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Abstract

Understanding the flowability of cohesive powders at high temperature is of great importance for many industrial

applications where these materials are handled at harsh thermal conditions. For instance, the Calcium-Looping

(CaL) process, involving the transport, storage and fluidization of limestone powders at high temperature, is being

considered nowadays as a promising technology for thermochemical energy storage (TCES) in concentrated
solar power plants (CSP). In this context, the High Temperature Seville Powder Tester (HTSPT) is presented in
this work as a useful tool to analyze how the flow behavior of cohesive powders changes with temperature. The

manuscript reviews the main results obtained so far using this novel apparatus. The change of powder cohesiveness

and therefore of powder flowability as depending on temperature, particle size, material properties and nanosilica

surface coating is illustrated.

Keywords: calcium looping (CaL), HTSPT, flowability, thermochemical energy storage (TCES), fluidization

1. Introduction

The calcium looping (Cal) process has been widely
investigated as a 2" generation technology to capture CO,
from fossil fuel power plants with already proven high effi-
ciency in large scale pilot plants (1-2 MWh) (Barker, 1974;
Blamey et al., 2010; Chacartegui et al., 2016; Kierzkowska
et al., 2013; Prieto et al., 2016; Valverde, 2013). The CaL
technology benefits from the abundance, low price and lack
of toxicity of natural CaO precursors such as limestone
and dolomite that can be used as raw material. Basically,
the Cal process relies on the reversible calcination/
carbonation reaction

CaCO; (s) = CaO (s) + CO, (2) )
AH? =178 kJ/mol

During the exothermic carbonation reaction, solid CaO
particles react in a fluidized bed reactor at approximately
650 °C with the flue gas containing a small concentration
of CO, (around 15 % vol). The carbonated particles are
then taken to a fluidized bed calciner where the endother-
mic decomposition of CaCO; takes place to regenerate the
CaO at temperatures above 900 °C in a high CO, concen-
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tration environment (Valverde, 2013; 2015). More recently,
the CaL process has been the subject of several studies
to store energy in concentrated solar power (CSP) plants
(Chacartegui et al., 2016; Paksoy, 2007; Pardo et al., 2014).
Currently, small scale pilot plants are under development
showing promising results (Cordis, 2020).

Due to the growing need to employ green renewable
energy, the massive deployment of CSP plants has come
up as an affordable and highly efficient solution for elec-
tricity generation at large scale. However, the efficiency of
CSP plants is hindered by the intermittence of solar direct
radiation which leads to an unbalance between electricity
production and demand. Thermal energy storage (TES)
technologies allow releasing thermal energy to generate
electricity when is required by means of heat storage
materials, thus solving shortcomings and discontinuity
issues. A major challenge to minimize the cost of CSP with
storage and enhance its efficiency is to select adequate
thermal energy storage system. Based on different factors,
energy storage technologies are classified as sensible heat
storage (SHS), latent heat storage (LHS), and thermo-
chemical energy storage (TCES) (Hall and Hausz, 1979).
Sensible heat storage stores and releases sensible heat by
means of a change in the temperature of the material used.
Synthetic oils, molten salts, liquid metals and concretes
are the main sensible heat storage materials employable
in CSP. Characterized by their high specific heat capacity,
relatively low cost and acceptable safety, molten salts
are being currently employed in commercial CSP plants
(Fernandez et al., 2014; Sang et al., 2015; Wu et al., 2017,
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\ Oal., 2013). However, below temperatures around
QO2QD$OC, molten salts solidify, which requires keeping the
whole circuit above this melting temperature even during
prolonged periods of absence of solar direct solar radiation.
In addition, above temperatures ~560 °C, molten salts
degrade whereas the temperatures achievable at CSP plants
with tower technology are around 1000 °C. Thus, the use
of molten salts for power generation burdens the potential
efficiency of CSP plants for power production. Moreover,
molten salts are corrosive particularly at high temperature
which requires the use of special equipment and therefore
leads to high maintenance costs (Dunn et al., 2012; Ortega
et al., 2008).

Latent heat storage or phase-change energy storage is
based on the heat stored and released when the material ex-
periences a phase change (evaporation, melting, crystalli-
zation etc.). The choice of phase change materials (PCMs)
intended for TES applications needs to meet some suitable
features: kinetic, physical, chemical, thermodynamic and,
of course, economic affordability. Solid-liquid PCMs are
the most used ones in research projects under development.
Yet, these materials release low latent heat and only in the
limited range of temperatures wherein phase transition
occurs. In addition some significant drawbacks are their
generally low thermal conductivity, phase separation,
expensive maintenance costs, and also low operating tem-
perature ranges (up to ~90 °C) (Herrmann and Kearney,
2002; Pintaldi et al., 2015; Sharma et al., 2009).

In this context, thermochemical energy storage (TCES)
is considered as a promising technology for energy storage
in CSP systems (Abedin, 2011; Cabeza et al., 2012; Paksoy,
2007; Tatsidjodoung et al., 2013), as demonstrated by the
growing number of reviews published in the last years
on this technology which is currently under development
(André et al., 2016; Barker, 1974; Carrillo et al., 2019; Gil
et al., 2010; Mahlia et al., 2014; Pardo et al., 2014). TCES
relies on the storage/release of heat via reversible chemical
reactions (Carrillo et al., 2019; Dinger and Rosen, 2010).
The most relevant advantages of TCES include the possi-
bility of long term heat storage, high stored energy density,
small energy loss and the suitability to operate at very
high temperatures (up to 1000 °C or above (Abedin, 2011;
Cabeza et al., 2012; Tatsidjodoung et al., 2013). Among the
diverse options investigated for TCES a major candidate
is the CaL process. Besides of the low cost, abundance
and lack of toxicity of limestone used as raw material, a
particularly relevant advantage of the integration of the
CaL process in CSP plants is that the CaCO, calcination
temperature fits in the range of temperatures attainable at
the receiver of CSP plants with tower technology (Pinel et
al., 2011).

A possible technique for operating the Cal process in
CSP plants is to use fluidized bed reactors albeit other
type of reactors such as falling particle, entrained flow and
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centrifugal particle reactors that might be better integrated
in solar receivers are being investigated (Cordis, 2020;
Esence et al., 2020; Karasavvas et al., 2020; Lisbona et
al., 2020; Sarrion et al., 2016; Tesio et al., 2019; 2020),
CaCO,/CaO solids to be employed in the CaL-CSP inte-
gration would preferably be in the form of fine powders
to mitigate reaction rate limiting mechanisms such as pore
plugging (Benitez-Guerrero et al., 2017) that might hinder
the process at the most favorable operating conditions for
the CaL-CSP integration (Hanak et al., 2015). As it is well-
known from experience, the lack of material flowability
may be a serious issue in industrial applications where
fine powders are employed due to their high cohesiveness,
which can be enhanced even further at high temperatures
(Chirone et al., 2020; Lettieri et al., 2000; Macri et al.,
2017; Tomasetta et al., 2011). The Sevilla Powder Tester
(SPT) has proven itself as a reliable and accurate device for
the characterization of cohesive powders (Barletta et al.,
2019; Castellanos, 2005; Castellanos et al., 2004; Chen et
al., 2009; Valverde et al., 2000; Zafar et al., 2015). Recently,
it has been upgraded to be used at high temperatures. The
present manuscript aims to present a detailed description
of the so-called High Temperature Sevilla Powder Tester
(HTSPT). We review the main results recently obtained by
means of this novel setup, with a special focus on the effect
of temperature on the tensile yield strength of fine powders
as depending on particle size, surface coating and material
properties.

2. A brief critical review on powder
flowability testers

Exhaustive research has been conducted with the aim
of exploring relevant techniques to assess the ability of
powders to flow (Schwedes, 2003). Here we summarize
the main methods envisaged from a critical comparative
analysis.

One of these methods, as described in the book of the
American Society for Testing and Materials Standards
(ASTM, 1978), is based on measuring the time required by
a certain amount of powder to discharge through a hopper.
Hall and Cutress (1960) showed that this technique can
be useful for metallic powders. An external energy source
should be provided to enhance the flow for very cohesive
powders, which introduces uncertainty to the results. A
rheometer composed of shear heads, blades and pistons is
another tool to evaluate powder flowability. To measure
the rotational and axial forces, the components of the setup
are rotated and stirred in the axial direction. A detailed
description of the setup can be found in (Freeman, 2004).
The reliability of these testers is somewhat compromised
due to the lack of reproducibility. For instance, the history
of the powder is dependent on the filling procedure, the
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¥ (Gateltanos et ., 2004).

At the microscopic level, interparticle contact forces
are ultimately the main drive for powder flowability
(Quintanilla et al., 2001a). Thus, the direct measurement of
these forces is the best method to understand the physical
mechanism that governs powder flow behavior. Shimada
et al. (2002) conceived an instrument to directly measure
adhesive contact forces between particles or between a
plane surface and a powder sample. This study concerned
organic powders (potato starch, lactose and cornstarch). An
advantage of the device is that it can handle fine and very
cohesive particles (even below 10 pum in size). Thereafter,
by means of a camera or microscope, it analyses the adhe-
sion force for a selected individual particle. They compared
the obtained results with those found by another direct
method (the centrifugal method) based also on a post-
process image analysis of powder avalanches in a rotating
drum (Liiddecke et al., 2021; Quintanilla et al., 2001b). The
authors confirmed that both methods agree qualitatively.
Unfortunately, these techniques do not allow to control
the stress state of the powder that greatly impacts the
contact forces (Quintanilla et al., 2001a). In this context,
Quintanilla et al. (2001a) employed an atomic force mi-
croscope (AFM) to determine the adhesion force between
irregularly shaped particles of xerographic toners. The load
force previously applied on the individual particles can be
accurately controlled through this technique. Comparing
their findings with the interparticle forces estimated from
measurements of the bulk stresses in the Seville Powder
Tester (SPT) (Castellanos et al., 2004), they reported an ac-
ceptable agreement. However, it should be highlighted that
the results on the forces directly measured using the AFM
technique showed a large degree of dispersion, which was
attributed to the critical dependence of the adhesion con-
tact forces to the highly variable local surface properties
(Castellanos, 2005; Castellanos et al., 2004).

Recently, Marchetti and Hulme-Smith (2021) investi-
gated the flowability of 11 metal powders with different
properties and particle size distributions employing six
different testers. The ability of the powders to flow was
determined by means of diverse indicators such as the
flow rate, Hausner ratio, basic flowability energy (BFE),
compressibility (CPS), major principal stress (MPS),
angle of internal friction (AIF), flow factor (FF), angle
of repose, specific energy (SE), and the unconfined yield
stress (UYS). The interested reader could find further de-
tails about the powder testers and the different parameters
in (Marchetti and Hulme-Smith, 2021; Schwedes, 2003;
Castellanos et al., 2004; Lettieri and Macri, 2016).

Marchetti and Hulme-Smith (2021) demonstrated the
existence of correlations between these different param-
eters to characterize powder flow. They reported that,
for cohesive powders, the Hall and Carney funnels are
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blocked, while the flowability indicator for these devices is
the flow rate. Consequently, they are not appropriate in this
case. Indeed, thanks to their simplicity, the tests based on
fundamental properties (all the mentioned tests except for
the rheometer with shear cell device) are widely employed
in industrial and academic fields. However, the insufficient
reproducibility represents a serious drawback (Ghadiri et
al., 2020; Santomaso et al., 2003).

The Jenike shear cell is one of the most commonly used
testers. Firstly developed by Jenike in 1953 (Schwedes,
1976), the powder sample in this test is previously sub-
jected to a controlled consolidation stress. The sample is
contained in a cylindrical cell formed by two superposed
steel rings. Once the normal load is withdrawn, the tester
determines the minimum steady state shear stress that must
be applied to initiate powder flow. However, the Jenike
tester is not suitable to evaluate powder flowability at very
small consolidations (typically below 1 kPa). Besides, this
technique assumes that the powder shears in a horizontal
slip plane homogeneously across the sample, which is
uncertain (Svarovsky, 1987).

The Peschl shear cell (Barletta et al., 2005; 2007; Bruni
et al., 2007a; 2007b) was presented as an alternative to cir-
cumvent some of the above mentioned problems. The tester
is essentially based on the same technic as the previously
cited cells albeit the shear stress is exerted by the rotation
of the upper part of the annular shear cell containing the
powder sample (Svarovsky, 1987). This tester allows
to determine the powder flow for an unrestrained shear
distance and for a constant shear surface. Nevertheless,
non-negligible wall effects and non-uniformity of stress
distribution may give rise to strong uncertainties
(Castellanos et al., 2004).

The above reviewed shear testers are designed to be used
only at ambient temperature. Early works to assess powder
flowability at high temperature were carried out by Smith
et al. (1997). These authors employed the Jenike shear
cell to test CaSO, and MgSO, powder samples that were
previously heated (up to 750 °C) although the sample tem-
perature was not controlled during the tests. The authors
demonstrated that the powder yield strength increased with
temperature presumably due to the formation of agglom-
erates during heating. Kanaoka et al. (2001), Kamiya et
al. (2002) and Tsukada et al. (2008) succeeded to control
the temperature during the measurement by placing the
shear cell inside a furnace. These authors mainly studied
the adhesion behavior as represented by the variation of the
shear yield stress of fly ash particles. Kanaoka et al. (2001)
assumed that the samples behavior followed the Coulomb’s
law to estimate powder cohesion and the angle of internal
friction. In general, they observed an increase in the shear
yield stress with temperature, and therefore of cohesion,
which was attributed to the formation of solid bridges
during heating. Similar observations are reported by
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roaﬁl%e attenuated by adding coarse silica particles.

More recently some works have modified the standard
Schulze cell in order to study the effect of temperature
(Chirone et al., 2015; 2020) (Macri et al., 2017; Tomasetta
et al., 2011). Further details about these studies will be
discussed in section 5.

Although these tests have shown satisfactory results, as-
sessing powder flowability at high temperature in fluidized
beds would be desirable as this system stands as the most
commonly used for an adequate temperature control, better
efficiency of heat transfer and gas-solid contact (Ding et al.,
2019). All in all, since interparticle forces are very sensitive
to numerous parameters (humidity, temperature, particles’
size and shape, solid mechanical properties, etc.) there
is still a long way to go to fully understand powder flow
behavior. Our HTSPT based on the fluidized bed technique
is presented in detail in the next section as a further contri-
bution to further exploring this critical issue.

3. Experimental setup

Fig. 1 shows a schematic view of the HTSPT used in
the works reviewed in this manuscript. This setup is aimed
to measure the tensile yield strength and porosity of fine
powders as depending on temperature and consolidation
stress. It is based on the original SPT originally conceived
by Valverde et al. (2000). Essentially, the equipment is
based on measuring the pressure drop of a controlled gas
flow across the bed. The powder bed is held in a cylindrical
quartz vessel of 4.5 cm diameter. A quartz porous plate is
placed at the bottom of the vertical cylinder that serves as
gas distributor. Before entering the bed reactor, the gas
crosses a filter and dryer (model SMC IDFA3E) in order
to get rid of pollutant particles or humidity that can modify
particle surface properties and therefore powder cohesion

)
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(Schubert, 1984). Then a controlled gas flow is pumped
through the bed by means of a digital mass flow controller
(omega model FMA-2606A, 2000 sccm). The gas pressure
drop across the powder is measured by a MKS differential
pressure transducer that generates an analogue signal read-
able by the computer. The measured pressure drop has two
contributions, the pressure drop across the powder bed and
the pressure drop across the porous plate. Obtaining the
pressure drop across the porous plate requires a calibration
procedure which consists of measuring the pressure drop
of the plate alone. This pressure is subtracted from the
total pressure drop to obtain Ap, the actual pressure drop
across the powder bed. The registered pressure drop has
an accuracy of +5 Pa. A loudspeaker is placed at the top of
the vessel that yields an acoustical excitation of 150 dB at
a frequency of 130 Hz. This high intensity sound field is
held for 5 s during the initialization procedure as explained
below to disrupt any plugs or channels that may form
and hinder fluidization, particularly in the case of highly
cohesive powders (Valverde, 2013) yields an acoustical
excitation of 150 dB at a frequency of 130 Hz. This high
intensity sound field is held for 5 s during the initialization
procedure as explained below to disrupt any plugs or chan-
nels that may form and hinder fluidization, particularly in
the case of highly cohesive powders (Valverde, 2013). A
set of valves is used to control the gas flow direction, when
valves 1 and 3 are open while 2 and 4 are closed the gas
flows upward across the powder bed. This is the operating
mode for breaking and fluidize the bed. On the other hand,
in the inverse situation (valves 1 and 3 closed while 2 and
4 open) the flow is directed downward, which is used for
bed consolidation. The bed is placed inside a furnace which
serves to put the bed at high temperature.

The fully automated setup starts by a standard initializa-
tion procedure during which a sufficiently high gas flow
rate drives the bed into the bubbling fluidization regime for
30 s. Fluidization is assisted for the first 5 s by the sound
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Fig. 1 HTSPT: schematic of the experimental set-up. Reprinted with permission from Ref. (Espin et al., 2020). Copyright: (2020) Elsevier.
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N «.bThen the gas flow is turned off and the bed is
ensure reproducibility of the initial state of the sample. In
the second step the bed is heated by using a PID controller
(Eurotherm 3216). When the target temperature is reached,
a one-hour thermal stabilization period is set, aiming to
guarantee a homogenous temperature distribution within
the sample. Thereafter, the bed is subjected to a gradually
increasing downward gas flow rate (by increments of
5 cm?/min each 3's) up to reach a target consolidation
stress (ranging from the weight per unit area of the bed
up to o~2 kPa). When the target consolidation stress is
met, the downward directed gas flow rate is maintained for
10 s. Then it is decreased progressively until it is stopped.
In the last stage, a gradually increasing upward gas flow
is imposed to put the bed under tension which allows to
derive the tensile yield strength of the powder as a function
of temperature and the previously imposed consolidation
stress as explained below.

Importantly, in all the tests the height of the bed is kept
below the bed diameter which allows us to dismiss wall
retention effects to calculate the tensile yield stress. This
critical issue is discussed in further detail in Castellanos et
al. (2004).

4. Breaking and fluidization curves

The gas pressure drop across the powder bed Ap is made
non-dimensional by the weight per unit area (/) in order to
better assess when fluidization is reached (% =1) which
in turn helps to determine the tensile strength. By plotting
the gas pressure drop through the bed as a function of
the upward directed gas flow rate we obtain the so-called
fluidization curve (Fig. 2). At small gas flow rates, the bed
remains in a solid-like state and Ap increases linearly under
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2.00
1.60

Ap/W (-)

1.20

0.80

0.40
d~80 pm; 7=500°C
0.00 - . .
0.00 0.20 0.40 0.60 0.80 1.00
4 (g/min)

Fig.2 Dimensionless pressure drop Ap/W vs the gas flow rate ¢
for CaCO, powder samples (average particle size dp =88.02 + 0.7 pm,
T'=500 °C) previously subjected to different consolidation stresses o,
as indicated. Reprinted with permission from Ref. (Espin et al., 2020).
Copyright: (2020) Elsevier.
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the effect of frictional resistance through the bed. This
linear behavior conforms to the Carman-Kozeny law at low
Reynolds numbers (Carman, 1997)
Ap = fzih b 2
ypds p S (1-9)
where E is the empirical Ergun’s constant (taking a typical
value between 150 and 180 (Nedderman, 1992), dp stands
for the average particle diameter, y is the sphericity of
the particle (ratio of the surface area of a sphere with same
volume as the particle to the surface area of the particle), #
is the dynamic viscosity of the gas, p alludes to the gas den-
sity, 4 and S are, respectively, the height and cross-sectional
area of the powder bed, ¢ is the particle volume fraction
and ¢, is the gas flow rate.

The pressure drop balances the powder weight per unit
area at the so-called minimum fluidization gas flow rate g, .
At this point, a non-cohesive powder would be fluidized.
However, when interparticle adhesive forces are significant
(compared to particle weight), the powder remains in a
solid-like state as the gas flow is further increased over ¢, .

Then, the gas flow puts the bed under tension while the
pressure drop continues to increase linearly. At a critical
gas flow, interparticle adhesive forces are overcome and
a sudden break of the powder occurs at the bottom of the
bed while the pressure drop falls abruptly to a level around
the powder weight per unit area. The tensile yield strength
of the powder at the bottom of the bed is obtained from
the overshoot of the gas pressure drop over the weight per
unit area o, =Ap . — W. As the gas flow rate is further
increased over the breaking point, the pressure drop os-
cillates around the weight per unit area while the powder
enters a heterogeneous fluidization state (see Fig. 2).

5. Effect of temperature

Studying the powder behavior at high temperatures is
very important not only for the CaL process but also for
many other industrial applications (hydrocarbons cracking,
nuclear and metallurgical industries etc.) (Lettieri P. and
Macri D., 2016) where operating conditions involve the
handling of powders at temperatures much higher than
room temperature (Kunii D. et al., 1991). Several works
have addressed the effect of temperature on the fluidization
of powders. However, the reported observations on the
minimum fluidization velocity are somewhat controversial.
Different correlations have been proposed to predict the
effect of temperature on the minimum fluidization velocity
(Lettieri P. and Macri D., 2016). However, these correla-
tions are not reliable at high temperature. Furthermore,
an extrapolation of the results to the tested conditions is
required (Valverde et al., 2000; Yang et al., 1985). Some
alternatives trying to solve this problem have been
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mittimum fluidization velocity and bed voidage ¢, with
temperature is still considered as uncertain despite the
several correlations reported in the literature (Botterill et
al., 1982).

In order to check the efficiency and agreement between
the different powder shear testers, Salehi et al. (2017)
compared the results obtained with the Schulze ring shear
tester, the Jenike shear tester and the Brookfield powder
tester (PFT) using three different materials that belong to
different Jenike powder classes (calcium lactate, calcium
carbonate and dolomitic lime). Their results had shown
that the degree of agreement between the different setups
depends on the nature of powder tested. For instance, for
dolomitic lime, the PFT and Schulze tester show a good
agreement while the Jenike tester yielded higher cohesion
values. For calcium lactate material, the Jenike and Schulze
testers yield a considerable increase of the powder cohe-
sion with consolidation stress, however the PFT measures
do not uphold this observation. In all the cases, the Jenike
tester give the higher cohesion values. In what concerns
particularly CaCO, powders, the cohesion determined by
the Schulze tester is typically higher than the estimated by
the other testing devices. It is noteworthy that all the men-
tioned tests have been performed at ambient temperature
due to technical limitations.

In regards to the assessment of powder flow properties
as affected by temperature, Tomasetta et al. (2011) made
some modifications to the standard annular Schulze shear
cell. However, for small consolidations (typically below
~1 kPa), the results are not fully reliable. They attributed
this issue to design problems. For this reason, only tests
at higher consolidation stresses were realized. At high
consolidations they confirmed that temperature (in the
range up to 500 °C) does not have a significant impact on
the powder flowability for all the materials tested (FCC
powder, Corundum and fly ashes). Using the same setup,
Chirone et al. (2015) investigated the flow characteristics
at room temperature and at 500 °C of five different ceramic
powders. Their findings show that the powder cohesiveness
considerably increased with temperature and consolidation
stress. However, for the samples with the smallest size,
the powders were already very cohesive, and the effect of
temperature was not significant. For powders of 20-38 um
particle size, there is an increase of cohesion of about 35 %.
For samples of 63-88 um particle size and over 88 pm
particle size, a cohesion increase of 35 and 45 % at 500 °C
was noticed.

The results demonstrated also that free flowing powders
(63—88 um and more than 88 pm) turned into easy flowing
at 500 °C as a consequence of the increase in cohesion by
35 and 45 % respectively. In this context, for the same tem-
perature range and using the same setup, Macri et al. (2017)
confirmed these observations but for two different types of
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TiO, powders (natural and synthetic).

Chirone et al. (2020) studied the flow behavior of
powder samples sieved to obtain a range of particle sizes
covering Group B, A and C of Geldart’s classification at
temperatures in the range between 25 °C and 500 °C in a
heated fluidized bed. They found that the tensile strength
of the powders was increased with temperature. They
claimed that this behavior was not attributable only to the
variation of interparticle forces with temperature but also
to other factors such as the difference in particle size and
bed expansion.

Duran-Olivencia et al. (2020) studied the effect of
temperature on the tensile strength measured for limestone
samples having an average particle size of about 50 pm
(details on the powder used are illustrated in Table A1) by
means of the HTSPT. Their results indicated a considerable
increase of powder cohesiveness as the temperature was
increased (Figs. 3 and 4). Moreover, the effect of tempera-
ture was further enhanced as the consolidation stress to
which the sample was previously subjected was increased.
The obtained results fitted well to the empirical correlation
(Fig. 5).

o, =a+bT3? +col3+bT¥?> %0l (3)
indicating the existence of a cross effect between tempera-
ture and consolidation. Thus, the consolidation stress can
be considered as a promoter of the temperature effect on the
tensile strength. The foregoing is of great importance. For
instance, during their storage in CaL-CSP plants, the solids

oy ~ T3/2
1000 o
—+ 2000 Pa
~+ 1500 Pa
8004 - 1000 Pa
= — 500 Pa
& == Wl = 370Pa
© 600-]
=)
an
(=]
£
E, 400
&
=1
[}
—
200
59_1
314
07 :
| T T

T

T T
200 300 400 500

Temperature, 7 (°C)

Fig.3 Tensile strength measured for a limestone powder as a function
of the temperature for different values of the previously applied con-
solidation stress o,: the gray highlighted area stands for o, < 1000 Pa,
the red colored curve area represents the tensile strength values for
0,>1000 Pa. Reprinted with permission from Ref. (Durdn-Olivencia et
al., 2020). Copyright: (2020) Elsevier.
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Fig. 4 Tensile strength of a limestone powder measured as a function
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power law o, ~ g, '3. Reprinted with permission from Ref. (Duran-
Olivencia et al., 2020). Copyright: (2020) Elsevier.
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could undergo various working conditions involving high
consolidation stresses (above 1 kPa) and high temperatures
(more than 300 °C).

6. Effect of particle size on the powder tensile
strength

Particle size is a major physical property that impacts the
cohesive behavior of powders (Macri et al., 2017; Chirone

Reprinted with permission from Ref. (Espin et al., 2019). Copyright:
(2019) Elsevier.

etal., 2020; Espin et al., 2019; 2020). As particle size is re-
duced, the gas-solid contact efficiency is enhanced, which
promotes mass and heat transfer in solid-gas reactors.
However, powder cohesiveness is also promoted, which
hinders powder flowability and fluidizability (Castellanos,
2005). Using the SPT, Espin et al. (2019) showed that the
tensile strength of limestone powders is notably enhanced
as the average particle size is decreased. Importantly, the
limestone powder samples used in these tests were obtained
by aerodynamic classification yielding a narrow particle
size distribution, which made possible to better analyze the
relevant effect of temperature on powder cohesiveness as
depending on particle size. The experiments revealed that
there is a synergetic effect between the consolidation stress
to which the powder was previously subjected and particle
size on the increase of the tensile strength. The impact
of the consolidation stress on the powder tensile strength
becomes more marked for smaller particle sizes (Fig. 6).
As seen in a previous work, the increase of temperature
promotes further powder cohesiveness. This phenomenon
may turn free flowing powders at ambient conditions into
cohesive as temperature is increased whereas low cohesive
powders may show a very cohesive behavior at high tem-
peratures (Chirone et al., 2020). The effect of temperature
and consolidation stress could be well fitted by a power
law o, = ac? where the value of b progressively increased
from 0.3 to 0.9 as the temperature of the powder bed was
increased in the range from ambient to 500 °C (Fig. 7).
The results reported by Espin et al. (2020) revealed that
powder flowability is critically influenced by particle size
as depending on temperature. As it is clear from Fig. 7
the impact of temperature on the powder tensile strength
is strongly influenced by particle size. An appreciable
increase of powder cohesiveness was observed when the
temperature exceeded a certain threshold which depends
on particle size at the relatively small consolidations
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notably the tensile strength. For instance, the temperature
threshold that causes a significant effect on the tensile
strength is about 300 °C for the powders with 60 pym and
80 wm particle size. This temperature is reduced to 200 °C
when particle size is decreased to 45 um. These results
show the importance for practical applications of assessing
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the impairment of powder flowability with temperature as
depending on particle size and the typical consolidation
stresses to which the powders will be subjected during stor-
age and transport. For thermal storage of CaCO, powders at
industrial scale, consolidation stresses may be well above
1 kPa at temperatures clearly exceeding 300 °C (Valverde,
2013; 2015), which implies that powder flowability could
be seriously hindered at the typical temperatures of the CalL
process if fine particles (below ~60 um) are employed.
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Fig. 7 Tensile strength o, versus the consolidation stress o, for CaCO, powders for different temperatures and particle size: (a) d, b= 88.2+ 0.7 pm; (b)
d,=59.3+ 0.8 um; (¢) d,=42.5+ 0.8 um; and (d) d, =32 + 1 pm. The solid lines are the best fits of the equation 0 =2 a8 to the experimental data.
Reprinted with permission from Ref. (Espin et al., 2020). Copyright: (2020) Elsevier.
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CaCO,, (b) soda-lime glass beads and (¢) SiC powder samples. The solid lines represent the best fit of a power law to the data ¢, = ac ’, with b close to

unity. Reprinted with permission from Ref. (Duran-Olivencia et al., 2021).
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Duran-Olivencia et al. (2021) tested the effect of the in-
crease of temperature on the tensile yield strength for pow-
ders of similar particle size (between ~42 um and ~72 pum)
but of different materials (limestone, soda lime and SiC).
The main results obtained are summarized in Fig. 8. These
measurements revealed that, regardless of the powder
nature, cohesiveness is augmented with temperature. This
effect is especially appreciable when the temperature is
T>200°C for limestone and soda-lime powders, with a
negligible difference in the measured o, up to 300 °C for
both materials as it can be clearly observed in Fig. 9. On
the other hand, cohesiveness was promoted further for the
soda-lime powder at higher temperatures. Powder beds
could not be broken when the temperature was above
300 °C, even by the highest gas flow rates achievable in the
test (¢, = 0-8 g/min), which indicates a great increase of
the powder tensile strength near this temperature. Indeed,
at temperatures above 300 °C, soda lime is close to its
glass-transition temperature 7T o (T . 520 °C) (Gerhard,
2017; Varshneya and Mauro, 2019). At this temperature,
the powder transits from pure-solid to rubbery-like. This
change is accompanied by an appreciable decrease of the
material hardness and, therefore, a marked increase of the
tensile strength according to contact mechanics predic-
tions (Castellanos, 2005). In addition, high consolidation
stresses promote further material softening as 7 approaches
T,. Fig. 10 shows SEM picture of soda-lime powder sam-
ples after being heated up to 500 °C and subjected to a con-
solidation stress g, = 2 kPa. As may be seen, the particles
have experienced a visible local deformation presumably
due to material softening. Dimples are clearly seen at the
surface of the glass beads which were arguably created at
interparticle contact points during consolidation at high
temperature. In contrast, powder samples of a much harder
material (SiC) show values of the tensile strength up to four
times smaller than those measured for the CaCO, powder
of similar particle size for given values of the consolidation
stress and temperature (Fig. 8). In the case of limestone, no
deformations of the surface of the particles were apprecia-
ble after the samples (either silica coated or uncoated) were
subjected to the high temperature fluidization cycles (Espin
et al., 2020). These findings can be qualitatively explained
by the change in the mechanical properties of the material
as affected by temperature, particularly its hardness, which
decreases significantly with temperature (Michel et al.,
2004; Wheeler and Michler, 2013; Zhang et al., 2017)
yielding an increase of the tensile strength as predicted by
contact mechanics (Castellanos, 2005) when the particles
deform plastically at contact points. Another important
parameter to consider in the case of non-glass solids is the
Tamman temperature 7, which is estimated as half of the

Tam
melting point and indicates the temperature at which mate-
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Fig. 9 Comparison of Tensile yield strength ¢, as a function of the pre-
viously applied consolidation stress o, for the different powders tested
at 7= 300 °C. Reprinted with permission from Ref. (Duran-Olivencia et
al., 2021). Copyright: (2021) Elsevier.

Fig. 10 SEM pictures of soda-lime glass beads after undergoing
a consolidation stress of ¢ =2000Pa at a temperature of 500 °C
(magnifications: 2500x). The arrow indicates permanent deformations
on the beads surface suffered during consolidation at high 7 (not
observed in the fresh sample). Reprinted with permission from Ref.
(Duran-Olivencia et al., 2021).

rial deformation starts to be appreciable (Tammann, 1932).

For limestone, this temperature is approximately in the
same order of the highest temperature tested in the works
reviewed in this manuscript (77, (CaCO,) = 565 °C (Xu et
al., 2016)), which would explain the appreciable increase
in the tensile strength seen in this case as the material
would soften considerably at temperatures close to T,
(Fig. 8 (soda-lime particles)). However, in the case of SiC,
the Tamman temperature is very high (7, ~1238 °C (Xu
et al., 2016) ). Thus, the tensile strength measured for this
powder in the range of tested temperatures (below 500 °C)
is increased only slightly and powder flowability is not
seriously compromised as is the case for the soda-lime and

limestone powders.
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The CaL process involves storing and handling CaCO,/
CaO powders at high temperatures and consolidations
(Paksoy, 2007). As it has been shown in the works re-
viewed above (Duran-Olivencia et al., 2021; Espin et al.,
2020), the increase of temperature rises the cohesiveness
of the powders which could be a serious restraint to their
flowability. The results shown in Figs. 11 and 12 demon-
strate that using nanosilica as additive at small concentra-
tions can be a suitable solution to improve the flowability
of diverse fine cohesive powders at ambient temperature
(Chen et al., 2008; Quintanilla et al., 2006; Ramlakhan et
al., 2000; Watson et al., 2001; Yang et al., 2005). Espin et
al. (2019) demonstrated that for fine limestone powders
the addition of nanosilica to cohesive limestone powders
contributes to significantly reduce their tensile strength at
ambient temperature (see Fig. 11). SEM pictures (Fig. 13)
showed that CaCO, particles were uniformly coated with
nanosilica when both powders were physically dry mixed
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Fig. 11 Tensile yield strength as a function of the previously applied
consolidation stress for limestone powder samples (4, ~30 um) mixed
with nanosilica at different weight concentrations and ambient tempera-
ture. The experimental data are fitted to the equation 0;=ac¢ data.
Reprinted with permission from Ref. (Espin et al., 2019). Copyright:
(2019) Elsevier.
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by a simple procedure in a rotating drum. More recently
Duran-Olivencia et al. (2021) extended this observation to
a range of temperatures up to 500 °C. At 500 °C, nanosilica
coating leaded to a reduction of the powder tensile strength
up to half of the value measured for the pure limestone
powder (Fig. 12). Moreover, it was shown that the effect
of nanosilica persisted when the sample was subjected to
repeated fluidization cycles (see Fig. 13).

Thus, a practical solution for CaL applications where
fine limestone powders are to be employed would be the
addition of nanosilica by small concentrations. Arguably,
the physical mechanism behind this behavior is that the
coating of limestone particles with nanosilica aggregates
would effectively increase the hardness of interparticle
contacts since silica is a much harder material than lime-
stone thus mitigating contact plastic deformation and there-
fore reducing the increase of interparticle adhesion forces
with consolidation and temperature, which would serve
to mitigate the undesirable effect of high temperatures on
powder flowability.

9. Conclusions

Nowadays, the deployment at large scale of power plants
based on renewable energies is considered as a worldwide
priority. Several technologies aiming to develop new alter-
natives based on non-polluting energy resources and using
abundant, cheap and non-toxic materials that allow for a
massive deployment of these technologies are conceived.
In this regard CSP plants with energy storage are gaining
an increasing interest.

However, a high efficiency and low-cost energy storage
technology is still required for CSP plants to be competitive
against fossil fuel-based plants. TCES is one of the most
promising technologies for this goal, and the CaL process
is a potential candidate to integrate TCES in CSP plants.
Yet, the CaL process requires the handling and transport of
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Fig. 12 Measured tensile yield strength ¢, as a function of the applied consolidation stress o, at different temperatures 7 for powder samples of (a)
pure limestone and (b) limestone mixed with nanosilica (0.83 % by weight). Reprinted with permission from Ref. (Duran-Olivencia et al., 2021).
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Fig. 13 SEM images of different size limestone particles coated with diffrent ratios of nanosilica : (a) d, =4 um, 0.38 wt% SiO, ; (b) d, =4 pm,
1.88 wt% SiO, ; (¢) dp =15 um, 0.1 wt% SiO, ; (d) afp =15 um, 0.5 wt% SiO, ; (e) a’p =30 um, 0.07 wt% SiO, ; (f) dp = 30 um, 0.25 wt% SiO,. Reprinted

with permission from Ref (Espin et al., 2019). Copyright : (2019) Elsevier.

CaCO, and CaO powders at high temperatures. This may
be an issue as in many other powder processing industrial
applications where high temperatures are involved. Thus,
understanding the powder behavior at high temperatures is
crucial to improve the efficiency of these processes. In this
manuscript the HTSPT device designed for this purpose is
presented and the main results so far obtained have been
reviewed.

The HTSPT can measure the tensile yield strength of fine
powders as a function of temperature and the previously
applied consolidation stress as depending on temperature.
Generally, the results obtained have shown that powder
cohesiveness is adversely affected at high temperatures as
the consolidation stress is increased. Moreover, particle
size is a critical parameter that determines the effect of
temperature. As particle size is decreased, limestone pow-
ders become significantly more cohesive for temperatures
just above 100 °C. Furthermore, for limestone powders
with an average particle size of ~50 um and below, the
tensile yield strength increases significantly because of a

synergistic effect of temperature and consolidation stress.
Consolidation of the powders greatly enhances the detri-
mental effect of temperature on the tensile strength since
plastic deformation at interparticle contacts is promoted by
a reduction of the material hardness. For example, the ten-
sile yield stress raises by one order of magnitude at 500 °C
when a limestone powder of particle size around 50 pm is
subjected to a consolidation stress of g, ~2 kPa compared
to the case when no consolidation stress is applied at am-
bient temperatures. Thus, relative free flowing powders at
ambient temperature may become highly cohesive at high
temperatures, which may pose a serious problem in indus-
trial applications. Some material properties play a relevant
role on the effect of temperature on powder cohesiveness.
Thus, the negative effect of temperature is mitigated in ma-
terials with a high Tammann temperature and mechanical
hardness as, for example, SiC powders whose flowability is
not seriously compromised with temperature and would be
therefore in this regard an excellent candidate for thermal
energy storage. On the other hand, it has been shown that
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Appendix A
Table A1 Mechanical properties of the material tested, reprinted with permission from Ref. (Espin et al., 2020). Copyright: (2020) Elsevier.
Material Particle Density ~ Average Young’s Mechanical Poisson Surface Energy
Py (kg/m3) Diameter dp Modulus £ Hardness H ratio v (-) y (J/m?)
(pm) (GPa) (GPa)
CaCoO;, 27002 518 25-88.19° 0.75-5.11¢ 0.21-0.344 0.32-0.347¢

References: a (data provided by the supplier),

b (Crystran, 2020; Daniel et al., 1982; Ghadami Jadval Ghadam, 2015; Gunda and Volinsky, 2011; Gupta, 2010; Lee et al., 2016; Shi et al., 2018;

Surfacenet, 2020)

¢ (Gunda and Volinsky, 2011; Hubermaterials, 2020; Lee et al., 2016; Matweb, 2020; Shi et al., 2018)
d (Daniel et al., 1982; Gunda and Volinsky, 2011; Gupta, 2010; Lomboy et al., 2011; Materialsproject, 2020; Ramlakhan et al., 2000; Upadhyay, 2013)

e (Royne et al., 2011; Santhanam. and Gupta, 1968)

References

Abedin A., A critical review of thermochemical energy storage
systems, The Open Renewable Energy Journal, 4 (2011)
42-46. DOI: 10.2174/1876387101004010042

ASTM (American Society for Testing and Materials), Annual
Book of ASTM Standards, 1978.

André L., Abanades S., Flamant G., Screening of thermochemical
systems based on solid-gas reversible reactions for high
temperature solar thermal energy storage, Renewable and
Sustainable Energy Reviews, 64 (2016) 703-715. DOI:
10.1016/j.rser.2016.06.043

Barker R., The reactivity of calcium oxide towards carbon dioxide
and its use for energy storage, Journal of Applied Chemistry
and Biotechnology, 24 (1974) 221-227. DOI: 10.1002/jctb.
2720240405

Barletta D., Donsi G., Ferrari G., Poletto M., Aerated flow of fine
cohesive powders in a Peschl shear cell, Powders and Grains
2005—Proceedings of the Sth International Conference on
Micromechanics of Granular Media, 2 (2005) 1033—-1037.

Barletta D., Donsi G., Ferrari G., Poletto M., A rotational tester
for the characterization of aerated shear flow of powders,
Particle & Particle Systems Characterization, 24 (2007)
259-270. DOI: 10.1002/ppsc.200701115

Barletta D., Poletto M., Santomaso A.C., Chapter 4 bulk
powder flow characterisation techniques, in: Hassanpour
A., Hare C., Pasha M. (Eds.), Powder Flow: Theory,
Characterisation and Application, The Royal Society of
Chemistry, 2019, pp. 64-146, ISBN: 978-1-78801-224-9.
DOI: 10.1039/9781788016100-00064

Benitez-Guerrero M., Sarrion B., Perejon A., Sanchez-Jimenez
P.E., Perez-Maqueda L.A., Manuel Valverde J., Large-scale
high-temperature solar energy storage using natural minerals,
Solar Energy Materials and Solar Cells, 168 (2017) 14-21.
DOI: 10.1016/j.s0lmat.2017.04.013

Blamey J., Anthony E.J., Wang J., Fennell P.S., The calcium loop-
ing cycle for large-scale CO, capture, Progress in Energy and
Combustion Science, 36 (2010) 260-279. DOI: 10.1016/j.
pecs.2009.10.001

Botterill J.S.M., Teoman Y., Yiiregir K.R., The effect of operating

40

temperature on the velocity of minimum fluidization, bed
voidage and general behavior, Powder Technology, 31 (1982)
101-110. DOI: 10.1016/0032-5910(82)80009-0

Bruni G., Barletta D., Poletto M., Lettieri P., A rheological
model for the flowability of aerated fine powders, Chemical
Engineering Science, 62 (2007a) 397-407. DOI: 10.1016/j.
€es.2006.08.060

Bruni G., Lettieri P., Newton D., Barletta D., An investigation
of the effect of the interparticle forces on the fluidization
behaviour of fine powders linked with rheological studies,
Chemical Engineering Science, 62 (2007b) 387-396. DOI:
10.1016/j.ces.2006.08.059

Cabeza L.F., Sole C., Castell A., Oro E., Gil A., Review of solar
thermal storage techniques and associated heat transfer
technologies, Proceedings of the IEEE, 100 (2012) 525-538.
DOI: 10.1109/jproc.2011.2157883

Carman P.C., Fluid flow through granular beds, Chemical Engi-
neering Research and Design, 75 (1997) S32-S48. DOI:
10.1016/50263-8762(97)80003-2

Carrillo A.J., Gonzalez-Aguilar J., Romero M., Coronado J.M.,
Solar energy on demand: a review on high temperature
thermochemical heat storage systems and materials, Chem-
ical Reviews, 119 (2019) 4777-4816. DOI: 10.1021/acs.
chemrev.8b00315

Castellanos A., The relationship between attractive interparti-
cle forces and bulk behaviour in dry and uncharged fine
powders, Advances in Physics, 54 (2005) 263-376. DOI:
10.1080/17461390500402657

Castellanos A., Valverde J.M., Quintanilla M.A.S., The Sevilla
powder tester: a tool for characterizing the physical proper-
ties of fine cohesive powders at very small consolidations,
KONA Powder and Particle Journal, 22 (2004) 66—81. DOI:
10.14356/kona.2004011

Cordis, 2020, <https://cordis.ecuropa.cu/project/id/727348>
accessed 24.05.2021.

Crystran, 2020, <https://www.crystran.co.uk/optical-materials/
calcite-caco3> accessed 08 october.2020.

Chacartegui R., Alovisio A., Ortiz C., Valverde J.M., Verda V.,
Becerra J.A., Thermochemical energy storage of concen-
trated solar power by integration of the calcium looping



Y

A
2
50&0
o°
&
GQ o‘ N

“%%o(&ss and a CO, power cycle, Applied Energy, 173 (2016)
9-605. DOTI: 10.1016/j.apenergy.2016.04.053

%V Chen Y., Quintanilla M.A.S., Yang J., Valverde J.M., Dave R.N.,

Pull-off force of coated fine powders under small consolida-
tion, Physical Review E, 79 (2009) 041305. DOI: 10.1103/
PhysRevE.79.041305

Chen Y., Yang J., Dave R.N., Pfeffer R., Fluidization of coated
group C powders, AIChE Journal, 54 (2008) 104—121. DOI:
10.1002/aic.11368

Chirone R., Barletta D., Lettieri P., Poletto M., Measurement of
high temperature powder flow properties to estimate inter-
particle forces in high temperature fluidization, Proceedings
of the 8th International Conference for Conveying and
Handling of Particulate Solids (CHoPS 2015), 2015.

Chirone R., Poletto M., Barletta D., Lettieri P., The effect of tem-
perature on the minimum fluidization conditions of industrial
cohesive particles, Powder Technology, 362 (2020) 307-322.
DOI: 10.1016/j.powtec.2019.11.102

Daniel 1.M., Fibers A.C.D.-0.H.M., Their C., International A.,
Composite materials: testing and design (sixth conference):
a conference, ASTM, Philadelphia, Pa. (1916 Race St., Phil-
adelphia 19103), 1982, ISBN: 9780803148499 0803148496.

Dinger 1., Rosen M.A., Energy Storage Systems, in: 1. Dinger
and M.A. Rosen (Eds) Thermal Energy Storage: Systems
and Applications (Second Edition), 2010, pp. 51-82. DOLI:
10.1002/9780470970751.ch2

Ding W., Chen G., Qin M., He Y., Qu X., Low-cost Ti powders
for additive manufacturing treated by fluidized bed, Powder
Technology, 350 (2019) 117-122. DOI: 10.1016/j.powtec.
2019.03.042

Dunn R.I., Hearps P.J., Wright M.N., Molten-salt power towers:
newly commercial concentrating solar storage, Proceed-
ings of the IEEE, 100 (2012) 504-515. DOI: 10.1109/
JPROC.2011.2163739

Duran-Olivencia F.J., Ebri J.M.P., Espin M.J., Valverde J.M., The
cohesive behaviour of granular solids at high temperature in
solar energy storage, Energy Conversion and Management,
240 (2021) 114217. DOI: 10.1016/j.enconman.2021.114217

Duran-Olivencia F.J., Espin M.J., Valverde J.M., Cross effect
between temperature and consolidation on the flow behavior
of granular materials in thermal energy storage systems,
Powder Technology, 363 (2020) 135-145. DOI: 10.1016/j.
powtec.2019.11.125

Esence T., Benoit H., Poncin D., Tessonneaud M., Flamant G., A
shallow cross-flow fluidized-bed solar reactor for continuous
calcination processes, Solar Energy, 196 (2020) 389-398.
DOI: 10.1016/j.solener.2019.12.029

Espin M.J., Duran-Olivencia F.J., Valverde J.M., Role of particle
size on the cohesive behavior of limestone powders at high
temperature, Chemical Engineering Journal, 391 (2020)
123520. DOI: 10.1016/j.cej.2019.123520

Espin M.J., Ebri J.M.P., Valverde J.M., Tensile strength and
compressibility of fine CaCO, powders. Effect of nanosilica
addition, Chemical Engineering Journal, 378 (2019) 122166.
DOI: 10.1016/j.c€j.2019.122166

Fernandez A.G., Ushak S., Galleguillos H., Pérez F.J., Devel-
opment of new molten salts with LiNO, and Ca(NO,), for
energy storage in CSP plants, Applied Energy, 119 (2014)
131-140. DOI: 10.1016/j.apenergy.2013.12.061

Freeman R., The importance of air content on the rheology of
powders: an empirical study, American laboratory, 36 (2004)
8-10.

Gerhard C., Optics Manufacturing, CRC Press, Boca Raton, 2017,
ISBN: 9781351228367. DOI: 10.1201/9781351228367

Ghadami Jadval Ghadam A., Investigation of mechanical proper-

H

K

Rahma Gannoun et al. / KONA Powder and Particle Journal No. 39 (2022) 29-44

ties prediction of synthesized nylon-66/nano-calcium carbon-
ate composites, Journal of Particle Science & Technology, 1
(2015) 241-251. DOI: 10.22104/jpst.2015.307

Ghadiri M., Pasha M., Nan W., Hare C., Vivacqua V., Zafar U.,
Nezamabadi S., Lopez A., Pasha M., Nadimi S., Cohesive
powder flow: trends and challenges in characterisation and
analysis, KONA Powder and Particle Journal, 37 (2020)
3-18. DOI: 10.14356/kona.2020018

Gil A., Medrano M., Martorell 1., Lazaro A., Dolado P., Zalba
B., Cabeza L.F., State of the art on high temperature thermal
energy storage for power generation. Part 1—Concepts,
materials and modellization, Renewable and Sustainable
Energy Reviews, 14 (2010) 31-55. DOI: 10.1016/j.
rser.2009.07.035

Gunda R., Volinsky A.A., Tip-Induced calcite single crystal
nanowear, MRS Proceedings, 1049 (2011) 1049-AA1005-
1015. DOI: 10.1557/PROC-1049-AA05-15

Gupta N.S., Chitin: Formation and Diagenesis, Springer Nether-
lands, 2010, ISBN: 9789048196845. DOI: 10.1007/978-90-
481-9684-5

Hall D., Cutress J., The effect of fines content, moisture and added
oil on the handling of small coal, Institute of Fuels, 33 (1960)
63-72.

Hall E.W., Hausz W., Thermal energy storage for electric utility
applications, Transactions of the American Nuclear Society:
United States, 32 (1979) CONF-790602-(Summ.).

Hanak D., Anthony E., Manovic V., A review of developments in
pilot plant testing and modelling of calcium looping process
for CO, capture from power generation systems, Energy &
Environmental Science, (2015) DOI: 10.1039/C5EE01228G

Herrmann U., Kearney D., Survey of Thermal energy storage
for parabolic trough power plants, Journal of Solar Energy
Engineering, 124 (2002) 145-152. DOI: 10.1115/1.1467601

Hubermaterials, 2020,  <https://www.hubermaterials.com/>
accessed 05-09.2020.

Kamiya H., Kimura A., Yokoyama T., Naito M., Jimbo G.,
Development of a split-type tensile-strength tester and
analysis of mechanism of increase of adhesion behavior of
inorganic fine powder bed at high-temperature conditions,
Powder Technology, 127 (2002) 239-245. DOI: 10.1016/
S0032-5910(02)00117-1

Kanaoka C., Hata M., Makino H., Measurement of adhesive force
of coal flyash particles at high temperatures and different
gas compositions, Powder Technology, 118 (2001) 107-112.
DOI: 10.1016/S0032-5910(01)00300-X

Karasavvas E., Panopoulos K.D., Papadopoulou S., Voutetakis S.,
Energy and exergy analysis of the integration of concentrated
solar power with calcium looping for power production and
thermochemical energy storage, Renewable Energy, 154
(2020) 743-753. DOI: 10.1016/j.renene.2020.03.018

Kierzkowska A., Pacciani R., Miiller C., CaO-based CO, sor-
bents: from fundamentals to the development of new, highly
effective materials, ChemSusChem, 6 (2013). DOI: 10.1002/
cssc.201300178

Kunii D., Levenspiel O., Brenner H., Fluidization Engineering,
Elsevier Science, 1991, ISBN: 9780409902334.

Lee S.-W., Kim Y.-J.,, Lee Y.-H., Guim H., Han S.M., Behavior
and characteristics of amorphous calcium carbonate and
calcite using CaCO; film synthesis, Materials & Design, 112
(2016) 367-373. DOI: 10.1016/j.matdes.2016.09.099

Lettieri P., Macri D., Effect of process conditions on fluidization,
KONA Powder and Particle Journal, 33 (2016) 86—108. DOI:
10.14356/kona.2016017

Lettieri P., Yates J.G., Newton D., The influence of interparticle
forces on the fluidization behaviour of some industrial mate-

41

X

(m‘

V,.



A
2
50&0
o°
&
GQ S N

(b“
‘Qde‘ri ‘i(sogt high temperature, Powder Technology, 110 (2000)
Q© LH17-127. DOL: 10.1016/50032-5910(99)00274-0

%V Lisbona P., Bailera M., Hills T., Sceats M., Diez L.I., Romeo

L.M., Energy consumption minimization for a solar lime
calciner operating in a concentrated solar power plant for
thermal energy storage, Renewable Energy, 156 (2020)
1019-1027. DOI: 10.1016/j.renene.2020.04.129

Lomboy G., Sundararajan S., Kejin W., Subramaniam S., A
test method for determining adhesion forces and Hamaker
constants of cementitious materials using atomic force
microscopy, Cement and Concrete Research, 41 (2011)
1157-1166. DOI: 10.1016/j.cemconres.2011.07.004

Liiddecke A., Pannitz O., Zetzener H., Sehrt J.T., Kwade A.,
Powder properties and flowability measurements of tai-
lored nanocomposites for powder bed fusion applications,
Materials & Design, 202 (2021) 109536. DOI: 10.1016/j.
matdes.2021.109536

Macri D., Poletto M., Barletta D., Sutcliffe S., Lettieri P., Anal-
ysis of industrial reactive powders flow properties at high
temperature, Powder Technology, 316 (2017) 131-138. DOI:
10.1016/j.powtec.2016.10.064

Mahlia T.M.I., Saktisahdan T.J., Jannifar A., Hasan M.H.,
Matseelar H.S.C., A review of available methods and devel-
opment on energy storage; technology update, Renewable
and Sustainable Energy Reviews, 33 (2014) 532-545. DOLI:
10.1016/j.rser.2014.01.068

Marchetti L., Hulme-Smith C., Flowability of steel and tool
steel powders: a comparison between testing methods,
Powder Technology, 384 (2021) 402—413. DOI: 10.1016/j.
powtec.2021.01.074

Materialsproject, 2020, <https://materialsproject.org/materials/
mp-3953/> accessed 15.04.2020.

Matweb, 2020, <http://matweb.com/> accessed 18.09.2020.

Michel M.D., Mikowski A., Lepienski C.M., Foerster C.E.,
Serbena F.C., High temperature microhardness of soda-
lime glass, Journal of Non-Crystalline Solids, 348 (2004)
131-138. DOI: 10.1016/j.jnoncrysol.2004.08.138

Nedderman R.M., Statics and Kinematics of Granular Materials,
Cambridge University Press, Cambridge, 1992, ISBN:
9780521404358.

Ortega J.I., Burgaleta J.I., T¢llez F.M., Central receiver system
solar power plant using molten salt as heat transfer fluid,
Journal of Solar Energy Engineering, 130 (2008) 024501 (6
pages). DOI: 10.1115/1.2807210

Paksoy H.O., Thermal Energy Storage for Sustainable
Energy Consumption: Fundamentals, Case Studies and
Design, Springer Netherlands, Dordrecht, 2007, ISBN:
9781402052903. DOI: 10.1007/978-1-4020-5290-3

Pardo P.,, Deydier A., Anxionnaz-Minvielle Z., Rougé S.,
Cabassud M., Cognet P., A review on high temperature
thermochemical heat energy storage, Renewable and Sustain-
able Energy Reviews, 32 (2014) 591-610. DOI: 10.1016/].
rser.2013.12.014

Pinel P., Cruickshank C.A., Beausoleil-Morrison 1., Wills A., A
review of available methods for seasonal storage of solar
thermal energy in residential applications, Renewable and
Sustainable Energy Reviews, 15 (2011) 3341-3359. DOI:
10.1016/j.rser.2011.04.013

Pintaldi S., Perfumo C., Sethuvenkatraman S., White S.,
Rosengarten G., A review of thermal energy storage technol-
ogies and control approaches for solar cooling, Renewable
and Sustainable Energy Reviews, 41 (2015) 975-995. DOLI:
10.1016/j.rser.2014.08.062

Prieto C., Cooper P., Fernandez A., Cabeza L.F., Review of tech-
nology: thermochemical energy storage for concentrated solar

42

Rahma Gannoun et al. / KONA Powder and Particle Journal No. 39 (2022) 29-44

power plants, Renewable and Sustainable Energy Reviews,
60 (2016) 909-929. DOI: 10.1016/j.rser.2015.12.364

Quintanilla M.A.S., Castellanos A., Valverde J.M., Correlation
between bulk stresses and interparticle contact forces in
fine powders, Physical Review E, 64 (2001a) 031301. DOI:
10.1103/PhysRevE.64.031301

Quintanilla M.A.S., Valverde J.M., Castellanos A., Adhesion
force between fine particles with controlled surface proper-
ties, AIChE Journal, 52 (2006) 1715-1728. DOI: 10.1002/
aic.10770

Quintanilla M.A.S., Valverde J.M., Castellanos A., Viturro R.E.,
Looking for self-organized critical behavior in avalanches
of slightly cohesive powders, Physical Review Letters, 87
(2001b) 194301. DOI: 10.1103/PhysRevLett.87.194301

Ramlakhan M., Wu C.Y., Watano S., Dave R.N., Pfeffer R.,
Dry particle coating using magnetically assisted impaction
coating: modification of surface properties and optimization
of system and operating parameters, Powder Technology,
112 (2000) 137-148. DOI: 10.1016/S0032-5910(99)00314-9

Royne A., Bisschop J., Dysthe D., Experimental investigation
of surface energy and subcritical crack growth in calcite,
Journal of Geophysical Research-Solid Earth, 116 (2011)
B04204. DOI: 10.1029/2010jb008033

Salehi H., Barletta D., Poletto M., A comparison between powder
flow property testers, Particuology, 32 (2017) 10-20. DOI:
10.1016/j.partic.2016.08.003

Sang L., Cai M., Zhao Y., Ren N., Wu Y., Burda C., Mixed
metal carbonates/hydroxides for concentrating solar power
analyzed with DSC and XRD, Solar Energy Materials
and Solar Cells, 140 (2015) 167-173. DOI: 10.1016/].
solmat.2015.04.006

Santhanam A.T., Gupta Y.P., Cleavage surface energy of calcite,
International Journal of Rock Mechanics and Mining
Sciences & Geomechanics Abstracts, 5 (1968) 253-259.
DOI: 10.1016/0148-9062(68)90013-2

Santomaso A., Lazzaro P., Canu P., Powder flowability and
density ratios: the impact of granules packing, Chemical
Engineering Science, 58 (2003) 2857-2874. DOI: 10.1016/
s0009-2509(03)00137-4

Sarrion B., Valverde J.M., Perejon A., Perez-Maqueda L.,
Sanchez-Jimenez P.E., On the multicycle activity of natural
limestone/dolomite for thermochemical energy storage of
concentrated solar power, Energy Technology, 4 (2016)
1013-1019. DOI: 10.1002/ente.201600068

Schubert H., Capillary forces—modeling and application in par-
ticulate technology, Powder Technology, 37 (1984) 105-116.
DOI: 10.1016/0032-5910(84)80010-8

Schwedes J., FlieBverhalten von Schiittgiitern in Bunkern,
Chemie Ingenieur Technik, 1976, pp. 294-300, ISBN: 0009-
286X.

Schwedes J.r., Review on testers for measuring flow properties of
bulk solids, Granular Matter, 5 (2003) 1-43. DOI: 10.1007/
s10035-002-0124-4

Sharma A., Tyagi V.V., Chen C.R., Buddhi D., Review on thermal
energy storage with phase change materials and applications,
Renewable and Sustainable Energy Reviews, 13 (2009)
318-345. DOI: 10.1016/j.rser.2007.10.005

Shi C., Palomo Sanchez A., Torgal F.P., Carbon dioxide sequestra-
tion in cementitious construction materials, Elsevier Science
& Technology, Cambridge, United Kingdom, 2018, ISBN:
978-0-08-102444-7.

Shimada Y., Yonezawa Y., Sunada H., Nonaka R., Katou K.,
Morishita H., Development of an apparatus for measuring
adhesive force between fine particles [Translated], KONA
Powder and Particle Journal, 20 (2002) 223-230. DOI:

o/

)
'

of

,
D

%



Y

N S
@ L5
NS
O wiy
Q ,b(\\ Rahma Gannoun et al. / KONA Powder and Particle Journal No. 39 (2022) 29-44 S0
' o N

T @
Q@ w@§56/kona.2002024

?\Qo\ggqﬁxh D.H., Haddad G.J., Ferer M., Shear strengths of heated and
N

unheated mixtures of MgSO, and CaSO, powders. Model
pressurized fluidized bed combustion filter cakes, Energy &
Fuels, 11 (1997) 1006-1011. DOI: 10.1021/ef970037d

Surfacenet, 2020, <https://www.surfacenet.de/calcite-217.html>
accessed 08.11.2020.

Svarovsky L., Powder Testing Guide: Methods of measuring the
physical properties of bulk powders, Published on behalf of
the British Materials Handling Board by Elsevier Applied
Science, 1987.

Tammann G., Lehrbuch der Metallkunde, Leipzig, 1932.

Tatsidjodoung P., Le Pierrés N., Luo L., A review of potential
materials for thermal energy storage in building applications,
Renewable and Sustainable Energy Reviews, 18 (2013)
327-349. DOI: 10.1016/j.rser.2012.10.025

Tesio U., Guelpa E., Ortiz C., Chacartegui R., Verda V., Optimized
synthesis/design of the carbonator side for direct integration
of thermochemical energy storage in small size concentrated
solar power, Energy Conversion and Management: X, 4
(2019) 100025. DOI: 10.1016/j.ecmx.2019.100025

Tesio U., Guelpa E., Verda V., Integration of thermochemical
energy storage in concentrated solar power. Part 2: Com-
prehensive optimization of supercritical CO, power block,
Energy Conversion and Management: X, 6 (2020) 100038.
DOI: 10.1016/j.ecmx.2020.100038

Tomasetta I., Barletta D., Poletto M., The effect of temperature
on flow properties of fine powders, Chemical Engineering
Transactions, 24 (2011) 655-660. DOI: 10.3303/cet1124110

Tsukada M., Kawashima K., Yamada H., Yao Y., Kamiya H.,
Analysis of adhesion behavior of waste combustion ash at
high temperatures and its control by the addition of coarse
particles, Powder Technology, 180 (2008) 259-264. DOI:
10.1016/j.powtec.2007.04.005

Upadhyay S.K., Seismic Reflection Processing: With Special
Reference to Anisotropy, Springer Berlin Heidelberg, 2013,
ISBN: 9783662098431. DOI: 10.1007/978-3-662-09843-1

Valverde J.M., Ca-based synthetic materials with enhanced CO,
capture efficiency, Journal of Materials Chemistry A, 1
(2013) 447-468. DOI: 10.1039/c2ta00096B

Valverde J.M., On the negative activation energy for limestone
calcination at high temperatures nearby equilibrium, Chemi-
cal Engineering Science, 132 (2015) 169-177. DOI: 10.1016/
j.ces.2015.04.027

Valverde J.M., Castellanos A., Ramos A., Pérez A.T., Morgan
M.A., Watson PK., An automated apparatus for measuring
the tensile strength and compressibility of fine cohesive

powders, Review of Scientific Instruments, 71 (2000)
2791-2795. DOI: 10.1063/1.1150694

Varshneya A.K., Mauro J.C., Fundamentals of Inorganic Glasses,
Third Edition, Elsevier, 2019, ISBN: 9780128162255. DOLI:
10.1016/C2017-0-04281-7

Watson P.K., Valverde J.M., Castellanos A., The tensile strength
and free volume of cohesive powders compressed by gas
flow, Powder Technology, 115 (2001) 45-50. DOI: 10.1016/
50032-5910(00)00275-8

Wen C.Y., Yu Y.H., A generalized method for predicting the
minimum fluidization velocity, AIChE Journal, 12 (1966)
610-612. DOI: 10.1002/aic.690120343

Wheeler J.M., Michler J., Indenter materials for high temperature
nanoindentation, Review of Scientific Instruments, 84 (2013)
101301. DOI: 10.1063/1.4824710

Wu Y.-t., Li Y., Ren N., Ma C.-f., Improving the thermal prop-
erties of NaNO;-KNO, for concentrating solar power by
adding additives, Solar Energy Materials and Solar Cells, 160
(2017) 263-268. DOI: 10.1016/j.s0lmat.2016.10.013

XuY., Luo C., Zheng Y., Ding H., Wang Q., Shen Q., Li X., Zhang
L., Characteristics and performance of CaO-based high tem-
perature CO, sorbents derived from a sol-gel process with
different supports, RSC Advances, 6 (2016) 79285-79296.
DOI: 10.1039/c6ral5785h

Yang J., Sliva A., Banerjee A., Dave R.N., Pfeffer R., Dry particle
coating for improving the flowability of cohesive powders,
Powder Technology, 158 (2005) 21-33. DOI: 10.1016/j.
powtec.2005.04.032

Yang W.-C., Chitester D.C., Kornosky R.M., Keairns D.L., A
generalized methodology for estimating minimum fluidiza-
tion velocity at elevated pressure and temperature, AIChE
Journal, 31 (1985) 1086—1092. DOI: 10.1002/aic.690310706

Zafar U., Hare C., Calvert G., Ghadiri M., Girimonte R.,
Formisani B., Quintanilla M.A.S., Valverde J.M.,
Comparison of cohesive powder flowability measured by
Schulze shear cell, raining bed method, Sevilla powder tester
and new ball indentation method, Powder Technology, 286
(2015) 807-816. DOI: 10.1016/j.powtec.2015.09.010

Zhang H.L., Baeyens J., Degreve J., Cacéres G., Concentrated
solar power plants: review and design methodology, Renew-
able and Sustainable Energy Reviews, 22 (2013) 466-481.
DOI: 10.1016/j.rser.2013.01.032

Zhang W., Sun Q., Zhu S., Wang B., Experimental study on
mechanical and porous characteristics of limestone affected by
high temperature, Applied Thermal Engineering, 110 (2017)
356-362. DOI: 10.1016/j.applthermaleng.2016.08.194

43



P
=

w°
% wrrw
\ Rahma Gannoun et al. / KONA Powder and Particle Journal No. 39 (2022) 29-44 LN g
>
(\c‘? OK\Q
R —
WO W
)
N

Rahma Gannoun

Holds a PhD (2019) in process-chemical engineering from the national school of engineers of
Gabes in collaboration with laboratory of metrology and thermal measurement of the national school
of engineers of Monastir. She was undergraduated as a chemical-process engineer in 2014 from
the same school. Actually she has a post-doc fellowship with the faculty of physics (university of
Seville). Her areas of interest include electrohydrodynamics, Computational fluid dynamics (CFD),
heat transfer, renewable energy, fine powder flow.

José Manuel Pérez Ebri

A member of the Electrohydrodynamics and Cohesive Granular Materials (EHD-CGM) research
group at the Universidad de Sevilla (Seville, Spain). PhD in Science and Technology of New
Materials (2016). He began his career as an industrial technical engineer in EHD-CGM group in
2005, where he took part in developing several experimental setups, one of his areas of interest. He
worked four years in aeronautical industry as a materials engineer. He is developing his research
activity in Ca-Looping process for CO, capture and mechanical properties of granular materials.

Alberto T. Pérez

Was born in El Puerto de Santa Maria (Spain) in 1962. He received his PhD degree from the
Universidad de Sevilla in 1989, where he has developed his academic career. Since 2009 he is Full
Professor of Electromagnetism in this university. His interests are primarily in electrohydrodynam-
ics, powder flow, and electric behavior of colloids. He has authored more than 90 papers in indexed
journals on these subjects. He is also a popular science writer. Professor Pérez is currently the head of
the group of Electrohydrodynamics and Cohesive Granular Materials of the Universidad de Sevilla

José Manuel Valverde

Professor of electromagnetism and materials engineering. PhD in physics (1997). His research
activity has been focused on the study of fluidization and the mechanical properties of granular mate-
rials. A main subject of current interest is development of novel techniques to enhance the CO, cap-
ture efficiency of CaO-based materials by means of the Ca-looping technology based on carbonation/
calcination of natural limestone in fluidized beds. He has published over 100 papers mostly in Q1
journals with over 1000 citations.

44



	2022008

