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Abstract
Thermochemical storage using salt hydrates presents a promising energy storagemethod. Ensuring the long-term effectiveness
of the system is critical, demanding both chemical and mechanical stability of material for repetitive cycling. Challenges arise
from agglomeration and volume variations during discharging and charging, impacting the cyclability of thermochemical
materials (TCM). For practical usage, the material is often used in a packed bed containing millimetre-sized grains. A micro-
level analysis of changes in a packed bed system, along with a deeper understanding involving quantifying bed characteristics,
is crucial. In this study, micro X-ray computed tomography (XCT) is used to compare changes in the packed bed before and
after cycling the material. Findings indicate a significant decrease in pore size distribution in the bed after 10 cycles and a
decrease in porosity from 41.34 to 19.91% accompanied by an increase in grain size, reducing void space. A comparison
of effective thermal conductivity between the uncycled and cycled reactor indicates an increase after cycling. Additionally,
the effective thermal conductivity is lower in the axial direction compared to the radial. XCT data from uncycled and cycled
experiments are further used to observe percolation paths inside the bed. Furthermore, at a system scale fluid flow profile
comparison is presented for uncycled and cycled packed beds. It has been observed that the permeability decreased and the
pressure drop increased from 0.31 to 4.88 Pa after cycling.

Keywords Thermochemical material · Potassium carbonate · Salt hydrate · Thermochemical energy storage · Micro-X-ray
computed tomography · Packed bed reactor

1 Introduction

Thermal Energy Storage (TES) serves as a crucial bridge
between periods of energy harvesting and times of energy
demand and therefore facilitates the utilization of renewable
energy sources [1, 2]. Different TES technologies have been
used for heating and cooling applications and power gener-
ation [3, 4]. There are three forms in which domestic heat
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storage can be implemented: sensible, latent, and thermo-
chemical heat storage (TCHS) [2, 3, 5, 6]. Moreover, the
categorization of each heat storage method can be refined
based on the materials employed for heat storage and the
underlying operational principles [7]. Thermochemical heat
storage (TCHS) system relies on a reversible gas–solid reac-
tion [2]:

C + Heat ↔ A + B

In this reaction, the solid material (C) referred to as
the thermochemical material (TCM) [8] absorbs energy to
chemically transform into two components (A and B). The
reverse reaction combining A and B to form C , releases
energy/heat/enthalpy, which constitutes the thermal energy
in the TES system. The storage capacity is determined by
the heat of reaction when the material C is formed. Hence, it
involves the physisorption or chemisorption of a sorbent gas
within a thermochemical material (TCM) [9]. The reaction
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typically involves water, ammonia, or methanol vapor as the
sorbent gas. However, for safety and environmental consider-
ations, reactions involving water (H2O) are most commonly
employed in domestic applications [8, 10]. A significant
advantage of TCHS over other heat storage systems lies in
its capability for long-term, nearly loss-free energy storage.
This is because energy is released in TCHS only when both
reactants are in contact with each other. In contrast, sensible
and latent heat storage systems rely solely on the temperature
change of the storage material, making them susceptible to
self-discharge due to heat dissipation [6]. Salt hydrates are
regarded as a highly promising group of substances that can
be used as Thermochemical Materials (TCMs), for domestic
applications. Their suitability stems from the ability to safely
combinewithwater vapor as a sorbate, offering a high energy
density and charge–discharge temperatures compatible with
the built environment [11, 12].

Among various TCMs investigated for low-temperature
thermal energy storage, K2CO3 shows great promise [8]. It
can be stored indefinitely by storing the anhydrous salt and
water separately. The investigation outlined in reference [13]
highlights the benefits of a potassium carbonate-water vapor
system. This system exhibits a reaction enthalpy (�Hr) of
64.01 kJ/mol of water, yielding a maximum energy density
of 1.30 GJ/m3 [14]. The equilibrium reaction between the
gas and solid phases for K2CO3 is given by:

K2CO3(s) + 1.5H2O(g) ↔ K2CO31.5H2O(s) + �H

The forward hydration process is exothermic, resulting in
the release of energy due to the intake of water vapor. Con-
versely, the backward dehydration reaction is endothermic,
requiring the addition of heat to facilitate the desorption of
water.

For usage of material in a heat storage device, the mate-
rial is frequently treated in a packed bed that contains
millimeter-sized particles. The material is loaded into the
reactor, forming several porous layers with channels through
which incoming water vapor traverses [12, 15]. These chan-
nels facilitate fluid flow within the reactor, ensuring that
the pressure drop, and consequently flow resistance, remains
within acceptable limits. Pressure drop signifies the energy
dissipation resulting from fluid flow through the reactor bed.
Controlling the temperature and vapor pressure of the incom-
ing airflow enables the controlled hydration or dehydration
of the packed bed [12]. The usage of salt hydrate generally
comes with certain constraints. The upper limit for the water
vapor pressure employed is determined by the deliquescence
conditions. The phase diagram of potassium carbonate [15]
indicates that above the deliquescence line, the salt goes into
deliquescence and forms a saturated solution. Hence, the
operational parameters of the packed bed can be determined
according to the phase diagram.

However, the formation of salt agglomerates in the bed
occurs due to two main reasons. First, when a solid experi-
ences stress, specific areas become more soluble than those
unaffected—aphenomenon referred to as ’pressure solution.’
Under stress, grain contacts dissolve, and grain boundaries in
contact with the pore solution expand, reducing porosity and
strengthening the formation. Essentially, chemical changes
occur in stressed areas, causing dissolution and growth at
grain boundaries [16]. When the material swells and shrinks
during cycling, it creates stress in the bed hence resulting
in the agglomeration of grains. The second reason is local
variations in temperature and relative humidity throughout
the operation. Individual hydrated grains often crack during
dehydration, hindering TCM application and leading to pul-
verization and poor mechanical stability over repeated cycles
[8]. Agglomeration or filling of the void space in the bed
by powdered material reduces permeability and void space,
affecting the fluid flow. Permeability is a measure of how
easily fluids can flow through a porous medium, and closed
porositymay reduce overall permeability. Granular materials
with smaller particle sizes and lower porosity exhibit reduced
fluid permeability. Further, the internal structure of pores in
granular materials is determined by the configuration of the
particles, their sizes, and shapes. This means that the prop-
erties of the particles and how they are packed together both
contribute to determining the material’s overall mechanical
properties, porosity levels, and fluid flow characteristics [17].
For instance, the ability of a granularmaterial to allowfluid to
flow through it decreases as the particle size becomes smaller
and the porosity becomes lower. This phenomenon forms the
foundation of the Kozeny-Carman equation, which links the
particle size, porosity, and permeability of the material [18].

Open porosity is essential in a packed bed as it pro-
vides a path for the fluid to flow efficiently. Furthermore,
assessing open and closed porosity is crucial when examin-
ing the mechanical characteristics and structural soundness
of porous materials. Understanding the pore morphology
involves determining key factors such as the quantity and
proportion of both open and closed pores, along with the
overall percentage of pore volume. Figure 1 illustrates the
diverse types of pores. Open pores constitute expansive inter-
linked networks that extend from the material’s surface to its
core in any Cartesian direction. In contrast, closed pores are
isolated and do not connect to the surface in any direction.
Open pores provide pathways for the fluid to flow through the
packed bed. The interconnected void spaces between solid
particles create channels or conduits for the fluid to move,
allowing for effective permeation of the bed.

Literature underscores the promising potential of utiliz-
ing K2CO3-packed beds as a heat battery [11]; however,
further research is imperative before contemplating commer-
cial implementation. An in-depth exploration of the internal
structure of the bed resulting from hydration and dehydration
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Fig. 1 A schematic of open, closed, and blind pores [19]

processes is crucial, particularly to understand the impact
of volume variation and agglomeration on bed properties.
These properties, in turn, will define the thermal and chemi-
cal characteristics of the salt hydrate-packedbeds in question.
Additionally, gaining insights into the flow characteristics of
packed beds will enable the optimization of future reactor
designs, paving the way for more efficient thermal energy
storage systems. To explore the impact of various transport
processes in a packed bed before and after cycling, the use of
an imaging tool is required. It enables the visualization and
three-dimensional reconstruction of the internal structure of
porous materials.

Incorporating X-ray computed tomography (XCT) scans
into the study of packed bed reactors with salt hydrates intro-
duces an innovative and virtually nondestructive technology
that transcends the limitations of traditional experimental
analyses [20, 21]. XCT scan’s non-invasive nature preserves
the integrity of the reactor and the salt hydrate material,
allowing for repetitive scans without compromising the
system. X-ray computed tomography allows for a three-
dimensional exploration of the microstructure of samples
in a nearly natural state, providing unparalleled resolution
in the process [22]. This advantage positions Micro X-Ray
ComputedTomography as an indispensable tool for gaining a
deeper understanding of the complex interplay between the
reactor’s design, salt hydrate behavior, and overall system
performance. By analyzing the 3D volume, the porosity of
the structure can be calculated. This information is crucial for

understanding the available void spaces and how they con-
tribute to fluid flow, heat, and mass transfer. It can be used
for detailed examination of pore structures within the packed
beds. It provides information on pore size distribution, con-
nectivity, and geometry, contributing to a comprehensive
understanding of the internal architecture and flow char-
acteristics of the medium. This information also aids in
understanding the impact on effective thermal conductiv-
ity. For instance, regions with higher particle density may
exhibit different thermal conductivity than the presence of
more void spaces. Imaging helps identify preferential flow
paths, bottlenecks, or areas of potential channeling within
the packed bed. This is vital for understanding how fluid per-
meates through the material and whether there are regions
with reduced permeability due to agglomeration. To clarify
the intricacies of heat and mass transfer and consequently
enhance the design and selection of optimal operating con-
ditions in packed bed systems, it is essential to thoroughly
evaluate the fluid flow. Micro-X-ray computed tomography
offers a solution to this challenge via computational fluid
dynamics simulations. The primary benefit of employing
XCT data for characterizing the packed bed and performing
CFD simulations lies in the fact that the simulation geome-
try derived from XCT measurements precisely matches the
experimentally studied geometry [23].

In this study, a comparison of pore size distribution, and
its evolution in uncycled and cycled reactors is done using
the XCT data at a granular level. Additionally, the grain size
estimation has been performed. At a system scale, the effect
of cycling and agglomeration on heat transfer is analyzed
by calculating the effective thermal conductivity of the bed.
Ultimately, A comparison of flow profiles has been reported.

2 Materials and Experimental Methods

2.1 Materials

The incorporated composite material, supplied by Cellcius
[24], includes pure potassium carbonate combined with 3%
graphite (CAS NUMBER: 584-08-7), utilizing graphitherm
23/99.9 graphite fromCaldic [25]. Caldic B.V. (Caldic Ingre-
dients Deutschland GmbH, Düsseldorf) manufactures the
granules by directly mixing the base material with graphite,
resulting in an ash-grey powder. After mixing, the material
undergoes compaction into flat pellets with a binder, which
are then broken into irregularly shaped grains. The com-
paction process involves roll-pressing the base material with
a force of 50–60 kN, producing flat pellets measuring 40 mm
× 12 mm (area 48·10 − 5 m2) with a maximum thickness of
4 mm. Grains ranging from 3 to 5 mm are sieved and utilized
for characterization, considering the impact of particle radius
on permeability within the 1–5 mm range [11, 25].
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Fig. 2 Experimental set-up (left)
and schematic of the set-up
(right) consisting of a glass
reactor and a thermocouple to
monitor temperature evolution

Table 1 Experimental conditions for dehydration and hydration of salt
samples

Operating conditions Value

T dehydration /time 120 °C (10 h)

T hydration/time 35 °C (12 h)

Hydration relative humidity 37%

Dehydration relative humidity 0%

Air flow rate 300 ml/min

Number of cycles 10

Heating / Cooling rate 5 K/min

2.2 Experimental Methods

The tested packed bed reactor, developed at the University
of Twente, has an outside vacuum-insulated glass unit to
prevent heat loss during the hydration and dehydration of
the material. The experimental setup and the schematic are
shown Fig. 2. A plate is attached to the bottom of the reac-
tor to prevent further heat loss for incoming air. The reactor
is connected to a controlled evaporator mixing unit (CEM).
The CEM unit provides dry and humid air at given tem-
perature and humidity conditions. The operating conditions
used for the experiment are presented in Table 1. At the top
of the reactor, a thermocouple is connected to measure the
temperature change at the outlet. An optical Keyance digi-
tal microscope(VHX-970FN) [26] has been connected at the
side of the reactor to continuously monitor the swelling and
shrinkage of the material.

Before the experiment is started the sample preparation is
done by placement of 17.5 g uncycled potassium carbonate
grains inside the reactor. It is detached from the set-up and
mounted securely on a sample holder equipped with a wide
plate. The reactor is scanned at the University of Twente,

Table 2 Scanning parameters

Parameter Value

Projections 4501

Exposure time (s) 0.5 s per frame

Camera binning 1

Voltage and power 80 kV/7W

Number of frames 20

Cone angle 12.38°

Fan angle 19.16°

Field of View (FOV) 59,606 µm, 37,662 µm

Voxel size/Pixel size [µm] 19.4

Total scan time(hr) 14

using the Zeiss Xradia Context Micro CT device. This con-
figuration was chosen to ensure stability and minimize any
potential disturbance to the position of particles during sub-
sequent scanning processes. The sample underwent an initial
scanning session lasting 14hwithin theXradiaContextmicro
CT machine. A total of 4501 projections were acquired dur-
ing this period, and notably, no filtering was applied during
the scanning process. The objective was to capture a com-
prehensive set of structural details without compromising the
fidelity of the imaging. All the scanning parameters are listed
in Table 2.

Post-initial scan, the reactor-encased sample is connected
back to the CEM unit, and it undergoes a series of 10 hydra-
tion and dehydration steps. The microscope is set to take
pictures of the reactor every 2.5 s. Following the hydration
and dehydration treatment, the sample was rescanned using
the same scanning parameters employed in the initial ses-
sion. This step allowed for the investigation of any changes
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in the bed’s internal structure induced by the hydration and
dehydration cycles.

The raw reconstructed data generated by the Xradia Con-
text’s scan program, including Scout and scan, was utilized
to create a TIFF stack [27]. This three-dimensional rep-
resentation of the sample’s structure served as the basis
for further post-processing and analysis. The TIFF stack
obtained from the reconstructed data was cropped to remove
the glass reactor wall and perforated base and then subjected
to post-processing in GeoDict software [28] to extract rele-
vant microstructural information.

2.3 Image SegmentationMethodology

Image segmentation is a crucial step in data analysis, enabling
the identification and extraction of meaningful objects and
features from the images. In this study, the GeoDict soft-
ware (Math2Market GmbH, Kaiserslautern, Germany) is
employed to conduct image segmentation, which involves
the use of a combination of AI segmentation modules. The
AI module features a technique that involves the automatic
partitioning of an image into multiple segments or regions.
Boosted tree, Unet2D, and Unet3D are the three options
available for segmentation. Unet3D is a type of AI segmen-
tation that is used to segment 3D images, such as magnetic
resonance imaging (MRI) scans and XCT data. It is based
on the UNet architecture, which is a convolutional neural
network (CNN) that is widely used for image segmenta-
tion tasks. The UNet3D architecture is an extension of the
UNet architecture that is specifically designed for 3D med-
ical image segmentation tasks. It is capable of segmenting
3D medical images with high accuracy and has been used in
various medical applications, such as brain tumor segmenta-
tion [29]. The UNet3D architecture outperforms the Boosted
tree approach due to its superior accuracy and efficiency.
While the Boosted tree approach relies on a decision tree
for image segmentation, it struggles with complex images
featuring multiple regions and overlapping boundaries. Con-
versely, UNet3D excels in handling such complexities [30].
Upon removing thematerial from the reactor, it was observed
that the material was agglomerated. To achieve a more pre-
cise representation of each grain, the segmentation in this
study employed the use of UNet3D.

The first step in the segmentation methodology involves
training a deep-learningmodel, on a dataset of labeled images
[31]. The number of materials is defined as two, potas-
sium carbonate as solid and the pore as air. During training,
the model is presented with numerous labeled image slice
examples, allowing it to learn the underlying patterns and
relationships that differentiate the solid and void space. The
model is designed to extract and learn high-level features
from the image data, enabling it to effectively distinguish

Fig. 3 Images of (left) the uncycled and (right)cycled bed showing the
height change after 10th hydration cycle

Fig. 4 Cross-sectional (grey scale) views of micro-CT raw data show-
casing the top-down (right) and frontal (left) perspectives of uncycled
bed (a) and cycled bed (b)

between different objects and features [32, 33]. The result-
ing data after segmentation is termed as structure which can
be used in various modules for the calculation of bed char-
acteristics.

3 Results

A visual comparison has been presented in Fig. 3 related to
the increase in height of the bed due to swelling of the TCM
grains Qualitatively, it can be observed in the figure that fol-
lowing 10 cycles, there is an increase in the average height of
the bed. Just by general observation, it can be seen that there
is slight pulverization of the material and the glass wall of
the reactor is covered with powdered potassium carbonate.
This is important to note because it gives a small insight into
the mechanical stability of the material. The generation of
powder can clog the void space present in the bed, restricting
the fluid flow and further aiding the agglomeration. In Fig. 4,
grayscale representations of both uncycled and cycled beds
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Fig. 5 Agglomerated grains after 10 cycles (Video 1 presented as
supplementary material is a good visualization for the swelling and
shrinkage phenomena in bed as it is cycled.)

are displayed, depicting cross-sections obtained from micro
CT rawdata in top-down and frontal perspectives, illustrating
different views of the bed structure. The first scan is per-
formed before starting the experiment and the second after
the end of the 10 cycles.

After scanning the material, the sample taken out of the
reactor is shown in Fig. 5. It should be noted that free-flowing
grains were filled in the reactor but the resultant grains were
agglomerated after the completion of 10 cycles. To study the
influence of cycling on the bed performance, various param-
eters are computed and a comparison between the uncycled
and cycled bed is made for better insight.

3.1 Pore Size Distribution

The PoreDict module helps in characterizing the pores in the
three-dimensional structure generated after segmentation.
While calculating Pore Size Distribution (Granulometry),

Table 3 Porosity parameters in uncycled and cycled bed

Parameters Uncycled packed bed Cycled packed
bed

Overall Porosity in
bed (%)

41.35 19.91

Open Porosity (%) 41.28 19.81

Closed Porosity (%) 0.07 0.1

Number of Pores 14,486 8351

Dead End Porosity
(%)

0.0005 0.0098

Through Porosity (%) 41.27 19.80

Number of Dead-End
Pores

29 307

Number of Through
Pores

1 1

the algorithm employed for pore size does not distin-
guish between through pores, closed pores, and blind pores,
thus operating solely on geometric principles. The process
involves establishing a pore’s radius by fitting spheres into
its volume. To elaborate further, a point is deemed part of a
pore with a radius exceeding ’r’ if it lies within any sphere
of radius ’r’ that can snugly fit within the pore space. As an
input, a bin size of 2 voxels was provided with a symmetric
boundary condition.

In Fig. 6, the comparison between pore size distribution
in the uncycled and cycled bed is presented, a separate dis-
tinction between the type of pores is stated in Table 3. The
pores in the packed bed allow fluid to flow through and react
with the solid particles. The pore size distribution (PSD) is
an important characteristic of the packed bed, as it affects the
mass transfer, heat transfer, and pressure drop in the reactor.
The figure indicates that the uncycled packed bed has a large
volume fraction of small pores and an even number of large
pores ranging from 3 to 6 mm. The volume fraction of pores

Fig. 6 Pore Diameter
Distribution with Corresponding
Volume Fractions in the uncycled
bed (blue) and cycled bed (red)
after 10 cycles
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in a packed bed refers to the ratio of the volume of void spaces
or pores within the bed to the total volume of the bed. It can
also be observed that pores in the range 7 mm and 8 mm con-
stitute between 1.2 and 1.8% volume fraction respectively.
The figure shows that the majority of the pores have a diam-
eter between 0 and 2 mm, with a sharp decrease in volume
as the pore diameter increases. This suggests that the packed
bed has a high surface area and a low void fraction. A high
surface area means that the solid particles have more con-
tact with the fluid, which can enhance the reaction rate. As
the grains swell and agglomerate after cycling, the packing
density decreases, and the PSD shifts to the left, indicating
that the pores become smaller and more uniform in size. The
maximum pore size in the bed contradictory to the uncycled
bed is in the range of 3.5–4 mm.

The packing has even smaller and less diverse pore sizes,
ranging from 0 to 1.5 mm but they constitute a large volume
fraction. Agglomeration and swelling of grains after cycling
resulted in low void fraction meaning that the packed bed is
now densely packed, which can increase the pressure drop
in the reactor. However, a high number of small pores can
also cause diffusion limitations and mass transfer resistance,
which can lower the reaction efficiency.

4 Open and Closed Porosity in the Bed

A comparison of open and closed porosity has been per-
formed for the uncycled and cycled reactor and is tabulated in
Table 3. Open and close pore submodule present in the Pore-
Dict module of GeoDict has been used for the calculation. To
calculate open and closed porosity, periodicity in the struc-
ture has not been imposed in any direction for the calculation.
During the configuration of calculations, the Neighborhood
Mode plays a crucial role in defining the extent to which
voxels from the porous material within the structure are con-
sidered part of a connected group. Opting for the "Checking
Face" mode is more restrictive compared to selecting "Face"
or "Edge" individually. Themost lenient condition forNeigh-
borhood Mode is "Face, Edge, or Vertex." In this specific
instance, the "Face, Edge, or Vertex" option was selected.

Open pores can be further classified into two subcate-
gories: dead-end pores, which have sole contact with one of
the inflow planes, and through pores, which establish contact
withmultiple inflowplanes. InTable 3, it can be observed that
the number of dead-end pores is significantly higher in the
cycled bed.With only one contact point with an inflow plane,
dead-end pores hinder effective mass transport, impeding the
efficient utilization of the material and potentially compro-
mising the overall reaction kinetics.

After 10 cycles, the overall porosity of the bed decreased
from 41.34 to 19.91%. The decrease in porosity can be
attributed to the agglomeration of grains as well as swelling

during hydration. After successive hydration and dehydra-
tion resulting in swelling and shrinkage of the grains, the
grains increase in volume and do not return to their orig-
inal size, thus filling up the void space in the bed. The
number of pores and open porosity decreases significantly
after cycling the material. A decrease in porosity can lead
to less interaction of humid/dry air with the potassium car-
bonate grains thus resulting in incomplete hydration and
dehydration of the material. This can be a disadvantage as it
will decrease the overall output temperature and render the
material useless in the long run. The open porosity directly
influences the pressure drop across the packed bed. Accord-
ing to Ergun’s equation [34], the pressure drop is inversely
proportional to the porosity of the bed. Lower porosity results
in increased pressure drop, reflecting greater hindrance to
fluid flow through themore densely packed bed. Higher open
porosity generally leads to lower resistance to fluid flow,
resulting in a lower pressure drop. This is particularly impor-
tant in thermochemical storage systems where minimizing
pressure drop is critical. Closed porosity, by contrast, does
not contribute directly to fluid flow pathways. Instead, closed
pores within solid particles can influence the permeability
of the bed. Closed pores contribute to increased tortuosity,
meaning the fluid has to flow through amore convoluted path
through the bed. This increased tortuosity can lead to a higher
pressure drop in the packed bed.

4.1 Grain Size Distribution

In the GrainFind module of GeoDict, “Estimate Grain Diam-
eter” helps in estimating the diameter of the grain by fitting
the spheres into the structure obtained after segmentation
and calculating their diameter. The grain diameter estima-
tion algorithm starts by assigning a Grain Diameter of 0 to
each voxel and then inserts the largest possible sphere into
the geometry. If the sphere fits within the geometry, it assigns
the sphere’s radius to any voxel that lacks a grain diameter
assignment. Otherwise, the algorithm reduces the sphere’s
radius and repeats the process until the sphere can fit within
the geometry. This iterative process effectively identifies the
dominant grain size at each voxel location.

Agrain fragment refers to a continuous areawith an identi-
cal assigned grain diameter. The presence of grain fragments
at the boundary can introduce uncertainty in grain diam-
eter estimation, as it is unclear whether these fragments
extend beyond the domain or are truncated by the bound-
ary. Although it should be noted that, removing boundary
grains can reduce uncertainty in grain diameter estimation,
it also introduces a bias towards smaller grains, as larger
grains are more likely to be touching the boundary and they
get removed thus underrepresenting larger grains. Remove
grain boundary fragment was chosen for the calculation. A
minimal grain diameter of 0.0005 m is chosen to remove the

123



77 Page 8 of 14 Journal of Nondestructive Evaluation (2024) 43 :77

Fig. 7 Grain Size Distribution in the uncycled bed

powdered substance and also the pulverized material during
cycling. Grain fragments with an assigned grain diameter
lower than theMinimal Grain Diameter are discarded. If they
are connected to larger grain fragments, they are merged into
the larger fragments, and the larger diameter value is retained.
Otherwise, they are removed from the structure.

Grain size distribution for both uncycled and cycled beds
is shown in Fig. 7. The grain diameter is the average size of
grains in the bed, measured in millimeters. On the y-axis is
the volume fraction of grains of a given size, which is the
percentage of the total volume of the bed that is occupied by
grains of that size. Both the figures show that the grain size
distribution in an uncycled packed bed is typically unimodal,
meaning that there is a single most common grain size. The
general trend is grain diameter ranges from 0.5 to 4 mm in
the uncycled bed but in the cycled it is from 0.5 to 5 mm,
indicating the occurrence of agglomeration after cycling. The
shape of the grain size distribution curve is influenced by
several factors, including the packing process, the shape of
the grains, and the presence of any fines (very small grains)
in the bed.

A general trend of increase in size can be attributed to
the water vapor uptake by potassium carbonate grains and
thus swelling in the process. The repeated cycling leads to a
permanent increase in size and it cannot return to its original
size. Moreover, adherence of grains due to agglomeration
results in bigger size grains. This phenomena of agglomera-
tion resulting in big-sized particles leads to a reduced surface
area available for interaction between the fluid (water vapor)
and solid phase. This diminished surface area hinders the
efficiency of the reaction as it limits the contact between the
reactants. Likewise, larger particles contribute to increased
local void spaces within the packed bed, leading to decreased
bed density. The lower density results in inadequate contact
and mixing between the fluid and solid phases, negatively
impacting the reaction kinetics. It can increase the pressure
drop across the reactor, which can affect the flow rate and
the mass transfer of the reactants and products. The diffu-
sion of reactants in and out of large particles becomes slower,
impeding the overall reaction rate. This is because diffusion
distance increases with larger particle sizes, making it more

challenging for the reactants to reach the active sites within
the particles.

Using GeoDict’s GrainFind module, it is possible to iden-
tify individual grains within structures, even in cases where
the grain boundaries were previously unidentified. For each
identified grain, the module calculates a best-fit shape and
determines its orientation within the structure. Identify grain
function present in the module identifies, individual grains
within a given structure and helps in further analysis. The
analysis encompasses assessing grain volume, and spheric-
ity, and determining the orientation of the grains. The primary
foundation for the grain identification process within Grain-
Find relies predominantly on the Watershed algorithm. A
representation of all the individual identified grains colored
and coded according to equivalent diameter in an uncycled
bed is presented in Fig. 8.

Each grain is depicted with a distinct color corresponding
to its size, facilitating easy identification and interpretation of
the size distribution across the bed. Through this color-coded
visualization, smaller grains may appear as darker shades,
while larger grains are represented by lighter tones, providing
a comprehensive overview of the packing arrangement and
highlighting any clustering or segregation tendencies based
on grain size.

4.2 Effective Thermal Conductivity

The ConductoDict module calculates the effective conduc-
tivity of porous and compositematerials by assuming the heat
transfer occurs through conduction. Thermal conductivity is
the rate atwhich heat is transferred through a specificmaterial
per unit area, considering a temperature difference or gradi-
ent across the material’s cross-sectional area. It is governed
by Fourier’s Law of Conduction given by Eq. 1:

q̇ � −K�T (1)

where q̇ is heat flux [W/m2], K is the effective thermal con-
ductivity in [W/m K] and T is the temperature [K]. Usually,
K is a second-order tensor presented in Eq. 2. For isotropic
material, a scaler can be used because of similar properties
in all directions.

K �
⎛
⎜⎝
kxx kxy kxz
kyx kyy kyz
kzx kzy kzz

⎞
⎟⎠ (2)

The PoissonEquation is given by∇·(κ∇T ) � 0 (where, κ
is the local thermal conductivity tensor in [W/mK]) is solved
on the whole domain to compute thermal conductivity and
Fourier’s Law is used to obtain the effective thermal conduc-
tivity; The complete approach is described in [35]. The set
of partial differential equations are solved by an EJ (explicit
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Fig. 8 Size-Color Mapping- Visualizing Grain Distribution in the uncycled bed (left) and the cycled bed

Table 4 Effective thermal conductivity tensor’s diagonal components
for uncycled and cycled packed bed

Components Uncycled packed bed Cycled packed bed

kxx 0.3 0.64

kyy 0.31 0.65

kzz 0.21 0.59

jump) solver. In this iterativemethod, an initial guessed value
is improved in the iterative steps and the process is repeated
until the specified tolerance is reached (stopping criteria). As
an input, the thermal conductivity of the potassium carbonate
as 1W/mK [36] was used. All X, Y, and Z computation direc-
tions and a periodic boundary condition in heat flux direction
were selected. Similarly for tangential direction, a periodic
boundary condition was chosen. The inlet and outlet temper-
ature was defined as 35 °C and 60 °C, respectively, to define
the temperature difference across the material structure. A
total of 21, 22, and 26 iterations were performed for each
computational direction X, Y, and Z, respectively.

Table 4 presents a comparison of effective thermal con-
ductivity tensor’s diagonals elements between uncycled and
cycled packed beds. An increase in value is noticed in all
the directions. It is attributed to the agglomeration of grains
and a decrease in void space in the bed. It can be seen that
the thermal conductivity in the Z-direction is comparatively
lower compared to X and Y. Thus further analysis has been
conducted for the cycled bed to compute the effective ther-
mal conductivity in three different layers by dividing the bed
into three equal sections as shown in Fig. 9.

To prevent ambiguity due to the presence of a few particles
at the top and their contribution to thermal conductivity, a set

Table 5 Effective thermal conductivity tensor’s diagonal elements
among three layers for a cycled packed bed

Layer kxx kyy kzz

Top layer 0.52 0.51 0.43

Mid layer 0.68 0.67 0.68

Bottom layer 0.64 0.66 0.65

of voxels was not selected in the topmost layer. Every layer
is shown in Fig. 9 has a length of 11.6 mm. For each layer
effective thermal conductivity is calculated separately using
the same boundary conditions. The temperature distribution
in each layer is comparatively similar, except for a slight
variation observed in the top layer, which can be attributed
to changes in the effective thermal conductivity value. In
Table 5, it can be seen that the effective thermal conductivity
in the Z-direction is less compared to other directions. This
is due to the presence of more void space in the Z-direction.
Additionally, the swelling and shrinkage of grains during
hydration anddehydration are limited in horizontal directions
due to the presence of the wall of the reactor thus, resulting
in more vertical size variation.

Due to the inherently low thermal conductivity of potas-
sium carbonate, an increased thermal conductivity after
cycling can help in improving the heat transfer during the
reaction. However, the heightened thermal conductivity may
not be favorable for several reasons. Increased thermal con-
ductivity can lead to enhanced heat transfer, which might
seem beneficial at first. However, in certain scenarios, it can
result in challenges. For instance, during the exothermic reac-
tion (hydration), higher thermal conductivity may intensify
the heat transfer, potentially leading to temperature spikes
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Fig. 9 Three layers of cycled bed

or uneven heat distribution within the reactor. This could
result in hotspots and affect the overall efficiency of the reac-
tor. Similarly, during endothermic reactions (dehydration),
increased thermal conductivity may make it challenging to
maintain the desired temperature levels within the reactor.
Insufficient heat retention could impede the progress of the
reaction and compromise the reactor’s performance. It can
also cause local variation in relative humidity and temper-
ature which will result in the formation of liquid bridges
between adjacent grains and further lead to the formation of
solid bridges resulting in further agglomeration of material.

4.3 Percolation Path Inside the Bed

The Percolation Path function is available through Mat-
Dict and PoroDict modules. It can identify percolation paths
within the pore space or through a specified material.

Percolation paths in Fig. 10 show that the path in the
cycled bed ismore convoluted and unevenly distributed com-
pared to those in the uncycled bed. The percolation path
plays a crucial role in determining how fluids move through
the packed bed. Identifying these paths helps optimize the
design for efficient vapor flow, ensuring the entireTCMbed is
effectively utilized. Understanding percolation paths enables
the enhancement of mass transfer, facilitating more effec-
tive contact between the salt hydrate and water vapor, hence
promoting reaction efficiency. As cycling of TCM involves
heat exchange, percolation paths influence the distribution
of thermal energy within the packed bed. Identifying these
paths aids in optimizing heat transfer, ensuring uniform tem-
perature profiles, and preventing localized hotspots or cold
zones.

4.4 Fluid Flow in the Bed

FlowDict calculates permeability, and average flow veloc-
ity (or pressure drop) across porous media. Permeability,
an intrinsic property of the structure, is significantly influ-
enced by its geometric characteristics. Hence, the selection
of physics equations to address is contingent not just on

delineating the fluid flow but also on the specific nature
of the material. In the case where the material comprises
solely empty and solid voxels, such as in a porous material,
the suitable equations encompass the Stokes equations or
the Navier–Stokes equation. In instances where particles are
considerably smaller than the structural scale, the requisite
equations are the Brinkman equations, which may include
the Stokes–Brinkman or Navier–Stokes–Brinkman formu-
lations. In this case, the Stokes–Brinkman conservation of
momentum equation given by (3) has been used.

−μ��u + μK−1�u + ∇ p � 0 (3)

where �u is the fluid flowvelocity, K is the permeability tensor,
µ is the fluid viscosity, and p is the pressure.

It should be noted that the flow equations utilized in the
computations of the FlowDict solvers are applicable exclu-
sively under stationary flow conditions, excluding transient
(time-dependent flow). To maintain stationary flow at the
media boundary, it is essential to incorporate both an inlet
(inflow region) and an outlet (outflow region). For both the
case of uncycled and cycled beds, an implicit inflow and
outflow region was provided by including 20 voxels. The
boundary conditions used for the computation are as follows:
The computation direction -Z was selected with a periodic
boundary condition in the flow direction. A flow rate of
0.3 l/min was provided which is the same as the flow rate
used for experiments. A periodic boundary condition was
provided in the tangential direction. LIR solver was used by
providing an error bound of 0.01 as the stopping criteria.

Figure 11 shows a clear 3D visualization of the volumetric
flow velocity distribution, where streamlines are color-coded
based on their velocity magnitude. The streamlines depict
a wave-like flow pattern in both the cycled and uncycled
packed bed structures, with occasional channeling events
characterized by high flow velocity, attributed to the presence
of void spaces. Moreover, the streamlines appear denser in
the uncycled bed, reflecting the abundance of void spaces,
whereas in the cycled bed, this density diminishes due to
agglomeration and swelling of grains.
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Fig. 10 Percolation Path in the
uncycled bed (left) and the
cycled bed (right)

Fig. 11 A volumetric flow velocity field in the uncycled bed (left) and the cycled bed (right)

Table 6 provides the computed permeability comparison
for uncycled and cycled beds. The decrease in permeability
from uncycled to cycled bed could result from various fac-
tors such as agglomeration of the bed material, leading to
blockage of pores or channels within the bed, or changes in
the arrangement of particles due to swelling and shrinkage
leading to a reduction in the interconnected void spaces.

The pressure drop for fluid flow in both uncycled and
cycled beds was examined at a mean flow velocity of
0.0041 m/s, revealing an increase from 0.31 to 4.88 Pa.
The primary contributors to pressure drop within a reac-
tor include factors like wall friction, acceleration of the gas

phase, and pressure drop induced by the fluid distribution.
The observed increase in pressure drop for fluid flow from
uncycled to cycled bed could be attributed to several fac-
tors. One possible reason is the altered flow dynamics due
to the agglomeration of grains within the packed bed, lead-
ing to increased resistance to fluid motion. This change
also resulted from variations in the bed structure, particle
packing due to swelling of grains after 10 cycles, and pul-
verization resulting in the filling of void space in the bed
restricting the fluid flow. Pressure drop plays a crucial role
in assessing energy dissipation, determining the appropriate
sizing of compression equipment, evaluating liquid retention,
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Table 6 Z- component of the permeability tensor for uncycled and
cycled bed

Permeability Uncycled packed bed Cycled packed bed

Kzz 8.64 5.23

understanding the gas–liquid interfacial area, and establish-
ing the mass transfer coefficient [37]. A substantial pressure
drop across the cycled system not only demands significant
energy input but also restricts the operation of the unit at ele-
vated fluid velocities, consequently imposing limitations on
throughput.

Similarly, the flow resistivity increased from
2120.56 kg/m3s for the uncycled bed to 35,058.4 kg/m3s for
the cycled bed. Flow resistivity is a property that character-
izes the resistance of a porous material to the flow of fluids
(such as air or water) through its structure and is the ratio
of fluid viscosity and permeability. This resistance is influ-
enced by factors such as the size, shape, and arrangement of
particles, as well as the properties of the fluid itself. In the
cycled bed it has been noted in Sect. 3.3, that the increase
in the size of the particle complies with the flow resistivity
result.

As flow resistivity rises, the pressure drop across the
packed bed is likely to increase. This means that it would
require more force or pressure for the fluid to flow through
the bed, impacting the overall energy requirements of the
system. Higher flow resistivity may lead to changes in fluid
flow patterns within the packed bed. It could result in more
localized flow paths, uneven distribution of fluid, or changes
in mixing behavior which is not desirable for TCM systems.
Further, the resistance to flow influences mass transfer and
heat transfer within the packed bed. An increase in flow
resistivity may affect the rates at which vapor is transported
through the bed thus, potentially affecting reaction kinetics.
This, in turn, can alter the system’s heat storage and release
capabilities. and the efficiency of heat exchange processes as
it can lead to reduced convective heat transfer rates within the
bed. Additionally, it can lead to uneven temperature distri-
bution, potentially causing thermal stresses in the materials
constituting the packed bed. Over time, this could contribute
to material degradation, affecting the longevity and reliabil-
ity of the system. Thus, balancing the need for efficient heat
transfer and reaction kinetics with the practicalities of fluid
flow through the bed is crucial for optimizing the thermo-
chemical energy storage system.

5 Conclusion

In this research, a comprehensive analysis of a salt hydrate-
packed bed before and after undergoing hydration and dehy-
dration reactions was conducted through Micro-Computed

Tomography Scans and further analysis of the volumet-
ric data with GeoDict22. The findings reveal noteworthy
changes in the packed bed characteristics such as packing
density, bed porosity, and effective thermal conductivity. The
observed decrease in porosity suggests a densification of
the salt hydrate bed, indicating a more compact and closely
packed structure after the reaction cycles. This reduction in
porosity from 41.34 to 19.91% could be attributed to the
rearrangement of salt hydrate grains during the hydration
and dehydration processes, volume change, and agglomer-
ation. Additionally, the increase in grain size post-reaction
is a significant observation. This enlargement in grain size
may be indicative of agglomeration or growth of individual
grains, potentially influencing the overall thermal and trans-
port properties of the packed bed. An increase in effective
thermal conductivity after 10 cycles is noticed. This enhance-
ment in thermal conductivity can be associated with the
changes in void space in the bed and grain size, influencing
the overall heat transfer efficiency within the material. The
densification and growth of grains might lead to improved
thermal pathways and enhanced thermal conduction but lead
to an overall decrease in reaction rate due to the absence of a
path forwater vapor to interact with thematerial. This height-
ened pressure drop and flow resistivity in cycled beds may
adversely impact thermochemical energy storage systems by
requiring more force for fluid flow, potentially causing non-
uniformflowpatterns, and influencingmass and heat transfer.
Optimizing the balance between efficient heat transfer and
practical fluid dynamics is crucial for enhancing the overall
performance and reliability of thermochemical energy stor-
age systems.

Overall, the micro-CT analysis provides valuable insights
into the evolving microstructure of the salt hydrate-packed
bed during thermochemical reactions. These findings not
only contribute to a deeper understanding of the material
behavior but also have implications for optimizing the design
and performance of thermochemical systems utilizing salt
hydrates. Further research can delve into the specific mech-
anisms behind these observed changes and explore ways
to leverage them for enhanced thermal energy storage and
release applications.
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