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Abstract: The fluidized particle-in-tube solar receiver concept is promoted as an attractive solution
for heating particles at high temperature in the context of the next generation of solar power tower.
Similar to most existing central solar receivers, the irradiated part of the system, the absorber, is
composed of tubes in which circulate the fluidized particles. In this concept, the bottom tip of the
tubes is immersed in a fluidized bed generated in a vessel named the dispenser. A secondary air
injection, called aeration, is added at the bottom of the tube to stabilize the flow. Contrary to risers,
the particle mass flow rate is controlled by a combination of the overpressure in the dispenser and the
aeration air velocity in the tube. This is an originality of the system that justifies a specific study of
the fluidization regimes in a wide range of operating parameters. Moreover, due to the high value of
the aspect ratio, the particle flow structure varies along the tube. Experiments were conducted with
Geldart Group A particles at ambient temperature with a 0.045 m internal diameter and 3 m long
tube. Various temporal pressure signal processing methods, applied in the case of classical risers, are
applied. Over a short acquisition time, a cross-reference of the results is necessary to identify and
characterize the fluidization regimes. Bubbling, slugging, turbulent and fast fluidization regimes are
encountered and the two operation modes, without and with particle circulation, are compared.

Keywords: fluidization regimes; dense particle suspension; particle-in-tube solar receivers; hydrodynamics
of gas-solid flow; upward circulation; pressure signal processing

1. Introduction

Concentrated solar power (CSP) plants convert solar radiation into electricity using a
thermodynamic cycle. In solar towers, a heliostat field focuses the solar irradiation onto a
solar receiver located at the top of the tower, in which a heat transfer fluid (HTF) absorbs
the heat from the concentrated solar power. The HTF circulates through a heat exchanger to
transfer the heat either to a storage tank or to another fluid like air or steam. This working
fluid powers a turbine that produces electricity. The stored part is used to supply electricity
on demand. The commonly used HTF is the solar salt (KNO3–NaNO3 eutectic), which is
efficient because it can be used as HTF and storage medium but is limited in minimum
and maximum operating temperatures because of solidification (≈220 ◦C) and chemical
decomposition (565 ◦C) respectively [1,2].

In order to overcome these issues, three laboratories are developing different solar
receiver concepts based on the utilization of particles as heat transfer medium. The Sandia
National Laboratory (United States) and the German Aerospace Center (Germany) study
the falling particle and the centrifugal receivers, respectively [3,4]. The CNRS (France) has,
since 2010, developed a receiver concept based on upward forced circulation of a fluidized
particle through long irradiated tubes [5]. In such a receiver, the tubes are immersed in
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a vessel called the dispenser that acts as a feeder tank. In the dispenser, the particles are
fluidized and an upward particle flow in the tubes is obtained by applying a pressure in the
freeboard of the dispenser. This type of flow differs greatly from risers, widely studied in
the literature, since it is not only the velocity of the carrier phase (i.e., air) that generates the
upward flow of particles but a combination of the latter and a pressure gradient between
the dispenser and the collector. As a result, the solid volume fraction of the generated
upward flow varies in a wide range. This concept, more detailed in Section 2.1, presents
several technological benefits. First, the use of a tubular receiver that is similar to those used
with molten salts. Second, particles are not limited to a particular working temperature
range, contrary to molten salts. Third, the same medium can be used as HTF and storage
material. At large scale and high temperature (>700 ◦C), the use of a cavity is needed to
improve thermal efficiency by reducing thermal losses [6]. Furthermore, high operation
temperatures open the route for high-temperature thermodynamic cycles that improve the
heat-to-electricity efficiency [7]. Additional advantages are economic and environmental.
Depending on the chosen particles, it can significantly reduce the costs of the HTF and
storage medium: around 150–200 $/ton, i.e., significantly less than molten salts [8]. Finally,
the use of mineral particles allows a reduction in the environmental footprint of the power
plant [9].

Several papers have been published in the framework of the Concentrated Solar
Power in Particles (CSP2) and the Next-CSP European projects [10,11]. The studied config-
urations focus on one or several tubes, with irradiated heights of 1 m and with aeration
flow rates and particles mass fluxes up to 0.7 sm3/h and 110 kg/m2s respectively [12–15].
Wall-to-fluidized bed heat transfer coefficients up to 1200 W/m2K have been observed
experimentally with finned tubes. These articles emphasize that the thermal performances
of the solar receiver are strongly correlated to the hydrodynamics of the two-phase flow.
Two transitions of regime have been identified in this kind of tube: from bubbling to wall
slugging and then to axisymmetric slugging [16,17]. Since the formation of axisymmetric
slugs result in a significant decrease of the wall-to-bed heat transfer because of a reduc-
tion of particle mixing, the identification of the fluidization regime is critical for solar
applications [18,19].

However, those previous experimental studies focus mainly on the proof of concept
and on global understanding of the heat transfer under solar irradiation [12–15]. Experi-
mental set-ups were richly instrumented in thermocouples but poorly in terms of pressure
probes along the receiver, which prevented the identification of the different fluidization
regimes. In more recent studies, fluidization regimes were analysed by means of a high-
speed camera [16,19]. However, in [19] the authors studied only a particle non-circulating
configuration. The use of temporal pressure signals, which is a powerful tool to identify
the fluidization regimes in the tubes of the receiver is not discussed in these papers. From
the previous point of view, an originality of this work lies in the use of cross-diagnostics
with the different methods in order to reduce the acquisition time needed to detect the flow
regime (classically of the order of magnitude of an hour). Furthermore, the previous studies
cover a limited range of the aeration flow rate, which limits the spectrum of observable
fluidization regimes to bubbling and slugging. Increasing this flow rate could lead to
a turbulent fluidization regime that is characterized by both a decrease of the particles
volume fraction and a strong increase of the particles mixing [20]. Such regime could
help to improve the heat transfer, as predicted by [16]. Such simple reasoning motivates
a broadening of the range of the aeration flow rate, in order to improve the internal mix-
ing of the suspension. Under on-sun conditions, it could also improve the wall-to-bed
heat transfer coefficient and thus the receiver efficiency. Moreover, a comparison of flow
regimes between circulating and non-circulating operation conditions is another originality
of this paper.

This paper aims to compare several analysis methods of temporal pressure signals to
identify and characterize the different fluidization regimes in an upward, dense, gas-solid
flow inside a tube with a large aspect ratio (height/internal diameter > 80), at ambient
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temperature. A mock-up was set up to study the evolution of the flow structure using
pressure measurements through a wide range of experimental parameters, in particular
the gas velocity, which enables the turbulent fluidization regime to be reached. The
experimental set-up is presented first and then the different methods used to analyse the
pressure signals. The fluidization regimes in the tube are then identified on the basis of
temporal pressure signal-processing methods.

2. Experimental Set-Up
2.1. Cold Mock-Up

The cold mock-up is presented in Figure 1. It is composed of a dispenser (section
Sdisp of 0.571 m2), in which the particles are fluidized with an air flow rate,

.
q f , through a

porous metal plate distributor (bronze). The latter ensures a homogenous distribution of
the air flow in the dispenser.

.
q f is kept constant at 16.8 sm3/h to obtain a homogeneous

freely bubbling regime in the dispenser. This corresponds to a fluidization velocity U f
of 0.97 cm/s, i.e., 1.7 * Umb, where Umb stands for the minimum bubbling velocity of the
particles (cf. Section 2.2). A glass tube, of a total height Ht = 3.63 m and an internal
diameter (I.D.) Dt = 45 mm, is immersed into the fluidized bed up to 7 cm above the
porous distributor.
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A pressure-control valve enables control of the overpressure in the freeboard of the
dispenser. Increasing the freeboard pressure results in the gas-particle suspension flowing
upward in the tube and reaching the collector at atmospheric pressure. Particles are also
fluidized in the collector to ease the particle discharge. The difference between the total
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pressure of the dispenser i.e., the sum of the freeboard pressure and the pressure drop
through the dispenser and the atmospheric pressure is the driving pressure of the system,
Ptot.

A weighting scale is placed at the tube discharge to measure the time-dependent
particle mass flow rate

.
mp. A storage tank is connected to the dispenser by a rotary valve,

which feeds the dispenser with particles to keep the particle mass in the dispenser and
thus the total pressure approximately constant during a test.

In order to stabilize the flow, a secondary air flow rate
.

qae, called “aeration”, is
injected through a nozzle of 1.5 mm I.D. at the bottom of the tube (0.52 m above the
porous distributor) [15]. The tube is equipped with eleven pressure sockets regularly
spaced by 25 cm, the first probe being located 18 cm above the aeration injection. These
sockets are connected to differential or relative pressure sensors depending on the targeted
measurements. The measurement ranges and response times of the sensors and flow
meters fit the experimental requirements, as presented in Appendix A. They are connected
to data acquisition systems.

The control parameters of the facility are the following:

- The aeration air flow rate in the tube
.

qae ranges from 0.4 to 2.5 sm3/h. The superficial
air velocity in the tube Uair is the sum of the superficial velocities in the dispenser and
the tube, U f and Uae respectively, and ranges from 0.01 to 0.54 m/s.

- The driving pressure of the system Ptot, i.e., the relative total pressure in the dispenser,
varies up to 413 mbar for the tests considered in this paper. Combined with the
aeration, it allows the suspension to reach a given height in the tube or to flow at a
given mass flow rate outside the tube.

- The level of the suspension in the tube Hbed varies but is limited by the tube height
Ht = 3.18 m above the aeration injection.

- The particles mass flux Gp, i.e., the solid mass flow rate
.

mp divided by the section
of the tube St = 0.0016 m2, is determined by linear regression of the particle mass
weight recorded by the weighting scale during an acquisition. It varies during the test
campaign up to 122 kg/m2s (698 kg/h).

2.2. Particles

Olivine particles are used. They were selected for their good thermal, mechanical
and fluidization properties [9]. Both the particle size distribution and their characteristic
fluidization velocities have been measured. The properties of the olivine sample are
summarized in Table 1.

Table 1. Properties of the olivine sample.

dSV (µm) dV (µm) ϕ σ Ar

Particle size 61 µm 81 µm 75% 59.6% 21
Umf (cm/s) Umb (cm/s) Ut( m/s) Uk (m/s)

Velocities 0.42 ± 0.03 0.57 ± 0.04 0.40 ± 0.04 0.49 ± 0.04

The particle size distribution of the olivine sample (Figure 2) has been determined by
laser diffraction using a Malvern Mastersizer 3000 granulometer. The Sauter mean diameter
dsv is estimated at 61 µm [18,21]. This value is relatively low compared with the peak of the
distribution (at 79 µm) because the dsv takes into account the presence of fine particles. The
spread of the size distribution is calculated as σ = (d90 − d10)/(2d50) = 59.6%, where dX is
the diameter corresponding to the X% value on the cumulated distribution (dashed curve
in Figure 2). The volume diameter dv is estimated as 81 µm and the mean sphericity of the
sample is ϕ = dsv/dv = 75%. With a particle density ρp of 3300 kg/m3 and a calculated
Archimedes dimensionless number of 21 (calculated considering the viscosity of the air at
atmospheric pressure and 20 ◦C of 1.85 × 10−5 Pa.s), these data confirm that the olivine
sample belongs to group A of the Geldart classification [22].
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Figure 2. Particle size distribution, relative (solid curve) and cumulative (dashed curve).

The particles concentration for the fixed bed was estimated at 0.48 ± 0.02 by weighing
a known occupied volume. The characteristic fluidization velocities have been measured
in a fluidization column of 9 cm I.D., as plotted in Figure 3. The minimum fluidization
velocity Um f is determined by the pressure drop versus air velocity (Figure 3a), at the
intersection of the curves relative to the fixed bed and the fluidized bed at decreasing air
velocity to avoid channelling [23,24]. The minimum bubbling velocity Umb is identified
in Figure 3a at increasing air velocity when the pressure drop through the fluidized bed
dramatically decreases, which is representative of the first bubbles erupting at the bed
surface [25]. The calculated values are respectively 0.42 and 0.57 cm/s, which are in good
agreement with the correlations in the literature for group A particles [24,26]. The small
difference between Um f and Umb is due to the amount of fine particles in the sample.
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Figure 3b shows the minimum velocities that delimit the turbulent fluidization regime,
Ut and Uk. Ut is identified at 0.40 m/s when the pressure fluctuations reach a maximum [27].
Uk corresponds to the terminal velocity, where the fast fluidization regime occurs. In the
standard column, the particles are entrained outside of the vessel, characterized by a strong
diminution of the measured pressure drop and a level-off of the pressure fluctuations if
the bed is not fed [27,28]. Uk was thus identified at 0.49 m/s. According to [28], the fast
fluidization is characterized by a phase inversion: there are no more void but particles
structures (i.e., clusters) inside the suspension, entrained upward at high velocities. This
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is discussed in Section 4. The Ut and Uk velocities are very close because the turbulent
regime zone is very narrow with the particles used, as predicted by [29].

3. Scientific Background

The methods presented in this section are classically used in the literature to study
fluidized beds and fluidization regimes. However, an originality of this work lies in the
use of cross-diagnostics with the different methods in order to reduce the acquisition time
needed to detect the flow regime (classically of the order of magnitude of an hour). This
work will allow, from an application point of view, the detection of the flow regimes in
quasi-real time.

3.1. Solid Volume Fraction Analysis

The dimensionless solid volume fraction αp is the proportion of the volume occupied
by the particles. It is the opposite of the porosity, αp = 1− ε, and it is determined from
pressure drop measurements. The evolution of this quantity with the tube height is an
indicator to identify some fluidization regimes. This point is discussed in Section 4. The
pressure drop over a height H can be decomposed into a sum of three contributions, as
explained in [30]:

- A pressure drop due to the energy used to accelerate the particles until the particle
velocity, ∆Pacc = GpUp.

- A pressure drop due to the effective weight of the suspension, ∆Pp = αp
(
ρp − ρair

)
gH.

- A pressure drop due to the friction against the tube walls, ∆Pf r =
(
αp3CDρair H/(4dsv)

)(
Uair −Up

)2, with CD the friction coefficient calculated at 0.925 by the method de-
scribed by [31].

In our experiments, the total pressure losses due to particle acceleration and wall
friction represent less than 3% of the measured pressure drop, which is of the order of
magnitude of the observed pressure fluctuations. Those pressure drops are thus negligible,
as shown in [32], and the pressure drop in the tube can be expressed in terms of the
suspension’s effective weight only. This leads to the averaged local solid volume fraction in
a tube volume between two pressure sockets Equation (1), at the average height hi =

hi+1+hi
2 ,

and with ∆hi = hi+1 − hi = 25 cm the distance between two sockets.

αi

(
hi

)
=

∆Pi(
ρp − ρair

)
g∆hi

(1)

In Equation (1), ∆Pi is the mean value of the ith differential pressure signal, calculated
along the entire time of an acquisition. A typical differential pressure signal is presented
in Figure 4, with the mean value in red dashed line. The sensors measurement error is
0.05 mbar and is thus negligible compared with the pressure fluctuations around the mean
value. These fluctuations are represented by the standard deviation of the signal (black
dashed lines in Figure 4), which is directly related to the fluidization regime. The overall
solid fraction along the total bed height is calculated as the average of the n measured local

solid fractions along the tube height, αh = 1
n

n
∑

i=1
αi.

3.2. Temporal Analyses

Pressure measurements are used in risers to study the hydrodynamics of the suspen-
sion. In fact, since an isolated structure (void or particles) moving in front of a pressure
socket causes positive pressure at its top and a suction at its wake, the recorded temporal
pressure signals result in a succession of upper and lower peaks [33,34]. These signals can
hence be analysed in the time or frequency domains to identify the associated fluidization
regimes [35–38]. Thus, the same methodology is applied with the particle-in-tube solar
receiver concept studied in this paper. A succession of both an upper and a lower peak
above and below the mean value of the signal materializes the passage of a slug or a cluster
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of particles, while noisy peaks that do not cross the mean value are related to the passage
of smaller structures, i.e., small bubbles or particle aggregates [36].
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Figure 4. Example of a temporal differential pressure signal during a test. The dashed red line indicates the mean value of
the signal, and the black ones correspond to the associated standard deviation, i.e., the fluctuations.

3.2.1. The Cross-Correlation

The marked peaks highlight a typical structure (here a void) propagation in the tube.
Then, considering two pressure signals at successive positions in the tube, Pi(t) and Pi+1(t),
with Pi the lower position, the calculation of the cross-correlation function Ri,i+1 enables
us to determine the time lag τ and apply it to Pi+1, and so maximizing its correlation
with Pi. The cross-correlation function is calculated over a time window made of the Nacq
acquisition point Equation (2) [36,37].

Ri,i+1(k) =
1

Nacq − k

Nacq−k

∑
n=1

Pi(n)Pi+1(n + k) (2)

When two signals are correlated, the Ri,i+1 function is maximal for the time lag
τm, which corresponds to the time taken by the structure to flow up between the two
pressure sockets. In Equation (2), this time lag is related to a numerical lag k with the
acquisition frequency facq. Knowing the distance between these positions in the tube ∆h,
the time lag can be related to the upward velocity of the perturbation at the examined level,
Uv,i

(
hi

)
= ∆h/τm,i. The accuracy of this method to identify the fluidization regimes is

discussed in Section 4.

3.2.2. The Coherence Analysis

The frequency of perturbation, i.e., the number of perturbations moving in front
of a pressure probe per second, could be calculated by counting the number of peak
characteristics in a pressure signal and dividing it by the acquisition duration. Such an
approach is however limited by the difficulty in identifying the characteristic peaks. The
coherence analysis proposed by [38] gives a mathematical tool to extract such frequencies
from the measurements. A Fourier transform is applied to the signal Pi(t) to calculate its
power spectral density (PSD) φii, Equation (3). In this equation, Fi( f ) represents the fast
Fourier transform (FFT) of Pi(t). In order to smooth the obtained spectrum by reducing
noise and highlight the relevant frequencies, the pressure signal is decomposed into M
groups. The FFT is calculated for each group, and the sub-spectra are averaged to give the
final PSD. This is denoted by the brackets in Equation (3).

φii( f ) =
1
N

Fi( f )F∗i ( f ) (3)
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φ0i( f ) =
1
N

Fi( f )F∗0 ( f ) (4)

In such complex flows, there are many noisy frequencies in the PSD function. These
frequencies correspond to pressure waves associated with the experimental device, freely
bubbling regime in the dispenser, fluctuations of the suspension surface or even to tran-
sient regimes. Some of these phenomena cause significant pressure fluctuations on the
temporal signal. In the frequency domain, it means that the magnitudes associated to
their frequencies are important and can hinder the identification of the targeted frequen-
cies. To reduce the impact of these noisy frequencies, the cross power spectral density
(CPSD) φ0i between the ith pressure signal and a chosen reference, denoted by the “0”
subscript, is also calculated Equation (4). Then, if the two pressure signals are coherent
for one frequency, the CPSD function is maximum. Authors defined the coherence term
γ2

0i( f ) = Φ0iΦ∗0i/(Φ00Φii) to normalize this quantity [38]. It results in decreasing the influ-
ence of common frequencies, and the incoherent part of the studied pressure signal IOP0i
is then representative of the local phenomena, i.e., the local perturbations Equation (5). The
dominant frequency of this new signal hence represents the perturbation frequency at the
sensor height.

IOP0i( f ) =
(

1− γ2
0i( f )

)
∗ φii( f ) (5)

In the literature, some authors combine a huge number of short acquisitions at high
frequency, to smooth the obtained spectra and identify the frequencies due to the fluidiza-
tion regime [36]. However, the acquisition time is limited by the capacity of the particle
storage tank in our experiments. Thus, the parameters of the frequency treatment need
to be optimized by considering this constraint to highlight the relevant frequencies. The
frequencies of studied voids being of the order of 1 Hz or less, an acquisition frequency of
20 Hz is pertinent [17–19]. Furthermore, according to [36], 16 groups of 1024 points each is
enough to characterize bubbles. To characterize slugs and, more globally, perturbations
of lower frequencies than bubbles, four groups of 1024 points each is adapted. This corre-
sponds to 205 s of acquisition duration. Results associated with this method are presented
in the following section.

4. Results
4.1. Experimental Parameters of the Compared Acquisitions

Seven aeration flow rates have been tested, from 0.4 to 2.5 sm3/h. For each flow rate,
three tests have been recorded for different flow configurations: without particle circulation
and the height of the suspension in the tube around 2 m above the aeration injection, and
with circulation, for two particle mass fluxes, Gp ≈ 50 and 100 kg/m2s. The operating
parameters associated with these tests are presented in Table 2.

The superficial air velocity increases along the tube height because of the pressure
decrease, as shown in Figure 5 for three aeration flow rates. For a given air flow rate, the
plots are very similar with and without particles circulation. Thus, only tests without
circulation are presented for the sake of clarity. The transition velocities, which mark the
onset and the offset of the turbulent regime, respectively Ut and Uk (see Section 2.2), are
presented in Figure 5 with dashed lines. Several fluidization regimes should be observed
over the tests. The tests with 0.8 sm3/h aeration flow rate should be in the slugging regime,
and those with 2.5 sm3/h, in the fast fluidization regime. Tests with intermediate flow
rates could be transitional between these regimes because the air velocity exceeds the limit
of Ut along the tube height.
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Table 2. Operating parameters of the experimental acquisitions.

Aeration Flow Rate
.

qae (sm3/h) Tests without Circulation, Hbed around 2 m Tests with Circulation, Gp around 50 kg/m2s Tests with Circulation, Gp around 100 kg/m2s

0.4 2.40 ± 0.06 m 59.2 ± 1.7 kg/m2s 107.1 ± 3.4 kg/m2s
0.8 2.08 ± 0.09 m 58.2 ± 1.6 kg/m2s 122.0 ± 3.2 kg/m2s
1.2 2.30 ± 0.08 m 56.3 ± 1.4 kg/m2s 106.6 ± 2.9 kg/m2s
1.5 1.86 ± 0.13 m 62.5 ± 1.8 kg/m2s 103.3 ± 2.7 kg/m2s
1.7 2.03 ± 0.11 m 56.4 ± 1.5 kg/m2s 98.9 ± 2.7 kg/m2s
2.1 2.08 ± 0.15 m 52.0 ± 1.3 kg/m2s 99.2 ± 2.6 kg/m2s
2.5 1.88 ± 0.24 m 69.1 ± 1.7 kg/m2s 116.8 ± 2.8 kg/m2s

Average values 2.09 ± 0.20 m 59.1 ± 5.4 kg/m2s 107.7 ± 8.7 kg/m2s
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4.2. Identification of the Fluidization Regimes in the Tube

The recorded pressure signals have been analysed by the methods presented in
Section 3 to identify the fluidization regimes in each configuration.

4.2.1. Solid Volume Fraction

The shape of the evolution of the solid volume fraction αi with the tube height can be
an indicator of the fluidization regime. Figure 6 shows three evolutions for the same tests
as presented in the previous section. The corresponding air velocities at the level of the
aeration injection are indicated in the titles of the sub-figures. The bars are representative
of the pressure fluctuations. In Figure 6a, the superficial air velocity is lower than Ut (cf.
Figure 5) confirming, with the visual observations, that the suspension is in the slugging
regime. Here, αi slightly decreases with the height of the bed due to the coalescence of the
bubbles, and the surface of the suspension is measured at approximately 2 m. The sensors
above this limit measure nearly zero because there is no particle. Then, in Figure 6c, the
superficial air velocity is higher than Uk and the evolution of αi is clearly different. There is
a dense zone where αi decreases with the bed height, followed by a dilute zone where the
measured pressure drop is not zero. The shape of this evolution is clearly a characteristic
of the fast fluidization regime as explained in [20]. Furthermore, in this regime, clusters of
particles are entrained upward, which was visually confirmed. Based on the air velocities,
the test in Figure 6b should correspond to an intermediate between the slugging and the
fast fluidization regime. A dilute zone exists, which is less marked than the one in Figure 6c.
However, there is no cluster visually observed, which confirms that the test is not in the
fast fluidization regime. This test could be representative of a turbulent regime. This is
discussed in the following sections.

Tests with particle circulation are not presented but the evolutions of αi show similar
shapes for aeration air flow rates of 0.8 and 2.5 sm3/h, thus representative of the slugging
and fast fluidization regimes respectively. However, for 1.7 sm3/h aeration, the evolution
with particle circulation is similar to the one in Figure 6a, i.e., representative of the slugging
regime. This trend is explained by the variation of the slip velocity Uslip = Uair −Up,
i.e., the difference between the upward air and particles velocities, which decreases when
particles are circulating for a given air flow rate. In fact, this velocity is the pertinent
parameter for defining the transitions of regime in circulating systems in simple fluidization
columns according to [29].
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It is obvious that the aeration flow rate has a strong influence on the solid volume
fraction. This influence is directly presented in Figure 7 in terms of the overall solid volume
fraction αh, calculated in the dense zone, versus the superficial excess air velocity in the
tube Uair −Um f at the level of the aeration injection. Three curves are presented, for the
following test cases: no particle circulation, and particle mass fluxes of 50 and 100 kg/m2s.
First, the increase of the aeration flow rate induces a relatively linear decrease of αh because
of an increasing air volume, as was previously observed [16,17]. This means that the
fluidization regime has no influence on the proportion of the volume occupied by the air.
Second, it highlights a strong difference between the operation conditions: the suspension
is denser with circulation than without, and αh increases with Gp. This is because the
particle circulation induces a stronger pressure drop, especially due to the acceleration
term (see Section 3.1).
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4.2.2. Power Spectrum Analyses

The spectra obtained with the coherence analysis detailed in Section 3.2 are analysed
and compared with the data presented in the previous section to identify the fluidization
regimes in the tube. One starts with the analysis of spectra obtained with the Ptot signal
pressure, i.e., in the dispenser (Figure 8). As this signal is the chosen reference of the
coherence analysis, the spectra are simple PSD’s. The frequency axis is limited to 5 Hz
because the higher ones are not relevant in this study. The spectra show three different
flow configurations. Figure 8a presents the configuration defined by 0.4 sm3/h of aeration
flow rate and no particles circulation. The exploding bubbling regime in the dispenser is
easily identifiable by a peak at 1.8 Hz, with a very low magnitude characteristic of bubble
induced pressure fluctuations. There are also several peaks above 0.2 Hz, which could
be representative of the slight transient regime, always present, and of the oscillations at
the bed surface. Figure 8b corresponds to the same experimental aeration conditions as
Figure 8a, but with a solid mass flux of 59 kg/m2s. When there is circulation, the quantity
of particles in the dispenser is not perfectly constant. This results in a variation of the
measured Ptot, with a signature in the spectrum like a strong transient regime with a peak
at very high magnitude around 0.1 Hz and a gradually decrease until approximately 0.2 Hz.
However, a zoom on the rest of the frequencies shows a spectrum similar to the one in
Figure 8a but with less information. This means that a particle flow i.e., a variation of the
particle mass in the dispenser can hinder the identification of the characteristic peaks in
the spectra. To reduce this phenomenon, a moving average is computed and subtracted
to analyse solely the signal fluctuations. The resulting signal is then analysed by the
FFT, acting like a high-pass filter. Figure 8c presents another configuration, defined by
2.5 sm3/h of aeration flow rate and without particle circulation (i.e., the test presented
in the previous sections with a fast fluidization regime in the tube). One can observe a
frequency distribution below 1 Hz and associated with magnitudes much higher than those
in Figure 8a. This is representative of the fast fluidization regime in the tube as identified
by [36]. A small peak characteristic of the bubbling regime in the dispenser at 1.8 Hz is
also detected, with a similar magnitude as the one in Figure 8a. This means that the strong
pressure fluctuations caused by this regime inside the tube are recorded by Ptot even if
there is a freely bubbling regime in the dispenser.
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The coherence analysis can then be used to analyse the temporal pressure signals,
for a given test, at several heights in the tube. Figure 9 shows four spectra calculated at
four different heights during the same experiment with the following control parameters:
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0.8 sm3/h of aeration flow rate (i.e., a superficial excess air velocity at the level of the
injection of 0.18 m/s), and a particle mass flux of 58 kg/m2s. The associated heights
are identified in the titles of the sub-figures. According to the air velocities and the
evolution of the solid volume fraction with the height, this test should be in the slugging
regime. Figure 9a indicates that the suspension is in the single bubbling regime just
above the aeration, characterized by several distributions of peaks at frequencies higher
than 1 Hz with small magnitudes. Along the tube height, the bubbles coalesce to form
slugs [16]. At roughly 1 m above the aeration, the frequency distribution is thus shifted to
lower values and the peaks are more clearly defined at 0.4–0.5 Hz and higher magnitudes
(Figure 9b). There are still some higher frequencies with low magnitudes, attributed to
noise. This spectrum could then be characteristic of wall slugs. Higher in the tube, the
spectra are similar but this noise gradually decreases, and the characteristic peaks of
slugs are associated with higher magnitudes (Figure 9c,d). This could be representative
of axisymmetric slugs. In fact, the wall slugs gradually merge along the height into
axisymmetric slugs [17].
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Two quantitative conclusions can be extracted from the power spectra given by the
coherence analysis. First, it is possible to identify a dominant frequency on each spectrum,
i.e., the frequency associated with the highest magnitude, representative of the main
perturbation of the signal. The evolution of this quantity along the height is shown in
Figure 10a, for the four spectra presented in Figure 9. A transition between the bubbling
and the slugging regimes is clearly identified after the first measurement height by a
strong diminution of the dominant frequency. Combining the eleven data given by the
tube pressure instrumentation, this transition is identified at a height of approximately
0.7 m above the aeration, in agreement with the data from [19] in the case of a fluidization
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column. It is difficult to identify a transition between the two types of slugs (wall slugs
and axisymmetric slugs) along the height only from the point of view of the dominant
frequencies because they remain approximately constant around 0.3 Hz. Second, the
integral of each incoherent spectrum, i.e., the power of the spectrum, is proportional to
the characteristic dimension of the perturbation according to [38]. The evolution of this
quantity with the height is presented in Figure 10b, normalized by the maximum value
obtained for this test. A strong increase of this quantity at low heights is shown, where the
bubbles are coalescing to wall slugs. Then, there is a slight decrease around 2 m, which
could be representative of the transition to axisymmetric slugs.
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Figure 11 shows a test with 2.5 sm3/h of aeration flow rate (i.e., Uair−Um f of 0.53 m/s)
and a particles mass flux of 69 kg/m2s in order to compare the spectra obtained by the
coherent analysis in several fluidization regimes. This test is identified as a fast fluidization
regime based on the values of the air velocity higher than Uk, the decrease of the solid
volume fraction with the height and the presence of a dilute zone. In the four sub-figures,
which represent the spectra obtained at four different heights as previously, one notes the
presence of a frequency distribution characteristic of fast fluidization [36]. The associated
magnitudes are slightly varying. In fact, at 0.18 cm height (Figure 11a), the aeration injector
is still very close to the sensor, and the pressure fluctuations are lower than above in the
tube. This results in magnitudes lower too, even if they remain much higher than in the
bubbling and slugging regimes. Moreover, at 2.18 m (Figure 11d), the suspension is diluted,
as confirmed by the evolution of αi with height (cf. Figure 6). The magnitudes are slightly
lower in the tube but the frequency distribution is still present, which corresponds to the
fast fluidization regime.

As previously, the four spectra presented in Figure 11 are used to extract both their
dominant frequencies and their integrals. These values are presented in Figure 12. In
Figure 12a, no evolution of the dominant frequency with the height is evidenced. This
differs from the previous plot related to a slugging regime case. The mean value is
approximately 0.3 Hz even in the dilute zone. Furthermore, one can observe in Figure 12b
that the size of the perturbations increases with the height, with a very slight decrease in
the dilute zone. These two results confirm that there is no transition of the flow regime
along the tube height.
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The coherence analysis confirms the presence of a slugging and a fast fluidization
regime in the tube as one could expect based on the air velocity values (cf. Figure 5).
The intermediate value corresponds to the turbulent regime, presented in Figure 13, with
the configuration of 1.7 sm3/h aeration flow rate i.e., an air velocity at the level of the
injection of 0.36 m/s and a particle mass flux of 56 kg/m2s. As illustrated in Figure 5, the
turbulent velocity Ut is reached due to the depressurization that results in the increase
of the air velocity with the height. In Figure 13a, a frequency distribution similar to the
fast fluidization regime is identified, but the associated magnitudes are lower than in the
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previous case corresponding to the single bubbling regime (cf. Figure 9a). Furthermore, one
can observe noise at frequencies higher than 1 Hz and a high peak around 1.6 Hz, which is
characteristic of a single bubbling regime. In Figure 13b–d, the frequency distributions are
identifiable with higher magnitudes, which increase with the height and are slightly lower
than the ones in the fast fluidization regime. Such evolution could be characteristic of the
turbulent regime. As previously observed, strong pressure fluctuations caused by the fast
fluidization regime in the tube are recorded in the dispenser (cf. Figure 8). Thus, it appears
that the pressure fluctuations induced by the turbulent regime in the upper part of the tube
have a signature in the bottom part of the tube and the dispenser even if the suspension
experiences a single bubbling regime in this zone.
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The extracted dominant frequencies of the four spectra presented in Figure 13 are
relatively constant with the height, around 0.25 Hz, even in the bubbling regime at the
level of the first sensor (Figure 14a). This is due to the higher magnitudes of the frequency
distribution recorded at 0.18 m associated with the turbulent regime. Contrary to the fast
fluidization regime, the size of the perturbations increases with the height in the tube,
without any decrease in the upper part (Figure 14b). This means that there is no dilute zone
for this test. In conclusion, the difference between the turbulent and the fast fluidization
regimes is small and difficult to identify from solely a frequency point of view. Both of the
regimes show a frequency distribution on their power spectra. However, integrating the
different methods of analyses, the fast fluidization is characterized by the presence of a
dilute zone even with particle circulation. This zone can be clearly identified by both the
evolution of αi with the height and the smaller magnitudes of the characteristic peaks in
the associated spectra (which is also associated with a decrease of the perturbation size).
These phenomena are not present in the turbulent regime. Furthermore, the turbulent
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regime is characterized by the presence of a single bubbling regime at the bottom of the
tube, while the fast fluidization regime shows no regime transition with the height.
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In conclusion, the coherence analysis is a useful tool for fluidization regime identifi-
cation based on the shape of the spectra but also on the frequencies and magnitudes of
the dominant peaks. The evolution of the dominant frequency with height enables the
clear identification of a transition from bubbling to slugging. However, this frequency
does not vary with the control parameters and remains in the range of 0.2–0.4 Hz. This
value is in accordance with the observations of [19] in the case of a fluidization column,
and of [16,17] for a similar system. For the turbulent and the fast fluidization regimes,
a frequency distribution is observed, then the dominant frequency does not have a real
meaning. The evolution of the perturbation size is discussed in Section 4.2.4.

4.2.3. Cross-Correlation Analyses

Another method allows analysis of temporal pressure signals, namely cross-correlation.
Figure 15 shows four evolutions of the cross-correlation function, corresponding to the
four regimes identified in the previous sections. This method is not sufficiently accurate to
detect the velocity of the perturbations that produce small pressure fluctuations, as shown
in Figure 15a for the single bubbling regime (at the bottom of the tube, for a test with
0.8 sm3/h of aeration flow rate). It corresponds to the small peaks not crossing the average
value of the pressure signal. Figure 15b is related to the same test as Figure 15a, but for
a pressure sensor located 1.68 m above the aeration, i.e., in the wall-slugging regime. As
explained before, the wall slugs progressively merge into axisymmetric slugs, detected ap-
proximately at this height. This explains why the evolution of the function is not perfectly
smooth but has a stepped shape, which corresponds to the “noisy” peaks after 1 Hz in the
power spectra (cf. Figure 9). The identified maximum corresponds to an upward velocity
of the slug of Us = 0.42 ± 0.04 m/s. Figure 15c,d correspond to tests at 1.7 and 2.5 sm3/h
aeration flow rates respectively, i.e., leading to a turbulent and a fast fluidization regimes.
Since there is no noise on the associated power spectra, the cross-correlation functions
exhibit smoothed shapes. The upward velocities of the perturbations are higher than in the
slugging configuration, of 0.83 ± 0.14 and 1 ± 0.20 m/s respectively. In the fast fluidization
case, a phase inversion occurs, and the velocity measured by the cross-correlation is then
relative to clusters of particles [20].
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The previous results indicate that varying the aeration flow rate induces variations
of the upward velocity of voids and clusters detected by the cross-correlation method.
Combining all the tests, it seems that the increase of the particles mass flux leads also to an
increase of the measured upward velocity. This tendency is represented in Figure 16. As the
cross-correlation cannot detect bubbles and their velocities, the 1.68 m height has been fixed
to compare the velocities measured in slugging, turbulent and fast fluidization regimes with
the theory. In the Figure, values are plotted versus the sum of the excess air velocity and
the upward particles velocity, Up = Gp/ρpαi, for the various Gp values. The dashed line in
the Figure represents the upward slugs velocities calculated with the two-phase theory of
fluidization for the case of axisymmetric slugs, where Us,th = Uair −Um f + Up + k

√
gDt

(in a fluidization column) [33,39]. In this equation, a coefficient k of 0.35 or 0.7 applies for
the axisymmetric or the wall slugging regime respectively. The theoretical velocities for
wall slugs are not presented in the Figure for the sake of clarity, because the two theoretical
curves are very similar. For the tests leading to a slugging regime, i.e., for low aeration
flow rates, the measured velocities are in good agreement with the two-phase theory.
However, for the turbulent and fast fluidization regimes, the measured velocities are higher
than 1 m/s i.e., higher than the value estimated with the theory for the slugging regime
which confirms the regime transition. However, uncertainties are strong (approximately
20% and more of relative error). Consequently, this method has a limited accuracy for
high perturbation velocities, due to the low acquisition frequency imposed (20 Hz). In
conclusion, the use of the cross-correlation function gives upward void velocities in good
agreement with the two-phase theory for the slugging regimes, at low air velocities. At
higher air velocities, the method is not accurate but allows the identification of high upward
velocities of voids and particles (clusters) for the turbulent and fast fluidization regimes,
respectively.



Energies 2021, 14, 7392 19 of 25

Energies 2021, 14, x FOR PEER REVIEW  19  of  26 
 

 

The previous results indicate that varying the aeration flow rate induces variations 

of  the upward velocity of voids and clusters detected by  the cross‐correlation method. 

Combining all the tests, it seems that the increase of the particles mass flux leads also to 

an increase of the measured upward velocity. This tendency is represented in Figure 16. 

As the cross‐correlation cannot detect bubbles and their velocities, the 1.68 m height has 

been fixed to compare the velocities measured in slugging, turbulent and fast fluidization 

regimes with the theory. In the Figure, values are plotted versus the sum of the excess air 

velocity and the upward particles velocity, 𝑈௣ ൌ 𝐺௣/𝜌௣𝛼௜, for the various  𝐺௣  values. The 
dashed line in the Figure represents the upward slugs velocities calculated with the two‐

phase  theory  of  fluidization  for  the  case  of  axisymmetric  slugs, where  𝑈௦,௧௛ ൌ 𝑈௔௜௥ െ
𝑈௠௙ ൅ 𝑈௣ ൅ 𝑘ඥ𝑔𝐷௧  (in a fluidization column) [33,39]. In this equation, a coefficient  𝑘  of 
0.35 or 0.7 applies for the axisymmetric or the wall slugging regime respectively. The the‐

oretical velocities  for wall slugs are not presented  in  the Figure  for  the sake of clarity, 

because  the  two  theoretical curves are very similar. For  the  tests  leading  to a slugging 

regime,  i.e., for  low aeration flow rates, the measured velocities are in good agreement 

with the two‐phase theory. However, for the turbulent and fast fluidization regimes, the 

measured velocities are higher than 1 m/s i.e., higher than the value estimated with the 

theory for the slugging regime which confirms the regime transition. However, uncertain‐

ties are strong (approximately 20% and more of relative error). Consequently, this method 

has a  limited accuracy  for high perturbation velocities, due  to  the  low acquisition  fre‐

quency imposed (20 Hz). In conclusion, the use of the cross‐correlation function gives up‐

ward void velocities in good agreement with the two‐phase theory for the slugging re‐

gimes, at low air velocities. At higher air velocities, the method is not accurate but allows 

the identification of high upward velocities of voids and particles (clusters) for the turbu‐

lent and fast fluidization regimes, respectively. 

 

Figure 16. Evolution of the upward velocity measured with the cross‐correlation function at 1.68 m above the aeration 

versus 𝑈௔௜௥ െ 𝑈௠௙ ൅ 𝑈௣, with the particles mass flux as a parameter. The dashed line represents the velocities calculated 

by the two‐phase theory for the case of axisymmetric slugs. 

   

Figure 16. Evolution of the upward velocity measured with the cross-correlation function at 1.68 m
above the aeration versus Uair −Um f + Up, with the particles mass flux as a parameter. The dashed
line represents the velocities calculated by the two-phase theory for the case of axisymmetric slugs.

4.2.4. Pressure Fluctuations Amplitude

Finally, the last method consists of a direct study of the relative pressure fluctuations
in the tube. This quantity is defined as the ratio between the standard deviation of a
differential temporal pressure signal and its mean value, σ(∆Pi)/∆Pi. Figure 17 illustrates
representative results of all the tests carried out. The plots evidence three main trends.
First, the transitions of regimes appear more clearly in the non-particle circulation mode
than in the particle circulation mode. Second, pressure fluctuations are more intense in the
former mode than in the latter mode. Third, the pressure fluctuations increase with the
height in the tube for a given fluidization regime.
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The regime transitions can be associated with amplitude levels of the pressure fluctu-
ations. According to [19], the slugging regime occurs in a fluidization column when the
relative pressure fluctuations reach 10%. In fact, in Figure 17, the relative pressure fluctua-
tions associated with low air velocities i.e., points in slugging regime are approximately
10–15%, with an increase in height because of the slug coalescence. Then, by grouping
the results of the sub-figures, one notes that the turbulent regime corresponds to relative
fluctuations of around 15–20%, and the fast fluidization corresponds to relative fluctuations
higher than 20%, also with an increase with the height in the tube.

The pressure fluctuations slightly decrease when the particles are circulating. This
is due to the decrease of the relative velocity of air with respect to particles expressed by
the slip velocity Uslip as for the solid volume fraction presented in Section 4.2.1. Then,
for a given height, the amplitude of the pressure fluctuation increases with the aeration
flow rate. On Figure 17a–c, one notes the transition to the turbulent regime when the
pressure fluctuations reach an upper peak, in the same way as for the identification of the
turbulent velocity Uk with the fluidization column (see Section 2.2). The transition is much
marked without particle circulation because the circulation causes a diminution of the
quantity of particles in the dispenser, which hinders the identification of the phenomena
as explained in the previous sections. The value of the air velocity corresponding to the
turbulent transition is of the order of the Ut velocity determined previously.

For a given regime, the amplitudes of the pressure fluctuations are increasing with
the tube height. However, the increase rate may vary depending on the regime. This
phenomenon is mainly due to void coalescence. In fact, the evolutions of the pressure
fluctuations are strongly correlated with the evolutions of the perturbation size presented
in Section 4.2.2. This confirms the Parseval’s identity, where the power of a signal is kept
regardless the representation:

∫
|Pi(t)|2dt =

∫
|Fi( f )|2d f [40]. It also means that the power

spectra obtained by the coherence analysis are consistent.

4.3. Synthesis

A combination of analysis methods of pressure signal is necessary to identify and
characterize the various fluidization regimes encountered in the particle-in-tube concept.
The incoherent analysis (in the frequency domain), the cross-correlation (in the temporal
domain), and the amplitude of differential pressure fluctuations are used as complementary
approaches, following the same methodology as for the risers [34–38]. Two main gas-solid
flow behaviours are identified as a function of tube height and air velocity, (1) coexistence
of two fluidization regimes inside the tube and (2) single fluidization regime. In the former
state, two cases happen: bubbling and slugging regimes, and bubbling and turbulent
regimes. Fast fluidization corresponds to the latter state.



Energies 2021, 14, 7392 21 of 25

In the bubbling-slugging state, the transition from bubbles to wall slugs is always
observed approximately 0.7 m above the aeration injection, as observed by [17,19]. This
transition is evidenced by a strong diminution of the dominant frequency with height.
On the power spectra, there is a shift of the frequency distribution to low values, with a
dominant peak around 0.2–0.4 Hz and increasing magnitudes. Wall slugs can be seen as an
unestablished slugging regime, which explains the presence of peaks with low magnitudes
after 1 Hz. These wall slugs are progressively transforming into axisymmetric slugs. The
power spectra are similar, but there is no more noise after 1 Hz at a height of approximately
1.7 m. Furthermore, the cross-correlation functions are smoothed while for wall slugs
they are stepped shapes and allow the identification of upward slug velocities around
0.4 m/s. These values are in good agreement with the prediction of the two-phase theory
of fluidization [33,39].

In the bubbling-turbulent state, the air velocity ranges between the turbulent and the
fast fluidization velocities, Ut and Uk. The single bubbling regime is still present at the
bottom of the tube, with the same characteristics as for the previous situation. Moreover,
one can observe a distribution of frequencies below 1 Hz on the power spectra. Although
representative of the turbulent regime, this distribution is associated with magnitudes
too low for an established turbulent regime. Nevertheless, it highlights the presence of
a turbulent regime higher in the tube. This transition from the bubbling to the turbulent
regime is observed around 0.7 m above the aeration. The cross-correlation functions are
smooth and allow the detection of upward velocities higher than one meter per second. This
is higher than the velocities predicted by the slug’s theory, which does not apply anymore.

In the fast fluidization state, the air velocity is higher than the fast fluidization velocity
Uk. The fast fluidization regime is identified along the entire tube height. It can be identified
in the power spectra by a distribution of frequencies above 1 Hz associated with high
magnitudes (higher than for the turbulent regime). These magnitudes increase with the
height while the frequencies remain constant. The dominant frequency remains constant
with the height and equal roughly 0.3 Hz. The cross-correlation functions are smooth and
the highest upward velocities among all the regimes are determined. However, because
of the data acquisition frequency, the accuracy of the detected velocity is quite low. The
suspension shows a relatively dense part followed by a dilute part easily distinguishable
on the evolution of the particles volume fraction with the height.

Moreover, let us estimate the power consumption induced by the air injections in an
industrial scale solar receiver. In the particle-in-tube concept, the turbulent fluidization
regime is reached with an aeration flow rate of around 1.7 sm3/h according to the previous
results. At industrial scale, a 50 MWth solar receiver is feasible with 360 tubes based on
preliminary calculations, and an overall electrical power of approximately 15 MW [6,7].
The geometry of the receiver and the dispenser were simulated, and an air flow rate of
2700 sm3/h was calculated to obtain the same fluidization velocity in the dispenser as
in this paper. The total air consumption that corresponds to the turbulent fluidization
regime in the receiver tubes is thus around 3300 sm3/h. Considering a typical modern
industrial compressor that can supply pressurized air at 7 bars with a consumption of
0.108 kW/(m3.h), this corresponds to a power consumption of approximately 360 kW, i.e.,
approximately 2.4% of the solar plant nominal power.

5. Conclusions

The different fluidization regimes are studied in an upward gas-particle dense sus-
pension flowing in a tube with large aspect ratio at ambient temperature, which greatly
differs from commonly used risers. Group A olivine particles (dsv = 61 µm) are used and
air velocity varies in the range 0.1–0.65 m/s. The regimes encountered in the tube are
identified thanks to various temporal pressure signal processing methods, applied in the
case of risers, the combination of which results in improved sensitivity of the identification
process while allowing a short acquisition time.
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Along the tube height, bubbling-slugging, bubbling-turbulent and fast fluidization
regime configurations are observed as a function of air velocity.

From the solar receiver operation viewpoint, two main conclusions can be derived
from the experimental results. They address the comparison between without and with
particle circulation flow behaviour and recommendation for on-sun operations.

First, the suspension is denser along the tube height with particle circulation than
without. For air velocity varying in the range 0.1–0.53 m/s, the mean particle volume
fraction decreases from 0.34 to 0.19 and from 0.35 to 0.23 without and with particle circu-
lation respectively. Indeed, the ignition of a particle flow rate induces a supplementary
pressure drop term in the pressure balance that leads to a decrease of the bed porosity. For
a given air flow rate, the circulation ignition might induce a change of fluidization regime.
Furthermore, the transitions between the fluidization regimes are more easily identifiable
without particle circulation, in particular because of the transient mode induced by the
particle flow. Moreover, the particle circulation shows no impact on the measured upward
voids velocities.

Second, based on this work and previous studies [17,19], the turbulent regime would
be the most favourable regime for on-sun operation in order to maximize the wall-to-bed
heat transfer and thus the receiver efficiency. Nevertheless, the particle temperature can
affect the behaviour of the fluidized suspension. In fact, an increase of the temperature
leads both to a decrease of the minimum fluidization velocity Um f and to an extension
of the bubbling domain. Thus, the transitions between the fluidization regimes will be
significantly modified with the operation temperature.

Work in progress will address the examination of the temperature effect on fluidization
regimes and associated heat transfer using a single tube solar receiver.
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Nomenclature

Ar Archimedes number (-)
CD Friction coefficient (-)
dSV Sauter diameter of the olivine sample (µm)
dV Volume diameter of the olivine sample (µm)
dX Diameter corresponding to the X% value on the cumulated particle size distribution
Dt Internal diameter of the glass tube (m)
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facq Acquisition frequency (Hz)
Fi Fourier transform of the Pi(t) signal
g Standard acceleration due to gravity (m/s2)
Gp Particle mass flux (kg/m2s)
Hbed Height of the suspension inside the tube (m)
Ht Height of the glass tube (m)
IOP0i Incoherent part of the ith pressure signal

.
mp Particle mass flow rate (kg/h)
M Number of groups of N points each used in the PSD calculation
Nacq Number of points recorded in an acquisition
Ptot Total relative pressure of the dispenser (mbar)
Pi Relative pressure in the tube at the level of a pressure probe (mbar)

.
qae Aeration air flow rate in the tube (sm3/h)
.

q f Fluidization air flow rate through the dispenser (sm3/h)
Ri,i+1. Cross-correlation function between the Pi and Pi+1 pressure signals
Sdisp Section of the dispenser (m2)
St Section of the tube (m2)
Uae Superficial aeration air velocity in the tube, due to

.
qae (m/s)

Uair Superficial total air velocity in the tube, Uae + U f (m/s)
U f Superficial air velocity in the dispenser, due to

.
q f (m/s)

Us Upward slug velocity (m/s)
Us,th Upward slug velocity, calculated with the two-phases theory (m/s)
Uslip Slip velocity between the air and the particles (m/s)
Uv Upward void velocity, determined by the cross-correlation method (m/s)
Umb Minimum bubbling velocity (m/s)
Um f Minimum fluidization velocity (m/s)
Uk Fast fluidization velocity (m/s)
Up Upward particle velocity (m/s)
Ut Turbulent velocity (m/s)
αi Local solid volume fraction in the tube, measured between two pressure sockets (-)
αh Overall solid volume fraction in the tube (-)
αp Particle volume fraction (-)
γ2

0i Coherence between the ith pressure signal and the “0” reference (-)
∆h Distance between two sockets in the tube (m)
∆Pacc Pressure drop due to the acceleration of the particles (mbar)
∆Pf r Pressure drop due to the friction against the tube walls (mbar)
∆Pi Differential pressure in the tube between two pressure sockets (mbar)
∆Pp Pressure drop due to the effective weight of the suspension (mbar)
ε Porosity (-)
ρair Density of the air (kg/m3)
ρp Bulk density of the olivine (kg/m3)
σ Spread of the olivine sample (-)
σ(Pi) Standard deviation of the Pi pressure signal (mbar)
ϕ Mean sphericity of the olivine sample (-)
φ0i Cross Power Spectral Density between the ith pressure signal and the “0” reference
φii Power Spectral Density of the ith pressure signal
τ Time lag of the cross-correlation function (s)

Appendix A. Instrumentation of the Mock-Up

Table A1 below presents the characteristics of the instrumentation used in this paper.
Two kind of pressure sensors have been used because of their respective accuracies and re-
sponse times. The differential sensors are very accurate in terms of pressure measurements,
but too slow to be used with dynamic treatments. It is the contrary for the relative pressure
sensors. They are connected to data acquisition systems related to their response times.
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Table A1. Instrumentation of the experimental rig.

Device Brand Model Measurement Range facq,max (Hz) or τ99 (s) Use

Relative Pressure
Sensors

Keller PR33X 0–500 mbar 8 Hz Ptot
Siemens 7MF1641 0–600 mbar 5 ms P1–P11

Differential Pressure
Sensors Rosemont 2051C 0–50 mbar 0.6 Hz ∆P1–∆P10 and ∆Pdisp

Flowmeters
Brooks 5853E 0–2.5 sm3/h ∅ .

qae
Brooks 5853S 0–16.8 sm3/h ∅ .

q f

Acquisition Systems GraphTec Midi Logger GL840 20 Inputs 1 Hz Acquisition of the ∆Pi
National Instruments USB-6218 16 Inputs 15,625 kHz Acquisition of the Pi
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