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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 - 1.5J/(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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El desafio de la tercera generacion de plantas de concentracion solar de potencia (CSP) es
aumentar la temperatura de funcionamiento. En busqueda de alternativas tecnolégicas 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 energia mediante el intercambio térmico con un fluido de trabajo.
El uso de un material sélido como medio de almacenamiento admite la operacion a altas
temperaturas y mejorar la eficiencia de conversion de energia solar a eléctrica.

La presente tesis busca evaluar el desempeno 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 modelacion de estos sistemas y sus variables clave de diseno. Con
una previa caracterizacion de las propiedades termofisicas de la escoria de cobre y el desarrollo
de un modelo de transferencia de calor, se evaliia 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 analisis paramétrico de las dimensiones geométricas y la forma del estanque, se estudia
como varia su desempeno, para proponer estrategias de diseno de estos sistemas y extender
su aplicacion en otras tecnologias de energias renovables, como baterias de Carnot o sistemas
de almacenamiento de aire comprimido (CAES).

Con un analisis de primera y segunda ley de la termodinamica, se estudia la evolucion de
la termoclina del TES, eficiencia de round-trip, pérdidas de calor, eficiencia exergética, caida
de presion e irreversibilidades durante el intercambio de calor entre las fases. El modelo
desarrollado es generalizado para distintas geometrias de almacenamiento térmico, como
estanques cilindricos 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 inyecciéon de fluido en la direccion radial.

Los resultados muestran que el alto calor especifico de 1.4 - 1.5J/(gK) de la escoria de
cobre permite un avance mas lento de la termoclina a través del lecho de rocas, descargando
mayores temperaturas por periodos més prolongados que en otros materiales estudiados.
Ademas, es posible obtener sistemas de almacenamiento con alta densidad energética para
geometrias mas 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 topologias 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 3'% 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.



Energy

/ Demand

i Solar resource

A
>

Time

E Mismatch

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.

Thermal Energy Storage
Systems

Active Passive
storage storage

Direct
system

Indirect
system

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.



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 3'¢ 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% NaNOj (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]:

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

e 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¢/kWhyy,.
2. Exergetic efficiency > 95 %.
3. Material degradation due to corrosion < 15pm/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 3™ 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 3' 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.



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.



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,



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.

Charging

Unloaded
' system ;

———————

Discharging
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

10



Mean flow direction

/[\ /l\ /‘\ /]\ /[\ /F Tortuous flow

Charging
operation

ischarging
operation

Solid &
particles

R

ss—z Particle — particle conduction
+—@ Particle — wall conduction
Heat source Demand
— Particle — fluid convection
Direct heat to <«4—® Fluid —wall convection

demand supply
/'@ Particle —wall rachation

( ) w43 Particle —particle radiation
T, = F(TF T Ty, T = (T T Ty,
T ! Tl r It f( “ d u) V' Particle —fluid radiation

Figure 2.3: General scheme of a solid thermal energy storage system and internal heat transfer

mechanisms. Modified from S. Kalaiselvam [29] and Burstrém 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 2h, and (3) a discharging that occurs with a 2d 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-Fernandez 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-Fernandez et al. [31]
indicating that for a storage unit of 3 m? and a storage capacity of 1 MWh, 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 (pCp) 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 (AlyO3) 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.

. p Cp PCp k Temperature Cost
Matertal ke/w?] (/K] (I/m’K] (W/mK] ramge[C] (€4
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-Slag® 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 9570 1185 3046 3.5 100- 400  05[62] |51
Cipolin 2800 1.136 3181 1.6 100 - 400 - [51]
EAF Slag 1" 3430 0.933 3200 1.43 100 - 1100 80 [63]  [18]
EAF Slag 2 3770 0912 3374 1.41 100 - 1100 80 [63]  [18]
IFS © 2583 0.738 1906 - 100 - 1000 - [17]
C Slag” 3610 0.975 3520 1.75 100 - 1000 - [58]
S Slag® 4260 0.858 3655 1736 100 - 1000 - [58]

2 Basic Oxygen Furnace Slag,
b Electric Arc Furnace Slag,
¢ 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 Mir6 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.

. p c pc k o Temperature Cost
Material ke/m?] [1/eK] KI/m'K] (W/mK]  [Pas]  range[C] (€] O
Air” 0.5 1.075 0.537 0.05 3.4-107° - -/- [48]
CO, (P=150bar) 1442  1.261 181.8 0.06699  3.952-10° >550 1240 [84]
Water 990 4.180 4138 0.64 581074 0-100 - 48]
Therminol VP-1 904 2.075 1876 0.11 0.37-1073 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 0.55-1073 -29-316 - [67]
JaCCO 802 2.509 2012 0.11 1.73-1073 3-210 835 [67]
Vegetable oils - - - 0.13-0.14 1.2-3.5:1073 -11-250 400-1200  [68]
Solar salt 1835  1.510 2771 0.52 1.8.1073 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 CO5, where sCO5 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.

1 Contact conduction

gy g Fluid conduction
&l

C Convection

1 Radiation

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 (kg;,) 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
kg; 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 kg, .

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 (k‘gf ). 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.

1) (ps(1 _5)010, +preCyp y) %t - gff 922 pfgcp,fug_z [86]

One-phase model

(
Two-phase model (2) p1eCys 51 8t _aT P1<Cy, f% 29 -+ hpa (T = 1) [87]
(3) ps(1 — ) ps 5t = Keff 52 — h a(T Ty)
T 0 2T,
Two-phase model (4) pfgcpf 8t = —peCy ju—pt + kfdaTj; + hpa (T — T¥) 88, 89)
(5) ps(1 — )Cp sag;g kgaa:gg hpa (T, — Ty)

fraction. The determination of kgff 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 Diaz-Heras et al. [85], for the
most common range of 10! < &,/ ky < 102 and below 900 °C, similar results are obtained
from the correlations published by Hadley [90], Zehner and Schliinder [91], Krupiczka [92],
and Gonzo [93]. The k¢, correlations in Table 2.4 do not consider the radiative effects.
Most of the motionless stagnant conductivity correlations that take radiation into account
(kgfr; d) 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 kg}r; 4 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 (kg;;) is influenced by k;gff (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 () of the second
term. Figure 2.9 shows the kg;, 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. Diaz-Heras et al. [85] have presented the
influence of k¢ 11 during the charge and discharge processes and concluded that the convection
phenomenon is much faster than the effects of k¢ ff thus, the uncertainties on the predicted
values are less important. Furthermore, there is a lack of correlation for estimating kg,
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 £} and solid
k% are required. Ismail and Stuginsky [50] proposed correlations to calculate k§ and kg as
shown in Table 2.4. The correlations proposed for kg, are presented in Figure 2.10, and they
show similar behavior to kg, correlations, and are not highly influenced by variations in the
airflow (a,, < 0.1) [85]. k{;, presents values up to two orders of magnitude lower than kg, .

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
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Table 2.4: Effective thermal conductivity.

Model Equation Reference
Motionless stagnant 10 [90, 91, 93]
conductivity cff [101, 92, 102]
Motlonlfes.s stagnant o 1103, 104]
conductivity k.,

. . - off 1105, 106]
(including radiation)
Axial effective thermal conductivity k%, = kY;; + kya, RePr 98, 99, 100]
Axial effective thermal o 0.7¢ky Re < 0.8 150]
conductivity fluid 771 0.5PrRek; Re>0.8
Axial effective thermal a«_ 14 pa
conductivity solid W = Rer = b 150}

Radial effective thermal conductivity &;; = k¢;; + a, RePrik;

107, 100, 108]

3x10°

kO,effective - Wm-K
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Figure 2.7: Motionless stagnant conductivity correlations according to Table 2.4.
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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.
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Figure 2.10: Radial effective thermal conductivity according to Table 2.4.

20



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 h, = ¢; (¢g)?, where ¢; and ¢y are geometry factors that depend
on the void fraction and/or on the characteristic pore diameter of the solid matrix, and cq is
the flow term usually dependent on the mass flow rate or Reynolds number. Several studies
have addressed the term h, from the aforementioned expression, initially proposed by Lof
and Hawley [109], where the most relevant expressions are listed in Table 2.5. In their results,
Dunkle [110], Alanis 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
0.7
hy = 0.79 - (9) 400 < ¢ < 10* 109]
G: Air mass flow per area unit (lb hflftfl)
_ (1—e)Prl/3 Re 0.5 Re \2/3 100 < Re
Ny = 4=22e? (0.5- (£2)*° +0.2- (&) ) 06 113]
Nu = P2 (2,876 + 0.3023 - Re"%) 10 < Re [114]
Nu = 2.4 - Re®"Pr 10 < Re < 10° [110]
_ G\ 0.92 10 < Re < 10° and
hy =824 - (%) . 049 [111]
Nu=(7T—10-c+5-€?) (1 +0.7- Re*2Pr'/?) 10 < Re < 10° and 117
+(1.33 —2.4 -+ 1.2 %) R Prl/3 0.35<¢
Nu =2+ 1.1Pr'/3 Re®6 100 < Re < 10° [116, 118]
et _ 45 (M)M 100 < Re < 10? and
k p 0.38<e<0.5 41
hd® _ o o (pUd 0.7 500 < Re < 5-10% and
=2 (T) 0.38<e<05
hy =700 - ($)*7 0.04 < G < 0.24 [42]
103

Nu = 0.32Re059 200 < Re < 7-10° and

e =0.39
Nu = 8+ 0.004Re e=0.48 [112]
Nu = 0.0032Re e=0.73
Nu = 0.0022Re e=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:

where G is the mass flux (G = m/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
Nuy, = (0.95 : 1.4) (Be)"? 80 < Re /e < 5000 [119]
0.6Pr'/3Re%? 1 < Re < 40
- P
Nt { Prl/3RelS 10 <Re<2000 124
Nuy, = 2.42Re3Pr'/? 4+ 0.129Re"*Pr* 4 1.4Re®?  Re > 40 [122]
Nu,, = 0.203Re'/*Pr'/? 4 0.220Re*Pr Re > 40 [125]
Nuy = (1= 15 (3)") Pr/o e 3<2 <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 (¢ = 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,

C
VP = —%uD — K—lb;quDuD (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, Cg
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 10%, 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
AP _ 500228l 4 75leGU 1 < Re < 10* [130]
&P = 175045 + 2167 1 < Re < 10° [133]
180 (1=e)? wU | 1.8 (1-¢) GU ;
ap_ ) @ Sl @ s o Smooth Solids 193 - . <0019 132
o6 br + ws-=- - Rough Solids
2 3
AP __ p2e=26 pUd pUd 1< Re<10
L= m (185( )= ( u)) 03<c<05
AP _ (1—e)4/3 U (1-¢) GU
T =BAaaamoaoer @ T %o amer @ [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.

8Tf an hpa
=— T, —T 2.
ot ReE * epyCy, (T -1 (2:3)
oT, hya
= — T, —T 2.4
T e ) (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 = h,a, as stated in Schumann’s formulation [135], representing the heat exchange
by convection between the solid particles and the fluid. A, is the convective heat transfer
coefficient between the fluid and the particles, a = 6 - (1 — ¢) /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, ¢ is the void fraction of the packed bed,
and p, 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
82Tf _ 82TS
022 T 09220

assuming that holds the following expression:
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P

where kg 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 sCO, is employed as the HTF
as the volumetric heat capacity ratio between the alumina and sCO; 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:

GCYy,
epsCp, + (1 =€) psCy, (26)

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: 2L = —waaT;; thus, Vortmeyer and Schaefer [87| proposed the following

ot
€xXpression:

oT oT 1 — SO 2 azT
(epsCp, + (1 —€) psCh,) i R 7o Mt Y (ko n (w (1 —¢)psCyp,) ) !

ot "9z hya 022
(2.7)
LW (1 —€)? psCp ks T,
hya 023

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 (Ur). Ur 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:

an . kfeff 62Tf _ uan X hpa
ot epsC,, 027 0z  epsCy

(T, ~Ty) (2.8)

oT, s 0*T, hya
_ . _ T.—T 2.
ot (1—g)psCp, 022 (1 —¢)psCy, (T. = Ty) (2.9)

where ky . and k are the effective thermal conductivity for the fluid and solid phases,

respectively.

Seff

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:

an asz an hpa
oy _ _ 7| -7 2.1
or a2 T Vo * epsCyp, —R d (2.10)
ory, 10 ([ ,0T,
ot HSTQ or (T or ) (2.11)
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where the temperature profile for the solid particle is solved using the following boundary
condition:

ks @7;) b (Ty—T)) 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 x4 = pck—?l—ﬂ is the thermal
S™Ps

diffusivity coefficient of the solids.

The term ry,, 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:

Keyy
= —effer 2.13
=Cy, 07 (2.13)

ax

where kesy,, 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.

an an k.?eff a2Tf k}eff 1 8Tf 62Tf hpa
- - T, —T 2.14
ot +u Oz pfcpf 022 pfcpf " Or + Or2 + Pfcpf ( f) ( )
oT,
(1—¢) Pscpsﬁ = hya (Ty — Ts) (2.15)
T, °T, .
puC, Oy _ ) 071w | hw AL (Ts — To) + heat A% (Toy — Teat) (2.16)
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where h,, is the heat transfer coefficient through the storage wall, he,; the coefficient of global
thermal losses to the environment, 7, and T,,; are the wall and the outside temperatures,
the inner and outer areas of the container walls are defined as Al and A2, respectively. The
thermophysical properties of the tank are also considered, such as the thermal conductivity
k., density p,, and specific heat C,,,

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:
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where V;, V5, and V,, are the fluid, solid, and wall volumes, respectively. A .,, Asw, and Ay eqt
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
T, = 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 w, by an average size of
spheres confined in the tank, denoted by d.

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

orT orT
5pf0pf8_tf + PprfUa—Zf = hpray (Tsy = Ty) + hypas (Tso — Tf) (2.21)
0T
wy - (1 —¢) pSICpsla_tl = hpay (Ty — Ta) (2:22)
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(I—wy)-(1—¢) pﬂszW = hypaz (Ty — Ti2) (2.23)

where the subscripts 1 and 2 denote the large and small particles. Thus, the convective heat
transfer coefficient h, 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 7;.o = 7} ,; 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, R, to the radius of the thermal front
d (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 T(r,) = ar? + br, + ¢ 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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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:
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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 w, , and a volume
fraction for the wall volume 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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Table 2.8: Main characteristics of each heat transfer model described.

Dim. o . Heat loss/  Multi- Intra-part. Suitable Special Exp. Sol. L
Model Phases 1D 9D Diffusion  Advection Wall effect size arad. for Ref. cases studies HTF method Radiation
Air: [87],
[36],[38], IFVM* [36],
(pep) Wall eff.; [145}[117], Emwmo_,mmc@wﬁ_g_
Single 1 V4 v v X X X P 2| 87] [36],[144], [148],[40], . o
(pep)s :%m_ :%ﬂ :%m_ T»ﬁ mOOw”:%ﬁ« :%E
' ’ [148]  IFDM®: [147]
Oil:[149], FEM [40]
[147][44]
Air: [150],
Schumann 2 v X X v X X X Re > 25 [150],[151], - - ?m: > AMS: [135] -
[152],[138] Molten
salt: [150]
Air: [34],
[16],[38]
34],[65], ,[156],[157]
11 eff.: [34], ’ ’
cs 2 Voo v v x X x Re < 25 :ﬁ::m_“/_\w\mzmo_a mmw_:mmq o.H_.G_m: [FVM: [153]
- °= [87]  [38],[151], ATl "EFDM: [154] -
[158]  [66],[155]
Molten
salts: [153]
. IFVM: [159]
D-C 2 X v v X X v Bi> 0.1 _Wmm__ﬁmw__u - [138],[115] \W_w@_ﬂwmu IFDM: [138] -
, , AM: [139)]
wm“ mmﬂq IFVM: __ao__ N
’ 'IFDM: [142], [162],[141],
Wall 3 oo v v v X x Experimental, __ﬁw__ﬁ%__u ; _Wm,__%__u me_ [41],37]  [37],[160],
grad. pilot scale ’ ’ FEM: [162], [161]
packed gas: [162] [161]
bed Oil: [142]
Bi- 3 4 X X 4 X v X Arrangements [143] - - Air: [143] -
dispersed of different
particle
sizes.
Air: [24]
Mixed 3 v X 4 v v v v Generalized [24] - - mmw,.g_w 4] AM: [24] [24]
for any Bi. Oil: [24]

@ Implicit Finite Volumes Method,

b Explicit Finite Differences Method,
¢ Implicit Finite Differences Method,
d Finite Element Method,

¢ Analytic Method
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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