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Abstract

The particle-in-tube solar receiver concept for solar towers uses fluidized particles as heat transfer
fluids. The experiments are conducted with a single tube of aspect ratio H/D = 67 irradiated over a 1-
m height using concentrated solar energy. Olivine particles of Geldart’s Group A are used.
Fluidization regimes are identified thanks to pressure signal analyses, and regime maps are plotted
depending on the temperature in the range 150-700 °C. Both the local slip Reynolds number and the
particle temperature govern the regime transitions. The limits and size of the turbulent fluidization
regime domain decrease with temperature. The particle volume fraction also decreases with
temperature. Finally, the intensity of the wall-to-particle heat transfer is discussed as a function of
the fluidization regimes. As an indicator of the heat transfer intensity, a dimensionless coefficient is
derived. This coefficient increases with temperature and exhibits the highest values for the turbulent
fluidization regime.

Keywords: Particle-in-tube solar receiver; particle-driven CSP; fluidization regimes; upward dense
particle circulation; heat transfer coefficient; hydrodynamics of gas—solid flow.

1. Introduction

1.1. Particles as heat transfer fluid for solar receivers

Concentrated solar power (CSP) produces electricity using a thermodynamic cycle. In CSP
plants, particularly in solar towers, a heat transfer fluid (HTF) circulates in the receiver located at the
top of a tower to absorb the concentrated solar radiation reflected by the heliostats field. The heat
collected by the HTF can be stored to produce electricity on demand. The most commonly used HTF
in commercial solar towers is molten salt, which has a temperature operation range between 220
and 565 °C. Below the lower limit, it solidifies; thus, constant electrical consumption is needed to
maintain a threshold temperature in the pipe to prevent salt freezing (Castro-Quijada et al., 2022). In
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contrast, the upper limit is a safety constraint due to the decomposition of molten salt (Zhang et al.,
2017a).

One of the main objectives of the CSP industry is to decrease the cost of the plant. A pathway
to achieve this goal is increasing its overall efficiency. An attractive solution consists of using highly
efficient thermodynamic cycles, such as the supercritical CO; (sCO;) cycle (Dunham and Iverson,
2014). However, these cycles require a high working temperature, above 650 °C, which is higher than
the upper limit of the molten salt operation domain. A promising way to adapt the HTF to the
targeted temperature is to use particles (Ho, 2016). Particles have a wide operation temperature
range, are chemically stable and have generally low toxicity and cost (Zhang et al., 2017b).

Three main solar receiver technologies using particles as the HTF are currently under
development at the prototype scale. Namely, the centrifugal receiver was designed by the German
Aerospace Center (DLR), Germany (Ebert et al., 2019; Wu et al., 2014). Second, the falling particle
receiver was designed by Sandia National Laboratory, USA (C. Ho et al., 2014; Ho et al., 2017) and the
particle-in-tube receiver was developed by the French National Center of Scientific Research
(PROMES, CNRS), France. In this concept, the particles are fluidized in a vessel named the “dispenser”
and circulate upward inside vertical metallic tubes due to both a pressure gradient and a secondary
air injection at the bottom of the latter. The particles are then indirectly heated, which limits their
maximum reachable temperature by the tube thermal properties. Nevertheless, the tubular design is
similar to molten salt receivers, which enables the use of a cavity to limit thermal losses (Behar et al.,
2020; Gueguen et al., 2020). One of the main drawbacks of this concept is that several fluidization
regimes can occur in this type of gas-particle suspension depending on the operation conditions,
which considerably affect the thermal performance of the receiver (Kunii and Levenspiel, 1991).

Hence, several on-sun experimental studies were conducted based on the particle-in-tube
solar receiver concept using Geldart’s Group A particles fluidized at low air velocity, thus limiting the
total air consumption of the plant. Silicon carbide particles (SiC) with a mean diameter of 63.9 um
were first used in a single tube receiver (Benoit et al., 2015; Flamant et al., 2013). Then, the solar
receiver was upscaled to 150 kW and 16 tubes inside a cavity (Perez Lopez et al., 2016). The material
was changed to olivine particles for the Next-CSP European project (Le Gal et al., 2023), accounting
for a set of properties, such as thermal properties, toxicity and cost (Kang et al., 2019). Experiments
were conducted with a single finned tube receiver, and a global heat transfer coefficient of 1200 +
400 W/(m2.K) was determined (Le Gal et al., 2019). However, in the previously cited experimental
studies regarding the particle-in-tube receiver concept, all analyses on the fluidization regimes in the
receiver tubes were simultaneously performed with the thermal measurements.

1.2. Fluidization regimes in the gas-particle fluidized bed

Fluidized beds have been used for decades in the chemical and petrochemical industries,
mineral processing, and metallurgy (Fuchs et al., 2019). Depending on the solid and gas properties,
the column geometry and the gas velocity, several fluidization regimes can occur in the column,
resulting in various gas structure characteristics. They are detailed below for Geldart’s group A
particles and summarized in Figure 1.
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Figure 1: Fluidization regimes for Geldart’s group A particles at increasing superficial gas velocity.

The minimum fluidization velocity, Uy, is the threshold velocity at which the particles
initially in the fixed bed become fluidized. The drag force of the upward gas is enough to compensate
for both the gravity and the van der Waals forces between the particles, which acquire some fluid-
like properties (Kunii and Levenspiel, 1991; Wu and Baeyens, 1991). The particles can be gathered in
four Geldart groups as a function of their density and mean diameter, which classifies their ability to
be fluidized (Geldart, 1973). (Leckner, 2017) compared the fluidization behavior of Group A and
Group B particles. For Group A particles, increasing the gas velocity after the minimum of fluidization
results in a dense and homogenous fluidization regime until bubbles appear in the bed. A maximum
stable bubble size is reached when coalescence and scission are balanced. Bubbles merge into slugs
at the velocity noted Uy, either by increasing the gas velocity (Baeyens and Geldart, 1974) or if the
bubble size reaches approximately 60% of the column diameter (Kong et al., 2017). The slugs are
initially large and slow elongated bubbles under the form of wall slugs (against the column walls),
then evolve toward axisymmetric slugs (at the middle of the column), and finally as complete slugs
(they occupy all the column cross section). Under wall-heating conditions, this regime is associated
with a decrease in the heat transfer between the hot walls and the bed compared to the bubbling
regime. Increasing the gas velocity again leads to the turbulent fluidization regime when the bubble
scission completely compensates for their coalescence, it is identifiable by a maximum of the
pressure fluctuations (Bi et al., 2000). In the fluidization literature, the velocity noted U; is sometimes
used to characterize either the choking phenomenon or the onset of the turbulent fluidization
regime, as explained in (Bi et al., 1993). Hence, to avoid any confusion, the turbulent fluidization
velocity is defined as U;. In this regime, the chaotic air structures lead to vigorous particle mixing in a
bed that is still relatively dense. The corresponding heat transfer rate is consequently larger than in
the other regimes (Grace et al., 2020a). Finally, when the gas velocity reaches the particle terminal
velocity or is up to several times this threshold value for small particles as in Group A, the fast
fluidization regime occurs at a velocity of U, (Grace et al., 2020b). The latter is characterized by a
phase inversion. The gas phase turns into the continuous phase, while the particles are dispersed in
the form of clusters and ejected outside of the column (Grace et al., 2020a). The commonly used
circulating fluidized beds (CFBs), including risers, use this regime to cause the particles to circulate by
applying high gas velocity at the bottom of the tubes (Boonprasop et al., 2019; Rahman et al., 2020).
In CFBs, a transition region between dilute or core annular regimes and between the core annular
and fast fluidization regimes are identified (Breault et al., 2020). Generalized regime maps for gas-
solids and liquid-solids fluidization are proposed in (Sun and Zhu, 2021). The concept of a circulating-
turbulent fluidized bed (C-TFB) was suggested to combine the advantages of the circulating fluidized
bed and turbulent fluidized bed (Zhu and Zhu, 2008). A circulating bed at a relatively high solid
concentration has been obtained, with uniform radial and axial distributions that improve particle
mixing and local heat transfer (Sun and Zhu, 2019).
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Several methods can be used to identify and characterize the fluidization regimes. High-
speed cameras have been used to record the hydrodynamics within the bed (Shaffer et al., 2013).
However, a solar receiver made of opaque tubes prevents the use of this technique. Furthermore,
because of the particle opacity, this method can only record phenomena in the near wall region,
even with transparent tubes. Acoustic methods have also been applied to characterize the
fluidization regimes since particle—particle and wall-particle collisions imply vibrations that can be
recorded and analyzed (Li et al.,, 2011). Although this is a noninvasive method for particle flow
characterization, it suffers from a major drawback, namely, the cost of these thermally resistant
devices (Villa Briongos et al., 2006). Positron emission particle tracking (PEPT) is another noninvasive
method that consists of tracking the motion of a radioactive particle over a long period of time,
called a tracer, using a camera (Tebianian et al., 2016; Van de Velden et al., 2008). While relatively
precise, this method requires specific equipment limited in size and a high number of recorded
events, i.e., high acquisition times. Optical fiber probes can also be used. The light reflected by
bubbles or particles differs, which results in variations in the light received by the probe that can be
further analyzed (Bi et al.,, 2000; Mokhtari and Chaouki, 2019). Here, the main drawback is the
resistance of the probes (and of their sheath material) to high temperatures. Finally, another method
using pressure measurements is the selected method for our study. Essentially, a gas structure, a
bubble for example, is characterized by an overpressure at its top and a depression at its wake
(Pun€ochar and Drahos, 2005; Xie, 1997). Hence, it causes a succession of positive and negative
peaks on a pressure signal when it flows near the corresponding probe. Since the structures are
developed in the bed as distributions (in terms of size and velocity), the associated pressure signals
show various frequencies and magnitudes that are distinctive features of the fluidization regimes and
can be analyzed by signal processing methods (Johnsson et al., 2000; van der Schaaf et al., 2002).

Concerning modelling and simulation, the various approaches for swirling gas-particle flows
simulation are reviewed in (Zhou, 2023); whereas (Nigmetova et al.,, 2022) proposed a three-
dimensional DEM-CFD simulation (Lagrange-Euler approach) of a lab-scale fluidized bed and
compared the results with the two-fluid model (Euler-Euler approach). (Benoit et al.,, 2018) have
developed the first numerical simulation of the single-tube fluidized bed solar receiver using the two-
fluid model.

1.3. Progress in the particle-in-tube solar receiver and objectives

In the particle-in-tube solar receiver concept, the particles circulate due to both an
overpressure in the dispenser fluidized bed and a secondary air injection at the bottom of the tubes.
This control strategy results in particle circulation as a dense suspension (i.e., particle volume fraction
of 20—-30%. Consequently, the wall-to-bed heat transfer rate is higher than that in classical CFB risers,
where particle circulation is possible only at high air velocities and then at low particle volume
fractions. Furthermore, the risers have a generally smaller aspect ratio (height over diameter) than
solar receiver tubes because of their larger internal diameters. It is typically approximately 10
(Stefanova et al., 2011), while it is above 50 in the particle-in-tube receiver. Thus, a question arises:
are the fluidization regimes encountered in classical fluidized beds occurring in these conditions? To
answer this question, experimental and numerical studies with a single tube at ambient temperature
have been performed. The associated main results are summarized in Table 1.

First, cristobalite particles of three different diameters, which all belong to Group A, were
tested in a 2-m height tube of 0.05 m I.D. (internal diameter) (Kong et al., 2017). Without particle
circulation, the bubbling to wall slugging transition was observed at 0.4—0.5 m height. Then, the
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height of the tube was extended to 4 m. The transitions from bubbling to wall slugging and then to
axisymmetric slugging were observed at approximately 1 m and 1.5 m, respectively. These
experimental results have been compared to numerical simulations (Sabatier et al., 2020). Finally,
the tube height was increased to more than 6 meters, with particle circulation, and the concept was
to insert small tubes within the main receiver tube to break the slugs and create a turbulent
fluidization-like regime (Deng et al., 2021). The obtained results validated the use of these inserts
from the heat transfer point of view. However, the implementation of these inserts in hundreds of
tubes for an upscaled solar receiver is problematic. Nevertheless, a comparison with bare tubes was
performed, and the same regime transitions as in (Sabatier et al., 2020) were determined.

In the three above-cited studies regarding the fluidization regimes at ambient temperature
(Deng et al., 2021; Kong et al., 2017; Sabatier et al., 2020), the superficial air velocity was limited to
0.30 m/s. Only bubbling and slugging regimes were observed. Furthermore, in earlier on-sun studies
with the particle-in-tube solar receiver cited in the previous section (Benoit et al., 2015; Flamant et
al.,, 2013; Le Gal et al., 2019; Perez Lopez et al., 2016), the superficial air velocities were limited to
0.11 m/s, which was even lower. Consequently, these were expected to operate mainly in the
slugging regime, which was not the best regime with respect to heat transfer. Then, an additional
experimental study was performed at ambient temperature, extending the superficial air velocity up
to 0.54 m/s, which enabled the observation of the turbulent and fast fluidization regimes. The
bubbling, slugging, turbulent and fast fluidization regimes were identified in the tube due to the
pressure signal analyses resulting in establishing a complete diagram of the fluidization regimes in
the specific conditions of the high aspect ratio tubes with particle circulation (Gueguen et al., 2022).
In these experiments, transitions between slugging, turbulent and fast fluidization regimes did not
occur along the tube height and only depended on the local slip velocity, Ugy;;,. In contrast, in CFBs,
core-annulus flow (CAF) could coexist with a turbulent fluidized bed at the bottom of the riser (Zhang
et al., 2015). Our previous studies confirmed that the slip velocity is the pertinent indicator of the
turbulent and fast fluidization regime in the pressure-driven suspension, as in the case of circulating
fluidized beds (Bi and Grace, 1995; Rabinovich and Kalman, 2011). However, the critical velocities for
the regime transitions were significantly lower than in the classical CFB, mainly due to the operating
mode of the receiver using pressure as a control parameter.

The fluidization regime diagram obtained in an earlier study is presented in Figure 2. It is
plotted in terms of dimensionless quantities: the ratio of the height over the internal diameter of the
tube versus the slip velocity expressed as a particle slip Reynolds number (Gueguen et al., 2022). A
comparison of the data from the other studies is provided in Table 1. The associated slip velocities
were estimated according to the data of the air velocities, particle mass fluxes and particle volume
fractions provided by the authors. Figure 2 shows that the bubbling to wall slugging regime transition
identified by (Kong et al., 2017) (in blue) corresponds well to the bubbling and transition zone of the
diagram. Furthermore, the wall slugging regime zones determined by (Deng et al., 2021; Sabatier et
al., 2020) (in red and green, respectively) are mainly located in the slugging region of the diagram.
Clearly, the turbulent fluidization regime was not reached in these previous experiments.

Table 1: Comparison between the studies regarding the fluidization regimes performed with the particle-in-tube solar
receiver concept and a single tube at ambient temperature.

D, H,

(mm) (m) Comments

References Particles dg, (um) U,ir (M/s)

GP
(kg/(m?.s))




Bubbling to wall slugging

Kong etal., Cristobalite 35.4;55; 50 2 0.04-0.30 0 transition between 0.4 and
2017 75 .
0.5 m height
Bubbling to wall slugging
Sabatier et Cristobalite 35.4; 55; 50 4 0.07-0.22 0 tran5|.t|on at 1.m height, and
al., 2020 75 to axisymmetric slugs at 1.5
m
Use of BRP to break slugs.
With bare tube, bubbling to
Deng et al., . . wall slugging and then to
Cristobalite 55 50 6.6 0.11-0.22 56-175 . . .
2021 axisymmetric slugging
detected at, respectively 1
and 1.5 m height
Observation of turbulent and
fast fluidization regimes.
Comparison of experimental
Guesuen et data and simulation results
3 Olivine 61 45 3.6 0.01-0.54 0-392 Diagram of the regimes
al., 2022 . .
governed by the slip velocity
Figure 2. Slugging transitions
at various height depending
on the velocity.
203
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L —-~--Deng et al (2021), Wall Slug Zone
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205 Figure 2: Simplified diagram of the fluidization regimes and their transition zones determined at ambient temperature and
206 comparison with literature data for the particle-in-tube solar receiver concept (Gueguen et al., 2022). The bubbling to wall
207 slugging transition (blue) and wall slugging zone (green and red) identified by (Kong et al., 2017) and (Deng et al., 2021;
208 Sabatier et al., 2020) correspond well to the diagram.
209
210 The scientific literature is very limited regarding the influence of the temperature on the

211  transitions of the fluidization regimes. Studies have been published mainly on the minimum of
212 fluidization, which decreases with the temperature for Group A particles (Wu and Baeyens, 1991).
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The fluidization regime diagrams are generally plotted in terms of the Archimedes number (Ar)
calculated at ambient temperature (Grace et al., 2020b; Rabinovich and Kalman, 2011; Yerushalmi
and Cankurt, 1979). The latter enables the consideration of particles with various mean diameters. In
these diagrams, the transitions of the onset and the termination of the turbulent fluidization regime
both decrease with Ar due to the decrease in the mean particle diameter (d,).

Based on the previous context, the main objective of this paper is to extend the earlier study
carried out at ambient temperature to higher temperatures (up to approximately 700 °C) to
determine the effect of temperature on the transitions between the fluidization regimes in the
particle-in-tube solar receiver concept. The experimental setup is initially presented as along with the
calculated quantities and the methods of the pressure signal analyses used to identify the fluidization
regimes. The results regarding the regimes and particle volume fraction as a function of temperature
are then presented. A discussion on the effect of the temperature on fluidization regimes and of the
fluidization regimes on the global heat transfer coefficient is proposed at the end of the paper.

2. Experimental setup

2.1. Particles

Olivine was selected as the heat transfer and storage medium in the framework of the
European Next-CSP project (“Next-CSP Project: High Temperature Concentrated Solar Thermal Plant
with Particle Receiver and Direct Thermal Storage,” 2020). It is a silicate sand, mostly composed of
MgO, SiO; and Fe;0s, and has attractive thermomechanical, health and cost properties (Kang et al.,
2019). The particles are expected to belong to Group A of the Geldart classification (Geldart, 1973)
that enables their fluidization at low air velocity followed by a reduction in the associated air
consumption and auxiliary power loss. Figure 3 plots the position of the selected particles in the
Geldart classification, according to (Kong et al., 2017).

The particle size distribution of the olivine sample was determined by laser diffraction using a
Malvern Mastersizer 3000 granulometer. The Sauter mean diameter, dg,, is the diameter of the
sphere that has the same surface/volume ratio as the particle (Dodds and Baluais, 1993). The latter
diameter is generally used in fluidization because it accounts for the surface phenomena and the
presence of fine particles that can degrade the fluidization quality because of their cohesive
properties. It has been calculated over the entire distribution at 61 um. With a bulk density ppq,¢ Of
3300 kg/m?3, the powder belongs to Group A of the Geldart classification, as shown in Figure 3 by the
black square.
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Figure 3: Position of the olivine sample on the Geldart classification (Geldart, 1973; Kong et al., 2017). The subfigure
corresponds to a zoomed image of the dashed rectangle, and the position of the sample is represented by the black square.

The minimum fluidization and bubbling velocities that characterize the powder sample have
been experimentally determined with a 9 cm 1.D. fluidization column. The classical pressure drop
versus the superficial air velocity method was used, leading to values for Ups and Uy, of
respectively (4.2 £ 0.3).102 m/s and (5.7 + 0.4).10 m/s. These values were in good agreement with
the correlations of (Wu and Baeyens, 1991) and (Abrahamsen and Geldart, 1980), which were
respectively (4.0 + 0.8).10% m/s and (6.2 + 0.1).10% m/s. More details regarding the powder
characterization can be found in (Gueguen et al., 2021).

2.2. Solar receiver description

The experimental setup is schematically represented in Figure 4a. The olivine particles are
fluidized in a 0.36 m? vessel called a “dispenser” by an air flow rate fixed at 10.6 sm3/h, which
correspond to a superficial air velocity of 9.7.103 m/s that is 1.7 times the minimum bubbling velocity
at ambient temperature, to obtain a homogeneous freely bubbling regime. The receiver tube is
plunged inside the fluidized bed. A leak valve controls the total pressure in the dispenser. The
particles flow upward in the tube due to the pressure difference between the bottom and the top (at
ambient pressure). A secondary air flow rate, named “aeration,” is injected 50 cm above the tube tip.
The flow becomes stabilized, as demonstrated by (Boissiere et al., 2015) and the fluidization regimes
in the receiver tube can be controlled (Gueguen et al., 2022).

The receiver tube is made of Inconel 601°. It has a 48-mm internal diameter D; (i.e., 0.0018
m? internal surface area S;) and is 3-mm thick with a height of 3.20 m. The tube is irradiated due to
the concentrated solar power over a 1-m height irradiated zone, identified in yellow in Figure 4a. It is
painted with Pyromark® to increase its absorption in the solar spectrum (C. K. Ho et al., 2014). The
solar receiver is positioned at the focus of the 1-MW solar furnace of Odeillo (France) (Guillot et al.,
2018; Trombe and Le Phat Vinh, 1973). The various solar flux configurations used during the
experimental campaign are provided in Supplementary Information SI-1. To reduce the thermal
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losses and reflect the concentrated solar beam, a ceramic cavity surrounds the tube, as shown in
Figure 4b.

When the total pressure is high enough, the particles flow in a tank located on a weighing
scale to measure the exit particle mass flow rate. To maintain stationary conditions during the
experiments, the dispenser is fed with particles from a storage tank due to a rotary valve.

In terms of instrumentation, eleven pressure probes are implemented in the system. In the
dispenser, they measure both the total pressure P;,; and the pressure drop through the fluidized
bed. In the tube, the probes, named P; in red in Figure 4, are connected to differential and relative
pressure sensors. This enables the calculation of the local particle volume fraction and identification
of the fluidization regimes, as detailed in Section 3. The setup also contains thermocouples.
According to (Grace et al., 2020c), the heat exchange between the air and the particles is very
efficient in a fluidized bed. Consequently, only a few millimeters are needed to balance particle and
air temperatures. Then, the temperature provided by an internal thermocouple in the tube can be
considered as the temperature of both the air and particles. Three thermocouples are located in the
dispenser to measure the particles’ temperature Ty;s,. Furthermore, all along the receiver tube, 32
externally welded and 24 internal thermocouples are regularly spaced and identified in red and blue,
respectively, in Figure 4. Three cross-sections of the tube are particularly well arranged, as shown in
Figure 4c. They are located at the inlet, middle and outlet of the irradiated zone. The detailed
positions of the pressure probes and thermocouples are provided in Supplementary Information SI-2.
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Figure 4: Schematic representation of a) the receiver tube and its instrumentation, b) its cavity, and c) the three tube cross-
sections at 0.6, 1.1 and 1.6 m heights.
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3. Background

3.1. Control of the solar receiver

3.1.1. Operating parameters

The control parameters of the solar receiver are the total pressure in the dispenser, P, i.e.,
the driving force of the system; the aeration flow rate q,., which corresponds to a superficial air
velocity at the height of the aeration injection, U,;,; the incident solar flux density at the entrance of
the cavity, @g,;; and the particle temperature in the dispenser, Ty;s,. The combination of these
parameters leads to a gas-particle suspension flowing at a given particle flow rate, temperature and
particle volume fraction.

First, the particle mass flux, noted G, (in kg/(m2.s)), is the ratio of the particle mass flow rate
(in kg/s) over the internal section of the tube. It is calculated by linear regression of the temporal
particle mass weight recorded by the scale during the acquisition time. The associated uncertainty is
due to both the precision of the scale and the regression error. Second, the particle temperature at
the outlet of the receiver, T;’gft, is essential to calculate its thermal performance. It is defined as the
average of the temperatures measured within the tube at the outlet of the irradiated zone (i.e., at
1.6 m height): T;;ft = (Tint,16 + Tineq7 + Tint,21)/3, where the thermocouples are located at radial
positions of D; /3, D;/2 and 2D, /3 (cf. Figure 4c).

The variation ranges of the operating parameters during the experimental campaign are
detailed in Table 2. In on-sun conditions, increasing the particle mass flux leads to a decrease in the
particle outlet temperature, as illustrated in Figure 5. To increase T;;ft at a given particle mass flux,
the incident solar power (represented by markers and colors in the figure) can be increased or the

particles in the dispenser (empty points) can be preheated.

Table 2: Variation ranges of the operating parameters of the setup in the reported experiments.

Operating Qe (sm/h)/ . Peot G : -

Taisp (°C so P o, (°C

parameter "ot M2 Ty (s an D gy gmesy o 9
0.1-2.5/

Range 145-380 00000469 Tymp —297  211-531 0-93 130-677
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Figure 5: Evolution of the particle outlet temperature as a function of particle mass flux. The tube is irradiated by the
concentrated solar beam over a 1-m long section with various incident solar flux densities. The empty markers correspond to
preheated particles in the dispenser up to ~300 °C.

3.1.2. Macroscopic quantity evolutions

The evolution of the pressure and temperature with the receiver tube height and radius were
determined. An example was proposed using an aeration flow rate of 0.41 sm3/h, a total pressure in
the dispenser of 343 mbar and a particle mass flux of 50 kg/(m?.s). The mean solar flux density was
519 kW/m?2.

Figure 6 shows radial temperature profiles. Each color is representative of the height of a
well-arranged section of the tube (cf. Figure 4) where this profile can be measured. The negative
radius values correspond to the irradiated face of the tube, and the vertical black dashed lines
represent the tube thickness. The particle temperature within the tube is very homogeneous at a
given height (radial profile), which results in very good particle mixing specific to the fluidized beds,
regardless of the fluidization regime. Hence, the mean particle temperatures can be calculated
accurately at the inlet, middle and outlet of the irradiated zone of the receiver tube. Even near the
irradiated tube wall, the thermal gradient in the particle flow is not detected at a distance of 2 mm
from the internal tube wall.

11



344

345
346

347

348
349
350
351
352
353

354

355

356
357
358
359
360
361
362
363
364

365

= 3 = - 2 = 2,
9= 0.41 sm*/h, Pot= 343 mbar, ool = 519 kWim?, Gp = 50kg/(m?s)
S ' ‘ ' "| & so-NEaxis,h=0.64m
800 - A £ S-Naxis,h=1.14m
] } % SO-NE axis, h=1.64m
| I [l ]
L 1 I 1 I "
700 i | { !
| I 1 I
1 I 1 I
1 I I I
600 - ! ! 1 1o
1 I I I
i 1 I I I
g L Lo
:; 500 1 1 1 1=
] | |
5 1 | I ‘?
- 1 I 1 I
Sa00f ! | o
[ 1 | I |
=3 ] | 1 1
£ . [
@ 1 | I |
T | . : « |
‘ = s A |
I I I
1 I 1 |
200 1 | A A A 1 b
| I 1
1 I 1 .
1 I I I
| I 1 I
100 - | | ° H | -
1 I I I
| I . . 1 ]
1 I . . I I
0 1 I} ] L 1 | 1 il 1
-0.03 -0.02 -0.01 0 0.01 0.02 0.03

Radius r (m)

Figure 6: Example of radial temperature profiles at three heights: 0.64 m (black), 1.14 m (red) and 1.64 m (green). The tube
thickness is represented by vertical black lines.

Considering the variations in pressure and temperature with height, the local superficial air
velocity, Uy i, is also modified. It can be calculated by Equation (1) considering air as an ideal gas. In
this equation, P; and T; are the local pressure and temperature measured within the receiver tube,
respectively, while the subscript “ae” refers to the quantities measured at the level of the aeration
injection. Then, the air velocity increases with height due to both the decrease in pressure and the
increase in temperature.

o GaPue To
it St Pi Tae

The particle volume fraction, «, is the proportion of the volume actually occupied by the
particles in a given volume of the suspension (Geldart, 1986). It can be calculated due to the
measurement of the pressure drop AP for a given height Ah. According to (Gueguen et al., 2022;
Zhang et al., 2017b), the total pressure drop due to particle acceleration and friction represent less
than 3 % of the measured pressure drops. Hence, they are neglected in the calculation of a that is
only due to the effective weight of the suspension (Equation (2)). It is an average value over time
since the pressure sensors used have a long response time. The uncertainty associated with the
differential pressure sensors is §(AP) = 0.05 mbar. Consequently, the uncertainty in the particle
volume fraction, da, is low (Equation (3)).

AP @)
a =
(ppart - pair)gAh
_(8(aP)  8(ah)
fa =« <T + T) (3)
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Our earlier study at ambient temperature concluded that the slip velocity, Uy, is a
pertinent indicator of the fluidization regime transitions in our system (Gueguen et al., 2022). The slip
velocity is the difference between the interstitial velocity of the air and the velocity of particles,
account for the particle volume fraction (Equation (4)). Furthermore, a particle slip Reynolds number
can be calculated with Equation (5) to consider the viscous effects. Its calculation requires the air
density and viscosity, respectively, pgir and Ui, Which depend on the pressure and temperature
(Holman, 2002; Incropera et al., 2007). Details of their calculations are provided in Supplementary
Information SI-3.

Uair Gp
Uoyin = —=
slip 1—q Ppart@ (4)
irUstind
Reslip — palr'usl.lp N (5)
air

Therefore, these new derived quantities are used in the following sections for illustrating the
experimental results.

3.2. Methods of identification of the fluidization regimes

3.2.1. Signal processing methods

This section summarizes the signal processing methods used to identify the fluidization
regimes in the particle-in-tube solar receiver concept based on pressure measurement. More details
are provided in (Gueguen et al., 2021).

The first method, in the temporal domain, is the calculation of the cross-correlation function
between two relative pressure signals in the tube (Fan et al., 1983; Johnsson et al., 2000). Let us
consider two signals of Ny, points, P; and P;, recorded at successive heights in the tube and at an
acquisition frequency f,c4- The principle of this method is based on applying a time lag 7,44 at the
lower pressure signal (i.e., recorded higher in the tube) and to calculate the cross-correlation
function between the two signals, CC;;1; (Eq.(6)). Here, both the shape of the function CC;;y; =
f(rlag) and the value of 7544, which corresponds to the maximum of the function, are characteristics
of the fluidization regimes.

Nacq—Tlagfacq

1
CCii+1(Tlag) = Nacq — Tlagfacq Z Pi (n)Pi+1(n + Tlagfacq) (6)

n=1

The second method, in the frequency space, applies a fast Fourier transform on the i
pressure signal P;, then noted Fj, to obtain the associated power spectrum density (PSD), ¢;; (Bi,
2007; Johnsson et al., 2000). It is given by Equation (7). The pressure signal is split into My;¢yps Of
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Ny
each group is calculated and averaged to obtain ¢;; (the average is identified by (F) in the equation).
The coherence analysis proposed by (van der Schaaf et al., 2002) reduces the effect of noise in the
signal by calculating the cross power spectral density (CPSD), ¢;,, between the i pressure signal and
a reference signal, denoted “0” (Eq.(8)). Then, if the signals are similar at a given frequency, the CPSD
is high. This is very similar to the cross-correlation function in the frequency space. Since ¢;, is a

complex value, the authors (van der Schaaf et al., 2002) also define the coherence term, yl-zo (Eq.(9)).

ts €ach to reduce noise and highlight the relevant frequencies of the air structures. The PSD of

1
du(f) = N (F(HF () (7)
pts
1
dio(f) = N—<Fi(f)F5(f)) (8)
pts
D = 5 P

The coherence term can finally be multiplied by the initial PSD to obtain a coherent spectrum
that exhibits a common phenomenon between the two pressure signals. In the same way, the
opposite of the coherence term allows extracting the different phenomena between the signals in a
new “incoherent” spectrum, I0P;, (Eq.(10)). Selecting the pressure recorded in the dispenser (P;,¢)
as the reference enabled the reduction of the noise in the signals (Gueguen et al.,, 2021). Some
information can be identified from this new spectrum, as explained in the next section.

10Po(f) = ¢u(F) (1= vA () (10)

A classical method of signal processing consists of using the signal-to-noise ratio, SNR (Price
and Goble, 1993). It consists of dividing integrals of the spectrum (i.e. powers of the spectrum) into
two relevant frequency ranges. With this same concept the bubbles and wall slugs are characterized
by frequencies above 1 Hz (Kong et al., 2017; Sabatier et al., 2020), and the axisymmetric slugs,
turbulent and fast fluidization regimes are characterized by frequencies smaller than 1 Hz (Gueguen
et al., 2021). Thus, a “signal-to-noise” ratio can be extracted from the incoherent part of the pressure
signal, as shown by Equation (11). Then, the negative values of SNR (expressed in decibels) are
representative of bubbles and wall slugs, as shown in the next section. According to Parseval’s
theorem, the power of a signal is conserved in the frequency and temporal spaces (Plancherel and
Leffler, 1910). Then, the integral of IOP;, and its evolution with height provide the same information
as the relative pressure fluctuations (Gueguen et al., 2021). The SNR is more relevant in our case.

Jr—o 10Po(Fdf

(11)
[:2 10Po(Fdf

SNR; = 10log
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Finally, both the value of the particle volume fraction and the shape of its evolution with
height are representative of the fluidization regime (Gueguen et al., 2022, 2021).

3.2.2. Characteristics of the fluidization regimes

This section presents the results obtained with the pressure signal analyses described above
to identify the fluidization regimes in the receiver tube. They are gathered in three configurations,
where transitions can occur with respect to the tube height: bubbling/slugging, bubbling/turbulent
fluidization and fast fluidization. The transition between these configurations is only possible with a
change in the experimental parameters.

First, the parameters related to the processing methods need to be fixed to perform the
identification. According to Shannon’s theorem, the maximum detectable frequency in a PSD is half
of the acquisition frequency (Shannon, 1949). Bubbles and wall slugs with typical frequencies above
1 Hz but not exceeding 10 Hz and an acquisition frequency f,.,0f 20 Hz were selected for the
experiments. Then, an earlier study on the identification of fluidization regimes showed that dividing
the signals into 4 groups of 1024 points each was sufficient to identify the fluidization regimes
(Gueguen et al., 2021).

The bubbling/slugging regime: Figure 7 presents a representative test performed with an
aeration flow rate of 0.41 sm3/h (i.e., a superficial air velocity at the aeration height of 0.09 m/s), a
pressure in the dispenser of 272 mbar and an incident solar flux density of 207 kW/m? (i.e., a power
of 20.7 kW). These parameters correspond to a particle mass flux of 15.4 kg/(mZ2.s) and a particle
outlet temperature of 524 °C. Figure 7a shows the result of the coherence analysis at the first
pressure signal, at 0.08 m above the aeration injection. The bubbling regime is identified in the
spectrum by frequencies higher than 1 Hz and very low magnitudes (van der Schaaf et al., 2002). Due
to this proximity to the aeration, the bubbling regime is identified for all tests at this height.
Consequently, it is not observed in the following results. Then, Figure 7b shows the coherence
analysis at the level of the 4™ relative pressure signal, recorded at 1.2 m height. The spectrum is
representative of the axisymmetric slugging regime, characterized by marked peaks with dominant
frequencies below 1 Hz and medium magnitudes (Deng et al., 2021; Kong et al., 2017). There are
almost no frequencies recorded above 1 Hz, which indicates that there are no more bubbles or wall
slugs. The characteristic frequency of 0.59 Hz is well representative of axisymmetric slugs. Notably, a
peak is observed at 0.25 Hz, which could also be characteristic of a slug due to their distributions.

Figure 7c shows the cross-correlation function between the 4" and 5™ relative pressure
signals, i.e., between 1.2 and 1.4 m height. Normalized by the maximum of the function, a peak at a
time lag of 0.2 s can easily be identified. This corresponds to the time needed by the air structure to
flow between the two pressure probes at an upward velocity of 1.0 m/s. This velocity correlates well
to the slugging regime according to the two-phase theory of fluidization (Deng et al., 2021; Fan et al.,
1983). Finally, Figure 7d shows the evolutions with height of quantities that enable the identification
of the fluidization regime. The irradiated height of the tube is represented in the figure with the
vertical dashed lines. The first quantity is the particle volume fraction (in red), which is roughly
constant, with a mean value of 0.274. The second quantity is the signal-to-noise ratio (black), as
explained in Section 3.2.1. The first point at the lowest height, which corresponds to the P1 signal, is
negative; here, the “noise” of the signal with frequencies above 1 Hz is dominant. This is
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characteristic of the bubbling regime. The value is positive higher in the tube; thus, the transition
through axisymmetric slugs occurred.
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Figure 7: Representative test of the bubbling/slugging configuration, performed with q,, = 0.41 sm3/h, P, = 272 mbar
and Qs = 207 kW/m? corresponding to G, = 15.4 kg/(m?s) and T, = 524 °C.

The bubbling/turbulent fluidization regime: Figure 8 presents a representative test with an
aeration flow rate of 0.81 sm3/h (i.e., a superficial air velocity at the aeration height of 0.16 m/s), a
pressure in the dispenser of 271 mbar and an incident solar flux density of 256 kW/m? (i.e., a power
of 25.6 kW). These parameters correspond to a particle mass flux of 25.5 kg/(m?2.s) and a particle
outlet temperature of 300 °C. As explained above, the first pressure sensors are too close to the
aeration injection, and the regime detected at this position is always bubbling. Then, Figures 8a and b
show the spectra obtained by coherence analysis of the second and fourth relative pressure signals,
respectively, recorded at heights of 0.84 and 1.2 m. Different from the slugging regime, the spectra
exhibit a quasi-plateau of frequencies below 1 Hz. They are associated with very high magnitudes,
much higher than those in the slugging regime. No dominant frequency can be extracted from these
spectra, which show the chaotic mixing characteristic of the turbulent fluidization regime (Bi et al.,
2000).

Figure 8c plots the evolution of the cross-correlation function between P, and Ps. The shape
of the function is different than in the case of the slugging regime, and the velocity provided by the
maximum time lag does not correspond to the two-phase theory for slugs. Finally, Figure 8d indicates
that the signal-to-noise ratio is negative for the first point, i.e., bubbling as explained above, and then
increases with height until the last sensors, where it decreases but remains positive. This trend at the
end of the tube is due to the high fluctuations at the surface of the suspension, which increase the
“noise” in the spectra, i.e., frequencies measured above 1 Hz, and then decrease the value of the
SNR. Furthermore, the particle volume fraction remains roughly constant with height, with a high
value of 0.296.
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Comparing Figure 7d and Figure 8d, it is surprising that particle volume fractions are very
similar despite the variation of regimes. This result can be explained by the variation of the
experimental parameters. In Figure 7, the temperature is 524°C whereas in Figure 8 it is 300°C, the
corresponding solid mass flux being 15.4 and 25.5 kg/(m2.s) respectively. Since the particle volume
fraction decreases with the flow temperature and increases with the particle mass flux, the effects
cumulate to rise the particle volume fraction in the turbulent regime at the level of the typical value
for the bubbling-slugging regime.
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Figure 8: Representative test of the bubbling/turbulent fluidization configuration, performed with q,, = 0.81 sm3/h, Py, =
271 mbar and s, = 256 kW/m? which corresponds to G, = 25.5 kg/(m?s) and T2, = 300 °C.

The bubbling/fast fluidization regime: Figure 9 presents a representative test of the fast
fluidization regime, performed with an aeration flow rate of 1.44 sm3/h (i.e., a superficial air velocity
at the aeration height of 0.29 m/s), a pressure in the dispenser of 165 mbar and an incident solar flux
density of 282 kW/m? (i.e., a power of 28.2 kW). These parameters correspond to a particle mass flux
of 15.9 kg/(m2.s) and a particle outlet temperature of 485 °C. As expected, the first pressure signal is
associated with the bubbling regime. Figure 9a shows the spectrum obtained by coherence analysis
of P,. It is characterized by a strong dominant frequency at 0.606 Hz and high magnitude on the
same order as that for the turbulent fluidization regime. Furthermore, there are some other peaks at
0.47 and 0.74 Hz that are still associated with high magnitudes. This distribution is due to the strong
mixing of the suspension. A question arises based on the spectrum: is the regime a turbulent
fluidization at the bottom and a core annulus above (Zhang et al., 2015)? Nevertheless, its shape is
also different from those of the turbulent fluidization regime. These peaks are actually characteristics
of the upward flow of particle clusters, representatives of the fast fluidization regime (Johnsson et
al., 2000). Furthermore, this regime is characterized by a relatively dense phase at the bottom of the
suspension and a decrease in the particle volume fraction with height. The P, spectrum at a height of
1.2 m is characteristic of this dilute phase (Figure 9b). The shape of the spectrum is globally similar to
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the previous one, but the magnitudes are much lower. The magnitudes decrease with increasing
height, as indicated by the evolution of the signal-to-noise ratio in Figure 9d.

The shape of the cross-correlation function in Figure 9c is very similar to the turbulent
fluidization regime. Finally, the evolution of the particle volume fraction in Figure 9d also shows the
presence of the dilute zone at the top of the suspension. The strong decrease is characteristic of the
fast fluidization regime. The mean value is 0.164, which is much lower than those in the other
fluidization regimes.
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Figure 9: Representative test of the bubbling/slugging configuration, performed with q,, = 1.44 sm3/h, Py, = 165 mbar
and @go; = 282 kW/m?, which corresponds to G, = 15.9 kg/(m>.s) and T;’;‘ft =485 °C.

The figures presented in this section have been selected for representative cases of each
fluidization regime. The identification may be difficult because the steady state is not always
perfectly satisfied, and multiple noise factors are due to the experimental facility, including the solar
furnace itself. Consequently, the identification of the fluidization regimes is more difficult than in the
earlier study at ambient temperature; however, it is still possible due to all of the processing
methods and their comparison.

4. Results

4.1. Fluidization regimes as a function of temperature

A total of 196 tests were performed during the experimental campaign under stationary
conditions in terms of particle mass flux, pressure and temperature. For each test, nine relative
pressure signals are recorded in the receiver tube. Bubbling, wall slugging, axisymmetric slugging,
turbulent fluidization and fast fluidization regimes were identified.
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To determine a complete diagram of the fluidization regimes in the same way as at ambient
temperature (cf. Figure 2), the regimes can be plotted as a function of the height and of the
operating parameters. After several trials concerning the pertinent operating parameters to use
(superficial air velocity as for classical fluidized beds, slip velocity as for CFBs, ratio of air velocity over
the minimum fluidization velocity, and others), the local slip Reynolds number, Reg;,, was selected
since it led to the best coherence between the experimental results. Several diagrams need to be
created to assess the influence of temperature on the fluidization regimes. They are identified by the
mean particle temperature in the irradiated zone of the receiver, T4t iy, Which varies between 150
and 700 °C.

The established diagrams are shown in Figure 10, where the markers and colors are
representative of the fluidization regimes. The number of points plotted in each diagram is specified
in the titles and varies between 110 and 248 points. Due to the temperature variation and the limits
in the operation conditions, the same range of Reg;, was not reached for every temperature.
Furthermore, although the slip velocity, or its associated Reynolds number, is used in CFB systems to
determine regime transitions, it is generally not used in classical fluidized beds. However, it was
selected since it enabled the points to gather in the regimes zones.
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Figure 10: Diagrams of the fluidization regimes encountered in the solar receiver tube and their transitions with height for
eight ranges of the mean particle temperature in the irradiated zone. The fluidization regimes are identified by color:
bubbling (orange), wall slugging (green), axisymmetric slugging (red), turbulent fluidization (black) and fast fluidization
(blue).

Then, Figure 10 shows that the bubbling regime (orange) is always identified at the height of
the first sensor due to its proximity to the aeration injection. Furthermore, fast fluidization (blue) is
observed for high values of Reg;;, turbulent fluidization (black) is observed for medium values, and
slugging is observed for the lowest values. In the latter, wall slugs (green) and axisymmetric slugs
(red) can be distinguished.

At ambient temperature, a coalescence trend was expressed based on (Mori and Wen, 1975)
to obtain the height of the transition between the wall and axisymmetric slugs as a function of the
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slip velocity (cf. Figure 2) (Gueguen et al., 2022). In the diagrams of Figure 10, this transition appears
to follow the same trend. However, not enough results are present in the wall slugging regime in
each diagram to fit a coalescence correlation. Nevertheless, there are enough data in each regime to
determine the vertical limits between them. Then, the limits between slugging and turbulent
fluidization and between turbulent and fast fluidization are represented in the diagrams by vertical
black and blue dashed lines, respectively. They have been obtained by maximizing the number of
data well identified in their corresponding zones.

Hence, Figure 11 illustrates the influence of temperature on the slugging to turbulent and
turbulent to fast fluidization transition limits. Two main trends are clearly identified. First, the
transition limits decrease with temperature. The values measured in the range 150-600°C are much
lower than the transition limits determined at ambient temperature, of respectively 1.24 and 1.86 for
the onset and the termination of the turbulent fluidization regime. Second, the size of the turbulent
fluidization domain, i.e., the difference between the two limits, also decreases with temperature.
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Figure 11: Evolution of the transition limits between the slugging and turbulent fluidization regimes (black) and between the
turbulent and fast fluidization regimes (blue) in terms of the local slip Reynolds number as a function of the mean particle
temperature in the irradiated zone.

4.2. Particle volume fraction

Figure 12 shows the evolution of the local particle volume fraction as a function of the local
slip velocity, calculated at the same height. The markers and colors are still representative of the
fluidization regimes.

First, the value of a; is always above 0.2, except for points at very high slip velocities
(corresponding to the fast fluidization regime); this result confirms that a dense gas-particle
suspension can be maintained regardless of the operation conditions. Second, contrary to the
previous section, the slip Reynolds number does not enable the gathering of the points. Hence, this
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representation is not detailed here. Although all operation temperatures are represented in the
figure, the points are gathered in a decreasing trend using the local slip velocity with a large overlap
between the fluidization regimes. Consequently, it appears that the viscous forces do not strongly
affect a since the particle volume fraction is a macroscopic parameter that represents the mean
particle concentration, averaged in time and space. Conversely, the viscous forces act on the particle
mixing at the microscopic level, i.e., on the fluidization regimes.
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Figure 12: Evolution of the local particle volume fraction versus the local slip velocity, with markers and colors
representative of the fluidization regimes, for all tests performed during the experimental campaign.

Since the air velocity increases with temperature, it is expected that the particle volume
fraction also varies with temperature. Figure 13 shows the variation in ; as a function of the local
temperature for the three ranges of the local slip velocity. Decreasing trends are clearly identifiable,
which attests that the temperature has a direct and high influence on the particle volume fraction.
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Figure 13: Evolution of the local particle volume fraction versus the local fluidized bed temperature, with markers and colors
representative of the fluidization regimes, for three given ranges of the local slip velocity.

5. Discussion

5.1. Comparison with the literature data

This section aims to compare the results of the fluidization regime transitions with the
literature data. This comparison is difficult since most of the studies have been performed only at
ambient temperature. However, several transition correlations have been established in terms of the
Reynolds number versus the Archimedes number (Equation (12)). They are summarized in Table 3
and are associated with an uncertainty of + 30%. Since Ar can be calculated as a function of
temperature, our data can be compared to the literature. Hence, the transition limits of the onset
and termination of the turbulent fluidization regime established in the previous section are plotted in
Figure 14 in terms of the slip Reynolds number versus the Archimedes number. In this figure, the
points obtained at ambient temperature in the previously cited study (Gueguen et al., 2022) are also
identified at high Ar. The slugging to turbulent fluidization transition is in black, and the turbulent to
fast fluidization transition is in blue.

_ pair(ppart - pair)gd::)v

Ar
uuczu'r

(12)

First, (Rabinovich and Kalman, 2011) established correlations for transitions using modified
Reynolds numbers that correspond to the product (1 — a)Reg;,,. Since the authors provide that
values of a of 0.1 and 0.04 in the turbulent and fast fluidization regimes, respectively, corresponding
values of the Archimedes number can be calculated. They are presented in Figure 14 with full lines.
Then, in the correlations of (Bi and Grace, 1995) and (Deng et al., 2021), the Reynolds number is
based on the superficial air velocity. Corresponding slip Reynolds numbers have been calculated
according to the data of the experimental parameters provided by the authors, and they are
presented in the figure with dashed and dotted lines, respectively. Furthermore, (Zhu and Zhu, 2008)
developed the concept of a circulating turbulent fluidized bed as an intermediate between a CFB and
a classical fluidized bed working in turbulent fluidization. They did not determine a transition
correlation, but they provided enough data to represent their working domain in the figure (black
squared). Finally, our results are correlated by the simple Equation (13), where the coefficients are
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655 listed in Table 3. They fit the experimental data at 86% for the slugging to turbulent fluidization
656 transition and 95% for the turbulent to fast fluidization transition. These uncertainties are due to the
657 low quantity of data per temperature range (cf. Figure 10).

658
Reg, = 1A/ (13)
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661 Figure 14: Comparison of the transition limits from the slugging to the turbulent fluidization regime (black) and from the
662 turbulent to the fast fluidization regime (blue) with the literature data in terms of slip Reynolds number versus Archimedes
663 number.
664
665 Table 3: Correlations established in various studies regarding fluidization regime transitions and in the present paper.
References Rabinovich and Kalman, 2011 Bi and Grace, 1995 Deng et al., 2021 This Paper
Eq“:::“ of (1 — a)Reg;, = (A ArP) Regy = C % ArP Reyy =E*ArF Rey, =G+ HAr  Regy, =1x%Ar!
Transition a A B c D E F G H I J
Slugging to
Turbulent 0.1 0.75 0.56 1.21 0.45 0.36 0.59 N.A N.A 0.12 0.18
Fluidization
Turbulent
Fluidization ) 2.06 0.33 1.53 0.50 N.A N.A 3.23. 0.23 0.65 0.73
to Fast
Fluidization
666
667 Our results are significantly lower than the literature data. This is mostly due to the operation

668  mode of the system. Moreover, in the particle-in-tube solar receiver concept, the particle circulation
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is controlled by both the overpressure in the dispenser and the aeration flow rate. Consequently,
part of the energy needed to create the particle circulation in a given flow regime is provided by the
overpressure, as demonstrated in (Zhang et al., 2017b). In contrast, the circulation in CFBs is only due
to a high air velocity (one order of magnitude larger than our). Then, in CFBs, the particle volume
fractions in the turbulent and fast fluidization regimes are very low, while they remain relatively
dense in our experiments with values above 0.15 even in the fast fluidization regime (cf. Figure 12).
In addition, Figure 14 indicates that the turbulent fluidization domain decreases with decreasing Ar,
i.e., with increasing temperature, in agreement with the data from (Bi and Grace, 1995). Conversely,
the correlations of (Rabinovich and Kalman, 2011) and (Deng et al., 2021) predict an opposite trend.

Despite the differences with the literature data, the transition trends are similar. The trends
are relatively linear using logarithmic scales, and the slopes are positive. Therefore, the Archimedes
number appears to be the pertinent number that accounts for the temperature effect on the
fluidization regimes and their transitions.

5.2. Wall-to-fluidized bed heat transfer

A relevant quantity for designing a solar receiver and characterizing its thermal performance,
accounting for the wall material specifications and the solar concentrating system, is the wall-to-
particle heat transfer coefficient, noted h,,q;; pare and calculated by Equation (14) (Benoit et al.,
2015; Le Gal et al., 2019). In this equation, the heat capacity Cp, »qr¢ is calculated as a function of the
particle temperature according to (Kang et al., 2019; Le Gal et al., 2019) and varies between 1 and
1.22 kJ/(kgK) in our experimental temperature range. The particle temperature increase, AT g4, is
selected as the difference between the particle temperatures at the outlet of the receiver and in the
dispenser to describe the real increase due to solar irradiation. The surface exchange area Sgycp iS
half of the internal cylinder surface since it accounts for the heat transfer from the irradiated part of
the tube only. Finally, ATy, 41 part represents the temperature difference between the internal walls
and the particles. This difference is expressed as a logarithmic mean between the inlet and the outlet
of the irradiated height (Equation (15)), similar to the power balance in heat exchangers. The particle
inlet temperature is calculated as the average of the temperatures measured within the tube at the

Toafe is measured (cf. Section 3): Tjp.. =

inlet of the irradiated zone, in the same way as
(Tl-nm + Tines +Tl-nt,9)/3, where the thermocouples are at radial positions of D;/3, D;/2 and
2D, /3. The calculation requires the determination of the internal wall temperatures at the inlet and

outlet of the irradiated zone, respectively T‘,‘;,Tél”‘int and T‘f,zltl_mt. These are not directly measured but

can be estimated based on the external wall temperature measurements, T‘%”’ext and T‘%ztz,ext'
considering the heat conduction through the tube (Equation (16)). The thermal conductivity of the
Inconel Ajpconer is @ function of the temperature according to (“Alloy Wire International, Inconel
601,” 2020) and varies between 14.6 and 25.6 W/(mK). In addition, the absorptivity of the Pyromark®
paint @pyromark is 0.85 in the solar wavelengths according to (C. K. Ho et al., 2014), and e; is the
tube thickness of 3 mm.

h _ GpSth,partATpart
wall,part — S

(14)
exchATwall,p art
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The wall-to-particle heat transfer coefficient, hy,q;1 part, is presented in Figure 15a for several
fluidization regimes and three particle temperature ranges. Values up to 1600 + 200 W/(m?2.K) were
measured during the experimental campaign. Due to the definition of h,,q;; par¢ (in Equation (14)), it
is strongly dependent on the particle mass flux, as previously shown by (Benoit et al., 2015; Le Gal et
al., 2019). Since high particle temperatures have been obtained for low particle mass fluxes because
of constraints related to the experimental setup limitations at the laboratory scale, they are
associated with low values of hy,q;; pare, and there is no identifiable dependence on the fluidization
regime. Consequently, it does not qualitatively show the quality of the heat transfer between the
wall and the particles, which strongly depends on the particle mixing, i.e., on the fluidization regime.

In an ideal solar receiver, the temperature of the particles would be equal to the tube wall;
hence, AT,q11,pare Would be null, and the particle temperature increase ATy, q,+ would be maximum,
causing the wall-to-particle heat transfer coefficient to be infinite. Then, a dimensionless heat
transfer coefficient, Hy,q11 pare, is derived. It is calculated by Equation (17) as a ratio of the particle
temperature increase over the mean temperature difference between the internal wall and the
particles. Hence, it is infinite in the case of an ideal receiver and is an indicator of the heat transfer
quality, or its intensity.

ATpart _ hwall,partsexch

Hwall,part = (17)

ATwall,part GpSth,part

According to (Grace et al., 2020c), the heat transfer in a fluidized bed is composed of
convective, conductive and radiative components that increase with the bed temperature. The same
trend is illustrated in Figure 15b, which represents the mean values of the dimensionless wall-to-
particle heat transfer coefficient for the same conditions as previously described.

First, it is clearly observed that the quality of the heat transfer increases with the particle
temperature, as expected. Furthermore, at low temperature, the values of dimensionless Hy,q11 part
are similar for the slugging, turbulent and fast fluidization regimes. When the temperature increases,
the turbulent fluidization regime is associated with the highest dimensionless heat transfer
coefficients, while the slugging regime exhibits lowest Hy 4y pare Values. Moreover, the very high
particle mixing and the medium particle volume fraction associated with the turbulent fluidization
regime results in highly efficient heat transfer.

25



739

740
741

742

743

744
745
746
747
748
749
750
751
752
753
754
755
756
757

758
759
760
761
762
763
764
765
766
767
768
769
770

771

a) 2000 b} & 7
_ I o150<T  <=2007C "’r‘._.ﬂ § 150<T ., <=200°C
< 1800 ] 300<T, . <=350°C %- § 300<T . <=350°C
E § 450<T . <=500°C £ 61 B O450<T . <=500°C
E 1600 - 3 -
= [
t o n
g 1400 5 5
o | =
3 % % 5
= 1200 I | S ol
= e 3
2 1000 % 7
E B 3
g 800f =
2 5
3 600} 2l 4
Z 400t £ A §
¥ a0 2 %
2 200 S
£
£

Slugging Turbulent Fluidization Fast Fluidization Slugging Turbulent Fluidization Fast Fluidization

Figure 15: Evolution of the wall-to-particle heat transfer coefficient, a) in a common representation (in W/(m2K)) and b) as a
dimensionless coefficient, for the slugging, turbulent and fast fluidization regimes at a given particle temperature.

5.3. The role of temperature in the regime transition and the associated heat transfer

As pointed in (Cui et al., 2003), the effect of temperature on fluidized Group A particles flow
cannot be fully explained by the macro-scale change of gas properties (density and viscosity), micro-
scale changes are also important. Geldart’s Group A particles are subjected to clustering contrarily to
Group B as shown in (Leckner, 2017) who compared the behavior of Geldart’s Group A and B.
Clustering is due to inter-particle forces that gain importance for small particles (Group A). Since the
temperature increase results in weaker attraction forces, the particle volume fraction decreases (the
bed porosity increases) with temperature as shown in (Formisani et al.,, 1998). On this basis, the
following explanation of the decrease with temperature of the transition velocity between slugging
to turbulent regime and between turbulent to fast fluidization regimes is proposed (Figure 11). The
increase in temperature results in particles that are more distant in the dense phase, consequently,
emulsion phase and clusters break more easily with a rise in gas velocity. This effect becomes more
important at high gas velocity since inertia forces increases with respect to viscous forces that
dominate at low velocity. This trend explains the narrowing of the turbulent regime domain. This
interpretation is supported by the work of (Choi et al., 2011).

Concerning the effect of the temperature and the fluidization regime on the heat transfer
coefficient, Hyq1pare (Figure 15) the following interpretation is proposed. First, the increase of
Hyaupare With the temperature is well established since both the air thermal conductivity and the
radiation contribution increase with the temperature (Flamant et al., 1993). Second, the surface-
particle-emulsion model is a coherent basis to explain the influence of fluidization regime (Wang et
al.,, 2007). Assuming that the heat transfer between a fluidized bed and an immersed surface is
governed by the dynamic process of heat exchange between emulsion packets or particle clusters
(particle phase) that are continuously renewed at the surface; one can easily deduce that the
exchange efficiency depends on the particle phase properties and its residence time. The heat
exchange intensity is high for low residence time (fast renewal) and high particle phase density (high
equivalent thermal diffusivity). The turbulent regime is a tradeoff between long residence time in the
slugging regime and lean cluster phase in the fast fluidization regime. It corresponds to an intense
renewal of dense particle clusters at the heat exchange surface.
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6. Conclusion

The evolution of the hydrodynamics of an upward-flowing fluidized bed in a tubular solar
receiver with a high aspect ratio is assessed as a function of temperature. Olivine particles belonging
to Group A of the Geldart classification are used. The superficial air velocity in the tube varies
between 0.025 and 0.469 m/s, and the particle mass flux ranges between 0 and 93 kg/(mZ.s). The
tube is heated due to concentrated solar energy, causing the particle temperature at the outlet of
the receiver to reach 680 °C.

Temporal pressure signal analyses are used to identify the fluidization regimes in the tube.
Bubbling, wall and axisymmetric slugging, turbulent fluidization and fast fluidization are identified.
Their transitions are governed by both the local slip velocity, expressed as a particle Reynolds
number to account for the viscous effects, and the particle temperature. The onset and offset limits
of the turbulent fluidization regime both decrease with temperature. The transition velocities are
significantly lower than those for the standard CFB and C-TFB, probably due to the two forces
(pressure and drag components) governing the flow structure.

The local particle volume fraction decreases with both the slip velocity and the particle
temperature and remains above 15-20%. Consequently, the fluidized bed can be considered dense
regardless of the fluidization regime.

A dimensionless wall-to-particle heat transfer coefficient is derived to determine the
intensity of the heat transfer. The heat transfer coefficient increases with the temperature.
Furthermore, the turbulent fluidization regime is associated with the highest heat transfer intensity.
Thus, this regime should be preferred for the operation of a solar power plant.
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