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ARTICLE INFO ABSTRACT
Keywords: Using particles as heat transfer fluid in a solar receiver is an attractive way to increase the global efficiency of
Tubular particle solar receiver solar power plants. In the case of the particle-in-tube solar receiver concept, the fluidized particles circulate

Particle-driven CSP

Geldart group A fluidized particles
Upward particle circulation

Heat transfer coefficient

vertically in tubes thanks to a controlled pressure gradient and an additional air injection. Experiments are
conducted with olivine particles in a one-tube mock-up at the 1 MW CNRS solar furnace (France). The tube of
high aspect ratio (more than 3 m height over 48 mm internal diameter) is irradiated along a 1-m height with
several solar flux configurations that correspond to realistic operation conditions of a solar thermal power plant.
The novelties of this paper lie in extending the operating parameters compared to earlier studies and in linking
the fluidization regimes to wall heat transfer. Slugging, turbulent fluidization and fast fluidization regimes are
detected within the receiver tube. It is shown that the system can tolerate high solar flux densities, up to 800 kW/
m?. The system proves to be highly controllable and flexible with respect to particle mass flux variation and
transient operations. Particle temperature increase ranges from 100 to 650 °C depending on the particle mass
flux. Maximum thermal efficiency and particle outlet temperature of respectively ~ 60 % and 680 °C are ob-
tained, proving that this technology can be combined with highly efficient thermodynamic cycles. Global wall-to-
particle heat transfer coefficient varies strongly with particle mass flux. It reaches a quasi-plateau above 15 kg/
(m?s) with a mean value of 1000 + 200 W/(m?K) and peaks data up to 1500 W/(m?K). A dimensionless heat
transfer index is derived to account for the effects of the particle mass flux on the experimental results. It
highlights that both increasing the temperature and working in the turbulent fluidization regime result in the
increase of the heat transfer between the tube walls and the particles.

temperature (>650 °C) while maintaining the main advantages of
molten salt (both HTF and storage medium). An attractive solution for
fulfilling the previous conditions is to use solid particles [18,34]. It offers
the possibility to reach high solar receiver outlet temperatures — higher
than 565 °C, which is the current limit with molten salt [11,50]. Tem-
perature higher than 650 °C enables taking advantage of high efficiency
thermodynamic cycles based on supercritical fluids (i.e. with water or
CO3) and reducing the total cost of the system [15]. In addition, unlike
molten salt, particles do not freeze at low temperatures. Thus, it is no
longer necessary to maintain a threshold temperature in the pipes — via
electrical resistances — as in the case of molten salt. Consequently, the
particle solution removes of the tracking electrical consumption. In
addition, oxide particles are chemically stable, have a low toxicity, and

1. Introduction

Concentrated solar power (CSP) plants produce electricity from
direct solar irradiation. They offer the key advantage of being able to
store the energy directly in the form of heat, in order to align electricity
production and consumption. Current commercial power tower CSP
plants use molten salt as heat transfer fluid (HTF) to absorb solar energy
and store thermal energy, and a Rankine thermodynamic cycle to pro-
duce electricity. Increasing the overall efficiency of the power plants and
reducing production cost are the shared objectives of the CSP commu-
nity. The main option for the increase in efficiency of power tower is the
integration of a high efficiency conversion cycle that operates at high
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Nomenclature

Abbreviations

CSP Concentrated Solar Power
DNI Direct Normal Irradiation
HTF Heat Transfer Fluid

1.D. Internal diameter

Arabic letters

Tpareir ~ Mean particle temperature in the irradiated zone of the
tube (°C)

Toart Particle temperature at the outlet of the irradiated zone of
the tube (°C)

Tywarine  Internal tube temperature (°C)

Twatexe  External tube temperature (°C)

Ugir Superficial air velocity (m/s)

Greek letters

Cp part Particle heat capacity (kJ/(kgK)) a Particle volume fraction (@)
dsy Powder Sauter diameter (um) iy Mean particle volume fraction in the irradiated zone of the
D, Tube internal diameter (m) tube (@)
e Tube thickness (mm) ATpar Particle temperature increase in the solar receiver (°C)
g Standard gravity (m/s?) ATyqupere Logarithmic mean difference between the walls and
Gy Particle mass flux (kg/(m?s)) particles temperatures (°C)
H; Tube height (m) 7 Thermal efficiency of the receiver (@)
hyaipae  Wall-to-particle heat transfer coefficient (W/(m2K)) Pair Air density (kg/m?>)
Hyaipe: Dimensionless wall-to-particle heat transfer index (@) Ppart Particle density (kg/m3)
my, Particle mass flow rate (kg/s) Pabs Absorbed power by the particles (kW)
Prot Relative pressure in the dispenser (mbar) Psol Incident concentrated solar flux density (kW/m?)
Qae Aeration flow rate (sm>/h) Dol Incident concentrated solar power (kW)
S; Internal tube section (m?)
Taisp Particle temperature in the dispenser (°C)
low cost. The particle concept can be applied to medium power CSP
plants [5]. Table 1

Three main types of solar receiver using particles are currently being
developed. First, the falling particle receiver, designed by Sandia Na-
tional Laboratory — USA [31,32]. As suggested by its name, the particles
are falling as a curtain and are directly irradiated by the concentrated
solar flux. It enables working with high concentrated solar flux density
(>700 kW/m?) associated to high efficiencies and temperatures,
respectively around 6 70 % and 700 °C. However, several drawbacks
appear as the loss of particles through the cavity aperture and the dif-
ficulty to control the particle flow rate, which is imposed by gravity.
Second, the centrifugal receiver, designed by the German Aerospace
Center — Germany [16,48]. The system is similar to a cement mixer (but
working in the centrifugal mode), where the particle flow rate is
controlled by the rotational speed of the receiver. The speed is adjusted
depending on the incident solar flux. As for the falling particle receiver,
the particles are directly irradiated. High receiver outlet temperatures
(around 900 °C) have been obtained at lab-scale, which makes it a
promising system. However, the receiver size is limited by the necessity
to create a stable particle layer at the cylinder wall that limits its thermal
power around few MWy,. Finally, the “particle-in-tube receiver”, studied
in this paper, developed by PROMES — CNRS laboratory in collaboration
with European partners [12,42,17,19]. In this system, the particles are
fluidized in a vessel, and circulate upward in vertical metallic irradiated
tubes. The flow is imposed by both a pressure gradient and a secondary
air injection. Particles are then indirectly heated by the hot internal
surface of the tube. The air injection at the bottom of the receiver tubes
stabilizes the particle mass flow and enables controlling the fluidization
regimes of the suspension. Moreover, changing the injection air flow
rate results in gradual variation of the particle mass flux in the tube. The
main limitations associated with this concept are the energy used to
fluidize the particles and the control of the fluidization regimes that
considerably affect the wall-to-particles heat transfer and thus the
thermal efficiency of the system [36,44]. Moreover, contrarily to the
previously discussed concepts, the indirect heating of particles makes
metal tube maximum operation temperature the main limiting factor.
Nevertheless, the tubular receiver design is similar to commercial power
tower receivers. It can therefore benefit from previous studies, especially
concerning the design of a cavity-type receivers, aiming at limiting the

Comparison between the on-sun experimental studies about the particle-in-tube
concept of solar receiver.

Reference [17] [71 [43] [38] Present
Study

Particles Silicon SiC SiC Olivine Olivine
Carbide
(SiC)

Particles 63.9 63.9 63.9 61 61

Diameter
(um)

Internal 36 36 29.7 46 48
Tube
Diameter
(mm)

Tube Height 1 1 2.27 2.5 2.8
(m)

Irradiated 0.5 0.5 1 1 1
Height (m)

Superficial 0.011 - 0.021 - 0.042 0.09 0.03 - 0.025 -
Air 0.109 0.11 0.469
Velocity
(m/s)

Particle Mass 7.4 — 24.6 10.2-45.1 17 - 44 20 - 0-93
Flux (kg/ 110
(m®s))

Comments One bare One bare tube, 16 bare One One
tube, proof ~ extended tubes finned bare
of concept parameters inside a tube tube

ranges cavity

thermal losses [20,26].

Since the 2010's, the particle-in-tube concept of solar receiver, also
called “Upward Bubbling Fluidized Bed (UBFB)”, has been studied in
various configurations, gathered in Table 1. First, silicon carbide parti-
cles were used, mainly because of their thermal properties. After the
proof of concept [17], experiments at ambient temperature were per-
formed to understand the behavior of the gas-particle suspension [10],
followed by simulations and on-sun experiments [7,6] with a 0.5 m
irradiated tube. Then, a 150 kWy, cavity solar receiver composed of 16
tubes, 1 m-height irradiated, has been built in the framework of the
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Table 2
Properties of the olivine sample.
Sauter Bulk Heat Minimum Minimum
diameter density capacity Fluidization Bubbling
dy, Prart Cp part Velocity U, Velocity U,
61 um 3300 kg/ 1 kJ/(kgK) 0.42 cm/s 0.57 cm/s
m® ifT<
400 °C
Eq.(1)if T >
400 °C

CSP2 European project [43]. All these studies showed that this concept
of solar receiver can operate with medium solar flux density on the tube
walls — up to approximately 400 — 500 kW/m? — and led to particle
temperatures increase (i.e. difference between the outlet and the inlet of
the receiver) of approximately 500 °C. Then, cost and health properties
of the particles have been taken into account in the framework of the
Next CSP European project that led to the choice of olivine particles as
solid material [35]. On-sun experiments have been performed with a
single 1-m irradiated long finned tube. A global wall-to-particle heat
transfer coefficient of roughly 1200 + 400 W/ (mZK) was measured [38].

Solar Energy 265 (2023) 112118

This result represents an intensification of the heat transfer compared to
the previously cited studies. The main parameter responsible of this
increase is the use of fins inside the tube that increases the transfer area.
The particles size and physical properties have also a significant impact
on the convective transfer. No experimental results with 1 m irradiated
long bare tube have been reported. The other operating condition that
influences the heat transfer is the fluidization regime. Previous works at
ambient temperature identified the fluidization regimes in 3 m long tube
[29,28]. They extended the ranges of the particle mass flux and the
superficial air velocity compared to previous studies, determined the
existence of several fluidization regimes within the tube and their
transitions. The turbulent fluidization regime is theoretically associated
to the best heat transfer rate [9,24], and it is thus the expected optimal
regime for a fluidized particle solar receiver. Nevertheless, the effect of
temperature on the regimes transitions velocities is not well known,
justifying additional experimental campaign. More generally, the un-
derstanding of the suspension behavior at high temperature is necessary
to define a control strategy of the solar receiver.

In this context, this paper aims at measuring and characterizing the
thermal performances of a single particle-in-tube solar receiver tube
using olivine particles as HTF over a large range of the operating
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Fig. 1. Schematic representation of the receiver tube.
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750 mm
Receiver filled with insulating
boards
350 mm
3
Insulating cavity g il

"

Water-cooling panel

Water-cooling panel

Fig. 2. a) picture of the receiver tube inside its cavity after an on-sun experiment, and b) schematic representation of the tube inside the cavity.

parameters. The behavior of such a solar receiver is first presented in
terms of response to control parameters and transient regime. Then, the
thermal performances are described. Finally, the wall-to-particle heat
transfer coefficients are determined and correlated with the fluidization
regimes.

2. Experimental Set-Up
2.1. Particles

Properties of olivine particles used are presented in Table 2. More
details can be found in [29]. Both the Sauter diameter ds, and the density
Ppare confirm that they belong to the group A of the Geldart classification
[23]. Consequently, fluidization of such particles occurs at low air ve-
locities. The heat capacity, Cppar, is given by Equation (1) (with T the
temperature in degree Celsius). For particle temperature below 400 °C,
the heat capacity is fixed to 1 kJ/(kgK) [35,38].

The storage capacity of the suspension can be estimated by calcu-
lating the apparent volume heat capacity, given by ap,qCppar-
Assuming an average particle volume fraction a of 0.48 (measured for
the fixed bed), this yields an apparent volume heat capacity of around
1.6 MJ/ (m3K). This value is in the same order of magnitude than the one
of commonly used liquid HTFs [8]. While the storage capacity obtained
is twice higher for molten salt, the price per ton of olivine is almost ten
times lower (about $100-$150/ton [8,35]).

Cppare(T) = 9.70%10787° —2.62*107*T* +0.73T + 806 (¢}

2.2. Set-Up description

The experimental setup is illustrated in Fig. 1. The olivine particles
are fluidized in a “dispenser” vessel — at the bottom of the mock-up — of
squared section of 0.36 m?, with an air flow rate of 10.6 sm®/h. It cor-
responds to a fluidization velocity of 0.97 cm/s, i.e. 1.7 times the min-
imum bubbling velocity Up;. This air flow passes through a sintered
porous bronze plate distributor that enables a homogeneous freely
bubbling fluidization regime inside the dispenser.

The receiver is composed of a single Inconel 601® tube of internal
diameter (I.D.) D; = 48 mm and thickness e, = 3 mm. The bottom tip of
the tube is plunged inside the dispenser fluidized bed. Increasing the
pressure in the dispenser, thanks to a leak valve, results in an upward
fluidized particle flow in the tube. The latter is driven by the pressure
difference between the overpressure imposed in the dispenser P, and
the atmospheric pressure at the top of the tube. The particles are indi-
rectly heated thanks to concentrated solar radiation over a 1-m high
zone, identified in yellow in the figure. The tube is painted with an
absorbing black paint Pyromark® [1,33] to maximize the solar ab-
sorption. Furthermore, the tube is placed inside an insulating cavity with
an aperture of 0.1-m width and 1-m height to reduce the thermal losses.
The insulating material is painted with highly reflective white magne-
sium oxide. Fig. 2a shows a picture of the receiver tube inside its cavity
after an experiment. A water-cooled panel is placed in front of the cavity
that is filled with insulating boards - Insulfrax® insulating material
[41], as shown in Fig. 2b.

A secondary air flow rate g, called “aeration”, is injected at the
bottom of the tube, 50 cm above the porous distributor in the dispenser,
through a nozzle of 1.5 mm L.D.. It enables to both stabilize the gas-
particle suspension [10] and control the fluidization regimes within
the tube [29,28]. The aeration injection height is chosen as the reference
height in this study, leading to a tube height H, = 2.80 m. When the
height of the suspension reaches this limit, the particles flow outside of
the receiver in a tank placed on a weighing scale (see Fig. 1).

2.3. Instrumentation

Eleven pressure probes are implemented in the system (in red in
Fig. 1). Two are placed in the dispenser, to measure both the total
pressure Py, and the pressure drop through the fluidized bed. The latter
is directly related to the mass of particles and allows to keep it
approximately constant during a test. Particles feed the dispenser from
the storage tank thanks to a vane motor to maintain stationary condi-
tions. Moreover, nine pressure probes are implemented along the tube,
regularly spaced. The heights of the probes are detailed in Appendix A.
They are connected to differential and relative pressure sensors, to
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Fig. 3. a) Sections 1 and 3 of thermocouples, at 0.6 and 1.6 m above the aeration respectively that delimitates the irradiated zone, and b) Section 2 of thermocouples

at 1.1 m above the aeration at the middle of the irradiated zone.

respectively measure the particle volume fraction and identify the
fluidization regime using various signal processing methods that are
detailed in [29].

thermocouples. In a gas-particle fluidized bed, the thermocouple (TC)
arrays can modify the gas-particle flow since the diameter of the TC is
approximately 25 times the particles one. Nevertheless, this disturbance

Furthermore, the system is instrumented with 59 K-type influences mainly the flow downstream and, consequently, the TC
1000 ——— T T T - -
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Fig. 4. Measured solar flux distributions used for the experimental campaign. The mean values range between 200 and 600 suns, while local value is measured up to

830 suns.
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measurement is a little affected. Another source of uncertainty can be
the imperfect contact between the particles and the TC. This issue is not
considered as significant since, in fluidized beds, the gas and the solid
phase are at the same temperature thanks to the efficient particle mixing
and the large surface area of small size powders. Consequently, the
temperature measured by the thermocouples is the temperature of both
the air and the particles [25]. Moreover, the small particle size favors the
contact with any immersed surface. Three thermocouples are dedicated
to the measurement of the mean particle temperature in the dispenser,
Tgip- In the receiver tube, 24 thermocouples indicate the local particle
temperature and 32 thermocouples are welded on the outside walls to
measure the external tube temperatures. All of them are represented in
blue and red respectively in both Fig. 1 and Fig. 3. Three cross sections of
the tube are fully instrumented as represented in Fig. 3a-b. They are
located at the entrance, the middle and at the end of the irradiated zone
of the tube, as identified with green dashed lines on Fig. 1.

The precise positions of the pressure probes and thermocouples in
the receiver tube are detailed in Appendix A.

2.4. Concentrated solar flux

The experimental set-up is placed at the focus of the 1 MW solar
furnace of CNRS (Odeillo, France). The sun light is reflected twice before
reaching the receiver: the first reflection is performed by the heliostats
field while the second is performed by the parabola [30,47]. A schematic
representation of the working principle is given in Supplementary In-
formation SI-1. To achieve the solar flux distributions, the tracking
setpoint of the heliostats were modified to widen the focus of the
parabola and illuminate the receiver tube with the best solar irradiation
homogeneity. The chosen method consists in acquiring images of a
previously calibrated diffusing surface. This method therefore comprises
two steps: calibration and image acquisition. To carry out the

Solar Energy 265 (2023) 112118

calibration, a calorimeter is positioned at the location of the solar
receiver. One or more heliostats are used to achieve the selected flux
densities. Then, an alumina coated (deposited by plasma) aluminum bar
is placed inside the cavity of the receiver, at the position of the cavity
aperture, and water-cooled. A camera placed in front of the receiver — at
a distance of 18 m — provides images of the bar illuminated by the he-
liostats. These images enable establishing a grayscale-flux correspon-
dence. The next step consists in activating the heliostats in tracking
position according to the solar flux density they provide as well as their
geometrical distributions (shape at the focus). Five heliostats configu-
rations have been obtained that correspond to maps of the solar flux
density distribution at the cavity aperture. Then, a mean value of the
flux density is calculated at each height over the larger, and an associ-
ated uncertainty is calculated as the sum of the measurement error and
of the standard deviation of the measured values. The five distributions
are presented in Fig. 4. As the total solar flux density depends on the
direct normal irradiation (DNI), the distributions are presented in the
figure in terms of concentration ratios, i.e. expressed in suns. The dashed
lines are representative of the uncertainties. For each configuration, a
mean value can be calculated that varies between 220 and 600 suns. It is
associated to an uncertainty calculated as the sum of the calculation
error and of the standard deviation of the distribution, then represen-
tative of the homogeneity over the height. These values are indicated in
the legend of the figure.

Fig. 4 indicates that although the A and B distributions are relatively
constant over the height, the C and D distributions — at higher mean solar
flux — are less homogenous. Actually, it is difficult to obtain homoge-
neous high flux configurations over 1-meter height with the solar
furnace because such a solar facility is usually designed to obtain a very
high concentration ratio (up to 10,000) on small areas [3]. A solar tower
is more adapted to deliver this type of distribution for a scaled-up
receiver [5,46]. The E distribution (in black in the figure) has been

Tests withq__ = 0.8 sm%h and Gp = 35 kg/(m?s)

o~ Solar flux configurations: B (triangles), E (squares)
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Fig. 5. Temperature distributions with respect to the height: front wall (red) and particle (blue) temperatures, for the B and E solar flux configurations (triangles and
squares respectively). The associated flux distributions are respectively in green (B) and black (E). The aeration flow rate and the particle mass flux are identical for
both cases and respectively equal to 0.8 sm®/h and 35 kg/(m?s). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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selected to test the sensitivity of the system to strong flux density dif-
ferences along the height, with similar total incident power than the D
distribution. The maximum is at 830 suns at the bottom of the receiver,
and the minimum, at 255 suns.

3. Results

A total of 187 tests have been performed in stationary conditions in
terms of particle mass flux, pressure and temperature, using a large
range of experimental parameters. The associated results are presented
in this section.

3.1. Control of the solar power plant

3.1.1. Operating parameters
The experimental setup can be controlled thanks to three parame-
ters:

e The total relative pressure in the dispenser, Py, which imposes the
driven pressure gradient. It ranges from 145 to 380 mbar in the re-
ported experiment.

e The aeration flow rate, gq., which enables finely tuning the particle
mass flow rate and the fluidization regimes. The later ranges from 0.1
to 2.5 sm>/h in the reported experiment, which corresponds to su-
perficial air velocity in the tube between 0.025 and 0.469 m/s.

e The incoming concentrated solar flux density that imposes the
thermal load of the receiver. According to the solar flux density
distributions presented above and the variations of the DNI during
the experiments — between 750 and 1030 W/m? — the net incident
solar power on the receiver ¢, varies between 19 and 56 kW.

By adjusting the previous parameters, the operating point of the
receiver can be prescribed. The first operating characteristic is the
particle mass flow rate, m,. Experimentally, it is calculated by linear
regression of the particle mass flowing on the weighing scale over time.
The uncertainty associated with this measurement is due to both the

regression error and the accuracy of the scale (0.01 kg for data recorded
at 10 Hz). In the field of fluidization, the particle mass flux G, is more
classically used. It corresponds to the particle mass flow rate normalized
by the internal section of the tube. It varies between 0 and 93 kg/(m>s)
during the experimental campaign, that corresponds to a particle mass
flow rate of 0.17 kg/s, or 613 kg/h. An example of the evolution of the
particle mass flux with respect to the total pressure in the dispenser and
for various aeration flow rates and incident solar flux densities is given
in Supplementary Information SI-2. Increasing the solar flux leads to a
decrease of the total pressure required to reach a given particle mass
flux. This behavior is mostly due to the temperature increase, which
results in a decrease of the particle volume fraction, a. The same trend is
observed when increasing the aeration flow rate, as observed at ambient
temperature in [28]. This point is discussed in the next section.

The second important characteristic of the solar receiver is the par-
ticle temperature. To characterize the suspension temperature from a
global point of view, an average temperature is calculated over the
irradiated zone, Tpqr . According to the results, this average is very
similar to the value of the particle temperature at the middle of the
irradiated zone. Then, to facilitate the calculations, only the latter is
considered. The average temperature is calculated by Equation (2), and
the positions of T32 and T}3 are presented in Fig. 3b (the two sensors are
located 1.1 m above the aeration, at radial positions of respectively D;/3
and 2D,/3).

T»lZ + T13

_ Zint int

Tyartimr = 2 (2)

Fig. 5 presents the particle and front wall temperatures distributions
along the tube height for two similar tests done with 0.8 sm%/h of
aeration flow rate and 35 kg/ (mzs) of particle mass flux, for the B and E
solar flux density configurations, identified respectively with the tri-
angles and squares. In the irradiated zone, delimited in the figure by the
vertical dashed lines, the wall temperatures profiles (red) follow the
shapes of the solar flux distributions (green and black respectively for
the B and E configurations), while the particle temperatures (blue)



R. Gueguen et al.

Solar Energy 265 (2023) 112118

466 Aeration flow rate of 0.4 sm3lh, Incident Solar Power of 52 kW, Transient Regime of ~2 70 sec =
— L e e e e T e e B B e e L e e e e e T T
r I 1 -
[ Ptot Tpart,irr Mpan : i 4
W 1
1 1 2|
350 |-
- 4 i . — 60
~
r 1 1 . = |
[ 1 1 =
L 1 l 7 ]
1 1 0
5300 H i ]
< L i | - . |50
5 r i i p ™ 95 kg/m?s i
g
S L 1 1 .
® 250 ! i ]
g
g I i i 140
L I I o
E L | 1 : x
" 200 sl e v R o IS [ R | /2 i ] o
= v v AN 1 g
3 I | i 130 2
é - 1 1 &
1 I
g 150 7 . . ]
a 1 1 —
B 1 1 |
8 + | 1
6‘_ r G  ~ 50 kg/m?s 1 1 —20
100 [~ ; 1 1
r 1 | = W o i " = 1
L 1 H ]
r I 1 2.
= 1 1
gL ! ! 110
[ I 1 <
r 1 1 i
r I 1
L \ | 1
ol o v v e e e e e b
0 50 100 150 200 250 300 350 400
Time (s)

Fig. 7. Time evolutions of the particle temperature inside the irradiated zone (red), the particle mass flux (green) after an increase of the pressure in the dispenser
(black) and for a constant aeration flow rate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

increase with the height due to the internal mixing. In these examples,
although the particles are at ambient temperature in the dispenser —
around 20 °C - they are already heated at their entrance in the irradiated
zone. This is related to the reflux of the particles at the tube walls,
previously highlighted by [7], and to conduction in the tube walls.

3.1.2. Particle volume fraction

Since the HTF is composed of air and particles, a change of the
operating parameters may lead to a change of the effective density,
which depends on the particle volume fraction, a. A special concern is
thus dedicated to the evolution of this quantity. The particle volume
fraction is the fraction occupied by the particles in a given control vol-
ume, calculated with Equation (3). It is measured thanks to the differ-
ential pressure AP between two successive pressure probes, spaced by
Ah along the tube height. Neglecting the pressure drop terms related to
the acceleration and friction of the particles, a is directly due to the
relative weight of the suspension [22,50].

For the sake of clarity, an average volume fraction is calculated in-
side the irradiated zone, a;y, i.e. between the pressure probes P2 and P5
(cf. Fig. 1).

AP

. 3
(Ppari — Pair) 8AR

a =

Fig. 6 represents the evolution of a;, as a function of the particle mass
flux Gy, for two aeration flow rates: 0.4 (circles) and 0.8 (triangles) sm3/
h. The marker colors are representative of the mean particle temperature
Tpart i Previous works [29,28] have shown that at ambient tempera-
ture, a decreases quasi-linearly with the aeration flow rate and slightly
depends on the particle mass flux, as observed here by the empty
markers on the figure. However, for a given aeration flow rate, the trend
is significantly different when the system is irradiated. For example, at
ambient temperature and 0.8 sm>/h of g, the particle volume fraction
slightly varied between 0.31 and 0.33 for a particle mass flux ranging
from 0 to 90 kg/(m?s). With particles temperature between 150 and
450 °C and the same aeration flow rate, @, ranges here from 0.24 to

0.33 in the same range of particle mass flux. This Figure also highlights
that the particle volume fraction decreases with the temperature. A more
detailed evolution of ;. as a function of the superficial air velocity and
the particle temperature is presented in Supplementary Information SI-
3.

3.1.3. Transient regime

A change of one of the control parameter, for example a change of
DNI induced by cloud passing, involves a transient response of the sys-
tem. The management of such event is of paramount importance to
optimize control, operation security, and performances of future large-
scale particle receiver. In the following section, the effect of different
parameters on the transient response of the system is discussed.

Fig. 7 presents the transient response of the system to a variation of
the dispenser pressure, for a constant aeration flow rate of 0.4 sm®/h and
an incident solar power of 52 kW (using the D solar flux configuration).
The test starts with stationary conditions in terms of the particle tem-
perature in the irradiated zone Tpurir (in red) and of the particle mass
flux G, (linear regression of the particle mass My in green). Att = 210
s, the dispenser pressure increases by closing the leak valve. As a results,
the pressure Py, (in black) rises from 340 to 375 mbar. The transient
duration, defined as the time required for the pressure to reach 95 % of
the pressure variation, is equal to 70 s. The latter is identified on the
figure by the vertical dashed lines.

Without particle circulation, an increase of the pressure in the
dispenser induces a rise of the suspension height. When the suspension
flows, the height cannot be adjusted, thus the dispenser pressure in-
crease results in an increase of the particle mass flow rate. The latter is
identified in Fig. 7 by a slope change in the mass weighted by the scale
(green curve). For on-sun operation, the particle mass flux increase re-
sults in a decrease of the particle temperature. For this test, a slight
change of pressure — a 10 % increase in this example — led to a 90 %
relative increase of the particle mass flux (from 50 to 95 kg/(mzs)) and
to a 54 % relative decrease of the particle temperature (from 195 to
90 °C). From a process control point of view, the power plant operator
could thus use a pressure based control in case of “strong variation”
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Pressure in the Dispenser of 305 mbar, Incident Solar Power of 25 kW, Transient Regime of ~ 60 sec
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Fig. 8. Temporal evolutions of the particle temperature inside the irradiated zone (red), the particle mass flux (green) after an increase of the aeration flow rate
(blue) and for a constant pressure in the dispenser (black). (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

events.

Fig. 8 shows the response of the system to an aeration flow rate
variation, with a constant pressure in the dispenser of 305 mbar, and a
constant incident solar power of 25 kW (the B solar flux configuration).
The initial steady state corresponds to a particle temperature in the
irradiated zone Tyar,irr (in red), a particle mass flux G, (in green) and an
aeration flow rate (blue), expressed in sg/h instead of sm>/h to fit with
the scale of the figure. At t = 300 s, the aeration flow rate increases from
0.16 to 0.24 sm>/h. Successive aeration mass flow rate changes are
presented on the figure. The starting time of each transient is illustrated
by a vertical dashed line. The air flow rate rise induces a dilution of the
suspension, i.e. a decrease of the particle volume fraction a. As a first
approximation, the particle volume fraction over the tube height is
proportional to Py, (the pressure drop over the height of the tube) ac-
cording to Eq.(3). As the driving pressure of the flow (i.e. Py,) remains
constant during the test, a reduction of a results in an increase of the
particle mass flux to respect the pressure balance. As in Fig. 7, the mass
flow rise is characterized by an increase of the slope of the particle mass
variation after each increase of qg.. Assuming a constant incident solar
power, the mass flux rise induces a decrease of the temperature. As
discussed before (Section 3.1.2), for a given aeration flow rate and
particle mass flux, when Ty i decreases, the particle volume fraction
increases. This sequence highlights a self-regulation behavior of the
system that oscillates around its new equilibrium before stabilizing. In
Fig. 8, five successive steady states induced by five successive increases
of the aeration flow rate are illustrated. For each sequence, the self-
regulation duration lasts approximately 60 s and can be summarized
as follows.

Gae/ => Qe => G /S => Tpaprire \ => iy /"

Between the first and the second sequence, a very strong decrease of the
particle temperature occurs due to a very low initial particle mass flux.
Between the second and the third sequence, the aeration flow rate in-
creases from 0.24 to 0.32 sm®/h, i.e. a relative increase of 33 %. This
strong variation of the control parameter results in small relative vari-
ations of the particle temperature and mass flux, respectively of 12 %

Table 3

Response of the system from an increase of the pressure in the dispenser and of

the aeration flow rate.

Increase of the operating
parameter

Consequences

Particle mass

Particle mass

Duration of the

flux Increase flux Increase transient
regime
Pressure 10 % 90 % 54 % 70s
From 340 From 50 to 95 From 195 to
to 375 kg/(m?s) 90 °C
mbar
Aeration 33% 16 % 12 % 60 s
flow rate From 0.24 From 12 to 14 From 410 to
to 0.32 kg/(m?s) 360 °C
sm®/h

(from 410 to 360 °C) and 16 % (from 12 to 14 kg/ (m3s)). To summarize,
from a process control point of view, the power plant operator could
thus use an aeration flow-based control to finely adjust the operating
conditions.

The responses of the system to an increase of the pressure and the
aeration flow rate are summarized in Table 3.

3.2. Thermal performances of the receiver

3.2.1. Absorbed power

The particle temperature increase in the solar receiver is given by
ATpae = Tpar, —Taisp- The particle outlet temperature, Ty, is given in
Equation (4). It is calculated as the average of the particle temperature
measured within the tube at the outlet of the irradiated zone, at radial
positions of D;/3, D;/2 and 2D,/3 (cf. Fig. 3a). However, the particle
inlet temperature is not measured at the inlet of the irradiated zone,
because the particles are already heated due mainly to the reflux at the
tube walls [7]. To account for these effects on the measurements and
describe the real increase due to the solar irradiation, the temperature in
the dispenser Ty, is used. During the experimental campaign, the
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Fig. 9. Evolutions of a) the increase of the particle temperature, and b) the absorbed power by the particles, as a function of the particle mass flux and for various

incident solar flux densities.

temperature increase AT, ranges between 105 and 645 °C, as shown in
Fig. 9a as a function of the particle mass flux.

Fig. 9b shows the evolution of the absorbed power by the particles
baps> calculated by Equation (5) with respect to the particle mass flux. In
this Equation, C,pe is calculated as a function of the mean particle
temperature in the irradiated zone, T4 (cf. Equations (1)-(2)). Since,
the particles belong to the class A of the Geldart classification [23], the
air velocities needed to fluidize them (and vary the fluidization regimes)

thus negligible in the power balance [43].

In Fig. 9a-b, the various markers and colors are representative of the
incident concentrated solar flux density, i.e. the product of the con-
centration ratio and the DNI. For all the tests, the dispenser is at ambient
temperature, ~25 °C. The bars amplitudes indicate the measurement
and calculations errors of the particle mass flux and of the particle
temperatures.
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Fig. 10. Evolution of the thermal receiver efficiency as a function of the particle mass flux and for various incident solar flux densities.
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Fig. 11. Comparisons of the temperatures measured by the thermocouple T} and the infrared camera, at 0.84 m height, for two solar flux configurations.
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Figrrrure 9a-b illustrates that, for a given solar power, increasing the
particle mass flux leads to an increase of the absorbed power by the
particles and a decrease of the particle temperature. This is directly
related to the particle mean residence time in the irradiated part of the
tube. For example, for a particle mass flux of 2 kg/(m?%), the mean
residence time is approximately 400 s and corresponds to a temperature
increase of 530 °C, while for a particle mass flux of 93 kg/(m?s), it drops
to respectively 7.5 s and 105 °C. Furthermore, for a given G,, increasing
the solar power leads to an increase of the wall and particles tempera-
ture, and finally of the absorbed power.

Despite very high peak in terms of concentration ratio for the E solar
flux configuration (above 800 suns) the maximum tube wall tempera-
ture remains below 1000 °C. Compared to the D configuration, the
particle temperature increase is very similar but the wall temperature
distribution is very different (cf. Section 2.4). It means that from the
particle temperature increase view point, only the total energy received
on the aperture of the cavity matters. Since the E configuration is a
limiting case that results in very high wall temperature gradient and
heterogeneity, is not taken into account anymore in the following result
analysis.

— out
(babs - mPCPJ’UV’ (Tparl

3.2.2. Thermal efficiency

The thermal efficiency of the receiver, 5, represents the ratio of the
absorbed power over the incident solar power, as presented in Equation
(6). Fig. 10 presents the variation of #,;, with respect to the particle mass
flux. The trend is logically similar to the one presented for the absorbed
power. Increasing the particle mass flux leads to an asymptotic increase
of the receiver thermal efficiency which seems to converges for mass flux
above 30 — 40 kg/(rnzs). This finding agrees with the data of [38] with
one finned tube. However, the efficiencies obtained in this latter work
were slightly higher (of approximately 5 % for all the solar configura-
tions tested) due to the higher exchange surface between the hot tube
and the particles. Considering the small increase in efficiency, the
addition of fins within the tube of the particle-in-tube solar receiver
seems to be not worthy. Furthermore, the efficiency was much higher
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(between 0.85 and 90 for particle mass flux around 40 kg/(mzs)) in the
earlier study with 16 bare tubes tanks to the cavity effect [43].

Dups

Dot

Fig. 9 and Fig. 10 presented above highlight the need of combining
high particle mass flux and high incident solar power to obtain both high
particle outlet temperature and high thermal efficiency. Results are
obtained with particle inlet temperature at the ambient. Additional ex-
periments have been performed with preheated particles in the
dispenser, with temperature ranging from 100 to 300 °C. The results are
presented in Supplementary Information SI-4. For given particle mass
flux and incident solar flux, preheating the particles leads, as expected,
to higher particle outlet temperature. Nevertheless, as the temperature
increases, the thermal losses — mostly radiative — increase too, which
leads to a decrease of the absorbed power and thus to the thermal
efficiency.

Ny = (6)

3.3. Heat transfer

3.3.1. Global heat transfer coefficient

To characterize the heat transfer between the internal walls of the
tube and the particles over all the irradiated zone height, a global wall-
to-particles heat transfer coefficient, hyqy par, is calculated with Equation
(7) [7,38]. The latter is similar to the classical formulation of convective
exchange in a heat exchanger. Since hy,q; pore aims to quantify the way the
concentrated heat power is transferred to the particle in the irradiated
part of the tube, the considered exchange area is half of the internal
cylinder surface, Sexcn = 7#DHirr /2.

To consider the variations of the wall to particle temperature dif-
ference over the tube height, a logarithmic mean value is considered
between the inlet and the outlet of the irradiated zone, AT,qpar
(Equation (8)). The associated uncertainties are detailed in Appendix B.

Daps

abs )
Sexch AT wattpars

hwall.part =
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Fig. 12. Evolution of the wall-to-particles heat transfer coefficient as a function of the particle mass flux and for various incident solar flux densities.
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For this calculation, the particle inlet temperature considered is not
anymore the dispenser temperature but an average of the recorded
temperature at the inlet of the irradiated zone, T;,’:m (Equation (9)). The

Tﬁ(llall.int and T%Lm
the measurement performed on the external walls and considering the
heat conduction trough the tube (Equation (10)). In the equation, the
mean solar flux density ¢, is given by the solar flux distributions,
Qpyro = 0.85 is the absorptivity of the Pyromark® paint in the solar
wavelengths (“Alloy Wire International, Inconel 601,” 2020; [33], and
Ainconel 1 the thermal conductivity of the Inconel® material (“Alloy Wire
International, Inconel 601,” 2020). The latest is given by Equation (11)
with T the temperature in °C. Finally, the external wall temperatures,

ATattpan = ( (8)

internal wall temperatures, .» are estimated based on

Tyaexe and Thdy ., are measured by the welded thermocouples (cf.
Section 2.3).

n T+ T+ T,
1, = Do Tt T ©

. . e
inout __ rpin.out '
Twall.int - Twall.ext 71 ApyroPsol
inconel

(10)
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Ainconet = 0,0169*T + 10,95 1D
However, previous experiments have highlighted the difficulty to mea-
sure precisely the temperatures with externally welded thermocouples
[38]. For on-sun experiment, when the welded thermocouple is exposed
to high concentrated solar flux, its temperature may be higher than the
tube walls due to the thermal resistance between the weld and the
surface. Consequently, the temperature must be corrected. A second
measurement were performed using an infrared camera placed in front
of the receiver (at 18 m of the focus of the parabola) to estimate the
measurement error due to the thermal resistance. A comparison of the
two measurement results, at the location of the thermocouple T2S (0.84
m above the aeration injection), is presented in Fig. 11 for two solar flux
configurations. The temperature is post-processed from the camera
image using an emissivity of 0.85. For relatively low solar flux density,
the temperature given by the two measurement agrees very well.
However, for high solar flux density, the temperature given by the
thermocouple (blue) is overestimated compared to the temperature
given by the camera (green) by approximately 50 °C.

Then, experiments were performed with the infrared camera to
compare the temperatures given by the thermocouples at various height
of the tube. Nevertheless, it is experimentally difficult to extract sig-
nificant trend of the temperature difference versus the solar flux because
several parameters can affect the temperature given by the camera.
First, the emissivity of the tube can vary along the tube height. Second,
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Fig. 13. Evolution of the dimensionless wall-to-particle heat transfer index as a function of the mean particle temperature in the irradiated zone, and for various

incident solar flux densities.

the resolution of the camera limits the spatial accuracy of the mea-
surement at 1 pix/cm. Third, the external welded thermocouples have
white ceramic sheaths (as shown in Fig. 2a) that may be recorded by the
camera and result in wrong local data. As the temperatures measured by
the thermocouples are always higher than the temperatures measured
by the IR camera and the difference varies with the solar flux density, we
chose to decrease the measured data by a mean value of 25 °C. It is
associated to a constant uncertainty of 25 °C.

Fig. 12 presents the evolution of the global wall-to-particles heat
transfer coefficient as a function of the particle mass flux, for three
incident solar flux densities. Due to the strong heterogeneities of the D
and E solar distributions, they are not presented in the figure.

According to Equation (7), Ayapare Vvaries similarly to the absorbed
power by the particles. Since the extracted power by the particles in-
creases with the particle mass flux as does hyqper- A plateau is reached
when the increase in the temperature difference between the wall and
the fluidized bed compensates the previous trend. The calculated values
are consistent with previous studies. For examples, [38] obtained mean
heat transfer coefficients of 1200 + 400 W/(m?K) with a finned tube, for
particle mass flux higher than 40 kg/(m?s) and solar flux density of 236
kW/m?2. Logically, this value is higher than the one obtained in the
present study in similar operating conditions (for homogeneous solar
flux configurations A et B) since fins enhance heat exchange area.
Furthermore, with silicon carbide particles and one bare tube, [7]
measured mean coefficients of 800-900 W/(m?K) for particle mass flux
in the range 30-40 kg/(m?s) and solar flux density of 387 kW/m?2. The
operation conditions correspond to the C solar flux configuration, for
which the measured values of hygpqr: are slightly higher in the present
study. The main difference between the two experiments is the irradi-
ated length of the tube, that was 0.5 m for [7].

As a conclusion, according to Fig. 12, the global wall-to-particle heat
transfer coefficient varies mainly with the particle mass flux. It reaches a
quasi-plateau above 15 kg/(m?s) with a mean value of 1000 + 200 W/
(m?K) and some peaks data up to 1500 W/ (m?K). However, it is difficult
to extract the influence of the particle temperature and of the fluidiza-
tion regime from this global heat transfer coefficient. An alternative
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approach is discussed in the next section.

3.3.2. Discussion about the heat transfer

In an ideal solar receiver, the temperature of the absorber wall is
equal to the temperature of the HTF. It corresponds to an infinite heat
transfer coefficient between the wall and the HTF. Consequently, the
value of the heat transfer coefficient is required to design a solar receiver
and to estimate the wall-to-HTF temperature difference, the thermal
gradient along and around the tube, the associated thermal stresses and,
finally, the lifetime of the component. The main objective being to reach
the highest outlet temperature of the HTF with the smallest temperature
difference between the irradiated wall and the HTF. From this concern,
the heat transfer coefficient is a global quantitative data that does not
traduce qualitatively the internal temperature distribution inside the
tube from the internal wall to the core of the HTF flow. This data is
unknown for fluidized particle flowing in a solar-irradiated tube.
Consequently, the following section is an attempt to analyze the quality
of the heat transfer as a function of the fluidized particle flow charac-
teristics with the objective to reach high outlet temperature with
reduced thermal gradient at the wall-to-particle interface.

A dimensionless quantity, Hyapar, is defined in Equation (12). It
represents the ratio of the particle temperature increase over the average
temperature difference between the internal walls and the particles. For
example, if both the particle temperature increase (ATpq:) and the
temperature difference between the walls and the particles (ATyqipart)
are high, it means that the heat is not correctly extracted from the hot
tube. Conversely, high values of Hyqj par: correspond to high temperature
increases of the particle with reduced temperature differences between
the internal walls and the particle flow. It means that this dimensionless
number is an effective indicator of the heat transfer quality.

hwall.partSexch _ ATpart
GpSr Cp,]mrz ATwall.pzm

Hwall,parr -

12)

Fig. 13 shows the evolution of the dimensionless index Hyqypare s a
function of the mean particle temperature in the irradiated zone. It in-
creases with the particle temperature in agreement with [7], despite the
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Table 4

Comparisons of the dimensionless heat transfer index for various fluidization
regimes, at given mean particle temperature, for aeration flow rate between 0.24
and 0.81 sm®/h and particle mass flux between 4.4 and 23.1 kg/(m?s).

Mean Particle Fluidization Dimensionless Heat Transfer
Temperature Ty irr Regime Index Hpup
343 +4°C Slugging 1.58 +0.13
Fast Fluidization 1.84 +0.18
Turbulent 2.93 + 0.49
Fluidization
404 +£7°C Slugging 2.57 £ 0.25
Fast Fluidization 3.35 + 0.63
Turbulent 4.38 + 0.88
Fluidization

associated low particle mass flux. Actually, the heat transfer in a fluid-
ized bed is the sum of convective, conductive and radiative components
[25]. All of these terms increase with the temperature in classical flu-
idized beds. Above 500 °C, the radiative component predominates the
heat transfer. Furthermore, the highest dimensionless heat transfer
indices are obtained for the lowest flux configuration. Two explanations
arise. First, at high solar flux, the wall-to-particles temperature differ-
ence increases. Second, the lowest flux distribution is the most
homogeneous.

The temperature has also an influence on the particle flow. Actually,
as discussed in [13], the effect of temperature on fluidized Group A
particles flow is related to both macro-scale change of gas properties
(density and viscosity) and micro-scale changes. At micro-scale, Gel-
dart’s Group A particles are subjected to clustering contrarily to Group B
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as shown in [39]. Clustering is due to inter-particle forces that are
important for small particles (Group A). Nevertheless, in fluidized beds
the particle volume fraction decreases (the bed porosity increases) with
temperature as shown in [21,27] due to weaker attraction forces. This
tendency dominates until the sintering effect becomes significant and
results in particles agglomeration. This phenomenon was extensively
studied, in particular, in fluidized bed combustion since ashes are sub-
jected to agglomeration [4,40]. In dense granular flows studied for CSP
applications [2,37], the increase of the coefficient of interparticle static
sliding friction leads to a decrease of the particle steady-state mass flow
rate. Since the sintering temperature of olivine is approximately 1450 °C
no agglomeration was observed in our fluidized bed experiments.

A detailed analysis of the link between heat transfer and fluidization
regimes is out of the scope of this paper, it can be found in [27]. How-
ever, some preliminary results can be accessed. Since the dimensionless
heat transfer index, Hyyqper, depends on the particle temperature, it has
been fixed at approximately 340 and 400 °C, and the result analysis has
been done for tests with aeration flow rates and particle mass fluxes
varying respectively in the ranges 0.24 — 0.81 sm®/h, and 4.4 — 23.1 kg/
(m?3s). The fluidization regimes have been identified, and results are
presented in Table 4. At a given particle temperature, the slugging
regime is associated with the lowest heat transfer coefficient. This is
mostly due to the large air structures (slugs) that decrease the particle
mixing and slow down the particle flow [14,45]. Conversely, as ex-
pected, the turbulent fluidization regime is associated to the best heat
transfer. Actually, in this regime, the scission of the air structures is
predominant compared to their coalescence, that results in vortices and
a strong particle mixing [9,49]. The intermediate regime in terms of heat
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Fig. 14. Evolutions of the temperature with the radius of the tube, at various heights and for various fluidization regimes, for mean particle temperature in the
middle of the irradiated zone fixed at approximately 400 °C, and at ambient temperature (around 25 °C) in the dispenser.
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Table A1

Heights of the pressure probes implemented on the receiver tube.
N° Pl P2 P3 P4 P5 P6 P7 P8 P9
Height z(m) 0.08 0.84 1.04 1.24 1.44 1.84 2.04 2.24 2.44

Table A2

Positions of the internal and external thermocouples implemented on the receiver tube.

x(m) y(m) z(m) x(m) y(m) z(m) x(m) ¥(m) z(m)

T, 0 0 0,31 720 -0,015 0,015 1,64 713 0,016 ~0,022 1,16
T’?m —0,023 0 0,31 lenli 0 0 1,64 Tgfl 0,001 -0,027 1,16
3, 0,016 0,016 0,64 T2 0,016 ~0,016 1,64 77 ~0,020 ~0,018 1,16
T, 0,006 0,006 0,64 T3 0 0 2,54 718 ~0,013 0,024 1,24
T3, ~0,006 ~0,006 0,64 T2 ~0,023 0 2,54 9 0 ~0,027 1,44
T?m —0,016 —0,016 0,64 T!}xt 0 —0,027 0,31 Tfft 0,001 0,027 1,61
77, -0,016 0,016 0,64 T2, 0 0,027 0,66 2 0,018 0,020 1,61
TSU —0,015 0,015 0,64 fot 0,019 0,019 0,66 fozt 0,027 0,004 1,61
7, 0 0 0,64 T, 0,027 0 0,66 3 0,021 -0,017 1,61
T,~1,,(3 0,016 —0,016 0,64 fot 0,019 -0,019 0,66 Tf;'[ 0,004 —-0,027 1,61
Tl 0 0,023 1,14 75, ~0,002 ~0,027 0,66 % -0,016 ~0,022 1,62
712 0 0,008 1,14 17, ~0,017 -0,021 0,66 7% ~0,027 ~0,001 1,62
T 0 ~0,008 1,14 T8, ~0,027 0 0,66 177, ~0,020 0,018 1,62
Tl 0 ~0,023 1,14 0, ~0,021 0,017 0,66 7% 0 ~0,027 1,84
i3 0,016 0,016 1,639 710 0 -0,027 0,84 % 0 -0,027 2,04
Ti8 0,006 0,006 1,639 1l 0,001 -0,027 1,0394 % 0 -0,027 2,24
TV ~0,006 ~0,006 1,639 12 -0,018 0,020 1,16234 % 0 ~0,027 2,4366
T,~1,5 —0,016 —0,016 1,64 T,}f, 0,025 0,010 1,15934 T?f[ 0 -0,027 2,5366
T —0,016 0,016 1,64 T4 0,025 0,009 1,16

int

transfer is the fast fluidization, in which there is a phase inversion. There
is a relatively dense zone at the bottom of the suspension followed by a
dilute zone where clusters or particles are ejected upward [24].
Although the latter regime might be a good compromise for the heat
transfer, it is more difficult to control the suspension from a practical
point of view, and it needs high air velocities — i.e. high air flow rates —
which is finally associated to high power consumption to compressed
the air in the case of a commercial-scale power plant. Finally, the best
compromise in terms of both heat transfer and energy consumption is
the turbulent fluidization regime.

To confirm the previous conclusion, Fig. 14 presents the radial
temperatures distribution associated to the three tests presented in
Table 4 for particle temperatures of approximately 400 °C, i.e. for three
fluidization regimes. In the figures, each color corresponds to a specific
height where such profiles can be measured, namely, the three well
instrumented sections at the bottom, middle and top of the irradiated
zone (cf. Fig. 3). The negative x-axis values correspond to the irradiated
face of the tube, and the vertical dashed lines represent the tube thick-
ness. First, the particle temperature inside the tube is very homogenous,
whatever the fluidization regime, which highlight the good mixing
inherent to fluidized bed. Second, for an increase of the particle tem-
perature nearly equivalent for the three tests, ATpq: ~ 400 °C, the
temperature difference between the wall and the particles is the lowest
in the turbulent fluidization case. This is coherent with the dimension-
less heat transfer index presented in Table 4. Third, due to both the
cavity effect and the conduction in the tube thickness, the external
temperatures at the back face are always higher than the particle tem-
peratures inside the tube. The previous analysis confirms that the
dimensionless heat transfer index is a relevant indicator of the quality of
the heat transfer.

4. Conclusion
The thermal performances of a gas-particle dense suspension used as

heat transfer fluid in a tubular solar receiver irradiated along 1 m are
assessed over a large range of the operating parameters. Olivine particles
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belonging to Geldart class A are selected as solid medium with mass flux
up to 93 mg/(m?s). Incident solar flux density configurations between
220 and 600 suns are tested, with various distribution homogeneity.

The main findings are related to the receiver thermal behavior with
respect to the incident solar flux density, particle temperature increase
through the receiver tube and the associated thermal efficiency, the
dynamic response of the system, the experimental values of the heat
transfer coefficient and the link between the heat transfer coefficient and
the fluidization regimes.

Even if the recommended operation solar flux density is 400 — 500
kW/m?, the system can hold high peak densities (from 800 suns at the
bottom of the tube to 250 suns only 60 cm above).

The maximum particle temperature increase along the 1 m irradiated
length reaches 650 °C for a medium incident solar power of approxi-
mately 30 kW and particle preheating to 300 °C in the dispenser. The
thermal efficiency varies in the range 40 — 70 % for particle mass flux
between 15 and 80 kg/(mzs). The thermal efficiency can be improved
using a cavity-type solar receiver.

The dynamic responses of the system are studied, showing that the
control of the receiver can be pressure-based or based on the aeration
flow rate, for respectively large and small variations of the particle mass
flux and temperature. For example, a 10 % increase of the pressure in the
dispenser results in a 90 % increase of the particle mass flux, whereas it
is only 16 % for a 33 % increase of the aeration flow rate. The duration of
the transient phases is relatively small for both types of control, typically
60 -70s.

The measured global mean heat transfer coefficient is 1000 + 200
W/(m?K) for particle mass flux above 15 kg/(m?s), with peak values at
1500 W/(m’K).

A dimensionless heat transfer index is derived. It enables to high-
lights (i) the increase of the heat transfer with the temperature, and (ii)
the influence of the fluidization regime on the heat transfer intensity.
The turbulent fluidization regime corresponds to the highest heat
transfer index.
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Appendix A. Instrumentation of the Set-Up

Tables A1 and A2 list respectively the position of the pressure probes and of the thermocouples in the main tube, in Cartesian coordinates, where
the origin {000} is the center of the tube at the height of the aeration injection.

Appendix B. Uncertainties on the heat transfer coefficient

The uncertainty on the heat transfer coefficient, Shyqpar, is given by Equation (13). In this equation, S(ATwaH_pm) is the uncertainty of the log-
arithmic mean of the temperatures differences between the internal wall and the particles. It is determined by Equations (14)-(16) by using the

method of the differentials. To simplify the reading of the equations, AT™out = TN _pinout o4 thys the associated uncertainties §(AT™ou) =
p g q wall,int part
in,out in,out
6T}[Jaroi,int + 6’1”1[7‘1” :

5hwall,part — 6¢abs + (SSe)cch + 6 (ATwnll,pan) (1 3)
hwall part (I)ah.\‘ S, exch A Twall,pan

a ATwa pari i a ATWH part oul
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Appendix C. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.solener.2023.112118.
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