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Abstract: Thermal energy storage (TES) systems are central elements for various types of new power
plant concepts and industrial processes. Depending on the specific application, energy storage
systems based on sensible heat transfer with packed beds as storage inventory are a promising storage
technology. Due to thermal expansion and shrinking of the packed bed’s particles during cyclic
thermal charging and discharging, high technical risks arise and possibly lead to material failure.
In order to accurately design the TES, suitable tools for calculating thermo-mechanical induced forces
and stresses are mandatory. For this purpose, different model approaches and tools are available.
Continuum models offer time-efficient simulation results but need proper parametrization, which
usually requires extensive experimental effort. This paper focuses on laying the groundwork on how
to facilitate the effort for the parametrization of a continuum model by deploying a discrete particle
model in order to simulate soil mechanical experiments. In this context, a specifically designed test
rig is introduced, which is applied for the validation of the discrete particle model.
Keywords: thermal energy storage; thermo-mechanics; packed bed; uniaxial compression test

1. Introduction
The application of thermal energy storage (TES) combined with conventional power plants and
power plants driven by renewable energy sources offer considerable advantages. For conventional
power plants, the integration of TES potentially improves the operating flexibility and reduces
minimum load, thereby a decrease in operational costs and an increase in power plant system
efficiency are prospected. For power plants based on renewable energy, e.g., concentrated solar
power (CSP) plants, TES opens up the opportunity to continue operation beyond sunshine hours
and to compensate for alternating solar radiation income during daytime. Additionally, technologies
like adiabatic compressed air energy storages (ACAES) are based on the application of TES as well.
Further applications can be found in steel and glass manufacturing or other industrial processes
with large amounts of waste heat, where the heat can be stored in a TES for later recirculation into
the process.
For applications with gaseous heat transfer media, regenerator-type heat storages offer
cost-effective and straightforward design solutions. In such arrangements, the gaseous heat transfer
media, e.g., flue gas or air, flows through a solid storage material, and sensible heat is transferred via
direct contact from the heat transfer media to the storage material (charging) or vice versa (discharging).
The following paragraph gives an overview of existing regenerator-type heat storage technologies
and materials.
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Conventionally used solid media energy storage in the steel manufacturing industries consists
Conventionally used solid media energy storage in the steel manufacturing industries consists of
of fixed bed installations of shaped ceramic bricks or clinkers, which are stacked inside of a
fixed bed installations of shaped ceramic bricks or clinkers, which are stacked inside of a container.
container. Depending on specific requirements of the storage application, a variety of different brick
Depending on specific requirements of the storage application, a variety of different brick sizes and
sizes and shapes can be utilized. A selection of possible inventory options is shown in Figure 1.
shapes can be utilized. A selection of possible inventory options is shown in Figure 1. Another
Another important part of the arrangement is the isolation, which is typically installed between the
important part of the arrangement is the isolation, which is typically installed between the storage
storage material and the inner container wall. There are multiple options of viable isolation
material and the inner container wall. There are multiple options of viable isolation materials, e.g.,
materials, e.g., refractory or fire clay bricks. The regenerator is operated by channeling a gaseous
refractory or fire clay bricks. The regenerator is operated by channeling a gaseous heat transfer fluid
heat transfer fluid (HTF) through the storage material. Thermal charging of the storage material is
(HTF) through the storage material. Thermal charging of the storage material is achieved by a hot
achieved by a hot HTF streaming through the storage material. The flow direction usually is from
HTF streaming through the storage material. The flow direction usually is from top to bottom of the
top to bottom of the arrangement in order to ensure lower temperature at the load-bearing lower
arrangement in order to ensure lower temperature at the load-bearing lower part of the container.
part of the container.

Figure 1. Possible heat storage inventory for a regenerator-type heat storage system.
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[-]
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particle size was chosen in order 2340
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± 17.3
± 6.4
large-scale applications in the range of 10 mm to 100 mm, while still ensuring a sufficient number of
particles over the length and height of the test rig. The particle size distribution of the utilized pebbles
The given particle size was chosen in order to be representative of typical particle sizes for
was nearly uniform, with small variances due to the fabrication process. While the Young’s modulus
large-scale applications in the range of 10 mm to 100 mm, while still ensuring a sufficient number of
of the bulk material significantly changed at elevated temperature, the temperature dependencies of
particles over the length and height of the test rig. The particle size distribution of the utilized
the other material properties can be neglected.
pebbles was nearly uniform, with small variances due to the fabrication process. While the Young’s
modulus of the bulk material significantly changed at elevated temperature, the temperature
dependencies of the other material properties can be neglected.
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Further details on DEM theory can be gathered from many different sources, such as [2,8–10].
Further details on DEM theory can be gathered from many different sources, such as [2,8‒10].
The 3D-UCT simulations presented in this paper were realized with the open source software
The 3D-UCT simulations presented in this paper were realized with the open source software
LIGGGHTS. The implementation of the uniaxial compression test follows the sequence displayed in
LIGGGHTS. The implementation of the uniaxial compression test follows the sequence displayed in
Figure 5, which also shows an exemplarily visualization of a simulated packed bed.
Figure 5, which also shows an exemplarily visualization of a simulated packed bed.
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Theinfirst
observation
to be made is the difference in compression and decompression stresses.
The compression stresses at each cycle are consistently higher compared to the following decompression,
which results in a hysteresis-like curve progression. This effect is explained due to energy dissipation
processes in the form of inner friction and plastic deformation of the packed bed during the compression
phase. There is also an obvious non-linearity in the stress-strain relation. Both of these effects are typical
and well-observed phenomena of granular soil mechanics [11]. The measured stresses tend to be lower
for the first compression cycle, whereas the curve progression of the following cycles is nearly identical,
but at a higher level than the first cycle. The reason for this is a less densely packed bed configuration
of the pebbles at the initial state before the first compression. Irreversible particle displacements lead to
denser configurations, which result in a significant increase in maximum stress, up to 40 % after the first
cycle as displayed in Figure 7a. For the measurements at 20 ◦ C, this behavior is less pronounced, which
means the particles were already densely packed before the first compression. This is a consequence of
the manual filling process and general stochastical variance of particle configurations in a packed bed.
Another observation is the increased stress during compression for higher temperatures. While this is
less notable for the 200 ◦ C data, the maximum exerted stress raises from 0.79 MPa at 20 ◦ C to 0.9 MPa
at 400 ◦ C and 1.06 MPa at 600 ◦ C. This increase is a result of the likewise increasing Young’s modulus
of the ceramic material at elevated temperatures. Another result is the change of the packing factor
during testing. Here, the packing factor (also called packing fraction or packing density) is defined
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as the rate of the accumulated solid volume of all pebbles in relation to the total packed bed volume,
including the void volume. It is a measure of the densification level of the packed bed and thus is
linked
to2019,
its stress/strain
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exerted stresses from the packed bed are quite sensitive to the packing factor, since even small
changes in packing factor result in significant changes of stress.
In the following paragraph, the results of the simulated UCT are presented and compared to the
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quite dense and close to the final configuration, which again, is a result of the manual filling process
of the packed bed into the pressure cell. Another conclusion is that the exerted stresses from the
packed bed are quite sensitive to the packing factor, since even small changes in packing factor result
in significant changes of stress.
In the following paragraph, the results of the simulated UCT are presented and compared to the
experimental data.
5. Simulation Results and Model Validation
The simulation model was set up to replicate the experimental procedure in terms of geometrical
boundaries and material properties. For the implemented simulation sequence, refer to Figure 5.
The initial configuration of the simulation model was significantly less dense then the experimental
configuration at around 53 % to 54 % due to the different filling process of the particles into the
simulation environment compared to the manual filling in the experimental procedure. In order to
obtain a comparable packed bed configuration with similar packing factor, the simulated packed bed
was compressed / decompressed for 100 cycles instead of only six cycles. The simulated particles for
the reference case were 14 mm in diameter, the same as in the experiment. In addition to the reference
case with a uniform particle distribution, three supplementary simulations were conducted with the
size distributions visualized in Figure 8. These simulations were carried out to gather insight about
the influence of different particle size distributions regarding the resulting loads and to approximate
the natural variances in size of the particles used in the experiment. It also highlights the advantage
of the DEM model, since those straightforward simulations replace the otherwise required tedious
Appl. Sci. 2019, 9,efforts.
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packed bed configuration. The uniform particle size distribution and the distributions 1 and 2 show
a parallel curve progression, whereas the slope of distribution 3 is slightly steeper. The reason for
this is the broad particle size distribution, which takes more cycles to reach a maximum dense
configuration of the packed bed. The stress-strain results for the final cycle are shown in Figure 9b.
Only minor differences are observable between the different particle size distributions. While the
maximum stresses of distribution 1 and distribution 2 are almost identical with the maximum stress
of the uniform particle size distribution, distribution 3 is about 0.1 MPa lower. Again, the reason for
this is the looser packed bed configuration of distribution 3 due to broader distribution.
Since the overall insignificant influence of the particle size distribution, simulations at elevated
packed bed temperature levels were conducted only for the uniform particle distribution. In Figure
10, the simulated stress-strain relations for 20 °C and 600 °C particle temperature and a uniform
particle size distribution are compared to the obtained experimental data. Here, the error bars of the
experimental result represent
the standard deviation of the mean values
of four conducted
(a)
(b)
experimental runs. For the simulation results, the error bars are not shown due to low stochastical
Figure
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compression.
6. Outlook
The resulting stress-strain relations of the specific packed beds can be utilized in future works
for the parametrization of computing time-efficient continuum models. This implementation
escapes the scope of the study at hand, therefore, only a brief overview of the subsequent procedure
is outlined in this paragraph.
Based on the stress/strain relation of the selected packed bed presented in this study, an
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6. Outlook
The resulting stress-strain relations of the specific packed beds can be utilized in future works for
the parametrization of computing time-efficient continuum models. This implementation escapes the
scope of the study at hand, therefore, only a brief overview of the subsequent procedure is outlined in
this paragraph.
Based on the stress/strain relation of the selected packed bed presented in this study, an effective
Young’s modulus of the packed bed can be determined. The effective Young’s modulus is a key
parameter for describing the packed bed as a continuous medium instead of just as a bulk material.
It is a non-linear packed bed property dependent on the packed bed’s stress state and its temperature.
Based on the gathered data, the effective Young’s modulus is calculated as the stress to strain ratio
of the packed bed for every simulated packed bed configuration, e.g., at various temperature levels
or at different packing factors. Reimann’s [7] approach describes the effective Young’s modulus as a
function of temperature and stress state of the packed bed with only a few packed bed-dependent
material parameters. These parameters can be fitted for each packed bed configuration to approximate
the gathered data from the uniaxial compression tests. The effective Young’s modulus parameterized in
this way may be used as input for describing the material behavior of the packed bed in an appropriate
finite element model. Thus, it is possible to simulate the mechanical behavior of the packed bed with
consideration of the changing temperatures and packed bed configurations, as they are expected
during operation of a large-scale thermal energy storage system.
7. Conclusions
Packed beds represent a suitable option as heat storage material for thermal energy storage
due to cost reduction potential and high thermal performance compared to conventional storage
inventory. For large scale applications, knowledge of the packed bed behavior during thermal cycling
is crucial in order to accurately calculate the thermo-mechanical loads and properly design the storage.
Uniaxial compression tests provide meaningful insight of the packed bed’s behavior under external
load. In the frame of the work at hand, appropriate simulation models have been implemented
using the discrete element method to simulate uniaxial compressions of the packed bed. In order
to validate this model, a specifically designed test rig was built up and is introduced in this paper.
The simulation model was successfully validated by comparing stress-strain correlations of simulation
and experimental results of uniaxial compression at different temperatures up to 600 ◦ C. Additionally,
the influence of packed bed temperature and packing factor on the packed bed stress during uniaxial
compression was investigated by assessing the experimental and simulation data. The presented and
validated methodology facilitates the conduction of uniaxial compression tests via discrete element
model instead of tedious experimental effort. Especially, since there are a lot of viable and possible
packed bed choices (e.g., different materials, particle sizes and particle shapes) depending on the
specific TES application, the possibility to use an easy to adapt particle discrete model may be proven
to be significantly faster and more convenient then carrying out experimental studies for each case.
Further experimental effort for the parametrization of continuum models may also be reduced or
entirely replaced by other suitable discrete particle models.
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