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ANALYTIC AND PARAMETRIC STUDY OF HIGH-TEMPERATURE PACKED-BED
TES SYSTEMS USING COPPER SLAGS AS FILLER MATERIAL

Increasing the operating temperature is the challenge of the third generation of concentrating
solar power (CSP) plants, leading to the exploration of new technological alternatives. In
that context, packed-bed thermal energy storage (TES) systems have emerged as a promis-
ing proposal, since low-cost storage materials can be employed to exchange heat with a
working fluid such as natural rocks or industrial byproducts. The use of a solid material
as a storage medium allows operation at high temperatures and improves the efficiency of
solar-to-electrical energy conversion.

The present thesis aims to assess the high-temperature performance of a packed-bed TES
system using Chilean copper slags as a filler material. The modelling approaches and the key
design variables of these systems are studied. Based on a previous characterization of the
copper slag’s thermophysical properties and the development of a heat transfer model, its
behavior in a packed-bed TES is assessed and contrasted with other waste materials studied
in the literature. Through a parametric analysis in terms of the geometric dimensions and
tank shape of the TES, the variation of its performance indicators is studied. The latter
allows the proposal of design strategies of these systems, and to extend their applicability
in other renewable energy technologies, such as Carnot batteries and compressed air energy
storage systems (CAES).

A first and second law analysis is conducted to study the evolution of the thermocline
within the tank, the round-trip efficiency, the heat losses, the exergy efficiency, and the irre-
versibilities during the heat transfer between the phases. Additionally, the pressure drop is
analyzed. The developed model is also generalized for different TES geometries, such as cylin-
drical tank with axial fluid flow, truncated cone shape with axial flow, and a novel proposal
consisting in arrange the filler material between two concentric cylinders and performing the
fluid injection in the radial direction.

Results show that the copper slags’ high specific heat of 1.4 - 1.5 J/(g K) enables a lower
thermal front velocity through the packed-bed, which allows the discharge of higher temper-
atures for longer periods than the other materials studied. In addition, TES systems with
high energy density can be obtained for more compact geometric dimensions. On the other
hand, by varying the TES shape, the radial-flow proposal decreases the thermal losses by
80 % compared to conventional topologies, and lower pressure drop requirements. Therefore,
the use of copper slags in radial-flow packed-bed systems is a potential candidate to reduce
the costs in high-temperature TES.
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ESTUDIO ANALÍTICO Y PARAMÉTRICO DE UN SISTEMA DE
ALMACENAMIENTO TÉRMICO DE LECHO DE ROCAS A ALTAS TEMPERATURAS

USANDO ESCORIA DE COBRE COMO MATERIAL DE RELLENO

El desafío de la tercera generación de plantas de concentración solar de potencia (CSP) es
aumentar la temperatura de funcionamiento. En búsqueda de alternativas tecnológicas para
lograrlo, los sistemas de almacenamiento térmico (TES) de lecho de rocas se han planteado
como propuesta prometedora, pues emplean rocas naturales o subproductos industriales de
bajo costo, para almacenar energía mediante el intercambio térmico con un fluido de trabajo.
El uso de un material sólido como medio de almacenamiento admite la operación a altas
temperaturas y mejorar la eficiencia de conversión de energía solar a eléctrica.

La presente tesis busca evaluar el desempeño a altas temperaturas de un sistema TES
de lecho de rocas usando escoria de cobre chilena como material de relleno. Para ello, se
estudian las estrategias de modelación de estos sistemas y sus variables clave de diseño. Con
una previa caracterización de las propiedades termofísicas de la escoria de cobre y el desarrollo
de un modelo de transferencia de calor, se evalúa su comportamiento en un TES de lecho de
rocas y se contrasta con otros materiales de desecho estudiados en la literatura. A través de
un análisis paramétrico de las dimensiones geométricas y la forma del estanque, se estudia
cómo varía su desempeño, para proponer estrategias de diseño de estos sistemas y extender
su aplicación en otras tecnologías de energías renovables, como baterías de Carnot o sistemas
de almacenamiento de aire comprimido (CAES).

Con un análisis de primera y segunda ley de la termodinámica, se estudia la evolución de
la termoclina del TES, eficiencia de round-trip, pérdidas de calor, eficiencia exergética, caída
de presión e irreversibilidades durante el intercambio de calor entre las fases. El modelo
desarrollado es generalizado para distintas geometrías de almacenamiento térmico, como
estanques cilíndricos con flujo axial de fluido, estanques de cono truncado con flujo axial,
y una nueva propuesta geométrica que consiste en disponer el material de relleno entre dos
cilindros concéntricos y realizar inyección de fluido en la dirección radial.

Los resultados muestran que el alto calor específico de 1.4 - 1.5 J/(g K) de la escoria de
cobre permite un avance más lento de la termoclina a través del lecho de rocas, descargando
mayores temperaturas por períodos más prolongados que en otros materiales estudiados.
Además, es posible obtener sistemas de almacenamiento con alta densidad energética para
geometrías más compactas. Por otro lado, al variar la forma del almacenamiento, el nuevo
sistema de flujo radial disminuye en un 80 % las pérdidas térmicas frente a topologías con-
vencionales, y con bajos niveles de pérdida de carga. Por lo tanto, el uso de escoria de cobre
en sistemas de lecho de rocas con flujo radial de fluido es un candidato potencial para reducir
los costos en los sistemas TES para altas temperaturas.
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Chapter 1

Introduction

Recent international agreements to address the environmental crisis aim to place renewable
energies at the forefront of the energy matrix, projected to account for at least 60% of total
energy consumption in many countries by 2050 [1]. Today, power generated by renewable
sources has become highly competitive, so that by the end of 2018, photovoltaic (PV) and
wind power plants have become more cost effective than fossil fuel-powered generators [2].
However, the great disadvantage of both wind and PV power is their intermittency in terms
of generation, which is related to the variability of the resource from which they convert
energy [3]. Thus, the use of Concentrating Solar Power (CSP) technologies turns competitive
compared to other energy sources, since it can be coupled to a thermal storage system (TES)
that extends the electricity generation capacity even at times when radiation is not available
[3, 4].

Among the commercial technologies found in CSP plants, the tower with central receiver
and heliostats is distinguished from the others by its high operating temperatures (around
570 °C). It consists of mirrors located on a horizontal plane, which track the sun and con-
centrate the direct normal irradiation (DNI) in a receiver placed at the top of a tower (see
Figure 1.1). In the receiver, the conversion of the radiation into useful heat takes place
through the temperature rise of a heat transfer fluid (HTF) circulating inside its geometry.
The heat is delivered in a steam generator for a Rankine cycle, which is illustrated in Fig-
ure 1.1 with the process of power generation in a solar tower plant. Unlike PV technology,
CSP plants have thermal inertia; hence, the hourly variability of the solar resource does not
have immediate effects on electricity generation. In addition, thermal storage systems cou-
pled to CSP allows to extend power generation during cloudy days or after daylight hours
[5]. However, installed capacity of CSP is still less than 1 % of solar PV and wind power
because of their high levelized costs of electricity (LCOE), which according to He et al. by
2018 had a superior nominal value of 10.3 ¢/kWh [6] compared to 8.5 and 5.6 ¢/kWh for the
aforementioned technologies, respectively [3, 6].

Aiming to improve the anual performance on CSP plants and to reduce the LCOE, different
alternatives have been proposed by the scientific community [7]. According to Kolb et al.,
one way to characterize the annual performance of a tower plant is through the solar-to-
electric conversion efficiency. That parameter can be improved through the enhancement
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Figure 1.1: Diagram of central tower CSP plant with heliostat field

of the different subsystems which compose the CSP plant (see Figure 1.1): Heliostat field,
central receiver, thermal storage system, and power block [7]. Thus, for the 3rd generation
of CSP plants, the main objective is to improve the efficiency of the power cycle and, as a
consequence, the conversion efficiency [3]. According to Carnot’s principle, by increasing the
current operating temperatures of commercial plants, that goal can be achieved, so in order
to integrate new power cycles into the system, new technological alternatives are needed.

1.1 Thermal energy storage systems

Thermal storage technologies have become a promising alternative to address the mismatch
between electricity demand and solar resource availability [8]. These systems are capable to
store energy for a time period and then supply it to a thermal process [9]. Depending on the
daily variations of supply/demand profiles, CSP plants with TES systems can have several
operational strategies [8]. For instance, as shown in Figure 1.2 the energy produced during
peak hours of the solar resource can be stored and delivered to the power block during peak
hours of the demand, which are commonly during the hours where radiation is low.

TES systems are generally composed of three parts: the storage medium, the heat transfer
mechanism, and the container system [11]. The thermal storage medium accumulate thermal
energy in the form of sensible heat, latent heat or through chemical reactions. Through a heat
transfer mechanism, the energy is supplied/extracted to/from the storage medium (commonly
named charge/discharge process). Finally, the container system holds the storage medium
and insulates the system from the environment allowing heat transfer processes to occur
within it. Depending on the type of the storage medium and its interaction with the TES
components, Herrmann et al. have identified several requirements that a TES system must
fulfill to guarantee its proper operation [12].

1. High energy density in the storage medium.
2. Good heat transfer between the heat transfer fluid (HTF) and the storage medium.
3. Mechanical and chemical stability of the storage medium.
4. Chemical compatibility between HTF, container system and storage medium.
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Figure 1.2: Scheme of the daily mismatch between solar resource and demand. Modified
from [10]

5. Complete reversibility for a large number of charging/discharging cycles.
6. Low thermal losses.
7. Low costs.
8. Low environmental impact.

Figure 1.3: Classification of different storage concepts. Modified from [8]

Gil et al. established a general classification of the storage concept, which is illustrated
in Figure 1.3. An active storage consists of using forced convection mechanisms in a fluid
storage medium to extract energy through a heat exchanger or steam generator. Within
this type, there are direct systems, where the storage medium is also the heat transfer fluid.

3



On the other hand, in the indirect systems the storage medium and the working fluid are
different, so a heat exchanger is required to recover the stored energy [8, 13]. Passive storage
systems are generally composed by a HTF that flows through the storage medium to store
the energy transported during a charging process, and then recover it from the storage when
discharging.

The current trends in thermal storage in commercial CSP plants are presented below,
along with the new challenges to be solved for the 3rd generation.

1.1.1 Current trends in CSP plants

The following elements need to be considered on the design of TES systems for CSP plants[12]:

1. Nominal temperature and specific enthalpy delivered to the load.
2. Maximum load.
3. Operational strategy.
4. Integration into the plant.

The above enables the selection of the TES system and its design. In a commercial scale,
two main technologies can be distinguished: molten salt storage and steam storage [11, 12].

Molten salt storage

Molten salts are widely used as a storage media in commercial CSP plants. Their configura-
tion is based in a double tank system, where hot and cold salts are accumulated separately.
Commercial salt known as “Solar Salt” is a mixture of 60% KNO3 and 40% NaNO3 (weight)
[8], and it has a limited operating temperature: Under 290 °C the molten salt freezes and
above 565 °C it loses its thermal properties and become highly corrosive; despite of the lat-
ter, its high energy density makes it a desirable medium for high-temperature applications
through sensible heat energy storage.

Based on the classification proposed by [13], these are active storage systems where the
HTF extract the energy from the storage medium through a heat exchanger as shown in
Figure 1.1. The good thermal properties of the molten salts enable them to be used as a
working fluid and storage media, which is an attractive alternative for central tower plants,
as it can be heated directly in the central receiver and reach high operating temperatures.

In direct operation, once heated in the receiver, they flow through the piping loop of the
plant and are either injected into the hot salt storage or sent through the steam generator to
drive the power cycle. During times of low radiation, the stored hot salts are extracted and
passed through the heat exchanger, allowing continuous operation of the power block. When
leaving the steam generator, the salts are stored in the cold salt tank to be reintegrated into
the receiver.

On the other hand, since parabolic through plants operates at temperatures around 350 °C
[14], it is common for thermal oils to be used as HTF with a molten salt TES system
integrated indirectly, where the thermal oil transfers heat to the molten salt tanks through
a heat exchanger to deliver/recover the energy (see Figure 1.4).
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Figure 1.4: Diagram of parabolic through CSP plant with TES system [14]

Steam accumulator storage

The use of water as HTF is suitable for Direct Steam Generation plants (DSG), which
is a commercial option in central tower plants since it does not require an intermediate
steam generator. In DSG plants the superheated steam is generated in the central receiver;
therefore, it can be injected directly into the high-pressure turbine of the cycle [8, 11]. The
charging of storage takes place when the superheated steam or saturated water enters a
pressurized tank. Depending on the quality of the inlet, the storage’s behavior is going to be
different [11]:

• If the system is charged with superheated steam, the initial saturated water and steam
will increase their temperature and pressure, changing the saturation state.

• When saturated liquid is used to charge the system, pressure and temperature will
remain constant, but increasing the mass in the volume.

The discharge process of the steam accumulator takes place when the pressure of the tank
is reduced, and saturated steam is produced. If superheated steam is required, a secondary
tank is employed to increase the temperature of the steam [8, 11].

1.1.2 New generation challenges

As mentioned above, increasing the operating temperature of the power cycle improves the
conversion efficiency. However, current technology in central tower CSP plants has tempera-
ture limits which should not be exceeded to avoid global system failures [3]. In that context,
interest has been placed on developing solutions to achieve the proposed operating conditions
for the new CSP generation which He et al. have listed in its work [3] (Table 1.1).

In addition, targets have been set for thermal storage systems towards the year 2030
[6, 15]:

1. TES cost < 15 ¢/kWhth.
2. Exergetic efficiency > 95 %.
3. Material degradation due to corrosion < 15 µm/year.

Recent research trends have suggested thermocline packed-bed storage systems [16, 17, 18]
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Feature Expected condition

Receiver outlet temp. > 700 °C
Power cycle Brayton
Design cycle eff. > 50 %
LCOE [6] 5 ¢/kWh

Table 1.1: Operating conditions of the 3rd generation of CSP plants [3]

as an alternative for high-temperature applications. This passive storage system consists in
a rock pile (heat transfer medium) confined in a storage tank where heat is transferred with
the HTF during the charge/discharge process. These systems can be coupled with solid
industrial byproducts obtained from high-temperature processes, which allow them to have
stable operation in applications above 650 °C [17, 19]. In addition, the combination with
low-cost HTF such as air reduces the estimated costs of these systems by 35% below molten
salt TES systems [17].

1.2 Scope of the thesis

The previous sections evidenced the problems presented by current thermal storage tech-
nologies and how they do not fulfill the operating conditions that are projected for the new
generations of CSP plants. In addition, thermocline packed-bed systems are briefly discussed
as a promising alternative, which will be treated in depth in the following chapters. Thus,
within the scope of the thesis, applications of these systems at temperatures up to 650 °C
are contemplated, which is compatible with thermodynamic cycles of 3rd generation of CSP
plants such as Brayton cycles with compressible gases. Furthermore, the models developed
can be extended to different packed-bed storage topologies, and the applicability of the mod-
els can also be integrated to any thermal process with heat storage requirements.

Based on the above, a key objective of the work can be established along with the steps
to be taken to achieve it.

1.2.1 General objective

Evaluate the high temperature performance of a packed-bed thermal storage system using
copper slag as a filler material.

1.2.2 Specific objectives

• Identify the modelling approaches of packed-bed systems.
• Develop an analytical heat transfer model.
• Study the performance of using copper slags as a storage media in a packed-bed TES.
• Analyze the impact of the storage dimensions over the packed-bed’s performance indi-

cators.
• Compare different packed-bed topologies for high-temperature TES applications.
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1.3 Outline of the thesis
The present MS thesis assess the impact of packed-bed TES design features on its thermal
performance. Using industrial byproducts as a storage medium and air as a HTF, a first and
second law analysis is conducted to determine metrics and evaluate the system’s performance
during its operation; therefore, design guidelines are developed by studying the behavior of
those metrics with the different conditions of the packed-bed structures. In that context,
the studies carried out during the program have been ordered to give a logical structure to
the thesis. Its organization consists in 5 chapters, where chapters 2 to 4 have been written
as independent self-contained articles, with their own abstract, introduction, and respective
conclusions.

This dissertation starts with a literature review regarding the modeling approaches of
packed-bed TES for sensible heat applications (chapter 2). In addition, the design considera-
tions, conventional structures, storage materials, and validation methodologies are reviewed.
In the discussion of the available thermal models a gap in knowledge is recognized in terms
of the radiation heat transfer treatment. As a result, a case study is developed in order to
quantify the relevance of the radiation in packed-bed systems.

One of the key parameters on the design of packed-bed TES systems, is the storage medium
which stores the heat. In chapter 3 a study on the performance of a cylindrical packed-bed
system is conducted, considering different storage materials and storage dimensions. Further-
more, an initial characterization of the copper slags’ thermophysical properties is developed,
and this industrial byproduct is presented as a novel alternative for high-temperature storage
applications.

Another interesting aspect assessed is the effect of the packed-bed topology used. For
instance, conventional packed-bed systems are based in a cylindrical storage with axial flow
of the HTF; therefore, the fluid flows through a packed-bed column with a constant cross-
sectional area. Nevertheless, aiming to decrease the thermal losses and pressure drop, dif-
ferent flow configurations and packed-bed geometries have been proposed. In chapter 4, a
comparative study is conducted in terms of the packed-bed topology, and four domains are
analyzed. They are compared under the same operating conditions during a consecutive
cyclic operation. Additionally, a parametric analysis is developed in terms on the design ge-
ometry of the packed-bed topologies. A detailed modelling of the heat transfer phenomena,
thermal losses, pressure drop, and entropy generation is performed in order to compare their
behavior.

In addition, the efforts to develop an experimental facility are described in Appendix A.
Their components and the actual state of the test bench is detailed, including the experiments
that will be conducted to study the real performance of an experimental scale packed-bed
system using copper slags as filler material. Finally, the general conclusions of this master’s
thesis are presented in chapter 5 along with a proposal for future research to extend the
current work and enhance the potential use of these systems.
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Chapter 2

Review on modeling approaches for
packed-bed thermal storage systems

Several authors have established single-tank packed-bed storage as a promising alternative
that can be coupled with renewable thermal energy sources. The use of such systems can
ensue a cost reduction of approximately 33%, compared to two-tank systems, which represents
the dominating solution for high-temperature storage. Herein, an overview of the modeling
approaches for assessing the yield and efficiency of packed-bed energy storage systems is
presented. Additionally, the validation approaches used as well as the conventional materials
and structures employed in such systems are described. One of the critical issues that affect
the performance of simulation models in packed-bed energy storage systems is the treatment
of the radiation exchange among particles. The impacts of the radiation phenomena on the
overall performance and internal temperature distribution of the tank, which facilitate the
identification of the operating conditions within the influence of radiation and are significant
for analytical purposes are discussed herein. Through parametric analysis, it is demonstrated
that the radiation heat transfer coefficient could be as high as 32% of the magnitude of
the convection coefficient; thus, it should not be underestimated when analyzing operation
temperatures above 750 °C.

2.1 Introduction

Sensible thermal energy Storage (STES) systems entail the increment of the internal energy
of the storage material using a heat source carried by a heat transfer fluid (HTF) (Figure 2.1),
which raises the temperature of the storage material. STES systems have been used in several
applications ranging from 120 ◦C to 1250 ◦C. These systems have three essential components:
(1) the storage medium, (2) the energy transfer mechanism, and (3) the confinement system
[20]. Moreover, STES systems can be divided into three main categories: (1) those that op-
erate using high-temperature working fluids as direct storage media, (2) systems that use a
solid storage material that is heated using an intermediate fluid, and (3) processes that trans-
fer heat from one fluid to another through a third storage material. Nonetheless, no phase
change occurs within the temperature range [21, 22]. The operation of the STES systems is
described in Figure 2.1, where a hot heat transfer fluid initially loads the system. Thereafter,
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this energy is maintained until an external demand requires its release. Subsequently, the
unloaded system returns back to the initial state and is ready for a new loading cycle. From
the literature, it is commonly accepted that the effectiveness of the system depends on the
ratio between the length portion outside the thermocline (useful energy) and the height of
the tank [23], as described in Figure 2.2.

Figure 2.1: Brief description of a STES system round-trip operation.

Based on the STES technologies that have been developed or are currently under inves-
tigation, single-tank packed-bed storage has been acknowledged by several authors as an
interesting option that can be coupled with renewable thermal energy sources [24]. Packed-
bed thermal storage involves the use of solids as the heat storage medium and a HTF in
direct contact with the solids to convey heat [25]. Contrary to the conventional two-tank
system, packed-bed storage employs a single tank wherein a transition zone separates the
hot and cold regions with a thermal gradient called a ”thermocline” (see Figure 2.2). There-
fore, the essential operating characteristic is the buoyancy stratification principle that allows
fluid separation at the top and bottom regions of the thermal energy storage (TES) tank.
This feature enables the system to be discharged from the base and charged at the top in a
single tank, which implies cost savings of approximately 33%, compared to two-tank systems
[26, 27]. As shown in Figure 2.3, for packed-bed heat storage, all heat transfer mechanisms
apply among the solid particles, the tank walls, and the fluid. During charge operation, the
hot fluid enters through the top of the tank and transfers heat to the solid material, accumu-
lating energy as sensible internal energy. During the discharge process, when the demand is
higher than the power generated directly by the plant, the cold fluid goes to the bottom of the
tank to obtain heat from the solid that will be used by the demand block [28]. The amount
of energy that can be stored is proportional to the mass, specific heat capacity, and the tem-
perature difference between the initial and final state, also known as the temperature swing.
The low thermal capacity of STES materials is balanced by the temperature swing, thereby
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Figure 2.2: Thermocline formation for a STES storage as time progresses. Modified from
[23].

making them preferable for high-temperature applications [29]. Some additional advantages
of packed-bed systems include: the nonexistence of operating temperature constraints due to
chemical instability of the HTF and the solid material. The operating pressure can be close
to atmospheric, thus avoiding the need for complex sealings. Moreover, the thermal storage
can be coupled directly to the heat source, thereby eliminating the need for heat exchangers
between the HTF and thermal storage medium.

Packed-bed systems have been tested using concrete, natural rock, and compound mate-
rials, among other alternatives for the solid matrix [25, 18, 31]. Recently, the use of waste
from the steel making and mining industries as filler materials in packed-beds has been an-
alyzed. The goal is to reduce the investment cost inherently involved in two-tank molten
salts designs, which are commonly used in concentrated solar power systems. Using a filling
material can increase the theoretical energy density of the storage system by approximately
50% compared to a two-tank storage system, and the amount of HTF might be reduced
by approximately 70% [32]. Moreover, if low-cost solid materials are employed, it would be
possible to reduce the overall investment cost of the thermal storage system, leading to a
significant reduction in the levelized cost of energy for concentrating solar plants as well as
for other renewable technologies [33].

Many of the studies available in the literature focus their efforts on analyzing a single
charge-discharge process [31, 34, 35, 36, 37]. Nevertheless, the understanding of a repeated
cycling operation is essential in these systems, because from a thermodynamic point of view,
the analysis of the cycle should consider the mixing effects, as well as the impact of every
heat transfer mechanism in each phase of the operation [38, 39]. For instance, the start of the
cycle implies that the storage is in the same initial state as for the previous cycle, implying
that the entropy generated during the last cycle must be discarded to return the system to
the initial conditions. Therefore, it is highly possible that the temperature profiles developed
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Figure 2.3: General scheme of a solid thermal energy storage system and internal heat transfer
mechanisms. Modified from S. Kalaiselvam [29] and Burström et al. [30].

would present different shapes at each cycle, depending on the period between cycles. In this
context, specific modeling techniques must be considered to aid the design and operating
processes of packed-bed systems. As shown in Figure 2.4, a general modeling approach can
be used to contemplate either single or multidimensional variables. Herein, an in-depth
analysis of the different modeling approaches used for packed-bed storage is presented. We
describe one-, two-, and three-dimensional (1D, 2D, and 3D, respectively) models, as well as
the utilization of empirical correlations for simplified modeling. The radiation heat transfer
during each phase of the operation is also investigated in deep.

2.2 Operation and key variables

The technical literature shows that using arrays of solid materials, such as rocks, facilitates
the development of a system that relies on the abundance of storage materials and their
consequent relatively low cost, along with a wide temperature range of applicability [40].
Nevertheless, the determination of essential parameters and design variables is crucial for
enhancing the rate whereat heat transfer occurs between the fluid and the solid media,
thereby reducing the power required to move such a fluid through the entire system [41].
It has been shown that the key parameters and variables for the operation of packed-bed
storage systems include particle size, mass flow rate per unit of superficial area, fluid thermal
properties, bed length, thermal losses through the walls, void fraction, packing material, fluid
inlet temperature, wall structure, and ambient air conditions [36, 42, 43].
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Figure 2.4: General modeling approach for packed bed storage systems.

2.2.1 Charging and discharging processes

The charging process consists of making a hot fluid to flow through the solid storage material.
However, the reverse process, i.e., discharging, occurs when the stored energy is regained by
inducing a low-temperature flow through the hot solid material in the tank. The outlet heated
fluid is then supplied to the demand system, which could be an industrial heat load or a power
cycle [36]. Once the thermal energy is depleted, and if there is no power available from the
primary heat source, the HTF is halted, which stops the forced convective heat transfer. As
soon as the primary heat source is available, the charging cycle restarts [16]. Injecting and
extracting energy from the packed-bed is not trivial; several key points need to be considered.
In [44], the authors analyzed different experimental charging conditions and their effects on
system performance. The analysis considered six charging scenarios that involved the initial
stratification degree of the packed-bed, control of the charging temperature, and different
cloud conditions. As reported by the authors, the time taken to charge the storage media
is critically affected by the thermal properties of the material. Aly and El-Sharkawy [45]
determined three key issues for the design and operation of packed-bed systems: (1) the
energy employed during the charging process increases proportionally with the density and
the specific heat of the storage material, while decreases the rate of the temperature rise
during the process; (2) increasing thermal conductivity enables the elevation of the charging
rate and amount of energy stored; and (3) a steel packed-bed exhibits a higher storage rate
and capacity than a rock or an aluminum bed. Similarly, the latter material shows superior
storage than rocks during the first charging hours.

For the discharging process, the operation of the system must consider the temperature
decline in the outlet. In Mertens et al.’s work [46], it is shown that steam production using
energy from a packed system requires the determination of the breaking temperature that is
just above the operating sliding pressure mode of the turbine. After this point, the blades
may be damaged owing to the moisture content of the steam. In such studies, the authors also
proposed three discharging operational scenarios to evaluate the sensitivity of the packed-
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bed storage system: (1) a complete discharging process, (2) a cloudy day that shortens the
charging process reduced by 2 h, and (3) a discharging that occurs with a 2 d delay due to a
turbine breakdown. This evaluation suggests that a packed-bed of rocks might be inadequate
for long-term storage considering the thermal losses if the mass flow is considered constant for
the charging and discharging operations. However, it is acceptable for short storage periods,
as well as sufficiently flexible to tolerate a variety of charging and discharging profiles during
steady-state conditions [46].

2.2.2 Storage structure

Figure 2.5 shows a brief depiction of the typical structure for a packed-bed system. As
observed in the figure, most packed-bed systems require a containment structure that contains
the storage material and facilitate the flow of the HTF, and withstand considerable cyclic
stresses. Large-scale designs commonly consider concrete as the primary building material
for such structures [47]. Thus, the walls are often composed of several layers of concrete
that have high mechanical stability on the packed-bed side and a combination of low-density
concrete and insulation at the outside [25]. Other designs have also considered the use
of steel alloys in layers with insulating materials and aluminum as the external cover [26].
Inside the tank, besides the heat storage material, some investigations have proposed the
use of flow homogenizers at both sides of the tank and support plates to ensure that the
HTF is evenly distributed over the cross-section, thereby improving the overall efficiency of
the system [26, 46]. In general, packed-bed containers are cylindrical, a shape that presents
low mechanical problems and minimizes the lateral surface area for a given cross-section
surface, aiming to improve the flow’s uniformity [48]. Some studies present the analysis
of underground conical truncated tanks that reduce inconveniences, such as rock fracture
and tank deformation [27]. Ortega-Fernández et al. [31] concluded that a cylindrical tank
should be selected to optimize the thermal performance of the system, and a conical geometry
would only be justified for its mechanical performance. Nonetheless, as previously mentioned,
according to Marti et al. [49], the most efficient shapes follow a truncated cone with a
smaller cross-section on top, a different result compared to other studies where cylindrical
and/or inverted cone shape tanks are the recommended options. In any case, the cone angle
should be evaluated for each specific design to determine the appropriate efficiency, outflow
temperature, height, and volume for determining the excavation foundation [20, 27]. For
cylindrical tanks, the aspect ratio is also crucial to evaluate, Ortega-Fernández et al. [31]
indicating that for a storage unit of 3 m3 and a storage capacity of 1 MWht a high ratio
promotes a more significant amount of energy released because it improves stratification.
Nevertheless, it is stated that values over two do not represent a considerable improvement
in the system’s performance.

2.2.3 Materials and thermophysical properties

For packed-bed storage systems, two phases are involved: a solid medium that allows the
storage of heat and an HTF that creates the stratification of temperature in the tank. Thus,
a key parameter for material selection is the thermal capacity (ρCp) of the storing media.
Ismail and Stuginsky [50] (apud [51]) indicate that thermal capacity, thermal conductivity,
and particle size dictate the performance of the storage system. This conclusion was achieved
under the assumptions that the thermal properties of the particle do not vary with tempera-
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Figure 2.5: Scheme of a typical structure for packed-bed heat storage tank. Modified from
Gautam and Saini [20].

ture, and by neglecting the radiation heat transfer and the temperature gradients within the
particles. A high thermal capacity leads to a high energy density, which results in a reduc-
tion in the volume of the storage vessel, and consequently, the capital cost [17]. Similarly,
high thermal conductivity induces a higher rate for thermal charging [45], thereby allowing
coupling to different applications. Furthermore, properties such as thermal stability, tem-
perature operation range, and costs of implementation, among others, need to be carefully
considered in the selection of sensible heat storage materials.

Solids

Common solid materials for packed-bed systems include concrete and castable ceramics.
These materials are considered as reliable at high temperatures and exhibit good thermal
and mechanical properties at a relatively low cost [52, 53]. Moreover, aggregates, such as iron
oxide and alumina (Al2O3) increase the operating temperature over 600 °C [54]. By using
aggregates such as rubber, recycled materials, and/or silica, in different water/cement ratios,
the thermal properties of concrete mixtures can be modified. For instance, El-Sharkawy et al.
[55] improved the specific heat of a regular concrete mixture from 0.801 J/gK to 1.492 J/gK
by adding silica fume and superplasticizer.

The use of rocks as filler material in TES systems has been considered an interesting
research topic because of their high availability and practically no purchase cost. Grosu
et al. [56] analyzed the thermophysical properties of river rocks and magnetite, and verified
their feasibility owing to their high density and average specific heat capacity, as described in
Table 2.1. A similar approach was followed by Grirate et al. [51], they analyzed a variety of
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Table 2.1: Summary of SHS materials used as fillers for packed-bed systems.

Material ρ
[kg/m3]

cp
[J/gK]

ρcp
[kJ/m3K]

k
[W/mK]

Temperature
range [°C]

Cost
[€/t] Ref.

Alumina 3960 0.8 3168 18 < 1773 5000 [18, 22]
Cast iron 7200 0.56 4032 37.0 200 - 400 880 [13] [12]
Cast steel 7800 0.6 4680 40.0 200 - 700 4430 [13] [12]
Concrete 2750 0.916 2516 1.0 200 - 400 44 [53, 13]
Castable ceramics 3500 0.866 3031 1.35 100 - 390 4500 [61] [53]
Htun Concrete 2720 1.928 5244 2.465 – – [57]
BOF-Slaga 3972 0.91 3614 2.15 180 - 320 0 [56]
Magnetite 5155 0.85 4382 2.7 180 - 320 135 [56]
River rock 2835 1.04 2948 2.1 180 - 320 90 [56]
Quartzite 2570 1.185 3046 3.5 100 - 400 0.5 [62] [51]
Cipolin 2800 1.136 3181 1.6 100 - 400 – [51]
EAF Slag 1b 3430 0.933 3200 1.43 100 - 1100 80 [63] [18]
EAF Slag 2b 3770 0.912 3374 1.41 100 - 1100 80 [63] [18]
IFS c 2583 0.738 1906 – 100 - 1000 – [17]
C Slagb 3610 0.975 3520 1.75 100 - 1000 – [58]
S Slagb 4260 0.858 3655 1.736 100 - 1000 – [58]
a Basic Oxygen Furnace Slag,
b Electric Arc Furnace Slag,
c Induction Furnace Slag

rocks, such as quartzite and cipolin (materials that are relatively abundant in the Moroccan
region), and concluded that they were good candidates to be considered in TES using thermal
oil as the HTF. These materials do not exhibit corrosive behavior when in contact with oil
and have a high thermal capacity (high density and high specific heat). Similarly, Htun et al.
[57] reported a comparison between different mixtures of water, cement, sand, limestone, and
steel fiber, which are local materials in Thailand.

Metal alternatives, such as cast iron and stainless steel, present benefits regarding their
thermophysical properties (see Table 2.1). However, they present higher costs per kilogram
of material (see Table 2.1). Several studies have considered industrial by-products or inor-
ganic industrial waste materials as aggregates on solid mixtures or as storage media. The
main alternatives that have been analyzed consist of ferrous by-products, especially from
the steelmaking industry, which produces various slags depending on the process considered,
such as electric arc and induction furnaces. Such materials present high thermal capacity and
thermal stability at high temperatures (up to 1000 °C), because of their ferrous composition
[18, 17, 56, 58]. Other authors have considered industrial by-products and recycled materials
from the copper and potash industry, as it was analyzed in Navarro et al. [59] and Miró et al.
[60], respectively.

Fluids

In packed-bed systems, the HTF must be compatible with the solid material and present suit-
able thermophysical properties, such as specific heat, thermal conductivity, viscosity, density,
and thermal stability [64]. In some configurations, the HTF circulates from the solar field to
the TES systems; however, some designs consider a separate HTF for the solar field that cap-
tures the solar radiation at the collectors, thereby requiring a heat exchanger to transfer the
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Table 2.2: Summary of HTF for packed-bed systems.

Material ρ
[kg/m3]

cp
[J/gK]

ρcp
[kJ/m3K]

k
[W/mK]

µ
[Pa·s]

Temperature
range [°C]

Cost
[€/t] Ref.

Air* 0.5 1.075 0.537 0.05 3.4·10−5 – -/- [48]
CO2 (P=150bar) 144.2 1.261 181.8 0.06699 3.952·10−5 >550 1240 [84]
Water 990 4.180 4138 0.64 5.8·10−4 0-100 – [48]
Therminol VP-1 904 2.075 1876 0.11 0.37·10−3 12-400 25000 [67]
Therminol 66 845 2.380 2011 0.10 5.7·10−4 0-345 – [48]
Xceltherml 600 736 2.643 1586 0.13 0.55·10−3 -29-316 – [67]
JaCCO 802 2.509 2012 0.11 1.73·10−3 3-210 835 [67]
Vegetable oils – – – 0.13-0.14 1.2-3.5·10−3 -11-250 400-1200 [68]
Solar salt 1835 1.510 2771 0.52 1.8·10−3 220-600 2.6 [74] [48]
* Properties at average operating temperature

thermal energy to the HTF used in the TES system. This scheme is commonly employed in
systems using thermal oil, a common solution applied in parabolic trough solar power plants.
Thermal oils Therminol VP-1 and Therminol-66 have been analyzed in packed-bed systems,
thereby verifying the feasibility of dual-media TES systems, and presenting controllable and
predictable results regarding the behavior of the thermocline [65, 66, 51]. Other types of
oils, such as the crude oil of Jatropha Curcas (JaCCO) [67], and vegetable oils [68] have also
been analyzed as HTFs in packed-bed systems. These alternatives presented higher potential
regarding their compatibility with the filler materials considered (quartzite, alumina, blast
furnace slag). However, they have an operating temperature limit of approximately 235 °C,
which is lower than the 400 °C for thermal oils [68].

Currently, two-tank TES systems using molten salts as storage media, dominate the new
developments in the CSP industry, especially in central receiver systems [69]. This fluid
is used simultaneously as a HTF and storage medium. It has been tested in packed-bed
configurations to improve the system’s performance and reduce capital costs. The molten
salt-packed-bed system has been validated through a series of compatibility tests, considering
filler materials such as different types of steel slag [70, 71], quartzite, and other natural rocks
[72, 73]. The results concluded the feasibility of using molten salt as HTF in packed-bed
tanks and the high potential that presents for a significant cost reduction in CSP systems
[74, 75, 76, 77, 78, 79].

Among the gaseous fluids, using air as the HTF allows using a fluid with negligible cost,
high availability, no toxicity, and stability at high temperatures. Table 2.2 shows that the
thermophysical properties of air are in the average range of the properties observed for other
alternatives. The use of air as the HTF has been extensively analyzed and tested under a wide
range of conditions [16, 41, 80, 81, 82]. These studies have proven the feasibility of different
packed-bed configurations using air as the HTF. Other deeply analyzed alternatives are steam
and supercritical CO2, where sCO2 concentrates the current research efforts, considering its
high performance when coupled with advanced Brayton cycles [83, 84].
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2.3 Empirical heat transfer coefficients
Determining heat transfer coefficients through measurements is even more difficult than in
mass transfer studies. Thus, considering the heterogeneity of the modeling process, different
assumptions have been considered to simplify the analysis of heat transfer mechanism between
the HTF and the solid packing material. Numerous correlations for predicting heat transfer
coefficients in packed beds have arisen in the technical literature.

2.3.1 Conduction

Some authors have proposed that the heat transfer interaction between a solid packed-bed
and a fluid may be represented by a parameter called effective thermal conductivity. The
physical phenomenon involved in the effective thermal conductivity is shown in Figure 2.6.
The heat conduction between the contact points of two adjacent particles is a function of the
number of contact points and their contact area. Fluid may be trapped between particles,
such that it plays a relevant role in heat conduction through fluid conduction. Furthermore,
fluid motion may be present in the vicinity of the particles that interact with the particles
by convection.

Figure 2.6: Schematic of the physical phenomena involved in effective thermal conductivity
in packed beds.

There are two predominant approaches to model packed-bed systems: (1) models that
consider a thermal gradient within the particles (Biot number > 1) [85], and (2) continuous
models (Biot � 1). Table 2.3 presents some of the continuous models, including models
for single and two phases. The single-phase model assumes that the fluid and solid are at
the same temperature; therefore, the axial effective thermal conductivity (kaeff ) is highly
dependent on the thermal conductivity of the solid and the fluid when radiation effects are
not considered [86]. The two-phase models consider that the fluid and solid have different
temperatures, as two interacting media by heat advection. Some authors have proposed that
kaeff affects only the solid phase of two-phase models [87], as shown in equations (2) and
(3) in Table 2.3, whereas other authors [88, 89] have suggested that the effective thermal
conductivity affects both phases, proposing particular expressions for the solid and fluid, as
presented in equations (4) and (5) in Table 2.3.

The models shown in Table 2.3 are based on a 1D approach that considers only axial
conduction. This 1D approach may be extended to a 2D model by considering a term that
includes the radial effective thermal conductivity kreff .

Table 2.4 shows some of the effective thermal conductivity expressions that are included in
the continuous models. Figure 2.7 shows some of the correlations proposed in the literature
for the motionless stagnant conductivity (k0

eff ). They are presented as a function of the void
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Table 2.3: Effective conductivity expressions in continuous models

Model Equation Ref.

One-phase model (1) (ρs(1− ε)Cp,s + ρfεCp,f )
∂T
∂t

= kaeff
∂2T
∂z2
− ρfεCp,fu∂T∂z [86]

Two-phase model (2) ρfεCp,f
∂Tf
∂t

= −ρfεCp,fu∂Tf∂z + hpa (Ts − Tf ) [87]
(3) ρs(1− ε)Cp,s ∂Ts∂t = kaeff

∂2Ts
∂z2
− hpa (Ts − Tf )

Two-phase model (4) ρfεCp,f
∂Tf
∂t

= −ρfεCp,fu∂Tf∂z + kaf
∂2Ts
∂z2

+ hpa (Ts − Tf ) [88, 89]
(5) ρs(1− ε)Cp,s ∂Ts∂t = kas

∂2Ts
∂z2
− hpa (Ts − Tf )

fraction. The determination of k0
eff assumes an isotropic behavior on the bed. The plotted

correlations consider air as an HTF, limestone as the solid media, and their properties are
evaluated considering a temperature of 300 °C. According to Díaz-Heras et al. [85], for the
most common range of 101 ≤ ks/kf ≤ 102 and below 900 °C, similar results are obtained
from the correlations published by Hadley [90], Zehner and Schlünder [91], Krupiczka [92],
and Gonzo [93]. The k0

eff correlations in Table 2.4 do not consider the radiative effects.
Most of the motionless stagnant conductivity correlations that take radiation into account
(k0,rad

eff ) have been developed for nuclear applications. Some authors, such as [94, 95, 96, 97]
have stated that radiation effects are important when the packed temperature is higher than
900 °C [86]. Figure 2.8 presents the k0,rad

eff correlations as a function of void fraction. The
correlations were evaluated considering a packed temperature of 500 K and 1000 K, and a
difference of an order of magnitude was observed. The proposed correlations show large
discrepancies, but they seem to converge as the porosity falls within a range of 0.5 and
0.7. The axial effective thermal conductivity (kaeff ) is influenced by k0

eff (first term) and
a second term, which is a function of fluid motion and fluid properties (RePr). Several
authors [98, 99, 100] have proposed values for the proportional constant (αa) of the second
term. Figure 2.9 shows the kaeff correlations as a function of the Reynold numbers. The
propositions made by Elsari and Hughes [99] and Kuwahara et al. [100] are closer than Yagi
et al. [98], which suggests significantly lower values. Díaz-Heras et al. [85] have presented the
influence of kaeff during the charge and discharge processes and concluded that the convection
phenomenon is much faster than the effects of kaeff ; thus, the uncertainties on the predicted
values are less important. Furthermore, there is a lack of correlation for estimating kaeff
when the airflow and heat flux are present in the same direction. In the second formulation
of the two-phase model, the axial effective thermal conductivity for the fluid kaf and solid
kas are required. Ismail and Stuginsky [50] proposed correlations to calculate kaf and kas as
shown in Table 2.4. The correlations proposed for kreff are presented in Figure 2.10, and they
show similar behavior to kaeff correlations, and are not highly influenced by variations in the
airflow (αr < 0.1) [85]. kreff presents values up to two orders of magnitude lower than kaeff .

2.3.2 Convection: Volumetric heat transfer coefficient

The convective heat transfer coefficient represents the interaction effect between a flowing
fluid and a solid surface. This effect occurs in the complete volume of the porous solid matrix.
Usually, for packed beds, it is considered as the volumetric coefficient of the complete volume
as a field property, which depends on the flow regime and void fraction of the porous solid

18



Table 2.4: Effective thermal conductivity.

Model Equation Reference

Motionless stagnant
conductivity k0

eff

[90, 91, 93]
[101, 92, 102]

Motionless stagnant
conductivity
(including radiation)

k0,rad
eff

[103, 104]
[105, 106]

Axial effective thermal conductivity kaeff = k0
eff + kfαa Re Pr [98, 99, 100]

Axial effective thermal
conductivity fluid kaf =

{
0.7εkf Re ≤ 0.8

0.5 Pr Re kf Re > 0.8
[50]

Axial effective thermal
conductivity solid kas = kaeff − kaf [50]

Radial effective thermal conductivity kreff = k0
eff + αr Re Pr kf [107, 100, 108]

Figure 2.7: Motionless stagnant conductivity correlations according to Table 2.4.

Figure 2.8: Motionless stagnant conductivity with radiation included according to Table 2.4.
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Figure 2.9: Axial effective thermal conductivity according to Table 2.4.

Figure 2.10: Radial effective thermal conductivity according to Table 2.4.
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matrix. Nevertheless, because of the different geometries that the packed bed can present, the
convective term varies for different configurations. The volumetric convection heat transfer
coefficient is proposed as hv = c1 (cG)c2 , where c1 and c2 are geometry factors that depend
on the void fraction and/or on the characteristic pore diameter of the solid matrix, and cG is
the flow term usually dependent on the mass flow rate or Reynolds number. Several studies
have addressed the term hv from the aforementioned expression, initially proposed by Löf
and Hawley [109], where the most relevant expressions are listed in Table 2.5. In their results,
Dunkle [110], Alanís et al. [111], Chandra and Willits [41], Coutier and Farber [42], and Wu
and Hwang [112] presented correlations based on experimental data over irregular packed
beds using hot air as the HTF. The differences observed in Figure 2.11 between these five
correlations are due to the differences in porosity and distribution in each experimental set-up.
Thus, it is recommended to employ these correlations for heat exchange/storage devices that
use randomly distributed packed beds with only air as the HTF. However, Whitaker [113],
Gupta et al. [114], Gunn and De Souza [115], and Wakao et al. [116] presented statistical
analyses of the experimental data available in the literature. The basis of the analyses
includes different fluids, reducing the accuracy in some cases, but giving a wider range of
applicability for the correlations.

Table 2.5: Convective heat transfer correlations defined in the literature.

Correlation Range Reference

hv = 0.79 ·
(
G
d

)0.7
400 ≤ G

d
≤ 104

[109]
G: Air mass flow per area unit

(
lb h−1ft−1

)
Nu = (1−ε)Pr1/3

ε

(
0.5 ·

(
Re
1−ε

)0.5
+ 0.2 ·

(
Re
1−ε

)2/3
) 100 ≤ Re [113]

ε ≤ 0.65

Nu = Pr1/3

ε
· (2.876 + 0.3023 ·Re0.65) 10 ≤ Re [114]

Nu = 2.4 ·Re0.7Pr 10 ≤ Re ≤ 105 [110]

hv = 824 ·
(
G
d

)0.92 10 ≤ Re ≤ 105 and [111]
ε = 0.42

Nu = (7− 10 · ε+ 5 · ε2)
(
1 + 0.7 ·Re0.2Pr1/3

)
10 ≤ Re ≤ 105 and [117]

+ (1.33− 2.4 · ε+ 1.2 · ε2)Re0.7Pr1/3 0.35 ≤ ε

Nu = 2 + 1.1Pr1/3Re0.6 100 ≤ Re ≤ 105 [116, 118]

hvd2

k
= 1.45

(
ρUd
µ

)0.7 100 ≤ Re ≤ 103 and

[41]0.38 ≤ ε ≤ 0.5

hvd2

k
= 2.72

(
ρUd
µ

)0.7 500 ≤ Re ≤ 5 · 104 and
0.38 ≤ ε ≤ 0.5

hv = 700 ·
(
G
d

)0.76
0.04 ≤ G ≤ 0.24 [42]

Nu = 0.32Re0.59 200 ≤ Re ≤ 7 · 103 and

[112]
ε = 0.39

Nu = 8 + 0.004Re ε = 0.48
Nu = 0.0032Re ε = 0.73
Nu = 0.0022Re ε = 0.97
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Figure 2.11: Heat transfer correlations presented at Table 2.5.

2.3.3 Fluid/wall heat transfer coefficient

The thermal behavior at the interface between the bed, fluid, and wall is highly relevant
to accurately assess the performance of packed-bed storage. Some of the models that have
been developed to describe the wall heat transfer coefficient are presented in Table 2.6. The
penetration theory suggests that part of the fluid that approaches the wall exchanges heat
with the wall reaching thermal equilibrium, and leaves away from the wall being replaced
by a new fraction of fluid [119]. The boundary film theory assumes that the void fraction is
significantly close to the wall surface [120], decreasing the effective radial thermal conductivity
and increasing the axial gas velocity [121]. This film flowing almost freely may interact with
the wall by diffusion, either in laminar or turbulent flow regimes. In this context, the effect
under turbulent flow might be more significant because the fluid has a higher relative velocity.
However some diffusion effects may be significant in flowing gases and comparable to the
convective effects [122]. The findings shown in [123] suggest a thermal interaction process
in a wall/packed-bed/fluid system. It is schematized in Figure 2.12, where the solid near
the wall assumes thermal conduction through the gas near the contact points and radiation
between particles and wall surfaces. Within the void (independent of flow conditions), it is
considered thermal conduction through the fluid in the direction normal to the flow direction
and radiation exchange between the wall and the particles that are not in contact with it.
Depending on the flow condition, the convective effects are considered in the void at the
boundary film and impacting the flow mixing.

Table 2.6 shows some of the correlations developed to predict the heat transfer coefficient
in a wall-bed-fluid interface, which are mainly dependent on a modified Reynolds number,
expressed as:

Re =
Gd

µ
(2.1)

where G is the mass flux (G = ṁ/A), which is determined by assuming an empty tube
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Figure 2.12: Wall-packed-fluid thermal interaction.

cross-sectional area, and the characteristic length is the particle diameter d.

Table 2.6: Correlations developed to predict heat transfer coefficient in the wall-bed-fluid
interface.

Correlation Range Reference

Nuw = (0.95 : 1.44)
(

Re
ε

)0.5
80 < Re /ε < 5000 [119]

Nuw =

{
0.6Pr1/3Re0.5

p

Pr1/3Re0.8
p

1 < Re < 40
40 < Re < 2000

[124]

Nuw = 2.42Re1/3Pr1/3 + 0.129Re0.8Pr0.4 + 1.4Re0.2 Re > 40 [122]

Nuw = 0.203Re1/3Pr1/3 + 0.220Re0.8Pr0.4 Re > 40 [125]

Nuw =
(

1− 1.5
(

d
D

)1.5
)

Pr1/3 Re0.59 3 < D
d
< 12 [126]

Figure 2.13 shows a comparison of the heat transfer coefficient correlations presented in
Table 2.6, which are evaluated using air as working fluid. Most of the correlations were
developed for the mass transfer analysis. Therefore, the correlations estimate a wide range
of Nusselt number values, showing differences over one order of magnitude. Beek’s [125]
and Yagi and Wakao’s correlations [124] show similar behavior. Dixon et al.’s correlation
[126] is evaluated only within the range 3 < D/d < 12, overpredicting (in comparison
with Beek’s [125]) the heat transfer coefficient in the range of Reynolds number below 100,
and underpredicting the heat transfer coefficient for Reynolds numbers higher than 100.
Hanrattry’s correlation [119] is evaluated for different constants (0.95 – 1.44) and different
void fractions (ε = 0.3 – 0.6). However, the predicted heat transfer coefficient calculated
using Hanrattry’s correlation [119] shows a large uncertainty. The prediction from Thoenes
and Kramers’s correlation [122] differs largely from the others for small Reynolds numbers.
Indeed, none of the presented correlations have been validated for small Reynolds numbers
[127].
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Figure 2.13: Heat transfer correlations presented at Table 2.6.

2.3.4 Pressure drop

Packed beds commonly present excellent heat transfer capacity owing to their large exchange
area. Nevertheless, the large exchange area implies an increment in the hydraulic resistance
(or body forces) of the porous media to the flow. Based on the work developed by Whitaker
[128], Kaviany [129] derived the momentum equation for a porous medium, where the vol-
umetric body forces include the drag force in the flow, related to the presence of the solid
phase. This is expressed as follows,

∇P = − µ
K
uD −

CE
K1/2

ρuDuD (2.2)

where the first and the second terms on the right represent the microscopic viscous shear stress
(Darcy’s term) and the microscopic inertial force (Forchheimer’s), respectively. Moreover, CE
is an empirical parameter, and K is the permeability term, which is related to the porosity
and characteristic pore diameter.

In 1952, Ergun [130] proposed an empirical relation based on experimental results to de-
termine the pressure drop in a packed bed for a wide range of Reynolds numbers, from 1
to 104, linking the expressions previously presented by Blake-Kozeny and Burke-Plummer
[131]. Macdonald et al. [132] revisited Ergun’s analysis [130] establishing the strong depen-
dence of the inertial term with the shape of the bed elements. Dunkle [133] and Chandra
and Willits [41] presented an experimental analysis of the pressure drop and heat transfer
characteristics of packed beds of rock, using air as the HTF. Similar to Ergun’s analysis [41]
identified a strong dependence between the rock size, bed porosity, and air mass flow rate
with the pressure drop of the storage system, but the correlations are restricted to their
experimental conditions. Later, du Plessis and Woudberg [134] confirmed Ergun’s equation
[130] for uniform packed spheres using an analytical analysis. The correlations are detailed
in Table 2.7, where the variable G is the air mass flux, U is the average velocity (Darcy’s
velocity, or superficial velocity), and L is the height of the tank.
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Table 2.7: Pressure-drop correlations.

Correlation Range Reference
∆P
L

= 150 (1−ε)2
ε3

µU
d2 + 1.751−ε

ε3
GU
d

1 ≤ Re ≤ 104 [130]
∆P
L

= 1750µU
d2 + 21GU

d
1 ≤ Re ≤ 105 [133]

∆P
L

=

{
180
ε0.6

(1−ε)2
ε3

µU
d2 + 1.8

ε0.6
(1−ε)
ε3

GU
d

Smooth Solids
180
ε0.6

(1−ε)2
ε3

µU
d2 + 4

ε0.6
(1−ε)
ε3

GU
d

Rough Solids
0.123 ≤ ε ≤ 0.919 [132]

∆P
L

= µ2ε−2.6

ρd3
p

(
185

(
ρUdp
µ

)
+ 1.7

(
ρUdp
µ

)2
)

1 ≤ Re ≤ 103

[41]
0.3 ≤ ε ≤ 0.5

∆P
L

= 25.4 (1−ε)4/3
(1−(1−ε)1/3)(1−(1−ε)2/3)2

µU
d2 + 1.9 (1−ε)

2ε(1−(1−ε)2/3)2
GU
d

[134]

2.4 Numerical modeling

The most common heat transfer model for packed beds is Schumann’s model [135]. It is a 1D
two-phase heat transfer model based on the assumption of ideal plug flow of the fluid across
the packed-bed, not considering the conduction resistance in the solid particles [118]. The
model is expressed by the following equations for the fluid and solid phases, respectively.

∂Tf
∂t

= −u∂Tf
∂z

+
hpa

ερfCpf
(Ts − Tf ) (2.3)

∂Ts
∂t

= − hpa

(1− ε) ρsCps
(Ts − Tf ) (2.4)

where the subscripts f and s denote the fluid and solid phase, respectively, t represents
the time, and z is the axial coordinate. Both equations are coupled by a heat transfer
constant K = hpa, as stated in Schumann’s formulation [135], representing the heat exchange
by convection between the solid particles and the fluid. hp is the convective heat transfer
coefficient between the fluid and the particles, a = 6 · (1− ε) /d is the shape factor, which is
the ratio of the surface area of the solids to the volume of a rock with an equivalent diameter
d. u is the axial fluid velocity in the packed bed, ε is the void fraction of the packed bed,
and ρ, Cp, and T are the density, specific heat, and temperature, respectively.

2.4.1 Single-phase models

From the two-phase C-S model, Vortmeyer and Schaefer [87] derived a single expression for
heat transfer in a packed-bed, based on the interactions between the fluid and solid phases.
The model does not consider the thermal equilibrium between the phases; however, two
approaches can be used depending on the fluid phase’s thermal capacity. If the thermal
capacity of the fluid phase is much smaller than that of the solid, it can be neglected, and
assuming that ∂2Tf

∂z2
= ∂2Ts

∂z2
, holds the following expression:
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(1− ε) ρsCps
∂Ts
∂t

=

(
k0 +

G2C2
pf

hpa

)
∂2Ts
∂z2

− ṁfCpf
∂Ts
∂z

(2.5)

where k0 is the axial effective thermal conductivity proposed by Yagi et al. [98] and G is
the fluid mass flux rate. Even though Vortmeyer and Schaefer [87] did not specify the ratio
of the specific heat capacity between the phases, Anderson et al. [36] stated that for an
alumina packed bed with air as the HTF, the volumetric heat capacity of the alumina is
∼ 2500−11500 times higher than the air in the temperature range analyzed. Additionally, it
is stated that the single-phase approach may be suitable when sCO2 is employed as the HTF
as the volumetric heat capacity ratio between the alumina and sCO2 is ∼ 29. Nevertheless,
further research is required in this area to determine the specific limit of the heat capacity
ratio between the phases.

For the cases wherein the thermal capacity of the fluid cannot be neglected, it is assumed
that the temperature profile is moving across the bed with constant velocity w. Thus, the
following expression holds:

w =
GCpf

ερfCpf + (1− ε) ρsCps
(2.6)

The single-phase equation for non-negligible thermal capacity fluids is obtained using the
equivalence of the second derivatives in the same manner as in Equation 2.5, and introducing
the expression: ∂Ts

∂t
= −w ∂Ts

∂z
; thus, Vortmeyer and Schaefer [87] proposed the following

expression:

(
ερfCpf + (1− ε) ρsCps

) ∂Tf
∂t

= −GCpf
∂Tf
∂z

+

(
k0 +

(w (1− ε) ρsCps)
2

hpa

)
∂2Tf
∂z2

+
w (1− ε)2 ρsCpsks

hpa

∂3Ts
∂z3

(2.7)

The third-order term in Equation 2.7 is relatively small [87]. It is crucial to consider the fact
that using a packed-bed provides the option of working with different HTF, either in gaseous
or liquid phases. Similarly, for the two-phase models, the equation proposed by Vortmeyer
and Schaefer [87] can be extended for a 2D temperature distribution. For both models,
the thermal losses can be accounted for by assessing the overall heat transfer coefficient of
the tank (UT ). UT considers the internal convection between the hot airflow and the tank’s
wall, the conduction resistance in each layer of the insulation of the wall, and the convection
outside the tank. The following sections present in-depth other methods for characterizing
the effects of the walls on the thermal behavior of the packed-bed.
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2.4.2 Two-phase models

Continuous solid-phase model (C-S) The Schumann’s model [135] is applicable for
regimes with large Reynolds numbers [87]. Nevertheless, for small Reynolds domains, a
new expression should be included in Equation 2.3 and Equation 2.4, related to the axial
conduction through the solid phase. Thermal diffusion in the fluid might also be considered
[118]; however, some authors neglect that effect, assuming that the thermal conductivity in
the fluid is much smaller than the conductivity in the solid phase [16, 135, 136].

According to Littman et al. [137], the thermal conductivity of both solid and fluid phases
should be evaluated in terms of the bed cross-sectional area. Thus, the governing equations
of the C-S model are as follows:

∂Tf
∂t

=
kfeff
ερfCpf

∂2Tf
∂z2

− u∂Tf
∂z

+
hpa

ερfCpf
(Ts − Tf ) (2.8)

∂Ts
∂t

=
kseff

(1− ε) ρsCps
∂2Ts
∂z2

− hpa

(1− ε) ρsCps
(Ts − Tf ) (2.9)

where kfeff and kseff are the effective thermal conductivity for the fluid and solid phases,
respectively.

An extended version of the Continuous solid-phase model considers heat conduction in
the radial direction for the solid and fluid phases, yet some authors neglect the effect for the
fluid phase [50]. This model should be applied when the wall influence on the storage tank
is significant, inducing flow heterogeneity and thermal losses through the walls. Meier et al.
[34] stated a lower limit where the flow heterogeneity near the wall can be neglected, which
is D/d ≥ 40 [16], where D is the bed diameter and d the particle diameter.

Dispersed Concentric model The Dispersed Concentric (D-C ) model proposes a more
accurate approach for assessing the thermal behavior of a packed-bed. It assumes that the
fluid flows in a dispersed plug flow regime, and the solid phase has intraparticle gradients
with radial symmetry. The model was developed by Handley and Heggs [138], who proposed
a numerical solution of the partial differential equation (PDE) system. Subsequently, Gunn
and De Souza [115, 118], based on the assumption of the radial symmetry of the temperature
profile within the particles, developed a study regarding the thermal frequency response to
determine the dispersion coefficients in a packed-bed structure. The heat transfer model
according to Handley and Heggs [138] is expressed as follows:

∂Tf
∂t

= κfax
∂2Tf
∂z2

− u∂Tf
∂z

+
hpa

ερfCpf

(
Ts

∣∣∣∣
r=R

− Tf
)

(2.10)

∂Ts
∂t

= κs
1

r2

∂

∂r

(
r2∂Ts
∂r

)
(2.11)
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where the temperature profile for the solid particle is solved using the following boundary
condition:

ks

(
∂Ts
∂r

)
= −hp (Ts − Tf ) at r = R (2.12)

Assuming that the packed-bed arrangement can be approximated as mono-sized spheres, r is
the radial coordinate, while R represents the sphere radius, and κs = ks

ρsCps (1−ε) is the thermal
diffusivity coefficient of the solids.

The term κfax is called the dispersion coefficient, which was initially determined by
Gunn and De Souza [115]. Nevertheless, the proposed expression presents an anomalous be-
havior at low Reynolds numbers. Two years later, Wakao [139] proposed a different expression
that shows a good response for low Reynolds flows, which is expressed as follows:

κfax =
keffax

εCpfρf
(2.13)

where keffax is the effective thermal conductivity in the axial direction proposed by Yagi
et al. [98].

2.4.3 Three phases models

Using models that consider more than two phases provides a deeper approach for several key
effects. As demonstrated by Hasegawa and Oshima [140], the void fraction of packed-beds
decreases as the size distribution of particles spread is crucial for the pressure drop and for
determining the amount of energy that a packed-bed can store. Few authors have studied the
effects of a multisized arrangement of rocks and thermal analysis, which involves coupling a
new equation for the energy balance.

Models based in wall temperature gradient Beasley and Clark [141] proposed an
analysis in two dimensions of a packed-bed TES, considering both axial and radial dispersion
of temperature, and a third equation for the temperature distribution on the wall.

∂Tf
∂t

+ u
∂Tf
∂z

=
kafeff
ρfCpf

∂2Tf
∂z2

+
krfeff
ρfCpf

(
1

r

∂Tf
∂r

+
∂2Tf
∂r2

)
+

hpa

ρfCpf
(Ts − Tf ) (2.14)

(1− ε) ρsCps
∂Ts
∂t

= hpa (Tf − Ts) (2.15)

ρwCpw
∂Tw
∂t

= kw
∂2Tw
∂z2

+ hwA
i
w (Tf − Tw) + hextA

o
w (Tw − Text) (2.16)
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where hw is the heat transfer coefficient through the storage wall, hext the coefficient of global
thermal losses to the environment, Tw and Text are the wall and the outside temperatures,
the inner and outer areas of the container walls are defined as Ai

w and Aow, respectively. The
thermophysical properties of the tank are also considered, such as the thermal conductivity
kw, density ρw, and specific heat Cpw .

However, Hoffmann et al. [142] formulated a 1D transient model with three coupled equa-
tions: (1) one for the solid phase, (2) another for the HTF, and (3) the storage wall effects
are accounted for as a third phase considering a heat transfer equation to model the thermal
gradient developed, which are expressed as follows:

ερfCpf

(
∂Tf
∂t

+ u
∂Tf
∂z

)
= kfeff

∂2Tf
∂z2

+ hpa (Ts − Tf ) + hw
Af,w
Vf

(Tw − Tf ) (2.17)

(1− ε) ρsCps
∂Ts
∂t

= kseff
∂2Ts
∂z2

+ hpa (Tf − Ts) + hw
As,w
Vs

(Tw − Ts) (2.18)

ρwCpw
∂Tw
∂t

= kw
∂2Tw
∂z2

+ hw

(
Af,w
Vf

(Tf − Tw) +
As,w
Vs

(Ts − Tw)

)
+ hext

Aw,ext
Vw

(Tw − Text)

(2.19)

where Vf , Vs, and Vw are the fluid, solid, and wall volumes, respectively. Af,w, As,w, and Aw,ext
are the areas between the fluid and the storage walls, the solid and the storage walls, and
the storage walls and the outside, respectively. The other variables in the above-mentioned
equations are the same as those described in subsection 2.4.2 regarding Beasley and Clark’s
formulation [141].

Comparing both approaches, the formulation proposed by Beasley and Clark [141] con-
sidered the radial dispersion in the fluid phase; thus, Equation 2.14 has an additional term
contrasted to Equation 2.17. The thermal losses through the contact between the solid phase
and the storage wall are not considered in the model proposed by Beasley and Clark [141],
and is only considered the convective heat transfer between the fluid and solid phase, as in
Schumann’s model [135]. Nevertheless, Hoffmann et al. [142] included the diffusion term in
the solid-phase equation and the thermal losses through the walls. This formulation can be
understood as an extension of the C-S model. A similar approach was developed by Aly
and El-Sharkawy [45] to study the effects of the wall temperature on packed-bed storage
systems, which consists of a 2D two-phase model for the heat transfer equations, where the
radial dispersion is also included in the equation for the solid phase. Aly and El-Sharkawy
[45] solved the system for different wall temperatures, and one of the main conclusions of
the work is that the wall temperature showed negligible effects on the phase temperatures
along the bed centerline. Conversely, an increase in the wall temperature has a significant
impact on the solids near the wall, and that behavior could be modeled considering that
Ts = Ts(r, z) because the wall temperature is a boundary condition in the radial direction.
Thus, for design considerations, a 2-D formulation would be highly recommended.
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Models based in multisized particles Odenthal et al. [143] proposed a three-equation
model for packed-beds with an arrangement of different particle sizes. The formulation
is based on Schumann’s model [135] for the two solid-phase equations: one for the larger
particles and the other for the smaller ones. As both particle sizes are in the same storage
tank, it is defined as a weighting factor for the volume occupied wv by an average size of
spheres confined in the tank, denoted by d.

d = wv · d1 + (1− wv) · d2 (2.20)

where d1 and d2 are the diameters of the large and small rocks, respectively. Thus, the
three-equation model is expressed as follows:

ερfCpf
∂Tf
∂t

+ ρfCpfu
∂Tf
∂z

= hp1a1 (Ts1 − Tf ) + hp2a2 (Ts2 − Tf ) (2.21)

wv · (1− ε) ρs1Cps1
∂Ts1
∂t

= hp1a1 (Tf − Ts1) (2.22)

(1− wv) · (1− ε) ρs2Cps2
∂Ts2
∂t

= hp2a2 (Tf − Ts2) (2.23)

where the subscripts 1 and 2 denote the large and small particles. Thus, the convective heat
transfer coefficient hp and the shape factor a must be evaluated for the respective diameter.

The previous equations constitute an extension of the two-phase model with an equivalent
description of the heat transfer phenomenon. The energy balance for each type of particle
couples with the HTF through their respective heat transfer coefficients. Therefore, the same
assumptions considered by the Schumann’s model [135] are applied in this formulation.

Mixed models The study performed by Esence et al. [24] stands out by introducing a com-
bination of the dispersed concentric model (D-C ) [138, 115] and the single-phase approach,
which allows the analysis of the thermal behavior of a packed-bed composed of two different
sizes of rocks. For relatively large particles, a modified D-C model is applied where the evo-
lution of the thermal profile within the solids involves different behaviors in two periods. It
considers a spherical solid with a uniform initial temperature Tr,0 = Tr,ini during the first pe-
riod, due to the heat exchange between the fluid and the external layers of the solid, inducing
a change in the internal temperature profile in the solid, Rr to the radius of the thermal front
δ (Figure 2.14a). In the second period, the thermal front is extended to the center of the
solid, and the central temperature of the particle varies with time (Figure 2.14b). For both
periods, a temperature profile following the distribution Tr(rr) = ar2

r + brr + c is assumed,
where the coefficients of the polynomial are calculated analytically at each time-step. Thus,
no numerical resolution is developed to solve the temperature profile, saving computing time
with the approach exposed by Esence et al. [24].

A single-phase equation is established for the smaller particles by assuming that the solid
and fluid phases are in thermal equilibrium. The model also includes an energy balance for
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(a) First period of the particle thermal
profile.

(b) Second period of the particle ther-
mal profile.

Figure 2.14: Temperature profile evolution within the particles according to Esence et al.
[24].

the walls of the storage tank; hence, it suits the modeling of small storage tanks. The PDE
system of the model proposed by Esence et al. [24] is expressed as follows:

ρrCprVr
∂T r
∂t

= hprar

(
Tf − Tr

∣∣∣∣
rr=Rr

)
(2.24)

εCpf
∂ (ρf · Tf )

∂t
+ wv,sρsCps

∂Ts
∂t

+ εCpf
∂ (ρf · uf · Tf )

∂z
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∂

∂z

(
keff

∂Tf
∂z

)
+hprar

(
Tr

∣∣∣∣
rr=Rr

− Tf
)

+ heff,waw,int (Tw − Tf )
(2.25)

wv,wρwCpw
∂Tw
∂t

= wv,w
∂

∂z

(
kw
∂Tw
∂z

)
+ heff,waw,int (Tf − Tw) + hw,extaw,ext (Text − Tw)

(2.26)
∂ρf
∂t

+
∂ (ρf · uf )

∂z
= 0 (2.27)

where the equations 2.24 to 2.26 represent the energy balances at the storage tank, and
the subscripts r and s denote the large and small particles, respectively. The formulation
considers the volume fraction of the small particles per unit of bed volume wv,s, and a volume
fraction for the wall volume wv,w. Besides, the continuity equation (Equation 2.27) determines
the velocity field of the fluid across the storage.

Finally, Table 2.8 presents a comparison of the studied models. In general, two-phase
models are applied to study the global thermal behavior of a packed bed separating the fluid
from the solid phase, without considering thermal losses or wall effects. These models can
include conduction heat transfer if the Reynolds number is low (Re < 25) and intraparticle
thermal gradient if the Biot number is high (Bi > 0.1). However, it is necessary to mention
that integrating thermal losses or thermal diffusion over the Reynolds limits allow for a more
robust modeling because more relevant factors are included. On the other hand, the single-
phase formulation is applied to study packed beds when the solid and fluid phases can be
assumed to be close to thermal equilibrium; this is the case for small particles (such as sand)
or when the volumetric thermal capacity of the fluid is small compared to the volumetric
thermal capacity of the solid (Ratio > 29) [36, 87]. These models have a lower computing
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time compared to the two-phase models because of the lower number of equations to solve.
The thermal losses and the wall effects can be modeled precisely by adding an equation for
the storage walls to the two-phase formulation. However, the influence of these variables
is important to small packed beds, or in zones close to the walls of the packed bed, as
pointed out by Beasley and Clark [141]. This influence can be neglected in the center of
packed beds for regular-size storage. Besides, the three-phase formulation can be extended
for systems with multiple-size particles, allowing modeling heterogeneities within the packed-
bed. Finally, there is a basic formulation for each model that is contrasted in Table 2.8,
and adding more complexity and detail to the model is part of the assumptions made by
the analyst to develop the study. Thus, considering more dimensions in the model enable
capturing more phenomena involved in the heat transfer process, but with the disadvantage
of having a higher computational cost, which also occurs by including more equations to the
model.

2.5 Experimental studies

For high-temperature thermal storage in packed beds using air as a HTF, Meier et al.
[34] developed a computer code that solves a one-phase 1D heat transfer equation, called
PACKBEDA. The code allows the evolution of the temperature profiles across the packed-
bed, assuming temperature-dependent properties and heat losses through the walls. The
code was validated by comparing experimental data from a test bench specially built for that
purpose. The test bench considered a cylindrical vessel, which presented high heat losses
through the walls due to its geometry. Nevertheless, this behavior was efficiently reproduced
by the heat transfer model. Hänchen et al. [16] also used the empirical results from Meier
et al. [34] to validate a 1-D heat transfer model based on the C-S formulation, and coupling
a heat loss term in the equation for the fluid phase. A parametric analysis was carried out
to evaluate the charging/discharging process and the cyclic operation in terms of the ther-
mal efficiency and capacity ratio, varying the dimensions of the packed-bed, mass flow rate,
particle diameter, and the material employed as storage media.

Another experimental study was developed by Zanganeh et al. [25], consisting of a 6.5 MWh
thermal storage unit, with a truncated conical shape. The experimental facility was used to
validate a two-phase heat transfer model for the packed-bed, using air as the HTF. Different
comparisons were carried out considering the geometry of the storage (cylindrical or conical)
and the temperature dependence of thermophysical properties.

Figure 2.15 shows the temperature and energy profiles across the tank for different shapes.
A higher amount of energy is stored at the tank’s upper side due to its larger diameter at
the top of the conical storage [25]. Nonetheless, the thermal losses related to the cover area
are larger in the conical tank. Thus, the temperature of the air is lower than that observed
for the cylindrical tank.

Zanganeh et al. [25] also compared the influence on the temperature profiles of consider-
ing temperature-dependent properties for the fluid and the solid phases against considering
constant properties evaluated at an average temperature. In Figure 2.16, 20 h of the charging
process was evaluated for a conical tank shape, highlighting the underpredicted temperature
values for the hot region and over predicted values in the cold region for the fluid phase. This
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Figure 2.15: Temperature and energy distribution after 8 hours of charging. Modified from
Zanganeh et al. [25].

Figure 2.16: Temperature profiles after 20 hours charge for constant and variable solid and
fluid properties. Modified from Zanganeh et al. [25].
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effect is explained by the consideration of constant properties for the solid phase.

Anderson et al. [145] developed a one-phase thermal model for a packed-bed using α-
alumina particles as the solid phase and air as HTF. Temperature-dependent thermophysical
properties were used in the model, which was validated against experimental data. The study
was developed for two cases of maximum temperatures: 120 °C and 700 °C, where a direct
comparison was carried out considering models using constant and variable properties. In
both cases, there were significant differences, which are even more critical when the system
is at a high temperature, close to 700 °C.

Figure 2.17: Biot number as a function of mass flux and different temperatures. Modified
from Anderson et al. [36].

For the model considering variable thermophysical properties within the phases, the Biot
number was assessed to analyze the temperature limits at which the intraparticle gradients
can be neglected for the geometry proposed in the article (see Figure 2.17). Thus, at higher
temperatures and mass flow rates, neglecting intraparticle gradients is no longer a valid
assumption [36].

For the 1D three-phase formulations, the bi-dispersed model introduced by Odenthal et al.
[143] focuses on accurate modeling of the multisized packed-bed arrangements. The study
compares the results obtained by the novel formulation with those obtained by the Schu-
mann’s model [135], which considers different combinations of average size particles and
void fractions. A simulation assessment of the model considered both single blow and cyclic
operation for heat storage using molten salts as the HTF.

Figure 2.18a presents that deviations are up to 6 K for a single blow operation scenario
when the sizes of the particles are different. The differences observed for the cyclic operation
were even higher for the heterogeneous distribution scenario (Figure 2.18b). In other cases,
the differences cannot be neglected. Thus, the author suggested the use of a bidisperse model
for packed beds with at least two different particle sizes and dense fluids such as molten salts
or thermal oil [143].

Hoffmann et al. [142], studied the temperature distribution of three scales of storage
tanks: a small tank (8.3 kWh), a medium-size tank (2.3 MWh), and an industrial-scale tank
(170 MWh). The study compared the accuracy of the predictions delivered by the 1D single-
phase and 1D two-phase formulations. The comparison was conductes using experimental
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(a) Temperature profiles for single blow.
(b) Temperature profiles at the beginning of the
last discharge process after 14 cycles.

Figure 2.18: Bidispersed model comparisons by Odenthal et al. [143].

data from the different storage tanks described above. Both models considered thermal losses,
although for the two-phase model, a new equation was coupled with the storage walls’ effect.
The experimental validation confirmed that for small-scale tanks, a two-phase formulation is
more accurate. In contrast, for industrial-scale tanks, the single-phase approach exhibited a
close agreement with the experimental measurements. In addition, the effects of considering
thermal losses and the wall temperature distribution were essential for capturing the thermal
behavior of small tanks. It is demonstrated in an experimental set-up considering a storage
tank of 8.3 kWh.

Previously presented 2D models were formulated as an extension of the 1-D approach,
aiming to establish an accurate method to analyze the thermal behavior of a packed-bed TES.
Some authors developed suitable experimental settings to validate the proposed models. For
instance, Beasley and Clark [141] validated a two-dimensional three-phase formulation for
packed beds using thermocouple measurements in the radial and axial directions of the flow.
The model showed an outstanding consistency with the experimental data for a wide range
of conditions regarding Reynolds numbers. Furthermore, with the experimental data in the
radial coordinate, the effects of the void fraction on the fluid flow were assessed.

Another relevant element in determining the radial temperature gradients of the phases is
the effect of the storage walls. In this regard, a numerical study was carried out by Aly and
El-Sharkawy [45], where a 2D model was employed to predict the temperature profiles of a
packed-bed with different wall temperatures imposed. The study results proved that along
the bed centerline, the wall temperature did not affect the air or solid temperature profiles.
However, for the solids near the storage wall, the temperature showed a strong influence on the
storage outlet temperatures. Moreover, the radial variation distribution could be explained
by the increase in the thermal boundary layer’s thickness during the charging operation. It
reached approximately 60% of the bed cross-sectional area during 6 h of operation.

Regarding the analysis of high-temperature air storage in porous media, Rodrigues and
de Lemos [163] developed and validated a 2D CFD model to investigate the transient behavior
of temperature fields and the thermocline thicknesses of TES systems as a function of the
ratio between the thermal conductivity and the thermal capacity of the fluid and solid. The
model demonstrated its suitability by determining the thickness of the thermocline in the
transient regime and different turbulent flows. In addition, the model was able to assess
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the transient stratification and storage efficiency for different conductivity ratio (ks/kf ) and
thermal capacity ratios (ρsCcs/ρfCcf ).

An entropy generation approach for the stratification process due to heat losses, in standby
mode, was implemented by Bai et al. [164] using a 2D CFD model to capture the cooling pro-
cess in a TES tank. In addition, different aspect ratios were evaluated. The two-dimensional
model was validated against experimental data of the temperature profiles measured through
the axial dimension of the tank. The simulations were compared against experimental data,
obtaining an acceptable fit. The authors hold that for the simulations, the velocity fields were
small; thus, the mass transport process can be simplified into a heat transfer model. Through
a one-dimensional model, the thermal stratification was assessed and validated against ex-
perimental measurements. A tank with an aspect ratio of 1 showed the highest energy and
exergy efficiencies, as well as the lowest entropy generation during the cooling process. Fur-
ther analyses showed that considering aspect ratios larger than 3 had small influences on the
energy and exergy efficiencies.

2.6 Radiation exchange

Thermal radiation has significant relevance during the operation of granular packed beds at
high temperatures. The overall heat transfer process between the storage elements (parti-
cles and walls) is profoundly affected by the radiation exchange at temperatures higher than
900 °C, and therefore cannot be neglected [86]. The process of heat exchange by radiation
has been mainly treated in granular packed beds by developing effective thermal conduction
coefficients for the radiation exchange (k0 rad

eff ) using experimentally determined correlations.
In recent years, some authors have proposed the development of heat transfer models in
granular packed beds by explicitly incorporating heat exchange by radiation [165, 166, 167].
A detailed analysis of the heat exchange by radiation in each element was performed inside
a granular packed-bed (with high particle density) in such studies. This approach has shown
an unacceptable computational cost for practical applications, as it has to evaluate the view
factors between all the elements of the storage. Therefore, different spatial models for mod-
eling the interaction via thermal radiation between the confined particles have been defined
in the literature. Wu et al. [168] developed a study analyzing the effect of three radiation
models with different spatial ranges: short-range model, long-range model, and particle scale
model.

Short-range models: These models consider that particles only exchange heat by radi-
ation with their neighboring particles. Depending on the domain discretization method, it
means direct particle contact or with particles in adjacent cells. This model usually underes-
timates the heat exchange by radiation because the sum of the view factors for a particle is
usually much lower than the unity, reaching values of 0.834 for discretization in Voronoi cells
[168]. This model usually allows achieving acceptable results for temperatures lower than
1250 °C and when the thermal conductivity of the solid is similar to the effective thermal
conductivity including radiation (ks ∼ k0 rad

eff ). This is because this approach usually overes-
timates the heat transfer by conduction, causing both errors to be canceled out and to agree
with the experimental results.
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Long-range models: These models consider that particles exchange heat by radiation
with particles within a radius of interaction (Rint), with respect to a reference defined center
in a function of the density of particles in the storage. The following tolerance range (τ) is
defined for selecting the radius of interaction:

∣∣∣∣∣
n∑

i=1

Fij − 1

∣∣∣∣∣ > τ −→ Rint = Rint +∇δ (2.28)

∣∣∣∣∣
n∑

i=1

Fij − 1

∣∣∣∣∣ < τ −→ Rint = Rint (2.29)

where Fij corresponds to the view factor between the particle i and particle j, ∇δ corresponds
to the correction factor for Rint, when it does not meet the tolerance set for the sum of the
view factors. The model requires the development of an algorithm to estimate the obstructed
view factors between the particles in the packed-bed and a locator algorithm used by the
discrete element method. Wu et al. [168] pointed out that this model is suitable for estimating
the heat transfer by radiation when the thermal conductivity of the solid is much higher than
the effective thermal conductivity including radiation (ks � k0 rad

eff ) and for temperatures up
to 1500 °C.

Particle scale model: Wu et al. [168] proposed developing a microscopic model when
the assumption of constant surface temperature on the particle cannot be ensured. This
situation occurs when the dimensionless thermal conductivity of the solid is lower than 10
(Λ < 10). For this purpose, the surface of each sphere is discretized into meshes of uniform
temperature. Thereafter, the radiation heat exchange is calculated with the neighboring
particles. This model shows good results for estimating the effective thermal conductivity
(keff ), used for assessing the process of heat transfer inside a packed-bed due to diffusion
phenomena. However, the computational resources required for its application make this
approach impractical.

To evaluate the accuracy of these models, Wu et al. [168] determined the coefficient of
effective thermal conductivity (keff ) and the coefficient of effective thermal conductivity for
radiation (k0 rad

eff ) for each of the models presented. The authors compared the models against
correlations for the same parameters proposed in the literature [91, 169, 170], obtaining good
agreement under the conditions previously indicated for each model.

2.6.1 View factors

Determining and effectively evaluating view factors in packed-beds is complex because of
the random configuration that particles acquire inside the tank. One of the first studies
devoted to determining the view factors in packed-bed systems was carried out by Wakao
et al. [171], proposing an algorithm for calculating the view factors between hemispheres
(of equal or different radius) in contact. In a similar approach Juul [172] and Felske [173]
deduced analytical expressions to approximate the view factor between two near spheres.
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Several years later, Tanaka [174] proposed an analogous solution for the case of two spheres
of equal size with no obstacles between them.

Han et al. [175] proposed a two-dimensional space algorithm based on Hottel’s cross-string
theorem [176], which allows determining the view factor between circles of different sizes and
randomly ordered in a plane. This algorithm includes a methodology for calculating the view
factor between both circles obstructed by others. This approach has the disadvantage that
considering two-dimensional bodies may not represent the view factor between spheres. In-
deed, 3D objects do not comply with the assumption made by Hottel. Moreover, it should be
noted that this algorithm requires an additional search algorithm to determine the positions
of the particles.

Following a more traditional approach, Feng and Han [177] proposed an algorithm based
on a deterministic ray-tracing methodology to estimate the view factor between spheres of
equal size and with obstacles between them. In this study, the integral for calculating the view
factor between the spheres is discretized using three tools: the (1) Tanaka [174] integral to
determine the intersphere form factor, (2) the standard Fibonacci numeric integration scheme
[178] and (3) a nonuniform scaling variable (as a variable change for the z coordinate). It is
important to note that the algorithm requires the implementation of a search algorithm, such
as that proposed by Han et al. [175]. Moreover, using Han et al.’s [175] or Feng and Han’s
[177] algorithms in packed beds with large numbers of particles require defining the radius of
interaction between particles to determine the view factor between them. The effectiveness
of the radius of interaction is evaluated by defining the tolerance level. This algorithm was
validated for the case of spheres with no obstacle in between, compared to the analytical
expression of Tanaka [174].

Wu et al. [168] proposed a practical method to estimate the view factor between neighbored
spheres employing Voronoi cells and deduced an analytical expression. In recent time, these
authors also proposed a novel method employing a multi-layer neuronal network to compute
the view factor matrix for random distribution particle packed bed [179].

Considering that the application of the analytical solutions described above is limited,
several authors have evaluated the heat exchange by radiation using a stochastic approach,
such as the Monte Carlo-based ray-tracing methods [180, 181, 182, 183].

2.6.2 Relevance of radiation heat transfer on packed-bed modeling

Because of the high temperature achieved in packed-bed storage applications, radiation heat
transfer can play a significant role in developing the temperature profile across the tank
during the operating cycle. Neglecting the contribution of radiation exchange may not be
recommended under certain conditions. As pointed out in the previous sections, several
authors have included the effect of radiation through correlations of the effective thermal
conductivity [25, 82]. This approach takes into consideration the temperature of the particle
but does not model the radiation exchange with the neighboring elements.

This section describes a simple study to assess the influence of radiation heat exchange
in the operation of packed-bed storage during the charging process and standby periods.
It assesses the heat transfer phenomena by considering the radiation exchange by includ-
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ing an explicit term based on the interaction between the surrounding particles. Through
a parametric analysis, thermal radiation is compared to the energy transferred by forced
convection.

Simplified model

The domain of the discrete model corresponds to a vertical column of identical spheres, which
are located in the centerline of a packed-bed storage, surrounded by the HTF. A subdivision
of the column is made by cubic cells that enclose a single sphere and the fluid around it (Fig-
ure 2.19); thus, the porosity of the structure can be calculated as: φ = (Vcell − Vsphere) /Vcell,
where Vcell = d3 is the volume of the cell that contains the sphere with diameter d and volume
Vsphere.

Figure 2.19: Scheme of the heat transfer phenomena involved within the arrangement.

The proposed model is based on the assumptions of Schumann’s formulation with the addition
of unidirectional heat transfer between particles, diffusion into the surrounding fluid, and
radiation between neighbors. In the following paragraphs, the heat transfer mechanisms
considered herein are briefly explained.

Conduction, Q̇cond For each phase, the Fourier’s Law [184] is employed considering an
effective area of conduction, expressed by Equation 2.30. During the charging process, the
thermal conductivity is modeled as motionless stagnant conductivity for the solid phase and
as the axial effective thermal conductivity for the fluid (Table 2.4).

Aeff =

{
φ · d2 for fluid phase
(1− φ) · d2 for solid phase (2.30)
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Convection, Q̇conv The convective heat transfer coefficient, h, depends on whether forced
or natural convection occurs. During forced convection, the volumetric heat transfer coeffi-
cient hv is determined using the expression proposed by Coutier and Farber [42], considering
the relationship between hv and the convective heat transfer coefficient, h = hv ·(Vcell/Asphere).
For natural convection, two scenarios are considered: if the temperature of the solid is higher
than the fluid, h is estimated using the correlation proposed by Nellis and Klein [184]; on
the contrary, h is estimated using Nu = 2.

Radiation, Q̇rad Two approaches were considered to include thermal radiation. First, an
implicit formulation, where the radiation phenomenon is included in the effective thermal
conductivity using the correlation of Zehner and Schlünder [91]. Additionally, an explicit
approach was considered, where the radiation effect was considered by assuming the spheres
as gray surfaces [184], and assessing the radiation exchange between spheres that are located
up to three times their diameter apart, as observed in Figure 2.19. The analyzed sphere
manages to “see” the superior and inferior planes composed by neighboring spheres, which
are approximated to the squares of side 3 ·d, and the view factors for the present arrangement
are calculated as suggested in [177].

Charging and Standby process

A time-dependent energy balance was carried out for the fluid and the i-th solid sphere
enclosed by the cubic domain. The thermophysical properties for each phase are assumed
to be constant and the analysis was developed for air and the waste material EAF Slag 1,
whose properties are presented in Table 2.1. For the charging process, the following equations
represent the energy balances for each phase:

ρsVcell(1−φ)Cp,s
dTs,i
dt

= Q̇cond,s,i−1− Q̇cond,s,i+1 + Q̇conv,i +
3∑

n=1

(
Q̇rad,i−n,i − Q̇rad,i+n,i

)
(2.31)

ρfVcellφCp,f
dTf,i
dt

= Q̇cond,f,i−1 − Q̇cond,f,i+1 − Q̇conv,i + ρfAsupφu
Cp,f

2
(Tf,i−1 − Tf,i+1) (2.32)

where the subscripts s and f relate to the solid and the fluid phase, respectively. The term
Asup in Equation 2.32 represents the upper area of the cubic cell where the fluid enters the
domain. For the implicit model, the radiative terms are not considered, and the effective
thermal conductivity for the solid phase is recalculated using the correlation proposed by
[91]. The initial conditions for the charging process consider that the temperature of the
phases is equivalent to the surroundings (25 °C). In the first cell, the fluid enters the domain
with an inlet temperature, as presented in Table 2.9. The formulation of the standby process
is analogous to the charging process, but neglecting the energy transportation term, and the
initial conditions are the temperature profile obtained at the end of the charging process for
each phase.

The energy balance results are depicted in Figure 2.20 for both charge and standby pro-
cesses. As observed in the figure, there is a significant discrepancy between the temperature
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Table 2.9: Operating conditions of the proposed model.

Parameter Value

Re 60
d [mm] 25
Inlet temperature °C 1100
Number of spheres in the column 100
Emissivity 0.8
Charging time [h] 4
Standby time [h] 2

(a) Charging process. (b) Standby process.

Figure 2.20: Temperature profile comparisons between implicit and explicit radiation.

profiles when considering radiation explicitly and applying the correlation of Zehner and
Schlünder [91]. The model that considers explicitly the radiation incorporates the interac-
tion between seven particles during the heat transfer, whereas in the implicit formulation, the
radiation is considered in the conduction term, involving three particles in the heat exchange
process. The above consideration explains that, using the explicit model, the upper zone of
the arrangement exhibits lower temperatures, while at the center of the arrangement, the
temperatures are higher. This effect is due to radiation being transmitted quickly from the
particles with higher temperature to the particles located in the center of the storage. In
the lower zone of the arrangement, the slopes of the curves through both approaches are
similar, which is due to the weaker influence of radiation heat transfer at low temperatures.
In addition, during the standby process, the radiation effect can be evidenced through an
alteration in the thermocline generated, suggesting that the phenomenon described could
have a negative impact on the performance of storage systems.

By calculating an equivalent effective conductivity for the exposed radiative model, using
Equation 2.33 for radiation coming from above and the Equation 2.34 for the radiation that
goes to the particles below, a comparison can be made against other correlations proposed in
the literature. For instance, the correlations formulated by Kunii and J.M. [170] and Schotte
[169].
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krad,up,i =

d ·
3∑

n=1

Q̇rad,i−n,i

Aeff,s ·

 3∑
n=1

Ts,i−n

3
− Ts,i

 (2.33)

krad,low,i =

d ·
3∑

n=1

Q̇rad,i+n,i

Aeff,s ·

Ts,i − 3∑
n=1

Ts,i+n

3

 (2.34)

Figure 2.21: Effective thermal conductivity comparisons.

From Figure 2.21, a temperature limit can be set for which the formulations are equivalent,
which is around 300 °C. Above that temperature level, there are significant discrepancies
between the models.

The effects of the radiation heat transfer within a packed-bed can also be modeled by
calculating the overall radiation heat transfer coefficient, which must consider the exchange
of both the upper and lower planes. Thus, the formulation depends on whether the solid is
gaining or losing energy due to radiation. Considering that parameter, the explicit radiation
can be compared against forced convection during the charging period. In this context, the
values of h are calculated with the temperature-dependent properties of air.
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hrad =



(
3∑

n=1
Q̇rad,i−n,i−

3∑
n=1

Q̇rad,i+n,i

)

Asphere·


3∑

n=1
Ts,i−n

3
−Ts,i


if

3∑
n=1

Q̇rad,i−n,i −
3∑

n=1

Q̇rad,i+n,i > 0

(
3∑

n=1
Q̇rad,i−n,i−

3∑
n=1

Q̇rad,i+n,i

)

Asphere·


3∑

n=1
Ts,i+n

3
−Ts,i


if

3∑
n=1

Q̇rad,i−n,i −
3∑

n=1

Q̇rad,i+n,i < 0

(2.35)

Figure 2.22: Comparison of convection and radiation coefficients for nominal conditions.

As observed in Figure 2.22, two zones are identified: one where the particles decrease
their internal energy due to radiation heat transfer, and a second zone where the particles
increase their internal energy due to the radiation coming from the upper levels. Furthermore,
comparing the maximum values of hrad in the decreasing and increasing zones against the
hconv evaluated at the respective temperatures, the radiation coefficients can reach values
that represent 32% and 17% of the convective heat transfer coefficient, respectively.

Parametric analysis

The proposed model is used to perform a parametric analysis to assess the operating condi-
tions’ influence on the radiation heat transfer observed in packed-bed storage. The coefficient
hrad expressed in Equation 2.35 is compared to the forced convection heat transfer coefficient.
The effect of two variables was analyzed: the Reynolds number and the particle diameter.
The effects of such variables are assessed in the complete arrangement at the end of the
charging process. In Table 2.10, the conditions defined for the parametric analysis are listed,
and the results are presented in Figure 2.23.

Varying the Reynolds number results in different temperature profiles within the arrange-
ment; thus, the radiation heat transfer exhibits a different behavior for each regime. On the
other hand, at higher values of Re, the particles reach higher temperatures, and the curves
of hrad in Figure 2.23 allow to distinguish the two areas described above. On the other hand,
the convective heat transfer coefficient increases its value, and when compared to radiation at
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Table 2.10: Operating conditions of the parametric analysis.

Parameter Value Number of cases

Re 15 – 150 10
d [mm] 25 – 45 2
Inlet temperature °C 1100 -
Charging time [h] 4 -

(a) Study with d = 25 [mm].

(b) Study with d = 45 [mm].

Figure 2.23: Convection and Radiation coefficients for different Reynolds numbers.
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high temperatures, a predominance of the hconv can be established. However, this effect does
not indicate that radiation can be neglected, since, in the upper regions of the storage (inlet
zone of the charging process), the temperature of the fluid and the temperature of the solid
can be close, making the convection heat transfer lower due to thermal equilibrium, which is
a mechanism of contact interaction. Radiation in these regions may be relevant because ra-
diation allows distance interaction between particles in the upper regions and particles in the
middle regions of the storage, which have a higher temperature difference in comparison with
near particles. Regarding the influence of the particle diameter on the radiation coefficient,
higher values are reached in the middle of the arrangement, but conversely, the convection
heat transfer seems to have no significant variations.

2.7 Conclusions
This paper presents a comprehensive review of the different approaches described in the
literature for modeling and assessing the performance of packed-bed storage systems. One of
the main differences observed within the models is considering the radiation exchange within
the particles in the tank. A simple study was carried out, allowing the identification of its
influence as a function of the particle temperature. The main findings are summarized as
follows:

• The heat transfer coefficients proposed in the literature show significant differences
between each other; hence, a generalization only based on characteristics terms as
porosity and dimensionless number may be ventured. The limitations for applying
such heat transfer coefficients are given by the fact that they were defined for a specific
configuration that does not apply to a broad range of conditions. The empirical heat
transfer coefficients are considered an adequate tool for assessing the magnitude of the
heat transfer phenomena involved in a packed-bed.

• Regarding the size of the storage tanks, several aspects of the modeling must be con-
sidered, and therefore advanced modeling techniques would allow highly accurate sim-
ulations. However, it can be computationally expensive. Simplified formulations ad-
equately approximate the phenomena observed in pilot-scale tanks, allowing to assess
the system’s performance with acceptable accuracy.

• Assessing the thermal interaction between the particles in the packed-bed, the fluid,
and the wall is highly relevant to conduct an accurate evaluation. There are simple ap-
proaches that use correlations or by assessing the heat transfer coefficients by analyzing
the features of the wall, which becomes significant for small storage tanks.

• The magnitude of the errors reported in the literature is highly related to the assump-
tions and simplifications made during the formulation. One of the approximations
most employed assumes constant properties for both the HTF and the solid phase,
which introduces errors in a range between 1 and 5%, but significantly reduces the
computational time compared to the variable properties approach.

• The effect of the heat transfer by radiation in packed beds is commonly neglected.
Studies that have considered it explicitly reduce the assessment to one heat transfer
mechanism. The correlations reported in the literature for the effective thermal con-
ductivity due to thermal radiation only consider the temperature of the particles, and
do not include the temperature gradient around it. This issue was evidenced in the
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simple analysis, showing significant discrepancies with respect to the correlations for
assessing the temperature profiles at high operating temperatures. In this context, the
heat transfer coefficient for radiation could be as high as 32% of the convection coeffi-
cient, and thus should not be neglected at temperatures higher than 750 °C and should
be treated as a long-distance interaction mechanism.

The proper selection of the modeling approach is crucial for building cost-effective storage
systems that can enable the introduction of renewable energy sources in the electricity-
generating matrix, or for facilitating the integration of renewable heat into industrial pro-
cesses.
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Chapter 3

Assessing the use of copper slags as
thermal energy storage material for
packed-bed systems

Thermocline tanks using packed-bed of rocks have become feasible candidates for improving
the performance of Concentrated Solar Power plants, enabling high operating temperatures
and reduced capital costs when industrial byproducts are employed as filler materials and
low-cost working fluids, being competitive against molten salts thermal storage systems.
The present work assesses the potential of using copper slags in packed-bed systems as filler
material. Through a thermal characterization, it is demonstrated that copper slags show
similar properties to other slags proposed in the literature for thermal storage medium and
better thermal capacity (1.4 - 1.5 J/(g K)). A heat transfer model was developed to predict
the cyclic behavior of a packed-bed storage using copper slags and employed in a parametric
analysis to assess the impact of storage dimensions on 1st and 2nd law efficiencies for different
storage materials, allowing to identify several design considerations depending on tank’s
volume. The main findings indicate that the high thermal capacity of copper slags favors
the development of a steeper thermocline, keeping a low rate of exergy loss at storage’s
outlet, and also higher energy density stored of 138 kW h/m3 against 129 kW h/m3 of other
byproducts under similar storage dimensions.

3.1 Introduction

The current trends in energy supply and use are highly unsustainable socially, economically,
and environmentally. The need for a substantial change on the development path has encour-
aged the scientific community to study environmentally friendly energy systems as a measure
to achieve a substantial reduction of greenhouse gas emissions. In that context, one of the
main difficulties for increasing the share of renewable energy in the energy matrix is the
availability of reliable and affordable energy storage solutions. Energy storage technologies
can contribute to a better integration of electricity and heat network systems, playing a cru-
cial role in improving energy systems’ efficiency and enabling the introduction of large share
sustainable sources [9]. For instance, Concentrated Solar Power (CSP) plants are equipped
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with thermal energy storage (TES) systems, which provide heat in a dispatchable way to a
power block, and give operational flexibility even during periods of low solar radiation.

CSP plants commonly use molten salt mixtures as heat transfer fluid (HTF), which is
also employed as sensible heat material for thermal storage due to its high thermal capacity.
The most common mixture of salts in CSP plants is 60% KNO3 and 40% NaNO3 (weight)
[8], which is commonly called “Solar Salt.” However, the use of molten salts has several
techno-economical disadvantages, such as a higher operational temperature of around 600 °C
[185] due to their chemical stability limit. That constraint also represents a thermodynamic
limit for achieving higher conversion efficiencies through the implementation of advanced and
efficient power cycles. In addition to that, the salt must not operate at temperatures lower
than the freezing point, which is 228 °C for solar salt [186].

The CSP industry and the scientific community have devoted significant efforts during
the last years to develop new concepts in central receiver systems and thus achieve higher
energy conversion efficiencies. In that context, the utilization of compressible gases cycles
has received considerable attention in recent years. Among the cycles analyzed, the use of
supercritical CO2 and atmospheric air have been pointed out as interesting candidates for
the future developments, since these operate in a wider temperature range and achieve higher
conversion efficiencies [187, 188].

Atmospheric air has been analyzed since the early 90s as a potential working fluid in CSP
plants [189]. The use of atmospheric air as a working fluid has several advantages: it is
nontoxic, low-cost, readily available, environmentally friendly, and chemically stable at high
temperatures [64]. This last feature is crucial for achieving a higher conversion efficiency
[190]. In that regard, several prototypes of volumetric receivers have been tested [191], which
have led to the construction of two demonstrative plants using air as a working fluid: Jülich
(Germany - 1.5 MW) and Daegu (Korea - 200 kW). Although those plants were able to
validate the concept, the technology still has to overcome several challenges to achieve its
commercial maturity. One of those critical issues is the integration with thermal storage
systems [192].

One of the strengths of using compressible gases as a working fluid is the possibility of
exploring thermal storage options with higher energy density and lower costs than the molten
salts’ technology (as shown in Table 3.1). Among the storage technologies that have been
analyzed for coupling to CSP systems using air as a working fluid, single-tank packed-bed
storage has been pointed out by several authors as the most suitable alternative [16, 11].

3.1.1 Packed-bed thermal storage

A packed-bed thermal storage system consists of using solids as a heat storage medium and
a heat transfer fluid (HTF) in direct contact with solids to convey heat [25]. Figure 3.1
shows a generic scheme for a central receiver plant coupled to a packed-bed storage where
the solar radiation is absorbed in the receiver of the solar tower, and the heat transfer fluid
is later conveyed to the power block. In cases when a surplus of energy exists, it is conveyed
to the thermal storage system. Later, during low radiation periods, the thermal storage
is discharged by delivering heat to the power block, allowing it to continue its operation.
Comparing packed-bed systems with the currently dominating storage technology in CSP
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Table 3.1: Sensible heat energy storage alternatives (experimental and commercial scale)

Storage
configuration HTF Storage

material
Material
cost [$/kg]

Temperature
range [°C]

Energy
density
[kWh/m3]

Cost
[$/kWh]

Ref.

Two tank
storage

Water/steam Hitec/HitecXL 0.9 - 1.2[193] 220 - 340 97 [8, 194]
Molten salt Molten salt 0.5[193] 288 - 566 206 - 270 24 - 26[194]

(system)
[8, 13]

Air (demo) Molten salt 0.5[193] 220 - 565 206 - 270 [8]
Synthetic oil Molten salt 25 (oil)[67] 288 - 388 80 [8]

Single tank
thermocline
storage

Air Reinforce
concrete

0.06 200 - 400 100 1.0 [13, 194]

Air Rocks and
fire bricks

0.15 - 2.0[13] 20 - 700 400 - 600 4.2 - 6.0 [25, 12]

Thermal oil Quartzite 0.6[62] 100 - 400 250 n.a. [51]
Molten salt Cofalit 9.7 [18] 290 - 560 200 n.a. [195]

Steam
accumulator Steam (DSG) Steam – 120 - 330 20 – 30 0.17 - 0.34 [8, 194]

plants (molten salts), the main advantages of packed-bed systems are the following: the
operating temperature constraints due to chemical instability of the HTF or the rocks are
eliminated; the operating pressure can be close to ambient, avoiding the need for complex
sealings; and thermal storage can be incorporated directly after the receiver, eliminating the
need for heat exchangers between the HTF and the thermal storage medium [16].

Figure 3.1: Packed-bed storage integrated with central receiver CSP system

Some of the disadvantages of packed-bed systems using air as HTF are associated to the
large mass flow rate and the surface area needed, due to air’s low volumetric heat capacity and
thermal conductivity [16]. These drawbacks imply higher pressure drops and energy losses
[11]. That issue is explained because the absolute and relative dimensions of the tank as well
as the solid elements of the bed influence flow distribution and velocity profiles, significantly
affecting the heat transfer phenomena and the thermal stratification in the storage [48].
Research has demonstrated that the relative influence of the walls over velocity profiles is
higher in small tanks than in large tanks due to edge effects [27]. Flow channeling near
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the walls is also influenced by the tank-to-particle diameter ratio, which must be carefully
addressed for storage system’s yield assessment [48].

In terms of the design variables of the tank that affect the thermal behavior of the storage
system, the cross section area is fundamental. Although most of the systems reported a
cylindrical shape [16, 142, 36], recent works have opted for a truncated conical tank [27, 196],
aiming to reduce the thermomechanical stresses observed in cylindrical tanks (even though it
reduces its thermal performance and increases the pressure drop). Consequently, the design of
packed-bed storage systems results in a trade-off evaluation among mechanical performance,
flow distribution, pressure drop, thermal losses, and stratification easiness. The packed-bed
systems reported in the literature commonly present height and diameter of the same order
of magnitude [48], which increases compactness of the storage and hence reduces thermal
losses.

Achieving high efficiency for energy storage in packed-beds is closely related to keeping a
high degree in thermal stratification during cycling operation. Research has shown that high
energy recovery is achieved when a small amount of mixing occurs between the hot and cold
zones in the storage tank. Thus, it is crucial for the control system and the shape of the
thermal front. Fluid flow conditions also need to be considered (e.g. the minimization of the
pressure drop allows the extraction of more useful energy from the system [36]).

Many studies have proposed assessing the performance of packed-beds through the first
law of thermodynamics, or what is called “round-trip efficiency.” The latter is defined as
the ratio between the useful energy released from the storage system during the discharging
process and the energy delivered to the system during the charging process [197, 198]. Li et al.
[200, 199] carried out a thorough analysis that considered multiple dimensionless numbers.
The authors stated that the first law’s efficiency (η) for these systems is primarily a function of
the following: the ratio between the dimensionless charge and discharge time, a dimensionless
quantity that relates the mass flow rate, the heat capacity of the fluid, the height of the
packed-bed, and the surface area of the filler material per unit length; and the ratio between
the fluid heat capacitance and the filler heat capacitance.

Other authors have indicated that thermal storage systems used for power generation
should be designed and evaluated by methods considering the 2nd law of thermodynamics
[201] (exergy). Exergy analysis assesses the potential power losses generated from operational
conditions, such as pressure drop and its effect on the energy required for pumping [89]. Torab
and Beasley [202] showed the existence of a tipping point where the total exergy available
increases with decreasing particle diameter and enlarging the height of the storage tank,
resulting in pumping energy requirements. Moreover, regarding the mass flow rate, exergy
efficiency is higher for smaller flows because the thermal diffusion and mixing effects produce
low exergy destruction [145]. Mctigue et al. [39] went one step forward in the assessment,
establishing a balance between the entropy rejected at the exit of the storage and the internal
entropy generated by irreversibilities. That balance allowed them to determine a trade-off
between round-trip efficiency and energy density.
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3.1.2 Packed-bed systems using waste materials

As reported in the literature, the pilots of packed-bed storage systems implemented are
mainly at the laboratory and prototype scales, while very few at the commercial scale [48].
Several filler materials have been tested (e.g. natural rocks, asbestos, concretes, and industrial
byproducts) and assessed in terms of cost reduction potential. One of the potential options is
using industrial byproducts that have an extremely low cost and favorable thermal properties
[54, 59].

Filler materials in packed-bed systems should be able to operate in a wide range of temper-
atures (from 50 °C to 1100 °C) and have a stable performance for a large number of thermal
cycles, as reported in several studies [203, 56, 204, 54]. The use of recycled materials partic-
ularly from metallic industrial processing, such as the steel making process and its variations
(electric arc furnace, induction furnace), has been assessed due to high availability, the large
amount of material produced, and the thermal performance of the slag. Additionally, due to
the absence of a market for industrial slag, its cost is practically null as compared to other
sensible heat storage materials presented in Table 3.1.

Ortega-Fernández et al. [18] concluded that steel slag from the electric arc furnace (EAF)
process is thermally stable up to 1100 °C; moreover, the structure of the slag influences in the
thermal properties as it increases its temperature: higher crystallinity results in a decrease
of the specific heat and an increase on thermal conductivity (See Table 3.3). Wang et al.
[58] analyzed the thermophysical properties of EAF slags as well. However, they considered
samples from two different countries and included a wear behaviour analysis of the slag
rocks, concluding their suitability for TES in a packed-bed configuration. As for other types
of industrial byproducts, copper slag from the pyrometallurgical processing of copper ore
has been brought to discussion in the last decade, as reported by Navarro et al. [59], where
the thermophysical properties of copper slag as an aggregate for mortar mixtures and other
types of recycled materials were characterized and compared to molten salts based on their
techno-economical advantages. This case study determined that these materials performed
better in terms of energy density at a lower cost than molten salts.

A parametric study developed by Ortega-Fernández et al. introduced guidelines for the
optimal design of a packed-bed using industrial byproducts. The authors analyzed the be-
havior of storage capacity and round-trip efficiency by varying the aspect ratio of the storage,
mass flow rate, and particle diameter. Hence, for a fixed mass flow rate, aspect ratios close
to 2 showed promising results in terms of thermal performance. These results also suggest
the importance of maintaining a certain balance between mass flow rate and particle diam-
eter to compensate for heat transfer mechanisms in storage and prevent the spread of the
thermocline [31].

The first attempt at using copper slag as sensible heat material was proposed in 1980 by
Curto [205], due to the advantages offered by its thermal properties, especially considering
that this byproduct has a high percentage of ferrous compounds. In addition to that, up to
date copper slag has no subsequent use, and therefore, it has a negligible value. It is a waste
material with high availability, especially in Chile.

As stated by Curto [205], the application of copper slags as a filler material in packed-bed
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storage systems has significant advantages for being used in gas power cycles and industrial
processes. It could be used in a relatively high operation temperature range: from 650 °C
to 1200 °C, remaining chemically, thermally, and mechanically stable. The thermophysical
properties reported initially ranged between 4.3 to 4.4, for the specific gravity, while the
heat capacity ranges between 0.670 kJ/(kg K) to 1.004 kJ/(kg K), within a temperature range
between 20 °C to 1000 °C. Curto [205] assessed the use of copper slags in a packed-bed tank of
21 000 m3 using air as HTF and showed outstanding performance. Despite the high potential
and cost effectiveness exhibited by copper slags, this performance has not been sufficiently
studied in the literature or in engineering applications.

The present work describes the assessment of the potential use of copper slags as filler
material in packed-bed storage systems. One of the contributions of the present study is
extending the characterization of copper slags by including data of slag from two Chilean
foundries, considering the high heterogeneity expected in the thermophysical properties of
copper slags. Such heterogeneity is due to their origin and solidification rates after the
smelting process. Thus, the variations in the thermophysical properties impact significantly
on their performance as a storage material. Another achievement of the present work is a
comparison of the thermal performance of copper slags against other industrial byproducts
commonly used, and considering several storage configurations.

The article describes the processes for the thermal characterization of the material (sec-
tion 3.2). Considering the thermal features of the slag, a numerical 1D model is developed
and described in section 3.3, which has been validated against data from the literature (sub-
section 3.3.2). The analysis considers 1st and 2nd law efficiencies as performance indicators.
A parametric analysis is conducted for assessing the performance of packed-bed storage sys-
tems using copper slags, configured in applications of constant Reynolds number. The pro-
posed analysis aims to identify the best application scenarios for the slags and to extend the
methodology initially proposed in [31], allowing a direct comparison between the systems
(section 3.4). Finally, a detailed analysis of the results is presented in terms of the round-trip
and exergy efficiencies (section 3.5).

3.2 Thermal characterization of copper slags

Copper slag is a byproduct of the pyrometallurgical processing of copper ore, mainly due to
copper sulphides processing. During matte smelting, two separate liquid phases are formed:
copper-rich matte (sulphides) and slag (oxides). The formation of such phases is explained
by the sulfiding process of copper ore, which results in the formation of Cu2S and FeS. The
latter continues to react and oxidizes until silica (SiO2) is added to the smelting process,
forming what is known as copper slag, with a primary composition of FeO and SiO2 [206].

The production of one ton of copper generates approximately 2.2 to 3 tons of copper slag
[207]. The options for making use of the copper slags include recycling, metal recovering,
production of value-added products (e.g. cement), and disposal in stockpiles. Currently,
copper slags are also being widely used for abrasive tools, roofing granules, cutting tools,
abrasive tiles, glass, road-base construction, railroad ballast, asphalt pavements, cement and
concrete industries [208].
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Copper slags have an irregular shape, as observed in Figure 3.2. The material possesses
a highly variable density, ranging between 3 to 4 g/cm3, depending on the amount of iron
content. The water absorption of copper slag is relatively low, but it depends on the cooling
method applied after the smelting process. Slowly cooled slag forms a dense, hard crystalline
product, whereas quick solidification generates a granulated amorphous slag. Thus, gran-
ulated copper slag presents a higher water absorption compared to air-cooled copper slag
[207].

Figure 3.2: View of copper slag samples

3.2.1 Thermophysical properties

Samples of copper slags from two different foundries were analyzed E slag (ES) from the
Chilean National Mining Corporation (ENAMI) [209], and C slag (CS) from the National
Copper Corporation of Chile (Codelco) [210]. In order to determine the main thermophysical
properties, the tests described in the following sections were performed.

3.2.2 Thermogravimetric Analysis (TGA)

The thermal stability was analyzed through TGA tests considering a temperature range from
room temperature (RT) to 800 °C and three heating runs for each sample, at a temperature
rate of 10 °C/min. The equipment employed for the analysis consisted in TGA Q50 by TA
Instruments (see Table 3.2), using a N2 atmosphere.

The results from the TGA analysis for the ES and CS samples are presented in Figure 3.3.
The first heating run of each sample presented a slight mass decrease during the heating
process at temperatures below 400 °C, where the mass loss in both cases is about 0.2 % of the
initial mass. It is likely that the initial mass decrease results from the evaporation of water
and volatile compounds present in the slag, as it is stated in [18] and [58] on their respective
analysis of electric arc furnace (EAF) slags. In temperatures higher than 400 °C the mass of
the samples started to increase about 1 % to 2 % of the mass at that point. It is likely that
the mass gain is caused by oxidation of elements on the sample surface, such as metal oxides
presented in slags of this sort that increase their oxidation rate at higher temperatures [211].
On the other hand, during the second and third heating runs, only a slight mass increase
is observed, represented by a lower slope, showing a total gain of 0.5 % of the initial mass,
which is a value small enough that allows to consider that thermal stability is reached after
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Table 3.2: Accuracy performance of the equipments used for properties measurements.

Equipment Model Performance Accuracy

TGA Q50 TA instruments Weighing ±0.1%
DSC Q20 TA Instruments Temperature ±0.1 °C

Calorimetric ±1%
DSC DSC 4000 PerkinElmer Temperature ±0.1 °C

Calorimetric ±2%
SH-1 dual
sensor

KD2 PRO Decagon Devices Thermal
conductivity

±10%
(0.2 to 2 W/mK)
±0.01 W/mK

(0.02 to 0.2 W/mK)
Volumetric
specific heat

±10%
(at k above 0.1 W/mK)

the third heating cycle. Thermal stability of TES materials is essential since their purpose
is to operate in continuous heating cycles during the storing process.

Figure 3.3: TGA results for samples ES and CS

3.2.3 Differential Scanning Calorimetry (DSC)

The specific heat capacity (cp) of copper slag samples was analyzed through a DSC testing
in a large range of temperatures, from room temperature and up to 500 °C. The tests were
performed considering N2 and Ar atmospheres, at a temperature heating rate of 10 °C/min.
The equipment employed (see Table 3.2) for the tests was a DSC Q20 by TA Instruments
and a DSC 4000 system by PerkinElmer (maximum temperature of operation of 450 °C).
The samples were classified depending on their preparation method, primarily on whether or
not the samples received the previous heating treatment up to 800 °C.

For DSC, testing can be carried out by applying different theoretical approaches for mea-
suring the specific heat (cp). For the test carried out in the present work, the heat flow
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required for the sample to reach a specific temperature was registered. Then, by using the
corresponding software, the system’s signal bias was removed. Through Equation 3.1 and
Equation 3.2, the apparent cp was calculated, where H is the heat flow adjusted after defining
the baseline, m the mass of the sample, and β the temperature increase rate for the test [212].

cp =
H

mβ
(3.1)

β =
∆T

t
(3.2)

Figure 3.4 presents the results of the DSC runs in terms of the cp, for samples ES and CS,
under Ar and N2 atmospheres. The apparent cp profiles shown in Figure 3.4 are identified
as XX-Y-Z, where XX denotes the foundry, Y the atmosphere considered for the test, and Z
the sample number. It should also be noted that the samples were tested as received from
the foundry plant; thus, no previous heating treatment was performed. As previously stated,
copper slag is a highly heterogeneous material inducing a high variation between the results
from one sample to another. This effect is probably caused by different solidification rates
of the slag after the smelting process, creating glassy and crystalline structures in different
proportions within the slag. Nonetheless, there are temperature marks at which the cp curves
behave similarly; specifically throughout the first 200 °C to 250 °C, most of the curves behaved
practically stable. In contrast, at higher temperatures, the cp curves started to decrease at
different rates and presented peaks of possible chemical reactions or phase transitions. Only
sample ES-N-ST received a previous heating treatment (three cycles) up to 800 °C, and indeed
that sample shows a cp profile that increases steadily with the temperature. Based on that
result, it can be argued that the heating treatment allows the completion of reactions during
the smelting process, and therefore, the sample is thermally stabilized before the DSC testing.
Such behaviour is similar to the cp measurements reported by Ortega-Fernández et al. [18]
and Wang et al. [58]. ES-N-ST slag sample was analyzed during the heating and cooling
processes, presenting almost equivalent results for the cp, ranging from 0.8 J/gK to 1.1 J/gK.
These values are similar to the measurements of cp reported by Navarro et al.. The overall
results for the cp observed in the test carried out without precooking were considerably higher,
ranging from 1.4 J/gK to 2.1 J/gK; yet, they were highly unstable. Nonetheless, the results
for the cp are still higher than conventional solid storage materials and the measurements
reported for EAF slag in the literature (see Table 3.3). These results, however, must be
interpreted with caution because the performance of the stabilized material assessed only
up to 450 °C, due to restrictions on the equipment employed; therefore, further tests with a
higher number of samples and at higher temperatures would be useful.

3.2.4 Thermal conductivity and density

The Transient Line Source method (TLS) (Figure 3.5) was applied in order to determine the
thermal conductivity of the copper slag samples, using the KD2 Pro equipment by Decagon
Devices. This equipment measures the thermophysical properties of rocks and soils. Through
a double needle sensor (SH-1) (see Table 3.2), thermal conductivity and the specific heat were
measured. Six samples were analyzed (see Table 3.4) at room temperature and atmospheric
conditions.
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(a) Results from the DSC tests for the ES samples (b) Results from the DSC tests for the CS samples

Figure 3.4: Apparent cp as a function of temperature obtained from the DSC analysis

It is clear from the results in Table 3.4 that the thermal conductivity values differ signifi-
cantly from one sample to the other, and the values regarding the thermal conductivity (k)
are higher than those reported by Navarro et al.. However, the results for cp are of the same
order of magnitude than those measured by the DSC at room temperature.

The slag samples from each foundry plant presented an average density of 3456 kg/m3 and
3715 kg/m3, and high standard deviations: 811 kg/m3 and 606 kg/m3, respectively. These
values are consistent with the density values reported in the literature.

Figure 3.5: Transient line source method apparatus scheme
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Table 3.3: Thermophysical properties results from the present work and the literature

Type of
slag

Sample id ρ [kg/m3] k [W/(mK)] cp [J/(gK)] cp
a[J/(gK)] Thermal

stability [°C]
Ref.

Copper ES-Na,b 3500 1.595 0.7 - 1.1 0.9 (338 °C) up to 800 -
Copper ES-Aa 3700 2.173 1.4 - 1.5 1.45 (338 °C) up to 800 -
Copper Curto C. Slag 4350 - 0.670 - 1.004 - up to 1200 [205]
Copper Slag Pa 3600 0.8 0.571 - 1.180 0.683 (300 °C) up to 800 [59]Copper Slag B 3700 1.1 0.650 - 0.990 - up to 800
Steel EAF 1a 3430 1.47 0.865 0.865 (350 °C) up to 1000 [19]Steel EAF 2 4110 1.51 0.837 - up to 1000
Steel Slag 1 3430 1.65 - 1.23 0.710 - 0.950 - up to 1100 [18]Steel Slag 2 3770 1.50 - 1.73 0.690 - 0.890 - up to 1100
Steel S slag 3600 1.695 - 1.74 0.713 - 0.858 - up to 1000 [58]Steel C slag 3700 1.84 - 1.75 0.717 - 0.975 - up to 1000
a Values considered for the parametric analysis
b Sample thermally stabilized

Table 3.4: Results from KD2 Pro analysis using the double needle sensor SH-1

Sample id k [W/(mK)] ρ [kg/m3] cp [J/(gK)]
ES-1 2.173 3700 1.415
ES-2 1.595 3500 0.668
ES-3 1.537 3769 0.732
ES-4 2.210 3700 0.922
ES-5 1.682 3519 0.819
ES-6 1.600 3588 1.198

3.3 1-D Modeling of a copper slag packed-bed storage
To assess the potential of copper slags as a storage material, a heat transfer model is proposed
in order to compare its performance against other slags reported in the literature. The domain
consists of a cylindrical tank which is filled with rocks from top to bottom, and air flowing
through the voids generated by the arrangement of the pile surrounding the particles. The
details of the heat transfer analysis and the validation of the model are described in the
following sections.

3.3.1 Heat transfer model

A 1-D transient model was developed by coupling the heat transfer equations of the solid
and fluid phases, as well as considering convection and conduction heat transfer based on
the Continuous Solid model (C-S ) [118]. In that context, the proposed model considers the
following basic assumptions to study heat transfer in packed-bed systems [16, 48]: (i) plug
flow is assumed in the fluid phase to prevent mixing and keep the fluid stratified [213, 48],
(ii) there is neither mass transfer between the phases nor internal heat generation, (iii) the
temperature gradient in the radial direction is neglected, (iv) radiation heat transfer is not
considered in the analysis, (v) heat conduction is neglected in the fluid phase since the
airflow makes advective effects predominate over the diffusive ones, (vi) there is an uniform
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temperature of the particles due to Bi ≤ 0.1, (vii) void fraction is constant in the radial and
axial direction, (viii) the thermal gradient in the isolation wall of the storage tank is not
considered, and (ix) the shape of the rocks is approximated to spheres of uniform size.

Moreover, for the solid and fluid phases, the thermophysical properties are considered
constant and are evaluated at the average operating temperature T = (Tin + T∞) /2. The
energy balances for each phase are presented in Equation 3.3 and Equation 3.4:

ερfcp,f
∂Tf
∂t

+ ερfcp,fw
∂Tf
∂z

= hv (Ts − Tf ) +
UT (πDT )

AT
(T∞ − Tf ) (3.3)

(1− ε) ρscp,s
∂Ts
∂t

= hv (Tf − Ts) + ks,eff
∂2Ts
∂z2

(3.4)

where the subscripts f and s refer to the fluid and solid phases, respectively. The term hv is
the volumetric heat transfer coefficient between the fluid and the solid surface. Several exper-
imental correlations are used to characterize the phenomenon analyzed herein, showing good
agreement with the experiments and constituting a good approach to predict the convective
heat transfer between the phases. Among the correlations reported in the literature those
proposed by Coutier and Farber, Pfeffer, Wu and Hwang stand out due to their different
approaches to determine the hv value [42, 214, 112]. A detailed analysis of these correlations
is presented in subsection 3.3.2 along with the selection of the present model, which is based
on the mean percentage error (MPE) that the temperature profile of the model presents
against the experimental data.

Regarding effective thermal conductivity, many correlations have also been proposed de-
pending on the different assumptions established for the heat transfer model [85]. Since in
the present work the radiation effects are neglected, conduction heat transfer should repre-
sent the interaction between the adjacent rocks and between the HTF and the rock. Thus,
considering that the air fills the voids in the tank, Equation 3.5 for the conductivity holds:

ks,eff = εkf + (1− ε) ks (3.5)

The boundary conditions for each of the processes developed in the storage tank are de-
picted in Figure 3.6. For the initial conditions, it is necessary to establish the temperature
distribution in the tank at the beginning of the initial charging process, as shown in Equa-
tion 3.6.

Ts (t = 0) = Tf (t = 0) = T∞ (3.6)

Meanwhile, for the discharging process, the temperature distribution is equivalent to the
distribution observed at the end of the charging process. Thus, the expressions presented in
Equation 3.7 and Equation 3.8 hold the following for the first and subsequent discharging
processes:
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Tf (t = 0) = Tf (tend) (3.7)

Ts (t = 0) = Ts (tend) (3.8)

where tend represents the time when the previous process finishes.

Figure 3.6: Scheme of the boundary conditions for modelling charging and discharging pro-
cesses

The coupled system of partial differential equations (PDE) is solved using a numeri-
cal method based on finite differences. The first-order forward scheme for time derivatives
was used, the Lax-Wendorff explicit scheme was considered for first-order derivatives in z,
and the central difference was used for second-order derivatives [215]. To ensure numer-
ical stability, the Courant Friederichs-Lewy condition is applied to the fluid phase [216]:
CFL = (w∆t) /∆z < 1, and ∆t < 1

2
∆z2 (1−ε)ρscp,s

ks,eff
to the solid phase, which are the results

of the Von Neumann stability analysis considering the equations above, without the source
terms [215]. The numerical algorithm was programmed in Python, where the library Cool-
Prop was employed to determine the thermophysical properties of the air at the given states
[217]. The simulation was executed by setting the basic parameters at the beginning of the
first charging process, such as the number of operation cycles, the air inlet temperature, the
air mass flow rate, the dimensions of the storage tank, the solid’s thermal properties, and the
number of grid points used in the spatial domain. The time-step is calculated by applying
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Figure 3.7: Flowchart of the numerical algorithm to solve the cyclic operation of the storage.

the stability conditions mentioned above. Then, for each time-step, the discrete PDEs were
solved explicitly, which helped to determine the temperature distribution at the next time
step for each phase within the whole spatial range. The temperature profiles of the phases
at the end of the charging process are used as initial conditions for the discharge process;
thus, considering that information, the fluid properties and the heat transfer coefficients are
recalculated, so the same code is implemented for the discharge and the next operation cy-
cles analyzed. Figure 3.7 shows a scheme of the algorithm, which includes the process for
determining the performance indicators discussed in the following sections.

3.3.2 Model validation

The validation of the thermal model was carried out by comparing its results against the
data from the experimental setup developed by Meier et al. and reported in [34]. The test
bench consisted of a vertically oriented packed-bed of crushed steatite inside of a cylindrical
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stainless steel vessel. The data was also used by Hänchen et al. to validate their own model
[16], using the parameters listed in Table 3.5.

Table 3.5: Parameters of the experimental study by Meier et al. [34]

Parameter Value
Tin 823 K
T∞ 293 K
G 0.225 kg/(m2 s)
HT 1.2 m
DT 1.48 m
AT 0.0172 m
ε 0.4
d 0.02 m
ρs 2680 kg/m3

cp,s 1068 J/(kg K)
ks 2.5 W/(m K)
UT 0.678 W/(m2 K)

The results of the comparison between the proposed model and the experimental results
reported in the literature are assessed in terms of the mean percentage error (MPE), which
is calculated with the formula in Equation 3.9 and presented in Table 3.6. The results are
assessed considering different correlations for the hv, identified by the respective authors
listed in Table 3.6. Additionally, the use of the temperature-dependent fluid properties
approach against the constant fluid properties simplification explained above are contrasted.
As observed, the most accurate correlation is suggested by Coutier and Farber, showing
an error lower than 2% for both cases, while using temperature-dependent fluid properties
exhibits an improvement on the error by less than 0.5%. In that context, employing fluid
properties calculated at the mean working temperature is an acceptable assumption for a
parametric analysis.

MPE =
1

N
·
N∑

i=1

|Tp,i − Tm,i|
Tm,i

(3.9)

where Tp,i is the i-th predicted temperature by the model at the same axial position and time
instant of the i-th measured temperature Tm,i, and N is the total number of experimental
data.

Finally, the analytical model is contrasted with the experimental results extracted from
[16] in Figure 3.8. Using the hv correlation proposed by Coutier and Farber, it can be
noticed a good agreement between the predicted values and the temperature data along the
tank reported at time instants 1200, 3000 and 4800 s.
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Table 3.6: MPE of the model considering different hv correlations

Author Correlation
MPE %

Constant Temp-dep.
fluid prop. fluid prop.

Coutier
and Farber
[42]

700 ·
(
G
d

)0.76 1.82 1.39

Pfeffer [214]
6 · (1−ε)

d
·
(

1.26
(

1−(1−ε)5/3
W

)1/3

(cp,fG)1/3
(
kf
d

)2/3
)

3.13 2.74

with W = 2− 3γ + 3γ5 − 2γ6

and γ = (1− ε)1/3

Wu and
Hwang
[112]

6 · (1−ε)
d
·
(
kf
d

)
·
(

0.32
(
Gd
µf

)0.59
)

4.32 4.23

3.4 Parametric analysis

The parametric analysis enabled the assessment of the storage materials described in the
previous sections as well as the potential of copper slag as a new candidate for a storage
medium. The proposed model is used to analyze different scenarios of packed-bed systems’
design and rating, in terms of the storage tank dimensions ( i.e., storage volume VT and aspect
ratio AR = HT/DT ). As for the other parameters, they are considered as constant. In order
to make the evaluated scenarios fully comparable, dimensionless numbers are considered for
characterizing the phenomena occurring within the flow of the working fluid and the heat
transfer to/from the storage medium. It should be noted that this analysis does not consider
thermal losses to the ambient.

3.4.1 System description

Several input parameters are defined for characterizing the operating conditions of the stor-
age tank in different scenarios. As mentioned, in order to make cases fully comparable,
dimensionless numbers such as Reynolds and Biot were studied in depth. By keeping the
Reynolds number constant, it is ensured that all cases exhibit the same flow regime. The
ratio DT/d is also relevant for neglecting the wall effects of the fluid flow [16]; therefore, a
single particle diameter was chosen in order to keep the value of DT/d ≥ 40, as suggested by
Meier et al. [34]. Finally, the Biot number is also evaluated for each material, aiming to verify
if the suggested parameters exceed the Bi ≤ 0.1 limit, which implies that neglecting thermal
gradients within particles is no longer valid. Regarding modelling, the analysis considers a
single tank initially at ambient temperature. Then the charging process is simulated as hot
air flows through the tank for 8 hours. The discharging process is simulated afterwards, con-
sidering that cold air flows through the packed-bed during the same number of hours. Those
consecutive processes are repeated for 3 cycles aiming to capture the effect of the previous
cycles in the amount of stored energy. After 3 cycles, the subsequent temperature profiles
have no significant change in thermocline shape beyond an increase in temperature at the
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Figure 3.8: Comparison between the proposed model and experimental data from Hänchen
et al.

bottom of the tank.

The heat transfer model and the boundary conditions are equivalent to the equations
presented in subsection 3.3.1. Table 3.7 shows the values of the storage’s input conditions,
where G and d are chosen to ensure that the turbulent regime is not reached in the packed-
bed (Re < 300 according to Dybbs and Edwards [218]) and that no temperature gradient is
developed in the rocks (Bi ≤ 0.1). Both values of the adimensional numbers are illustrated in
Table 3.7 and were calculated considering the fluid properties at mean operating temperature
for all the materials assessed in the parametric analysis. In contrast to previous works, such
as Ortega-Fernández et al., where the mass airflow rate is kept constant and the aspect ratio
varied, in the present study, an analysis considering a fixed Reynolds number is performed.
The minimum and maximum values of the aspect ratio and the tank volume are shown in
Table 3.7, where the range chosen is subject to the restriction DT/d ≥ 40 and Bi ≤ 0.1
considering a given airflow and particle diameter for the different filler materials assessed.
Thus, for each combination of (AR, VT ) there is a storage tank that is evaluated with different
filling materials.

3.4.2 Performance indicators

To facilitate the assessment of the packed-bed configurations, several performance indicators
defined in the literature are used in the context of the present work. The indicators considered
are the following: the amount of energy that the medium is capable to store after several
cycles of operation, the ratio between the energy extracted by the fluid and the energy
initially supplied to the system. In addition to that, a simplified exergy analysis was carried
out, which measured the effectiveness of the storage in terms of the useful work that it can
provide.
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Table 3.7: Operating conditions considered in the parametric study

Parameter Value
Tin 923 K
T∞ 293 K
G 0.025 kg/(m2 s)
ε 0.4
d 0.017 m
AR from 1 to 2
VT from 0.5 to 2.5 m3

charge/discharge time 8 h
Re 23.1
Bi range 0.034 - 0.094

Energy density

Energy density is defined as the amount of energy that can be stored by the filling material
in a given volume, and it is evaluated at the end of the charging process. The energy stored
in the packed-bed is expressed as

Est =

z=HT∫
z=0

(1− ε)ρscp,sAT (Ts(z, t = tend)− Ts(z, t = tstart)) dz (3.10)

where tend is the time at the end of the charging period, and tstart is the time at the start of
the charging process or at the end of the previous cycle’s discharging process. Finally, the
energy density is expressed as follows:

ÊD =
Est
VT

(3.11)

where VT is the total volume of the storage tank.

Round-trip efficiency

Round-trip efficiency is defined as the ratio between the recovered energy during the discharge
process and the energy supplied during the charging process. It also considers the energy
consumed by the pump/fan during those stages. The energy delivered/recovered is expressed
as,

Ech/dch =

tend∫
tstart

GAT cp,f (Ttop − Tbottom) dt (3.12)

where top and bottom refer to the upper and the lower zone of the tank, respectively. G is
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the mass flux, AT is the cross-sectional area of the tank, and cp,f is the thermal capacity of
the fluid phase. Furthermore, the work consumed by the pump/fan is expressed as follows:

Wpump =

tend∫
tstart

ATG

ρf
∆pdt (3.13)

where ρf is the density of the fluid.

Regarding the pressure drop (∆p) across the packed-bed of rocks, it is assessed by the
expression proposed by Ergun and Orning as follows:

∆p =
HTG

2

ρfd

(
1.75

(
1− ε
ε3

)
+ 150

(
1− ε
ε3

)
µf
Gd

)
(3.14)

where d is the particle diameter, ε is the void fraction, and µf is the dynamic viscosity of
the fluid.

Considering the previous equations, the round-trip efficiency is defined by the following
equation [11]:

ηrt =
Edch

Ech +Wpumpch +Wpumpdch

(3.15)

Exergy efficiency

A global exergy balance was also developed to assess the performance of the storage tank,
accounting for the second law of thermodynamics. The exergy balance of the whole storage
system holds Equation 3.16 [220]. For simplicity, during the charging process, it is assumed
that the air is expelled to the environment and is not used for any other process. On the
other hand, the air recovered during the discharge process might be used in a power cycle or
industrial process, depending on the particular application.

Ξin +Wpump − Ξexp,ch − Ξrec = Ξdest (3.16)

The exergy input, Ξin, is the high temperature air flow entering the packed-bed during the
charging process. For the balance, the exergy associated to the pumping work consumed by
the fan is also considered, as it enables the operation of the packed-bed. Hence, the exergy
input is expressed as:

Ξin =

tend,ch∫
tstart,ch

GAT cp,fT∞

(
Tin − T∞
T∞

− ln

(
Tin

T∞

)
+

R

cp,f
ln

(
Pin

P∞

))
dt (3.17)
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where T∞ and P∞ are the reference temperature and pressure, respectively. R is the ideal
gas constant, Tin is the inlet temperature during the charging process. tstart,ch and tend,ch are
the time at the start and at the end of the charging process, respectively.

As the air expelled during the charging process increases its temperature, the outlet flow
presents higher temperature than the ambient reference. Thus, this energy flow accounts
as exergy that cannot be recovered as useful work, Ξexp,ch. Consequently, the previous sit-
uation becomes even more relevant as more storage cycles are executed. The mathematical
expression of the exergy loss (waste) holds,

Ξexp,ch =

tend,ch∫
tstart,ch

GAT cp,fT∞

(
Tout(t)− T∞

T∞
− ln

(
Tout(t)

T∞

))
dt (3.18)

where Tout(t) is the air temperature at the bottom of the tank during the charging process.

The exergy balance also takes into consideration the work consumed by the air blower
during the charging and discharge processes. On the other hand, the recovered exergy during
discharge of the storage is calculated as follows:

Ξrec =

tend,dch∫
tstart,dch

GAT cp,fT∞

(
Tout,dch(t)− T∞

T∞
− ln

(
Tout,dch(t)

T∞

))
dt (3.19)

where Tout,dch(t) is the air temperature at the upper zone of the tank during the discharging
process. tstart,dch and tend,dch are the time at the start and end of the discharging process,
respectively.

Finally, the exergy efficiency is determined by applying the definition in [11]:

Ψex =
Ξrec

Ξ∗in +Wpump

(3.20)

where Ξ∗in = Ξin − Ξexp,ch.

3.5 Results and Analysis

Considering the configuration described in section 3.4, the parametric study was carried out
aiming to analyze the impact of the main design parameters of packed-bed systems on its
performance considering copper slags. Thus, the following sections describe the assessment
of the packed-beds in terms of the metrics previously defined.
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3.5.1 Temperature profiles

The temperature profile in the packed-bed system depends significantly on the size of the
storage tank and on its geometry configuration. In that context, the temperature profiles
of two configuration scenarios are depicted in Figure 3.9, where the temperature profile
corresponds to the end of the third charge/discharge cycle. Figure 3.9 shows the temperature
profiles for different materials evaluated at different sizes and aspect ratios: a tank with an
aspect ratio of 1 and a volume of 0.5 m3 (Figure 3.9a), and a tank with an aspect ratio of 2
and a volume of 2.5 m3 (Figure 3.9b). Comparing the temperature profiles of each material
assessed, the proposed copper slags (ES-A and ES-N) showed a similar distribution during the
operating cycles. Nonetheless, the thermophysical properties such as specific heat affected
the steepness of the temperature gradient across the tank. Materials with smaller specific
heat (SP sample, for instance) show a temperature profile with the highest temperature outlet
during the charging process, which is not a desirable response for the TES systems. Indeed,
increasing the number of cycles, the difference between the hot and cold zones would be lost
due to the remaining heat stored in the material at the end of the discharge cycles. However,
considering the behavior observed by the ES-A sample, using materials with high thermal
capacity leads to a low spread of the thermocline within the storage, keeping the temperature
profile stratified after the consecutive cycles. The previous statement can be justified with the
expression of the velocity of the thermal front v =

ερf cp,fw

ερf cp,f+(1−ε)ρscp,s [221, 222] which decreases
when the specific heat of the solid phase is high. Regarding the temperature profiles after
the last discharge cycle, no significant differences can be observed related to the temperature
of the fluid at the top of the tank for the different materials assessed.

(a) AR = 1 and VT = 0.5 m3. (b) AR = 2 and VT = 2.5 m3

Figure 3.9: Temperature profiles of the fluid phase at the end of the third charging (solid
line) and discharging process (dashed line).

By increasing the tank’s volume at a fixed aspect ratio, higher temperatures could be
achieved at the tank’s outlet during the discharging process. To analyze that behavior, the
dimensionless temperature θ = (T −T∞)/(Tin−T∞) is evaluated during the charging process.
Figure 3.10 shows the dimensionless temperature profile for a tank considering the ES-N slag
as filler material at the end of the 3rd charging and discharging cycle, with a normalization of
the axial coordinate in terms of the height of the tank. In that way, all the storage volumes
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evaluated in the parametric analysis can be compared in the same graph and represented by
a color scale. Moreover, three scenarios for the aspect ratio are shown, depicting the effect of
the storage dimensions in the temperature profiles observed in the same figure. Regarding the
behavior described in the figure, the outlet temperature during the charging process is lower
at high volumes, as observed in Figure 3.10. The same effect is observed when the aspect
ratio is increased at fixed volumes; thus, it can be deducted that the dimensions of the tank
have a strong influence in the temperature profiles, for instance, with a longer rock bed, the
high temperature front would require more time to go through the whole arrangement. In the
lower part of the storage, the rocks temperature is incremented as the aspect ratio or the tank
volume are reduced; consequently, the heat transfer rate is greater at the beginning of the
discharge process, which makes the transition between the high and low temperature region
in the storage less steep at the end of discharging process (see Figure 3.10). In contrast,
as the aspect ratio or the tank volume are incremented, it favors a well-defined thermocline
during longer periods of time, and a more intense heat transfer rate is produced at the top
of the storage because of a greater temperature difference between the rock and the air.

Figure 3.10: Dimensionless temperature distribution at the end of the third charge/discharge
cycle for the ES-N slag.

3.5.2 Round-trip efficiency

Aiming to assess the impact of the storage configuration on the round-trip efficiency, four
scenarios were outlined in Figure 3.11, assessing two aspect ratios and two sizes for the tank,
and all the slags analyzed herein. It is observed that a similar behavior is developed in all the
scenarios, in terms of the variations on the round-trip efficiency. It is worth mentioning that
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the SP slag reached the highest values at the end of the cycle, due to the higher temperatures
achieved. Moreover, it is noted that the copper slag ES-N presents similar values than the
material reported in [19]. The specific energy per unit of volume charged in a storage filled
with the ES-A slag is higher than the other materials due to the larger thermal capacity
obtained in the characterization of the slags. That difference is even more significant at the
lowest aspect ratio and tank volume, due to the lower temperatures reached at the bottom
of the storage, compared to the temperatures observed for the other slags (Figure 3.9a).

Figure 3.11: Round-trip efficiency after 3 cycles for different storage and materials.

Regarding the effect of the tank volume in ηrt, it is observed in Figure 3.11 that at
AR = 1 the round-trip efficiency decreases as the volume increases, but when the aspect
ratio increases to AR = 2, such behavior is extremely different. In order to better describe
such effect, Figure 3.12 shows in deeper detail the round-trip efficiency variations for the
ES-N copper slag. According to Figure 3.12 it is noticed that as the volume of the tank
increases, the round-trip efficiency reaches an asymptotic value, while an aspect ratio of 1.4
and higher, a minimum value of the round-trip efficiency can be recognized before reaching
such asymptotic behavior. For a fixed value of G, and increasing in the diameter of the
tank, the mass flow rate rises as well. Nevertheless, the variation of the volume for a given
value of the aspect ratio has a higher impact due to the storage height, rather than to its
diameter. Since there would not be significant changes in the air velocity, we can suggest the
existence of a stagnation in the thermal front inside of the tank and, consequently, a better
differentiation between the hot and cold zones.
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Figure 3.12: Round-trip efficiency as a function of tank volume and aspect ratio after 3 cycles
for the sample ES-N.

3.5.3 Exergy efficiency and energy density

For all the simulations executed in the context of the parametric analysis, the exergy efficiency
and the energy density of the tank were assessed. The parametric plot presented in Figure 3.13
shows the results obtained for all the materials studied herein, where several phenomena are
recognized. The data regarding the energy density and exergy efficiency is plotted for each
tank simulated according to the geometric features defined by the duple (AR ,VT ). The
shaded areas represent each material assessed in the present work. The dashed lines are
curves obtained for a fixed aspect ratio when it is analyzed from right to left, the storage
volume increases. The color scale indicates the direction where the aspect ratio grows and
the solid line represents a fixed volume. A detailed analysis of the Figure 3.13 enables the
identification of several design issues of packed bed storage systems. First, when increasing
volume and the aspect ratio, the amount of energy density of the storage tank decreases and
that can be explained by the same arguments used on section 3.5.1. In a better stratified
tank, the differences between the initial and final states in the temperature profile during the
charging cycles become progressively smaller, then the stored energy during that charging
period decreases as well. The exergy efficiency shows a different response at fixed aspect
ratios. As the storage volumes increases, the stratification of the thermal profile is steeper
(Figure 3.10) and during the discharge process, higher temperatures of air at the outlet can
be recovered. Moreover, the exergy expelled to the environment at the bottom of the tank
during the charge decreases due to the closeness to the reference temperature, as it is shown
in Figure 3.9. Then, there is more available work to recover from the storage. Meanwhile,
at higher aspect ratio values, for a given tank volume, the exergy efficiency is smaller as
a consequence of a reduction on the tank diameter, since the amount of energy stored and
the work potential that can be recovered from it in a reduced cross section is also small.
Nonetheless, as mentioned above, the increase of the aspect ratio plays an important role in
the stratification of the thermal profile as well, but with flattened geometries, the temperature
difference between the top and bottom of the packed-bed is lower than for slim geometries;
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hence, the air extracts exergy from a source with a higher temperature and as a consequence,
with a superior work potential, improving the exergetic efficiency for low aspect ratios.

Figure 3.13: Exergy efficiency vs Energy density for all storage scenarios.

For each material assessed in Figure 3.13, Iso-volume curves are determined at VT = 0.5 m3.
As an example, the depicted Iso-volume curve for the slag ES-N shows that for an increase
of 2.5% of the exergy efficiency, the energy density grows approximately 50% if the aspect
ratio is reduced from 2 to 1.2. Thus, the plots in Figure 3.13 show the best configurations
that can be achieved considering the material employed and the geometry distribution.

To describe the differences observed during the operation of the packed-bed, when us-
ing different slags as filler materials, the combination AR = 1 and VT = 0.5 m3 is used for
evaluating the change on the exergy flows, as depicted in Figure 3.14. It includes an in-
stantaneous exergy efficiency, which is determined in the same way as the exergy efficiency
(Equation 3.20) except that the exergy values are evaluated instantaneously. It is observed
that the exergy delivered at the outlet of the tank during the charging process, increases
in time when materials with low thermal capacity are employed. In contrast, using a slag
with high thermal capacity, as the ES-A, leads to lower temperatures at the bottom of the
tank, as shown in Figure 3.9. Hence, the exergy delivered at the outlet is smaller due to the
closeness to the reference temperature. The analysis of the curves’ behavior at the end of the
discharging period shows that a large exergy recovered rate can be reached using the ES-A,
constituting a promising option for power generation processes where consecutive cycles of
operation can be expected. A material with a higher value of cp shows a better stratifica-
tion during the charge/discharge process and a higher exergy output during long discharge
operation periods. Regarding the evolution of the exergy efficiency in time, all the materi-
als assessed reach similar values at the end of the process, but in early stages of recovering
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exergy, the storage filled with slag P (SP) has superior values for both recovered exergy and
instantaneous exergy efficiency as a consequence of the higher temperatures reached within
the tank at the end of the charging period.

Figure 3.14: Exergy rates for different materials for a tank with AR = 1 and VT = 0.5 m3.

3.6 Conclusions

The present work analyzes the use of an industrial byproduct, copper slags, as a storage
material candidate for high temperature storage in packed-bed systems. Several tests were
performed to characterize the thermo physical properties of copper slags samples from two
different foundries: ES-N (cp = 0.7 – 1.1 J/(g K), k = 1.6 W/(m K), ρ = 3500 kg/m3) and
ES-A (cp = 1.4 – 1.5 J/(g K), k = 2.1 W/(m K), ρ = 3700 kg/m3). Furthermore, the results
from the TGA analysis validate the thermal stability of the copper slags at temperatures up
to 800 °C, being suitable for use in high temperature applications, such as power generation
in CSP.

Using the measured properties, a 1D thermal model was developed for a cylindrical packed-
bed storage using the slags as filling material and air as the heat transfer fluid. Through a
parametric analysis, it is shown that the high thermal capacity of copper slags 1.4 - 1.5 J/(g K)
(ES-A) compared to 0.6 - 1.2 J/(g K) (SP) allows the development of a steeper thermocline,
inducing a better stratification. Moreover, high thermal capacity materials keep a low rate
of exergy loss at the storage’s outlet, improving the exergy efficiency of the system during
long-term operation cycles, which is the case of CSP plants.
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This study shows that the initial assessment of copper slags’ use as filler material in
packed-bed systems is promising because of their high thermal capacity (1.4 - 1.5 J/(g K)).
Nonetheless, the tests conducted were limited to the temperature range allowed by the equip-
ment, up to 500 °C. That temperature level makes the material a competitor of molten salts
applications, or even as a potential filler material combined to molten salts tanks. Further
research could perform new tests at higher temperatures to determine the temperature limit
for operating with copper slags and to characterize the full potential of this byproduct as
storage material.
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Chapter 4

Comparative and parametric study on
packed-bed flow topologies for
high-temperature thermal energy storage

Packed-bed thermal energy storage is a current trend aiming to improve the performance of
renewable power generation, due to the high temperatures that they can achieve and the low
operating costs. Experimental studies have demonstrated their feasibility of implementation
under conventional storage concepts like vertical cylinder or truncated cone shape; however,
the technology is still in a development stage. The present work assesses the performance
of four different packed-bed topologies, including the novel radial flow packed-bed concept.
Through a cyclic operation study and a parametric analysis, a detailed characterization of
their thermal losses, round-trip efficiency, and irreversibilities is conducted. Main findings
indicate that radial flow concept reduces the thermal losses by 80% compared to conventional
packed-bed configurations. In addition its performance is less sensitive to changes in geomet-
ric dimensions, with variations up to 12% against a 58% of variation in a truncated cone shape
TES, which enables the radial flow TES to be a promising candidate for high-temperature
thermal storage systems.

4.1 Introduction

Thermal energy storage (TES) systems have become a promising alternative to address the
mismatch between energy demand and the availability of renewable resources [3]. Their
implementation allows a flexible supply of thermal energy and/or electricity, as well as a
significant reduction regarding congestion issues on the grid. In general, TES systems are
stand-alone components, which allow coupling to any thermal source, such as solar thermal
systems, geothermal plants, waste heat from industrial processes, and cogeneration plants
[223]. Depending on the application, different storage methods can be used: sensible heat
storage (SHS), latent heat storage (LHS), and thermo-chemical storage (TCS) [223, 224],
which also present different levels of performance, costs, and energy density. For instance,
SHS presents thermal efficiencies within the range of 50-90 % and costs of 0.1-10 €/kWh,
while the efficiencies for LHS and TCS may vary between 75-90 % and 75-100 %, but their
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costs range between 10-50 €/kWh and 8-100 €/kWh [224], respectively. Consequently, sen-
sible TES is an inexpensive alternative compared to LHS and TCS, and it can be applied
in a wide range of operating temperatures; however, the storage container requires effective
thermal insulation and it can be an important part in the system’s costs [224].

The most common application of SHS is in water tanks to supply heat for industrial or
district water heating/cooling processes [225]. In renewable power generation, SHS using
molten salts has been proven as a commercially viable alternative for concentrating solar
power plants (CSP). Indeed, by the end of 2019, approximately a total capacity of 21 GW h
of TES were operating coupled to CSP plants [226], where 95 % corresponds to molten salts
technology. Nevertheless, an important disadvantage of SHS systems is their low energy
density, compared to latent heat and thermochemical storage methods [227]. Moreover,
the operating temperatures are constrained to the range of thermal stability of the storage
medium, requiring additional control strategies that can increase significantly the capital costs
of the technology. Due to such drawbacks, the scientific community has focused on researching
new materials and methods for storing sensible heat, aiming to improve the efficiency and
reduce the operational costs of thermal systems. In that context, one alternative is to use a
solid heat storage medium, such as rocks or waste materials arranged in a packed-bed system.

4.1.1 Packed-bed TES systems

Recent researches have pointed out packed-bed storage systems as a promising SHS option
to be coupled with renewable thermal energy sources [224, 223, 17, 20]. The packed-bed
TES concept consists in using solids as a storage media that is in direct contact with a
heat transfer fluid (HTF) to convey heat [24]. The storage process is carried out through a
charging period, where the hot HTF transfers thermal energy to the solid phase; as a result,
the temperature of the medium rises, storing sensible heat. Afterwards, the thermal energy is
recovered during the discharge process where low temperature HTF flows through the storage
domain and the solid phase transfers the accumulated heat to the working fluid.

Figure 4.1 illustrates the behavior of a packed-bed system during its cyclic operation,
showing the temperature distribution within the storage domain as the heat transfer occurs.
During the charging process, the hot fluid inlets the system at the high temperature zone
(see Figure 4.1), whereas the discharging process considers the inlet of the fluid from the low
temperature zone. Consequently, no mixing is developed during charging/discharging periods
[223]; thus, both regions remain separated by a thermal gradient called “thermocline” [228].
The latter effect corresponds to a constructive advantage since the natural stratification of
the storage medium allows using single-tank systems for packed-bed TES, which can reduce
capital costs comparing with molten salt TES systems, which are based in two-tank schemes.
Another important feature is that packed-bed TES enables the use of a wide variety of
storage materials such as natural rocks, ceramics, and waste materials. In fact, important
scientific efforts have been devoted to the study of industrial byproducts as a storage medium,
considering its high stability at temperatures up to 650 °C and chemically compatible with
most of HTF currently employed in commercial plants [17].

Packed-bed systems can be implemented as thermal storage in a wide range of applica-
tions according to the operating temperatures. For instance, for low temperature storage,
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Figure 4.1: Packed-bed TES operating principle.

packed-bed is currently used in residential or greenhouse heating/cooling processes [223, 20].
Whereas, for high temperature processes, they have been analyzed as an alternative for CSP
plants [20], since packed-bed systems allow eliminating the temperature constraints associ-
ated with molten salts. Thus, packed-bed storage systems allow increasing the operating
temperature and achieving higher conversion efficiency by using high temperature power
cycles. In that context, several studies have proposed the use of packed-bed systems with
compressible gases such as sCO2 or atmospheric air as working fluid [16, 25, 148, 229, 230].
Furthermore, according to Agalit et al., employing industrial byproducts and air as HTF,
reduces the estimated capital costs by 35 % below molten salts systems [17]. Recently, packed-
bed technologies has also been studied for compressed air energy storage (CAES) and the so-
called Carnot batteries, such as Brayton PTES (Pumped Thermal Energy Storage) [231, 232].
Benato and Stoppato developed an economical analysis of a Carnot battery using packed-bed
TES, concluding that despite the poor round-trip efficiency, the system can compete with
CAES and Pumped Hydro Storage in terms of energy density and specific costs [233].

Despite the technical and economical benefits of using packed-bed TES systems using
air as a HTF, a crucial issue is the large mass flow rate and surface area required, due to
the low volumetric heat capacity and thermal conductivity of air [16]. As a consequence, a
significant increase in pressure drop and thermal losses are observed. The above is caused
mainly by perturbations in the velocity profile observed close to the storage walls and solids
placed nearby, which constitutes a key issue especially for small-scale tanks, due to the tank-
to-particle diameter ratio [16]. This effect increases the concern to address these challenges
through an appropriate design, sizing, and rating of packed-bed TES systems.

4.1.2 Analysis of packed-bed storage topologies

Considering the large variety of applications for packed-bed TES, as well as the aforemen-
tioned potential drawbacks, it is crucial to analyze in deep the influence of the key design
variables. For instance, regarding the storage materials, industrial byproducts have intro-
duced a broad portfolio of potential candidates, allowing the system to operate at different
performance levels depending on the thermophysical properties of the material [234]. On
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the other hand, the packed-bed topology significantly changes the flow structure within the
packed-bed, playing a crucial role in the system’s performance. Thus, important research
efforts have been devoted to improve current concepts in packed-bed systems by analyzing
new design topologies (geometries).

Most packed-bed designs and pilot plants rely on a cylindrical storage tank with axial
fluid flow. This topology is considered as a viable choice because it develops a clear ther-
mal stratification for a considerable number of charge/discharge cycles, and a uniform flow
distribution across the packed-bed. This geometry has been extensively studied numeri-
cally and experimentally, validating a number of heat transfer and pressure drop correlations
[16, 42, 130]. Among the axial-based packed-bed TES systems, a truncated cone shape has
been also proposed aiming to reduce thermomechanical stresses in the storage structure.
Similar to cylindrical TES, there are pilot-scale [25] and industrial scale experimental facili-
ties [27]. The state-of-the-art concepts and topologies for packed-bed systems are discussed
extensively in [235].

To improve the operational features of the cylindrical and truncated cone TES systems,
several parametric and comparative studies have been carried out to analyze the influence
of their operating parameters on the system’s performance. For instance, Hänchen et al.
developed a parametric study considering a cylindrical TES with axial flow, varying the
storage dimensions, mass flow rate, particle diameter, and storage material. The authors
aimed to evaluate its cyclic behavior by computing the round-trip efficiency and capacity
ratio [16]. The effect of the aspect ratio, storage dimensions, and material employed were
studied in [234] using 1st and 2nd law approach for an axial flow cylindrical TES. Regarding
comparative studies between different storage domains, Ortega-Fernández et al. assessed
three packed-bed TES geometries with axial fluid flow: a cylindrical, regular cone (larger
diameter at the top), and inverse cone (larger diameter at the bottom). The study concluded
that cylindrical storage presents a better thermal performance than conical structures, and
the use of the latter should be only be considered to reduce mechanical stresses [31].

In contrast to the available literature for axial flow structures, few studies have been
developed for radial flow packed-bed TES, which are based on the concept illustrated in
Figure 4.2d [235, 236]. It is composed of a rock pile enclosed by two perforated concentric
pipes with different diameters. During the charging process, the HTF flows through the bed
of rock in the radial direction from the inner pipe to the external pipe, reaching the outer
plenum and exiting from the bottom of the structure; then, the fluid returns inward during
the discharge process.

McTigue and White performed a comparative study between radial and axial flow packed-
bed in a cylindrical domain for cold storage applications. Through a thermal model, a 2nd
law analysis, and a thermo-economic optimisation, it was determined that radial flow TES
exhibits lower pressure drops and a competitive round-trip efficiency compared to axial flow
TES [236]. Trevisan et al. proposed an initial design for a radial flow packed-bed TES for
high-temperature applications and compared its performance with an axial flow TES after a
single charge-discharge cycle. Due to the development of the thermocline in the radial flow
packed-bed, this concept has a self-insulating capacity, which reduces its thermal loss to the
environment by 46%, compared to the axial flow TES [235]. Both studies do not include a
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detailed analysis regarding the cyclic performance of radial flow TES, and a comparison with
truncated cone shape geometries.

The present study reports a comparative study between the different high temperature
packed-bed storage topologies reported in the literature, including the radial flow packed-bed
concept. One of the main contributions of the analysis reported herein is the characterization
of the cyclic behavior of the radial flow TES in terms of thermal performance and entropy
generation. Another important contribution reported is the parametric analysis in terms of
the storage dimensions, which enable comparing all the domains and determining the best
design considerations for the radial flow thermal storage concept, allowing to improve its
efficiency and reduce the thermal losses. Hence, the analysis described in the present article
contributes to the available information related to radial flow packed-bed, and extends the
application of the preliminar schemes proposed by [235, 236]. Finally, the analysis was carried
out considering an industrial by-product as a storage media, copper slag from a Chilean
foundry, which is also a novel waste material recently characterized in [234].

The present article is structured for facilitating the description of the analytical model for
assessing the performance of the packed-bed topologies (section 4.2). The storage schemes
are modelled through a 2-phase heat transfer approach, whereas the thermal losses and
entropy generation mechanisms are characterized in depth (section 4.2.1 and subsection 4.2.3,
respectively). The numerical results are presented in section 4.3, where the cyclic behavior of
the systems is compared in terms of the temperature profiles, thermal losses, and destroyed
exergy (subsection 4.3.1). Finally, the study concludes with a parametric analysis performed
in terms of the main dimensions of the storage domain, allowing to compare 1st and 2nd law
indicators for different storage sizes (subsection 4.3.2).

4.2 Mathematical model

The mathematical model considers a packed-bed structure composed of copper slag pebbles.
The potential of copper slag as storage material was initially assessed in [234], showing
important advantages for operating temperatures up to 650 °C and using air as HTF. In order
to compare different storage configurations, a mathematical model is proposed for describing
the behavior of the system, which is solved through numerical methods. The geometric
domains analyzed herein consider the most common topologies reported in the literature:
cylindrical axial flow tank, a conical tank, an inverse conical tank, and a cylindrical radial
flow tank, as shown in Figure 4.2. The arrows in the diagram represent the fluid flow
direction during the charging process. In the axial flow structures (see Figure 4.2a, 4.2b and
4.2c) during the charge process the HTF flows from the top down to the bottom of the TES
system. During discharge the flow is reverted and it exits from the top at high temperature.
In the radial flow configuration (Figure 4.2d), during charge, the HTF enters the inner pipe
and it flows radially outward exiting from the outer plenum. During the discharge phase, the
flow is reverted and the HTF enters the packed bed from the annulus, moves radially inward,
and exits from the inner pipe.

Among the topologies analyzed, several assumptions are considered for the 1D thermal
model: (i) No internal heat generation within the tank; (ii) the packed-bed of rock is simplified
as an arrangement of mono-sized spheres and characterized by an averaged particle diameter
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(a) Cylindrical tank with
axial flow

(b) Conical tank with axial
flow (A)

(c) Conical tank with axial
flow (B)

(d) Cylindrical tank with
radial flow

Figure 4.2: Packed-bed storage configurations.

d; (iii) uniform temperature of the particles, (iv) no thermal gradient in the insulation wall
and (v) one-dimensional fluid flow. Due to the latter, the mass continuity equation can be
solved for all geometric domains by neglecting the mass accumulation of the fluid within the
tank. Thus, it can be deduced that ṁin = ṁout = ṁ, where the subscripts in and out refers
to the inlet and outlet of the control volume, and ṁ refers to the mass flow rate. As a result,
the mass flux G is calculated as G = ṁ/A. Depending on the configuration analyzed, the
cross-sectional area A is evaluated as a function of the axial (z) or radial coordinate (r).

The expressions for the cross sectional area (A) are presented in Table 4.1, where DT is
the tank diameter for cylindrical configurations, Dtop and Dbot are the diameters at the top
and bottom of the conical tanks, respectively. ri and ro is the inner and outer radius of the
cylindrical tank with radial flow, and HT is the tank height.
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Table 4.1: Relationship between cross-sectional area and geometric coordinate

Geometry Cross-sectional area m2 Range

Cyl. TES
w/axial flow A = π

4
D2
T z ∈ [0 , HT ]

Con. TES D(z) = Dtop + (Dbot −Dtop)
z
HT z ∈ [0 , HT ]

w/axial flow A(z) = π
4
D(z)2

Cyl. TES
w/radial flow A(r) = 2πHT r r ∈ [ri , ro]

4.2.1 Heat transfer modeling

Aiming to characterize the charging and discharging processes for each domain, a heat transfer
model is proposed and solved through numerical methods. The thermal model of the packed-
bed system is based on the model developed by Littman et al. [137], which is an extended
version of Schumann’s model [135] since it considers thermal diffusion in the fluid phase as
well [137]. These model was described and validated in a previous study of our group [234],
and it consists in a one-dimensional energy balance for the fluid and solid phases. The general
formulation is presented in Equation 4.1 and 4.2:

ε (ρcp)f

(
∂Tf
∂t

+ u · ∇Tf
)

= ∇ · (keff,f∇Tf ) + hv (Ts − Tf ) + Uwaw (T0 − Tf ) (4.1)

(1− ε) (ρcp)s
∂Ts
∂t

= ∇ · (keff,s∇Ts) + hv (Tf − Ts) (4.2)

where the subscripts f , s and 0 refer to the fluid phase, solid phase, and the reference state,
respectively. ε is the void fraction of the porous structure, u the mean velocity of the fluid
inside the packed-bed, ρ the density of the phase and cp its specific heat. The conductive
heat transfer is modeled by an effective thermal conductivity keff , and a volumetric heat
transfer coefficient hv is employed for describing the convection between the phases. Because
of the higher contact area aw between the fluid and storage walls, thermal losses to the
surroundings are assumed only in the fluid’s energy balance and modelled considering an
overall heat transfer coefficient Uw.

To model the thermal interaction between the particles and the HTF, several heat transfer
correlations have been reported in the literature for different operating conditions of the
packed-bed. In these systems, the energy can be transferred through: (i) Forced convection
between the solid and fluid phase, (ii) conduction due to stagnant fluid in the voids, (iii)
conduction through the contact area of the particles and (iv) radiation from the solid phase.
Nevertheless, in the present study the radiation heat transfer is neglected since the domains
are analyzed at temperature levels up to 650 °C and according to Calderón-Vásquez et al.,
the thermal radiation becomes relevant for temperatures higher than 750 °C [228]. On the
other hand, thermal conduction is modeled through an axial effective thermal conductivity
(kaeff ), which depends on the motionless stagnant conductivity (k0

eff ) and the flow regime
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[85]. The expression employed for kaeff is the proposed by Yagi and Kunii and presented in
Equation 4.3 [123].

kaeff = k0
eff + kfαa Re Pr (4.3)

where kf is the thermal conductivity of the fluid, Re is the Reynolds number and Pr is the
Prandtl number. αa is an experimental constant and is assumed to be 0.7 based on Yagi’s
experiment [123]. The term k0

eff is calculated through the correlation proposed by Hadley
[90]. Finally, the effective thermal conductivity of the fluid and solid phase keff,f and keff,s

are determined from Equation 4.4 and 4.5 [50].

keff,f = 0.5 Re Pr kf (4.4)
keff,s = kaeff − keff,f (4.5)

The convection between the phases is modeled through the volumetric heat transfer coef-
ficient hv with an empirical correlation, whose selection is based on its use in experimental
setups and the operational range where it is valid. To date, there are not experimental
studies for radial flow packed-bed TES to study the validity of hv correlations proposed in
the literature for conventional packed-bed topologies. On the other hand, the correlation
proposed by Coutier and Farber has been employed and validated for both cylindrical and
truncated-cone shapes [16, 42, 27]. The correlation is expressed in Equation 4.6 and their
values are valid for 1 ≤ G/d ≤ 500 kg/(m3 s) [42].

hv = 700

(
G

d

)0.76

(4.6)

Finally, the model satisfies the following boundary conditions: (i) Thermal equilibrium in
the fluid phase at the storage’s outlet: ∂Tf

∂ξ

∣∣∣
ξout

= 0, (ii) thermal equilibrium in the solid phase

at the inlet and outlet: ∂Ts
∂ξ

∣∣∣
ξin

= ∂Ts
∂ξ

∣∣∣
ξout

= 0. ξ is the radial or axial coordinate, depending

on the geometry analyzed. The initial condition for both phases considers the temperature
profiles obtained at the end of the previous process, and for the first charging process, the
initial temperature for both phases is the reference temperature T0.

Thermal losses

Thermal losses through storage walls play an important role in the heat transfer balance
since they are directly in contact with the solid and fluid phase. Modeling the thermal losses
strongly depends on the geometric domain, therefore a detailed analysis was carried out to
compare the overall thermal losses through the surfaces of a packed-bed TES: top cover,
bottom cover, and lateral cover (identified by the subscripts top, bot, and lat). During the
operation of the storage tank, the internal surfaces are subject to forced convection due to
the high-temperature air flow, while the external surfaces are exposed to natural convection
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because of the temperature differences between the tank and the surrounding air. The Nusselt
number for the convection inside the tank (Nuint) is modelled as suggested in [124]:

Nuint =


0.6 Pr1/3 Re0.5 1 < Re ≤ 40

Pr1/3 Re0.8 40 < Re

(4.7)

The internal convective heat transfer coefficient hint can be determined by the expression
proposed in [124]: hint =

kf
d
Nuint . Regarding the radial flow packed-bed TES, the interaction

of the fluid with the walls while flowing through the outer plenum must also be considered
(see Figure 4.2d). Assuming that the ratio between the outer diameter of the packed-bed
(Do,pb) and the outer plenum (Dop) is close to one (Do,pb/Dop ≈ 1), an approximation of the
Nusselt number for fully developed laminar flow in a circular tube annulus can be applied
[237]: Nuint = 4.86.

The correlation employed for the Nusselt number to describe natural convection (Nuext)
over a standing wall is the one proposed in [237]:

Nuext = 0.68 +
0.67Ra1/4(

1 +
(

0.492
Pr

)9/16
)4/9

(4.8)

where Ra is the Rayleigh number. For the cases where the wall is inclined, like the truncated-
cone shape, the gravitational acceleration term in the Rayleigh number, is reduced to g cos θ
[237], with θ being the wall inclination angle. Additionally, for inclination angles between
0° ≤ θ ≤ 60° and configurations similar to regular cone shape, Equation 4.8 is also valid.
For hot inclined plates facing the surroundings, the aforementioned correlation cannot be
employed; hence, the expression applied is the one proposed in [238] considering the same
correction for the gravitational acceleration term in the Rayleigh number.

Nuext = 0.508

(
Ra

1 + 0.952
Pr

)1/4

(4.9)

The external natural convection over the top surface of the storage tank can be modelled
with the following correlations [237]:

Nutopext =


0.54Ra1/4 104 ≤ Ra ≤ 107

0.15Ra1/3 107 ≤ Ra ≤ 1011

(4.10)

where Nutopext is the Nusselt number for an upper surface at high temperature. Lastly, the
external convective heat transfer coefficient hext is determined through: hext =

kf
L
Nuext, and

L is the characteristic length. The bottom surface of the TES systems is assumed to be in
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contact with the floor; therefore, the natural convection term is not included in the thermal
losses.

(a) Lateral heat losses in axial flow TES (b) Lateral heat losses in radial flow TES

(c) Top cover heat losses in ra-
dial flow TES

Figure 4.3: Schematics of the models used for assessing the thermal losses in each storage
topology.

Figure 4.3 depicts the modelling approach for the thermal losses in the different direction of
the air flow. In all the topologies analyzed, the thermal insulation is considered as composed
by a steel layer (storage wall) and a mineral wool layer. For the axial flow packed-bed TES,
the top/bottom thermal losses are modelled similarly as described by diagram in Figure 4.3c,
yet changing the flow direction. The model neglects the interaction of the internal flows, since
the velocity profile of air is modelled as plug-flow. The expressions for the overall heat transfer
coefficients can therefore be summarized in Equation 4.11, 4.12, and 4.13.
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1

Utop
=


1
hint

+
N∑
j=1

δj
λj

+ 1
hout

, radial flow TES

N∑
j=1

δj
λj

+ 1
hout

, axial flow TES

(4.11)

1

Ubot
=


1
hint

+
N∑
j=1

δj
λj

, radial flow TES

N∑
j=1

δj
λj

, axial flow TES

(4.12)

1

Ulat
=

1

hint

+
Dpb

2

N∑
j=1

1

λj
ln
rj+1

rj
+

Dpb

hextDext

(4.13)

where δj is the width of the j-th insulation layer with its respective thermal conductivity,
λj. Dpb is the packed-bed diameter, which assumes the value of DT for the cylindrical TES
with axial flow, D(z) for the truncated-cone shape TES, and Do,pb for the radial flow TES.
Hence, the heat losses through the surface Ω during the charging/discharging process, are
calculated using the following expression:

Qloss,Ω =

tend∫
tstart

∫
Ω

U (Tf (A)− T0) dA

 dt (4.14)

where tstart and tend denotes the starting and ending times of the charge/discharge process.
A is the area of the surface Ω with overall heat transfer coefficient U .

4.2.2 First-law analysis

The thermal performance of the storage tanks can be characterized through a first-law anal-
ysis in terms of the round-trip efficiency, which is defined by the following equation [220].

ηrt =
Edch

Ech
(4.15)

where Ech and Edch are the energy delivered to the TES system during the charging pro-
cess and the energy recovered during the discharge, respectively. The energy delivered is
calculated through the following expression:

Ech/dch =

tend∫
tstart

ṁ (hin − hout) dt (4.16)
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where hin is the fluid’s enthalpy, evaluated at the inlet temperature of the charging/discharg-
ing process, while hout is the enthalpy of the fluid’s leaving the packed-bed.

4.2.3 Second-law analysis

During the operation of the TES system, the heat is transferred between the fluid and solid
phase during charging and discharging processes. Due to the irreversible nature of the heat
transfer mechanisms involved, exergy is destroyed. A second-law analysis allows quantifying
the sources of entropy generation. McTigue elaborated a detailed analysis for describing
the exergetic losses in a packed-bed systems based on the irreversible processes during heat
transfer process [239]. In that context, the following mechanisms are considered in this study:
(i) convection heat transfer between the fluid and solid phase, (ii) thermal losses through the
storage walls in contact with the thermal front, (iii) conductive heat transfer between the solid
particles due to thermal gradients, and (iv) conductive heat transfer in the fluid phase. The
expressions for the entropy generation (Ṡgen) in each process are presented in Equation 4.17,
4.18, and 4.19 (see Bejan [240]).

Ṡgen,conv =

∫
hvA

(Tf (ξ)− Ts(ξ))2

Tf (ξ)Ts(ξ)
dξ (4.17)

Ṡgen,cond,j =

∫
keff,jA

(
1

Tj(ξ)

∂Tj
∂ξ

)2

dξ (4.18)

Ṡgen,loss,Ω =

∫
Ω

U
(Tf (ξ)− T0)2

Tf (ξ)T0

dA (4.19)

where the subscripts conv, cond, and loss refers to convection, conduction, and heat loss,
respectively. The entropy generation due to heat conduction is defined for the j-th phase,
and can be either associated to the fluid or solid phases. Regarding the entropy genera-
tion associated to thermal losses, the surface Ω corresponds to region in contact with the
thermocline: Lateral walls for axial flow TES, and top and bottom surfaces for radial flow
TES. Hence, the exergy destroyed Ξd by the heat transfer phenomena is calculated through
Ξd = T0

(∫
Ṡgendt

)
.

4.2.4 Pressure drop

In general, packed-beds present a good heat transfer capacity due to their large heat transfer
surface. The latter also implies an increase in the body forces of the solid medium onto
the HTF. Ergun developed an experimental study to characterize the pressure drop through
packed-bed columns and proposed an empirical correlation for the shear stress and inertial
force coefficients [130]. This empirical correlation has been extensively used to determine
pressure drop in axial flow packed-bed topologies, such as cylindrical and cone shape [16, 25,
241]. This empirical correlation is expressed as follows,
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∇P = −µf
K
uD −

CE
K1/2

ρfu
2
D (4.20)

where uD is the Darcy’s superficial velocity, µf and ρf the fluid viscosity and density, respec-
tively. K is the permeability term and CE is an empirical parameter. According to Ergun’s
study, K = (d2ε3) /(150 (1− ε)2) and CE = 1.75/(150ε3)1/2 [130], where d is the particle
diameter and ε the void fraction.

In order to extend an initial pressure drop analysis for different packed-bed topologies,
a steady-state momentum balance is proposed to determine the pressure gradient along the
fluid flow direction, which is assessed by the following expression.

∇P = µf∇2u− ρfu · ∇u−
µf
K
uD −

CE
K1/2

ρfu
2
D (4.21)

The first and second terms in Equation 4.21 corresponds to the viscous effects and the flow
acceleration, respectively. The body force is expressed by the correlation of Ergun in terms
of a drag force in the momentum equation. When plug flow is assumed, the first and second
terms in Equation 4.21 are zero, resulting in the Ergun’s correlation. On the other hand, for
topologies with cross-sectional variations, the fluid’s velocity (u) along the packed-bed main
coordinate also varies, so the first two terms do not cancel in Equation 4.21.

4.3 Results and Discussion
The results presented in this section are based in the simulations obtained from the four
topologies aforementioned in Figure 4.2: Cylindrical tank with axial flow, conical tank with
axial flow A and B (henceforth regular and inverse cone shape, respectively), and cylindrical
tank with radial flow. A detailed comparison is carried out in terms of the cyclic behavior of
the packed-bed TES prior to developing a comprehensive parametric analysis of their thermal
performance and pressure drop.

4.3.1 Cyclic operation of packed-bed TES

The packed-bed domains are set up in similar geometric dimensions for a first cyclic com-
parison. The study is designed in terms of equal tank volume, aspect ratio, mass flow rate,
charging/discharging period, and operating temperature. Air and copper slag are employed
as a HTF and a storage medium, respectively. The thermophysical properties of the slags
have been characterized in a previous work [234] for a mean operating temperature within
the range of the study; on the other hand, the temperature dependence of the properties is
only assumed for the fluid phase.

In Table 4.2 the operating conditions of the comparative study are presented. The aspect
ratio is defined as HT/ (ro − ri) for the radial flow packed-bed, DT/HT for cylindrical TES
with axial flow, and max (D)/HT for truncated cone shape TES. The selection of the parame-
ters was made aiming to keep Bi ≈ 0.1 in all the geometric domains, so that the intraparticle
gradient can be neglected.
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Table 4.2: Parameters of the cyclic operation study.

Parameter Value

Charge/discharge temperature Tin,ch/dch 923/298 K
Reference temperature T0 298 K
Mass flow rate ṁ 0.08 kg/s
Aspect ratio AR 1
Tank volume VT 2 m3

Charge/discharge time 6 h
Number of cycles 10
Particle diameter d 0.02 m

Temperature profiles

From the heat transfer modelling developed in section 4.2, temperature profiles for each
storage domain can be obtained. In Figure 4.4, the temperature distribution of the fluid phase
within the tank is shown after 10 charge/discharge cycles as a function of the dimensionless
coordinate, to compare all geometries. At the end of the 10nth charge cycle, it is observed
that the temperature profiles of geometries with axial flow have similar shape, while some
differences can be appreciated in the spread of the thermal front, as a result of the thermal
losses developed during the charging process. For the radial flow TES, the temperatures
reached are greater than the other geometries. The latter can be explained by the reduction
of the fluid velocity with the radial position within the bed, since the cross section gets
larger. Such effect decreases the convective heat transfer between the fluid and the rock; on
the other hand, as the diffusion increases, the temperature profile at the outlet of the storage
becomes steeper. When the last discharging process finishes, the remaining temperature
profiles exhibit the same differences appreciated for the charging temperature profiles. The
temperature delivered at the storage’s outlet is the lowest in the inverse cone TES and the
radial flow TES, despite having higher temperatures compared to the other domains with
axial flow. In both geometries, thermocline is thicker than the regular cone shape and the
cylindrical TES with axial flow; therefore, thermocline starts leaving the storage tank after
a short period during the discharging process in radial flow TES and inverse cone shape.

Figure 4.5 plots the fluid temperature delivered at the outlet of the TES system during
all discharge periods. It should be noted that for the inverse cone shape and radial flow
TES, the discharged temperature decreases at a higher rate than the other domains, and
that behavior is maintained over the 10 analyzed cycles; hence, the increasing thermocline
thickness is critical to keep higher temperatures exiting the storage during the discharging
process. From the 5th cycle onwards, the outlet temperature increases between cycles at a
slower rate as a result of a thermal equilibrium in the storage tank.

Thermal performance

During the complete operation of the TES system, the thermal losses through the top, bot-
tom, and lateral surfaces were calculated. Figure 4.6 shows the thermal losses classified
according to the surface where they occur. The proposed concept of radial flow TES has the
lowest levels of overall heat loss due to the self-insulation effect provided by the outer layers
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Figure 4.4: Temperature profiles of the fluid at the end of the 10nth cycle.

Figure 4.5: Fluid temperature at storage’s outlet during discharge process.

of the packed-bed. In addition, Figure 4.4 verifies that the lateral wall of the radial flow
TES is in contact with the region at the lowest temperature; conversely, axial flow geometry
can exchange a higher amount of heat through that surface, since it is directly in contact
with the thermocline. The top surface of the axial flow domain is exposed to the highest
temperature in the storage tank, so the thermal loss through that layer is higher than that of
the radial TES since the top and bottom of the tank are in contact with the radial thermal
profile. The latter explains why the bottom thermal loss is higher in the radial flow TES
to the other geometric domains. Regarding the cyclic behavior of the overall thermal losses,
while the cycles progress, the losses increase as the temperature levels inside the domain rise.
Nevertheless, the difference between cycles also gets smaller as a result of reaching thermal
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equilibrium during the consecutive charge-discharge cycles.

Figure 4.6: Overall thermal losses of the TES in cyclic operation.

Exergetic performance

The total exergy recovered from the TES system is assessed through a second-law analysis.
For power generation applications, it is relevant to study the evolution of the recovered exergy
during the discharge process to guarantee a proper operation when combined with a power
cycle. The transient behavior of the input and recovered exergy of the system is depicted
in Figure 4.7. The amount of total input exergy (Ξ̇in) is the lowest in the radial flow TES
as a consequence of the higher temperatures reached at the outer layers during the charging
period. In terms of recovered exergy during the discharge process, the decreasing rate is
strictly related to the temperature delivered at the storage’s outlet. Due to irreversibilities
developed during the heat transfer process, different behaviors in the recovered exergy are
observed; additionally, heat losses through the surface in contact with the thermocline is also
involved in the destruction of exergy during charge/discharge processes.

In order to compare the differences in the irreversibilities caused by heat transfer mech-
anisms and thermal losses, Figure 4.8 is plotted, where the cyclic evolution of three perfor-
mance indicators are assessed: the round-trip efficiency (ηrt), exergy destroyed by convective
and conductive heat transfer defined as: Ξd,HT = T0

(∫ (
Ṡgen,conv + Ṡgen,cond,s + Ṡgen,cond,f

)
dt
)
,

and the exergy destroyed by thermal losses through surfaces in contact with the thermocline
(Ξd,L). Regarding the behavior of these indicators, for all the domains studied ηrt and Ξd,L

increase with the cycle number, since the temperatures reached at the end of the charge-
discharge process is higher than the previous one. However, there is a decrease in Ξd,HT

throughout the cycles as a result of a smaller temperature difference between the phases.
The radial flow packed-bed at the end of the 10nth corresponds to the domain with the high-
est round-trip efficiency and exergy destruction due to heat transfer mechanisms, but with
the lowest irreversibilities caused by thermal losses. Having a constant supply of energy at
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Figure 4.7: Input and recovered exergy as a function of time for all storage domains.

Figure 4.8: Cyclic evolution of round-trip efficiency and exergy destroyed due to heat transfer
between the phases, and the exergy destroyed due to thermal loss

high temperatures is important to improve the performance of power generation systems, but
the exergy destruction may affect that condition during the discharging period. Axial flow
domains such as cylindrical storage and regular cone shape, have similar levels of performance
and the differences are mainly caused by the variation in the packed-bed cross-section and
the exposed area for thermal losses. Lastly, the inverse cone shape has the highest level of
exergy destroyed due to thermal losses, which can have the same impact on the exergetic
response of the storage domain as the radial flow TES.
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4.3.2 Parametric analysis

A parametric analysis is carried out aiming to compare and assess the 1st and 2nd law behav-
iors of the packed-bed domains under different geometric conditions, which are determined
by varying the tank volume (VT ) and the aspect ratio (AR). A maximum Reynolds number
was fixed as well, since the cross-section variations in truncated cone and radial flow TES
leads to changes in the velocity profile, so the turbulent regime may be reached within the
storage tank. According to Dybbs and Edwards, the turbulence in porous structures appears
when Re > 300 [218]; hence, in the present study Remax = 100 for all TES domains, because
the condition Bi ≈ 0.1 also needs to be fulfilled. As a consequence, an upper limit in the
mass flux rate is also fixed, since it can be calculated with the expression: Gmax = Remax

µf
d
;

therefore, for topologies with cross-sectional variations, the mass flow rate of air entering the
TES is calculated in order to obtain the upper value of G in the smallest cross section.

Table 4.3: Operating conditions considered in parametric study.

Parameter Value

Aspect ratio AR from 0.5 to 2
Tank volume VT from 2 to 20 m3

Remax 100
Number of cycles 5
Mass flux range 0.02 - 0.205 kg/(m2 s)

The variation of the aspect ratio and the tank volume are presented in Table 4.3 including
the operating ranges of the Bi and the mass flux. Operating temperatures, charging/dis-
charging time, and particle diameter are the same as those defined for the cyclic study (see
Table 4.2). The results of the parametric analysis are divided into two parts as follows: Part
one compares all the storage domain and part two details the geometric on the radial flow
TES.

Analysis for all storage tanks

The sensitivity analysis for all storage domains are presented in Figure 4.9 where several
features are depicted: The shaded areas represents each storage domain studied. The upper
graph consist of a plot of the pressure drop results and the round-trip efficiency for a given
pair of (AR , VT ), while the graph at the bottom depicts the pressure drops values as well,
but contrasted with the overall thermal losses. The dashed and dotted lines are the cases
with the same aspect ratio and tank volume, respectively. Furthermore, the minimum and
maximum values of those parameters are colored in the plot and indicated in the legend.

According to the Figure 4.9, there are common responses in the system’s performance
between the storage domains, which are analyzed as follows: In terms of the general behavior
of the pressure drop, for a constant aspect ratio, ∆P increases with the tank volume and that
is mainly caused by the increase of the storage height or radial path ro−ri in axial and radial
tanks, respectively. On the other hand, the round-trip efficiency decreases as the aspect ratio
gets larger for a given tank volume. The above occurs as a result of the higher temperatures
reached throughout the storage’s length for small aspect ratios since the thermal front takes
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Figure 4.9: Comparison of performance indicators for all storage scenarios: Round-trip effi-
ciency vs pressure drop (top) and overall thermal losses vs pressure drop.

less time to completely circulate along the tank during the charging process, allowing the
TES outlet to reach higher temperatures during the charging process and storing a greater
amount of sensible heat. Thermal losses exhibits an expected behavior when analyzed for
a constant aspect ratio: for larger tank volumes, the overall thermal losses are higher as a
result of the larger exposed surfaces.

Considering the effects of the geometric dimensions in cylindrical domains, when the aspect
ratio is between 0.5 - 1.3 a parabolic shape of the round-trip efficiency is recognized; thus,
for a critical tank volume, a maximum value of ηrt is reached. For higher aspect ratios the
round-trip efficiency improves with the tank volume until it reaches an asymptotic behavior.
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For the design of the parametric study, the calculations of the mass flux rate leads to all
the cases studied for the radial flow TES being evaluated with the same inlet/outlet mass
flux rate; however, the radial path ro − ri increases with the tank volume as well but with
no significant variations in both fluid and thermal front velocity between cases. Due to the
above, it appears that there is an stagnation on the thermal front as the volume increases,
which may cause differences in the amount of energy stored and recovered. For the axial flow
TES, the evolution of the round-trip efficiency with the tank volume is similar to the radial
flow TES and that can be justified by the same phenomena previously described, considering
that the mass flux rate also remain the same for all tank dimensions assessed. On the other
hand, pressure drop increases with the aspect ratio for both storage topologies, as a result
of the higher tank lengths. Finally, according to the evolution of the overall thermal losses
with the aspect ratio in the axial flow TES, at higher values of AR the overall thermal
losses result to be the lowest and that is caused by the temperature profiles developed in
high aspect ratios: The temperature gradient becomes steeper for these cases [234], thus the
temperatures reached in the “cold zone” of the storage tank is lower than compared to small
values of aspect ratios. The geometric effects on the overall thermal losses in the radial flow
TES are discussed in depth in section 4.3.2.

For conical tanks, their behavior are noticeable different compared to cylindrical topolo-
gies. The inverse cone TES exhibits a similar behavior to radial flow TES in terms of the
round-trip efficiency, since they both have divergent topology during charging process and
convergent during discharge. Nevertheless, the main difference is the larger variation on the
performance that inverse cone has against radial flow TES, and it can be due to the evolution
of the void fraction with the axial coordinate. On the other hand, the round-trip efficiency on
regular cone TES tends to decay as the tank volume increases as a result on the void fraction
and mass flux rate variations: At higher aspect ratios and tank volumes, due to the TES
topology the lower zones in the regular cone packed-bed presents the largest void fraction
and mass flux rates; therefore, the convective heat transfer is lower in that zone because of
the voids and the low temperatures reached, which reduce the amount of energy stored and
recovered from the TES. Regarding the pressure drop, an unusual behavior is encountered
when the aspect ratio increases. As shown in Figure 4.9, the pressure drops decreases as
the conical tank gets larger and it can be caused by the following effects: (i) Higher aspect
ratios, allows the conical TES to have a smaller Dbottom/Dtop ratio and higher mass flux rates
variations, (ii) Larger void fraction in the zones with smaller tank diameter, allowing the
fluid to easily circulate through the packed-bed. The above causes a noticeable change in the
drag forces acting on the fluid, compared to the effective path length within the domain.

Comparing all TES topologies, the geometric dimensions affects considerably the thermal
performance of the regular cone TES. Conversely, cylindrical TES with axial flow presented
the highest pressure drop values in all the cases and the highest variability. That behavior
is because of the Remax fixed for the parametric analysis, which is only affected by changes
in the thermophysical properties of the fluid; on the contrary, the other domains also have
cross-sectional changes that modify the fluid velocity and the local Reynolds. The results
of the variations of performance indicators are summarized in Table 4.4. Among the TES
topologies assessed, radial flow TES presented the lowest thermal performance variability and
in pressure drop values; hence, it can be adapted to any dimensional requirement and with
low impact on its performance. The latter places it as a promising and versatile candidate
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for thermal energy storage designs.

Table 4.5 shows the maximum round-trip efficiency obtained among all (AR , VT ) com-
binations, and the respective thermal losses and pressure drop. Even though the cylindrical
TES with axial flow presented the highest value of ηrt, it also has the larges values of ∆P
and QL. The aforementioned, suggest that it is necessary to study the quality of the energy
obtained during the recovering process, since it may be with lower temperatures compared
to other topologies, as a result of the high thermal losses through the lateral walls. On the
other hand, cylindrical TES with radial flow presented the lowest values of all the perfor-
mance indicators showed in Table 4.5, but the maximum round-trip efficiency obtained is
only 4.2 % lower than axial flow TES. Furthermore, the pressure drop and overall heat losses
are both near the 13 % of the obtained in cylindrical TES with axial flow, which also pre-
sented a tank volume 2.5 times bigger than the radial flow TES. Those differences allows the
radial flow concept to compete with traditional TES topologies in key design parameters and
performance indicators.

Table 4.4: Variation of the performance indicators for all TES topologies

Geometry ∆ηrt ∆Pmax −∆Pmin Pa ∆Qloss kW h

Cyl. TES
w/axial flow 0.153 284.066 697.485

Regular cone
TES 0.583 158.722 770.066

Inverse cone
TES 0.353 152.505 714.975

Cyl. TES
w/radial flow 0.121 44.753 198.299

Table 4.5: Maximum round-trip efficiency and the respective pressure drop and overall ther-
mal losses for all storage topologies

Geometry ηrt ∆P Pa Qloss kW h AR VT m3

Cyl. TES
w/axial flow 0.897 271.352 865.625 0.5 20

Regular cone
TES 0.877 161.412 597.305 0.5 12

Inverse cone
TES 0.881 186.352 623.396 0.5 14

Cyl. TES
w/radial flow 0.855 37.208 114.263 0.5 8

Geometric effects in radial flow TES

As mentioned before, a detailed analysis of the thermal losses is needed in the radial flow
TES. Figure 4.10 plots the parametric behavior of the top/bottom and lateral thermal losses
obtained for each combination of (AR , VT ) in the radial flow TES. The dashed lines indicates
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the cases with the same aspect ratio, and the colorbar illustrates the increase in the tank
volume.

Figure 4.10: Parametric behavior of thermal losses in radial flow TES.

Considering the values achieved for the thermal losses, the behavior illustrated in Fig-
ure 4.10 confirms the “self-insulating" feature of the radial flow packed bed for all cases
assessed. That result can be explained by the following reasons: (i) The outer layers of the
packed-bed are always exposed to the lowest operating temperatures in the storage cycle, and
(ii) when the surface area of the top/bottom lids is lower than the lateral walls (low aspect
ratios), the temperature in the thermocline is higher; thus, that trade-off results in a less
significant geometric impact. Moreover, as the aspect ratio increases for a fixed tank volume,
the lateral losses decreases since the exposed area becomes smaller and the temperatures
decrease as well in that zone. On the other hand, for a given value of AR, the evolution
of the lateral thermal losses in the radial TES is similar to the behavior in the round-trip
efficiency.

For the top and bottom thermal losses in the storage tank, the results show an expected
behavior in terms of the tank volume and the aspect ratio. As VT and AR increase, the sur-
faces exposed to high temperatures are larger; consequently, high thermal losses are achieved.
Nevertheless, an important issue is recognized: as the bottom thermal losses are lower than
the top thermal losses, that difference can be critical when the TES is on standby. The solids
near the upper wall will decrease their temperature faster than the solids near the bottom,
which may generate a non-uniform temperature distribution in the axial direction.

Regarding the irreversibilities caused by the heat transfer phenomena within the packed-
bed, in Figure 4.11 the exergy destroyed due to convection and conduction is shown, for
all the scenarios studied for radial flow TES. In general, convection losses are higher than
conductive losses, since the first is the main heat transfer mechanism within the phases.
Furthermore, the convection in packed-beds is a volumetric phenomenon, so its respective
irreversibility is expected to be proportional to the storage volume. On the other hand, as the
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Figure 4.11: Exergy destroyed by convective and conductive heat transfer for different di-
mensions of radial flow TES

temperature difference between the phases increase, so does the entropy generation during
the heat exchange. When the aspect ratio is low, temperatures at the outer layers of the
TES are higher and during the initial periods of the discharging process, the temperature
difference between the solid and the fluid is high as well, increasing the entropy generation
during that heat transfer process.

4.4 Conclusions

The present work develops a parametric analysis of the performance of four different packed-
bed topologies for high-temperature thermal energy storage in cyclic operation. A detailed
modelling of the thermal losses and the entropy generation phenomena was conducted in
order to establish different metrics to characterize the performance of the proposed topologies.
The analysis of the cyclic operation of the packed-bed domains was carried out under the
conditions. On the other hand, several design configurations were assessed in all storage
topologies in terms of the aspect ratio and the tank volume, aiming to assess the impact of
the geometric dimensions on the system’s performance.

Important differences are observed between the TES topologies during their cyclic opera-
tion. Thermal losses in radial flow TES are 80% lower than tradicional TES topologies, which
confirms its self-insulating feature. However, the cross-sectional variations of the radial flow
TES cause changes in the airflow, affecting the heat transfer process and inducing an increase
on the entropy generation. The parametric study showed that a critical aspect in the round-
trip efficiency is the thermocline control, and its distribution is subject to the evolution of the
mass flux rate across the packed-bed. Furthermore, the low variability on the performance of
the radial flow TES systems regarding their geometric dimensions highlights a great advan-
tage compared to other topologies, since a broad combinations of storage sizes, and geometric
distributions can be employed, without a significant impact on its performance.
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This study extends the available information of the radial flow packed-bed topology for
thermal energy storage applications, placing this topology as a promising alternative com-
pared to traditional TES domains. The low values on the pressure drop and thermal losses
suggest that a thermo-economic analysis should be performed to evaluate the cost benefits.
Finally, a detailed analysis in terms of the flow distribution within the packed during the
charge/discharge process has to be carried out in future work in order to identify turbulence
and other sources of entropy generation.

98



Chapter 5

General conclusions and future work

The present work deeply analyzed the design conditions of a packed-bed TES in terms of
the storage material, geometric dimensions, and different concepts in packed-bed topologies
aiming to study their influence in the system’s performance indicators; thus, several guidelines
were established to improve the operating conditions of the packed-bed TES. In addition,
the use of industrial byproducts as filler materials were discussed as well, by means of the
assessment of copper slags for high-temperature applications.

To develop the heat transfer analysis, several modelling approaches were reviewed. In
actual packed-bed thermal models, the explicit integration of radiation heat transfer has
not been discussed so far. In this work, a simplified study is conducted in chapter 2 in
order to assess how the radiation can affect the packed-bed performance. The study showed
that the radiation effects cannot be neglected from temperatures higher than 750 °C since
the radiation heat transfer coefficient can achieve values as high as 32 % of the convection
coefficient. Additionally, some modelling approaches are based on the integration of a local
radiative heat transfer in the correlation of keff , which is insufficient to model the interaction
with neighboring particles in a short- to long-range vicinity; therefore, a detailed investigation
is required to determine the effects of including radiation at high-temperature conditions.

The present thesis proposes a practical use of copper slags, which were initially proposed in
the 1960s highlighting its cost-effective potential, but without a detailed study of its engineer-
ing applications. Through the study of its properties and a heat transfer model, its potential
use in high-temperature packed-bed TES applications is demonstrated. In fact, under the
same geometric conditions, copper slags presented a stored energy density of 138 kW h/m3

against 129 kW h/m3 of the other industrial byproducts analyzed in this work. That feature
allows the design of compact storage tanks, which can reduce TES costs for thermal and
power generation systems. However, thermophysical properties of copper slags are highly
heterogeneous, which increases the uncertainty in the evaluation of the system’s overall per-
formance. In that context, experimental studies have to be conducted to contrast the actual
thermal performance of the packed-bed against the proposed models.

Another relevant parameter that influences the thermal performance of packed-bed TES,
is the storage geometry. Recently, the concept of a novel radial flow TES has begun to be
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studied; nevertheless, there are no works that have detailed its behavior in cyclic operation,
nor how its geometry affects its performance. In the comparative study developed in this
thesis, a cyclic characterization and a parametric analysis were conducted for different packed-
bed topologies. Owing to their self-insulating property, the radial flow topology can reduce
thermal losses by 80 %, compared to conventional TES geometries. Furthermore, in contrast
to other TES topologies, by varying the aspect ratio and tank volume, the radial flow TES
presented the smallest change on the round-trip efficiency with a value of 12 % against the
regular cone with a variation of 58 %. Hence, thermal performance of radial TES topology
is less susceptible to changes in the aspect ratio and tank volume. The latter indicates that
further research is needed to analyze other design variables. Even though this initial study
demonstrates that radial flow TES has thermal losses and pressure drop values lower than
traditional packed-bed systems, the lack of experimental research in radial flow topology adds
uncertainty to these preliminary results, as the validity of the empirical correlations has yet
to be verified.

Overall, the present dissertation showed that the use of copper slags as filler material
for packed-bed TES is suitable for high-temperature applications, and it has been verified
through several indicators: Experimental data of their thermophysical properties, a thermal
model of the packed-bed using copper slags, and a comparative study with other waste
materials analyzed in the literature. In addition, it includes studies that have not been
discussed in depth by the scientific community, such as the explicit modelling of thermal
radiation in packed-bed TES systems or the application of a radial flow packed-bed for high-
temperature storage. This leads to further theoretical and experimental research, and the
contribution to scientific knowledge in renewable energy systems.
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Appendix A

Experimental facilities

In the context of the project FONDECYT 1191705: High-Temperature thermal storage for
CSP power plants using packed bed of rocks: heat transfer analysis and experimental valida-
tion, two experimental facilities have been built to assess the thermal behavior of the copper
slags as a storage media. Due to several drawbacks, it has not been possible to run these
test benches yet. Nevertheless, several efforts have been developed to acquire new equipment
and to elaborate the experimental methods. This section details the components of the ex-
perimental bench, as well as the description of the tests that will be conducted to validate
the analytical models and determine the performance of the system.

A.1 Description of storage tanks and test facilities

The experimental setup developed for this project consist in a steel storage unit filled with
copper slags, and it is connected to pipes which transport the high-temperature air from
a heat source to the tank during the charging process. The system also operates at low
temperatures, allowing the discharging process through the circulation of the cold air across
the packed-bed, recovering the energy stored and exiting the system at high temperatures.
Regarding the heat source, it operates with a fan which take atmospheric air and passes it
over a heating coil raising the temperature of the fluid to a desired output.

In order to perform tests at different operating conditions, two storage units were built.
The first prototype should operate in a medium temperature range (up to 350 °C), and it
consists in a 50 L tank with a pipping arrangement which enables the flow of air in different
directions through the tank by opening and closing valves. For the second packed-bed system,
a simpler concept was chosen on the design of a 8 L unit, which is a removable cylinder
connected to two tubes using flanges and is expected to be tested at temperatures up to
650 °C. On the following, the two experimental setups are described in terms of they main
features and expected operating conditions.
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A.1.1 Medium-temperature storage

To develop experimental tests of a packed-bed TES under medium-temperature conditions,
a vertical-oriented 50 liter cylinder tank was built. The storage unit consist in a 304 mm
diameter and 688 mm height cylinder with two conical lids placed at the top and bottom
of the tank, which allows a uniform distribution of the flow at the inlet during the TES’s
charge/discharge process. The fluid is transported and guided through a set of pipes and
valves, enabling it to entering and exiting the tank (see Figure A.1a). Inside the storage
unit, the rock pile is supported by a mesh with 10 mm holes, that prevents small pebbles
from falling to the bottom of the lid and obstructing air flow. In Figure A.1b the assembly of
the mesh inside the tank is illustrated. As shown in Figure A.1c, the mesh is surrounded by
a steel ring which restricts its movement and allows it to be bolted to the base of the tank.
All the aforementioned components are fabricated in stainless steel.

The expected operating conditions of this experimental facility are based on the equipment
that is going to be coupled to, which is explained latter in this appendix. The conditions are
presented in Table A.1.

Table A.1: Operating conditions of the medium-temperature storage

Operating condition/range Value

Temperature ≈20 °C (room temperature) to 350 °C
Expected air flow rate 300 m3/h
Predicted pressure drop 1.12 kPa
Inlet static pressure given by the fan 1.34 kPa
Power to fan 1 kW

As mentioned above, the piping system of this test bench is composed by several elements
which enables different flow directions, depending on whether the TES is operating in charg-
ing or discharging mode. By opening and closing valves, the air flow can be controlled aiming
to keep the stratification within the storage tank. Figure A.2 illustrates the P&ID diagram
of the experimental facility. The valves are indicated with numbers in order to indicate which
ones should be open/closed for the different processes to be studied.

• Charging process: The valves 2 and 5 has to be open, while valves 1, 3, and 4 has
to be closed; therefore, the air at high temperatures can flow from the heat source
(indicated as HW in Figure A.2), entering the storage tank at the top, and exiting at
low temperatures from the bottom.

• Discharging process: After the charging process, the energy stored in the packed-bed
TES need to be recovered. In that context, the heat source has to be turned off; thus,
the air supplied will be at room temperature. By closing the valves 2 and 5, opening
the valves 1, 3, and 4, the air can flow from the bottom to the top of the tank, exiting
the system at high temperatures.

In constructive aspects, several drawbacks have been noticed in this system such as the
deformation of the main tank and the diffuser cones during welding. That issue is relevant for
insulating the system, since hot air leakage can be generated in those zones during operation.
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(a) General assembly. (b) Diagram of mounting of conical lids
and internal mesh.

(c) Internal mesh

Figure A.1: Overview of the medium-temperature TES components.

Hence, prior to the first tests, those components need to be modified and properly mounted
to ensure a safe operation. Furthermore, the system has yet to be instrumented with the
following sensors: Type K thermocouples distributed in the length of the storage tank (as
indicated in Figure A.2), a differential pressure with terminals at the inlet and outlet of the
piping structure, where also type K thermocouples are needed to measure the temperature
in those points. The sensors are connected to a datalogger, where the data can be stored and
read for post-processing.
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Figure A.2: P&ID diagram of the medium-temperature TES system.

A.1.2 High-temperature storage

The study of the high-temperature performance of a packed-bed TES composed with copper
slags, is expected to be conducted in a cylindrical tank horizontally-disposed, as illustrated
in Figure A.3. The internal capacity of the main tank is 7.45 L, which is assembled to pipes
at each end using flanges. Additionally, two internal meshes are included inside the tank in
order to keep the rocks distributed in the cylindrical domain. In Figure A.3b is shown how
the meshes are fixed in the storage unit: The mesh is placed on a perforated platen welded
inside the tank, while a second platen is mounted over the mesh and fixed to the lower one
through bolts. The modular design of this packed-bed TES system, facilitates the removal
of the central cylinder and the test of different “packed-bed probes” in the setup. The whole
system is supported in a carbon steel holder attached at the worktable (see Figure A.3a).

The storage tank dimensions corresponds to a length of 400 mm and an internal diameter of
158 mm, and it is made by carbon steel. The tank is welded at two flanges of the same material
that enables the union with the remaining piping elements manufactured in stainless steel.
In contrast to the medium-temperature experimental bench, the air flows in one direction.
The latter does not corresponds to the typical operating logic of packed-bed TES system,
nonetheless, the experimental procedures are simpler than the medium-temperature test
bench.

During its operation, the heat source composed by a high-temperature air blower with an
internal heater, which takes atmospheric air and supply it to the system through the inlet
pipe. The operating conditions expected are listed in Table A.2. Regarding the static pressure
provided by the air blower, the given value is the maximum specified by the manufacturer
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(a) General assembly.

(b) Diagram of mounting the internal mesh.

Figure A.3: Overview of the high-temperature TES components.

since no characteristic curves are not available [242].

Considering the diagram showed in Figure A.4, the basic operation of the system can be
separated in two processes: The charging process, where the air is provided at 650 °C by
the air blower, entering the tank where the heat is transferred to the rocks, and leaving the
system from the outlet pipe. The discharging process occurs in the same direction, by setting
the air blower to a low temperature mode. The atmospheric air at room temperature enters
the storage, recovering the heat stored and leaving the system at high temperatures from
the same outlet pipe. In order to measure the different variables during the heat transfer
process, at the inlet and outlet pipe terminals are available to put a type K thermocouple
and a capillary tube for a differential pressure sensor. In the storage tank, the type K
thermocouples are distributed along the cylinder, to measure the thermocline’s behavior.
Lastly, at the outlet of the tank a hot wire probe is disposed, which can measure the air
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Table A.2: Operating conditions of the high-temperature storage

Operating condition/range Value

Temperature ≈20 °C (room temperature) to 650 °C
Expected air flow rate 18 m3/h
Predicted pressure drop 34.91 Pa
Max. static pressure of the air blower 1 kPa
Air blower power 3.7 kW

velocity at high temperatures. The probe is connected to a digital anemometer, where the
data can be stored and read in real time, whereas the other sensors are linked to a datalogger
to collect the information of the TES system.

Figure A.4: P&ID diagram of the high-temperature TES system.

Regarding the insulation of the system, between the bolted joints in the structure, EcoGraf
seals are employed to prevent air leakage through those zones. To reduce the thermal losses
to the environment, a 50 mm layer of mineral wool is disposed in all the elements of the
system and externally supported with a steel mesh wire.

A.2 Equipment available

The selection of the experimental equipment represented a great challenge during the design
of the test bench, owing to the high operating temperatures expected in the system. The
instruments able to withstand temperatures over 600 °C for a considerable amount of time
aren’t adequate for the experimental setup scale; therefore, modifications had to be made
to the design conditions of the experimental study. On the following, a description of the
equipment acquired is provided.

A.2.1 Heat sources

One of the heat source employed to rise the air temperature is the air blower from Leister
mod. Hotwind System of 3700 W power. The technical specifications and components are
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detailed in its user manual [242], however, a brief explanation will be made according to its
general operating principle.

Figure A.5: Air blower diagram and components [242].

The Hotwind System is a fan with an internal electric resistance, which transfers heat to
the incoming atmospheric air and exiting the blower at high temperatures. The air intake in
marked with the number 6 in Figure A.5, while the heating element is located in the tube
marked with the number 5. As observed in Figure A.5 the device has independent knobs for
regulating the heating power and the air flow (indicated with number 3 and 4, respectively).
Furthermore, it has a display (10) which shows the operating temperature and flow rate. The
user also can set the device’s internal program in order to control the heating power and/or
air flow rate as convenient.

Despite on having independent knobs to control the heat and the flow independently,
the actual values delivered by the equipment will depend on the fan operating curves. In
Figure A.6b it is indicated the expected values of the heating power and the air flow rate for
each position of the respective knob, but according to the curves in Figure A.6a, as the air
flow increases, the outlet temperature decreases as a result on the reduced heating power at
those airflow conditions. On the other hand, according to the manufacturer, for a Hotwind
System with 3680 W of power, a 100 % of the heating power can be achieved when a flow
rate of 300 L/min is set [242].

This device was initially planned to be used as heat source for the 50 L storage tank, but
the low flow rate to achieve high temperatures influences the experimental operating periods
of the system. While its use in a lower scale TES system would allow the execution of multiple
consecutive charge-discharge tests. Therefore, a second heat source system is required for
the 50 L tank. Aiming to increase the air flow rate conditions, a centrifugal fan is employed;
thus, the product CMP-820-2T from SODECA is selected which can reach flow rates up to
1950 m3/h [243]. According to the characteristic curves presented in Figure A.7 to ensure a
proper operation in the packed-bed, the initial tests must be conducted at low air flow rates,
where the static pressure is higher and capable to move the air through the rock pile.

The centrifugal fan is coupled to a 35 kW heating coil manufactured by Componentes
Industriales Ltda. It consist in a square tube with 18 electric resistances mounted in the
inside which provide heat to the circulating air, exiting the domain at 350 °C towards the
packed-bed TES.

127



(a) Operating curve Air flow vs Temperature [242].

(b) Heat source operation [242].

Figure A.6: General operation of the Hotwind System.

Figure A.7: Characteristic curves of the fan [243].

A.2.2 Measuring instruments

Thermo-anemometer In order to measure the air velocity, a high-temperature thermo-
anemometer has been acquired. The Anemomaster 6162 developed by Kanomax is an
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anemometer designed for specialized high-temperature testing, which is illustrated in Fig-
ure A.8a. By using the high-temperature probe 0205 (see Figure A.8b), air velocity and
temperature can be measured at limits up to 500 °C. The anemometer also has a display
where the data is showed in real time and it can be connected to a laptop to store the data
for future post-processing [244].

(a) Anemomaster 6162.

(b) High-temperature probe.

Figure A.8: High-temperature anemometer main components.

The high-temperature probe is composed by a thin platinum coil located in its tip and
covered with a mesh to prevent the damage. To measure the fluid’s temperature and velocity,
the flow has to be in contact with that sensor. The platinum coil acts as a hot-wire, so when
it is exposed to the airflow the sensor will be cooled. The amount of heat (H) removed from
the sensor is expressed as follows [244]:

H =
(
a+ b

√
U
)

(T − Ta) (A.1)

where U is the fluid velocity and Ta its temperature. T is the sensor temperature, a and b
are constants. with the theoretical basis given by Equation A.1, a velocity and temperature
sensor can be developed within the probe in order to measure the fluctuations of each variables
[244].
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A.3 Experimental methods

The following section describes experimental methodologies to perform heat transfer tests
in the high-temperature packed-bed TES. Regarding the medium-temperature experimental
setup, no test proposals are discussed, since major constructive improvements are required.

A.3.1 Rocks selection for tests

The copper slags from the local foundries have irregular shapes and sizes; hence, prior to
develop the experimental studies of its thermal behavior in a packed-bed TES, a proper se-
lection of the rocks has to be conducted. For this preliminary stage, 2 physical characteristics
are important for the classification of the copper slags:

• Fragility: The rocks that are easy to break by hand.

• Shape: The degree of cubicity1 and how compact the rock is.

Some general considerations for the selection are described below:

a. Choosing compact rocks reduce the probability of fracture during tests. Most of copper
slags have a compact shape with flat sides and edges, nevertheless, some have cavities
and irregular edges (see Figure A.9a). These rocks can be broken by hand, obtaining a
pair of compact slags.

b. In general, the copper slags are fragile and can be fractured by hand or hitting them
with another rock. Conversely, some will present more resistance; therefore, they must
be selected for thermal storage tests.

c. When handling the rocks, it can be noticed that some slags with similar size tend to
have a noticeable different weight. The heavier ones may be harder and with compact
vitreous characteristics (a shiny texture), as shown in Figure A.9b.

d. For the cubicity, a rock will be considered with cubic shape if it has at least one
relatively flat side (see Figure A.9c). Also, if its shape is regular and compact such as
the rocks in Figure A.9d.

e. The size considered corresponds to a length and width between 5 to 7 cm. A quick way
to select them is to set a length of 25 cm and align 4 to 5 rocks along it.

There is still no research studies on how the shape of the filler materials affect the packed-
bed TES’s performance. Indeed, the thermal models assumes a continuum porous medium,
but some heat transfer coefficients are developed by assuming spherical shape. Even though
those models are experimentally validated, no further description about the characteristics of
the filler material is made. In that context, it is expected a lower error in the analytic model
when contrasted with data from a packed-bed TES arrangement with low cubicity copper
slags, than for those composed by rocks with cubic shape.

1The actual degree of cubicity of the slags has not yet been measured. In this initial classification, it will
qualified according its straight sides’ tendency.
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(a) Irregular rock with minor
cavities.

(b) Compact rocks: irregular shape with
fractures (left) and high cubicity with vit-
reous characteristics (right).

(c) Vitreous and compact rock,
with a relatively flat side.

(d) Regular and compact rocks.

Figure A.9: A collection of copper slags.

A.3.2 Tests proposals

Measuring void fraction

In a porous medium, the void fraction is a measure of the arrangement’s porosity. For the
1D thermal model proposed in this dissertation, in a cylindrical packed-bed with axial flow
the void fraction along the axial coordinate is assumed constant. Therefore, to validate the
analytic formulation it is necessary to measure the overall void fraction of the packed-bed
TES.

The experimental procedure should take place after the heat transfer tests, since the
storage tank is going to be filled with water and the copper slags may still be wet when
heated. The latter can cause salts to be deposited on the slag due to exposure to high
temperatures. The experimental methodology is listed as follows:

1. Disassemble the central cylinder from the piping flanges and transport it to a water
draining zone.
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2. Put the cylinder in vertical position and place it on a weight. Record the mass of the
rocks + cylindrical tank system Msys,2.

3. Remove the bolts holding the steel ring and the wire mesh from one side of the cylinder.
4. Using a plastic, cover the remaining hole and assemble the steel ring and the mesh

removed in step 3. Turn the cylinder leaving the end with the plastic at the bottom,
and place it on the weight.

5. Using a hose, fill the tank with water from the top without exceed the level of the wire
mesh. Record the mass of the rocks + cylindrical tank system + water Msys,5.

6. Drain the water and remove the plastic from the other end of the tank.

Using the data from the previous procedure, the volume of drained water Vw can be
calculated using Equation A.2, which is equivalent to the volume that is not being occupied
by the rocks inside the tank.

Vw =
Msys,5 −Msys,2

ρw
(A.2)

where ρw is the water density. Finally, the experimental void fraction (εexp) of the arrange-
ment can be calculated with

εexp =
Vw
VT

(A.3)

where VT is the internal volume of the tank where the rocks are confined.

Heat transfer experiments

In this first stage of the study, the temperature evolution along the storage tank will be
evaluated, as well as the temperature at the system’s inlet and outlet.

Thermal equilibrium during charging and discharging processes It is proposed to
study the characteristic heating/cooling time (t̂h/c) of the system, corresponding to the total
time required to heat/cool all the rocks within the tank. The analytical expression of t̂h/c
can be obtained by performing an energy balance in the packed-bed, where the heat required
to raise all the solids to the working temperature must be equal to the energy provided by
the air (see Equation A.4).

t̂h/c =
(1− ε) (ρcp)s

cp,fG
HT (A.4)

where HT is the packed-bed height, G the mass flux rate, ρs and cp,s are the solid density and
specific heat, cp,f is the specific heat of the fluid and ε the void fraction of the arrangement.
The fluid properties will depend on whether it is a charging or discharging process. The
following methodology is proposed for the study of characteristic time:
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1. Turn on the fan and set its flow rate to 300 L/min, either by using the control system
or by manual adjustment of the blue knob. The latter is between the position 1 and 2.

2. Raise the temperature to 650 °C. Similar to the previous point, it can be done by a con-
trol system or manually, turning the red knob to the position 10. As this increase is not
immediate, the measured temperature by thermocouple 1 (T1 indicated in Figure A.4)
has to be supervised by connecting a laptop to the datalogger.

3. When the target temperature is reached at the storage’s inlet, it is considered the
beginning of the charging process. The storage will be considered as fully charged when
the outlet temperature (thermocouple 9 in Figure A.4) fullfil the condition |TT9−TT1| <
2τ , where τ is the precision of the thermocouples.

4. For the discharging process, the red knob need to be in the position 0 to supply air at
room temperature. The decrease of the temperature should be verified in thermocouple
1 in the same way as step 2.

5. Once the inlet is at room temperature, the storage is under discharging process. That
stage will end under the same condition established in step 3.

Variable temperature profiles for system charging and discharging The objective is
to operate the TES system in a controlled environment by varying the air’s inlet temperature
with the time. Consequently, consecutive charge-discharge cycles can be generated. Likewise,
the air-flow rate entering the system can be controlled, which makes the experimental setup
more similar to the operation of a CSP plant. Even though the measures of the fluid velocity
is relevant for this experiment, as mentioned before only the temperatures are being evaluated
in this initial stage of experiments.

The following procedures described are classified depending on the cut-off criteria for the
control logic: Controlled by time, and controlled by temperature reached in the array. Those
aforementioned conditions can be programmed in the Hotwind System air blower by using
the interface provided by the manufacturer.

• Inlet temperature controlled by time: The study proposed consists on program
a partial consecutive charge-discharge cycles by setting charge/discharge times shorter
than t̂h/c, to characterize how the temperature profiles of the subsequent cycles are
affected by the remaining stored energy in the system. Figure A.10 shows 3 consecutive
charge-discharge cycles developed by assuming a charging/discharging period equivalent
to t̂h/c/2.

• Inlet temperature controlled by temperature reached in the system: In order to emulate
a thermal process where the heat is stored and discharged under limited operating
conditions, the following ranges are considered: A fictional process operates with air
at temperatures between 400 - 600 °C, and it is coupled to a heat source that supplies
air at 650 °C. A direct storage is employed to lower the air temperature after entering
the process, and keeping it always within the specified ranges. The control logic is
described below:
1. Raise the system’s temperature: The air is injected at 650 °C with a flow rate of

300 L/min until TT9 >600 °C.
2. After reaching that limit, atmospheric air is supplied at room temperature to

the packed-bed from the air blower, in order to recover the heat stored. The
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Figure A.10: Time-dependent temperature profiles for 3 charge-discharge cycles.

flow rate can be boosted to 900 L/min. The discharging process is extended until
TT9 <400 °C.

3. As the lower temperature is achieved, the system is restarted by repeating the
steps 1 and 2 aiming to collect a considerable amount of data.

A.3.3 Safety considerations

When working at high-temperature conditions, there are safety considerations that has to be
taken into account to prevent accidents. The procedures described should always be done
before each heat transfer test, since the heating cycles will affect the system’s integrity and
its structure. Therefore, air leakages and irregularities must be verified.

Heat transfer tests safety considerations

• During operation, do not pass or stand in front of the air outlet pipe.
• The fan cannot be turned off if there still are regions in the tanks above 50 °C. Con-

sidering that the injected air is at room temperature.
• Initialization of the system for the first test: After verifying that there are not air leaks

through the joints, a progressive heating of the system should be performed to stabilize
the operation at each position of the red knob (heating power) in the Hotwind System.
The procedure is described below:
1. Increase the temperature (manually or by controller) at 50 °C intervals every

15 min, and check the temperature values using a laptop connected to the dat-
alogger.

2. When the 100 % heating power is reached (red knob at 10nth position), the system
has achieved the maximum temperature available for that air flow rate, and it can
be cooled down.

3. Carry out step 1 but in reverse, reducing the temperature every 15 min.
4. Repeat steps 1 to 3 for all positions of the flow rate (blue knob). In the last

position, keep the fan turned on until the system is completely cooled.
During the process described above is relevant to verify that there are no problems
during operation at high temperatures. In addition, it allows the thermal stabilization
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of the copper slags in the packed-bed. Subsequent tests should be operated regularly
under the safety notes already mentioned.

Void fraction tests safety considerations

• Before removing any part of the system, verify that the assembly is at room tempera-
ture.

• Verify that the fan is turned off prior to any part removal.
• The whole system will be covered with an insulating jacked mainly composed by mineral

wool. Therefore, the assembly must be handled with globes, safety shoes, goggles and
mask.

• Special considerations have to be accounted before removing the main cylinder, which
are listed as follows:
1. Disconnect all sensors attached to any data acquisition device.
2. Remove the insulating jacked from the central cylinder without forcing the ther-

mocouples arranged along the tank.
3. Withdraw the bolts from the flanges attached to the main cylinder.
4. Detach the base that holds the central cylinder from the worktable.
5. Remove the central cylinder from the assembly.
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