-scale facilities. All subsequent proposed works have
considered this material. When implementing a solar thermal application, this
is a key consideration. As a second stage, the thermal efficiencies of the bed
were obtained during charging and discharging in different configurations and
fluidization technologies (spouted and bubbling fluidized beds), as well as at
different radiation levels (2 and 4 kWe). Regarding the fluidization technolo-
gies, both spouted and fluidized beds showed similar temperatures for the same
radiation flux (2 kWe). However, higher thermal efficiencies were obtained for
the bubbling fluidized bed, specifically at 2.5 Umf (ηC=0.95), while for the
spouted bed case, this maximum charging efficiency was ηC=0.53 at 1.75 Umf .
However, despite obtaining inferior efficiency in the bed, spouted bed technol-
ogy is recommended due to its lower pumping costs, which is 3-5 times lower
than in the equivalent bubbling bed. There were no notable differences during
discharging, when the lamp is turned off. In general, for higher airflow rates,
it is possible to reach higher thermal efficiencies. Thus, this research leads to
the conclusion that varying the airflow rate can control bed efficiency. This
is an important aspect in resolving the mismatch between energy demand and
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consumption. Thirdly, the temperature distribution on the directly radiated
surface of particles (large-size bed of 30 cm of bed diameter) was studied. This
work varies the fixed bed height and the airflow rate for two different airflow dis-
tributions: even and uneven fluidization. For medium-high bed particle heights
(h = 10-15 cm), both in even and uneven cases, as the air at the inlet increases,
the temperature of the bed surface increases. This is especially noteworthy for
the uneven case where the air intake is greater in the center than in the periph-
ery and, therefore, higher temperatures are obtained in the center of the bed
surface, according to the maximum peak of radiation flux. Similar maximum
temperature values were obtained for both types of fluidization, although with
uneven fluidization several advantages were observed. Of these, it is particularly
worth noting the better distribution of the energy on the surface of the bed with
lower pumping costs, specifically only requiring approximately three-quarters
of the pumping consumption of the even fluidization case.

Finally, the thesis concludes with a numerical simulation carried out with
the CPFD-Barracuda software. In this last stage, an attempt was made to
reproduce the conditions of the experimental tests carried out with the small
bed in a Barracuda numerical model. However, to implement radiation through
a thermal disc, it was necessary to modify the initially adopted configuration.
Therefore, the results are not directly comparable to the experimental ones, but
the option of carrying out simulations with radiation for a three-dimensional
fluidized bed is demonstrated. The sensitivity analysis carried out revealed
that 10−3s was an adequate time step for the case under study since it allows
420s of simulation to be performed during a computational time of 12 days.
By adopting a lower time step (of the order of 10−4s), this CPU time can
be tripled. To the best of the author’s knowledge, this is the first work to
simulate a directly irradiated fluidized bed. Therefore, it is considered that this
work could serve as the basis for new fluidized bed simulation work. Future
works on fluidized beds with radiation are necessary to be able to draw more
concrete or specific conclusions. Likewise, this thesis opens the way for future
works especially within the field of the characterization of materials, to have
a database of properties and characteristics of solid particles for, specifically,
high temperature applications. In this line, it would be necessary to study a
parameter such as the durability of the material or even improve the optical
properties of more economically favorable materials, such as sand. Additionally,
from the perspective of numerical simulations of fluidized beds with radiation,
a multitude of options can be developed with Barracuda.
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CHAPTER

EIGHT

Conclusiones

Esta tesis doctoral presenta un estudio del almacenamiento de energía térmica
en lechos fluidizados con irradiación directa y muestra la influencia en el com-
portamiento del lecho bajo diferentes condiciones (diferentes materiales, tec-
nologías de fluidización: configuraciones de lecho burbujeante (bubbling bed)
y en chorro (spouted bed) y flujo de aire: fluidización homogénea (even) y no
homogénea (uneven), y variando la altura del lecho y el nivel de irradiación.
Este capítulo resume las conclusiones más relevantes obtenidas, de las cuatro
etapas mencionadas en el resumen, para esta investigación. Los resultados de
la caracterización de materiales mostraron que el SiC es el mejor candidato y el
más recomendable por sus óptimas propiedades ópticas. El principal inconve-
niente de este material es su elevado coste, ya que en un lecho a gran escala son
necesarias cantidades considerables. El SiC cuesta 5.5 veces más que el material
más barato (arena). Al considerar instalaciones reales a gran escala este es un
factor importante a tener en cuenta. Todos los trabajos propuestos posteriores
han considerado este material. Al implementar una aplicación solar térmica,
esta es una consideración clave. Como segunda etapa, las eficiencias térmicas
del lecho se obtuvieron durante la carga y descarga en diferentes configuraciones
y tecnologías de fluidización (lechos fluidizados en chorro y burbujeante), así
como a diferentes niveles de radiación (2 y 4 kWe). En cuanto a las tecnologías
de fluidización, tanto los lechos en chorro como los burbujeantes mostraron
temperaturas similares para el mismo flujo de radiación (2 kWe). Sin embargo,
se obtuvieron mayores eficiencias térmicas para el lecho fluidizado burbujeante,
específicamente a 2.5 Umf (ηC = 0.95), mientras que para el caso del lecho en
chorro, esta eficiencia máxima durante la carga fue ηC = 0.53 a 1.75 Umf . Sin
embargo, a pesar de obtener una eficiencia inferior en el lecho, se recomienda
la tecnología de lecho en chorro debido a sus menores costes de bombeo, que es
3-5 veces menor que en el lecho burbujeante equivalente. No hubo diferencias
notables durante la descarga, cuando la lámpara está apagada. En general,
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8. Conclusiones

para tasas de flujo de aire más altas, es posible alcanzar mayores eficiencias
térmicas. Por lo tanto, esta investigación lleva a la conclusión de que variar la
tasa de flujo de aire puede controlar la eficiencia del lecho. Este es un aspecto
importante para resolver el desajuste entre la demanda y el consumo de energía.

En tercer lugar, se estudió la distribución de temperatura sobre la superfi-
cie de partículas directamente irradiadas (lecho de gran tamaño de 30 cm de
diámetro del lecho). En este trabajo se varía la altura del lecho fijo y la tasa de
flujo de aire para dos distribuciones de flujo de aire diferentes: fluidización ho-
mogénea (even) y no homogénea (uneven). Para alturas de lecho con partícula
medio-alto (h = 10-15 cm), tanto en casos homogéneo como no homogéneo, a
medida que aumenta el aire en la entrada, aumenta la temperatura de la su-
perficie del lecho. Esto es especialmente destacable para el caso no homogéneo
donde la entrada de aire es mayor en el centro que en la periferia y, por tanto,
se obtienen temperaturas más altas en el centro de la superficie del lecho, según
el pico máximo de flujo de radiación. Se obtuvieron valores de temperatura
máxima similares para ambos tipos de fluidización, aunque con la fluidización
no uniforme se observaron varias ventajas. De estos, cabe destacar, en partic-
ular, la mejor distribución de la energía en la superficie del lecho con menores
costes de bombeo, concretamente sólo requiere aproximadamente tres cuartas
partes del consumo de bombeo del caso de fluidización homogénea.

Finalmente, la tesis concluye con una simulación numérica realizada con
el software CPFD-Barracuda. En esta última etapa, se intentó reproducir las
condiciones de las pruebas experimentales realizadas con el lecho pequeño en un
modelo numérico con Barracuda. Sin embargo, para implementar la radiación
a través de un disco térmico, fue necesario modificar la configuración adop-
tada inicialmente. Por tanto, los resultados no son directamente comparables
a los experimentales, pero se demuestra la opción de realizar simulaciones con
radiación para un lecho fluidizado tridimensional. El análisis de sensibilidad
realizado reveló que 10−3 s era un paso de tiempo adecuado para el caso en
estudio ya que permite realizar 420s de simulación durante un tiempo com-
putacional de 12 días. Adoptando un intervalo de tiempo más bajo (del orden
de 10−4 s), este tiempo de CPU se puede triplicar. Según el conocimiento del
autor, este es el primer trabajo que simula un lecho fluidizado irradiado direc-
tamente. Por tanto, se considera que este trabajo podría servir de base para
nuevos trabajos de simulación de lecho fluidizado. Son necesarios trabajos fu-
turos sobre lechos fluidizados con radiación para poder sacar conclusiones más
concretas o específicas. Asimismo, esta tesis abre el camino a futuros trabajos

182



especialmente dentro del campo de la caracterización de materiales, al contar
con una base de datos de propiedades y características de partículas sólidas
para, específicamente, aplicaciones de alta temperatura. En esta línea, sería
necesario estudiar un parámetro como la durabilidad del material o incluso
mejorar las propiedades ópticas de materiales más económicamente favorables,
como la arena. Además, desde la perspectiva de las simulaciones numéricas de
lechos fluidizados con radiación, se pueden desarrollar multitud de opciones con
Barracuda.
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