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Abstract. A fluidized-particles two-tube solar receiver was tested at ambient temperature at 
PROMES Laboratory to investigate the influence of an inhomogeneous solar flux density on 
the particle mass flow rate between the tubes. The principle of this 3rd generation solar receiver 
is to fluidize the particles in a container, called dispenser, in which the tubes’ bottom are im-
mersed. The fluidized particles are flowing upward the tubes by applying an overpressure in 
the dispenser. Air velocities are changed inside the tubes, thanks to air mass flow controllers, 
to represent temperature heterogeneity between the tubes. Air velocities from 0.05 up to 0.52 
m/s were tested, both in homogeneous and heterogeneous conditions. In the heterogeneous 
ones, the differences in air velocity between the tubes aim to mimic a difference in temperature 
from 20 to 100 % with homogeneous air flow rates injected. The following conclusions were 
drawn. First, the particle mass flux in the tubes are the same with homogeneous air velocities, 
each one following a calibration map previously obtained. Second, different air velocities lead 
to different particle mass flux. Third, the rise of the total particle mass flux diminishes the pres-
sure in the dispenser. Four, this diminution of pressure leads to a decrease of the particle mass 
flow rate of the tube with the lower air velocity. This influence can lead in some cases to the 
stop of the fluidized bed circulation in the affected tube.  
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Introduction 

Concentrated Solar Technologies consist of concentrating solar irradiation thanks to mirrors 
onto a receiver in order to produce heat. A heat transfer fluid (HTF) absorbs and conveys the 
thermal energy that can be stored or used to heat a working fluid in a heat exchanger. The 
working fluid is coupled with a thermodynamic cycle that converts heat into electricity. The cycle 
conversion efficiency depends on the temperature of the heat source, according to the Carnot's 
principle. Nowadays, molten salts are commonly used as HTF in power towers [1] and have 
a limited operating temperatures in the range 220-565 °C that limits the efficiency of the 
power block to ~42 % [2].  

To overcome these issues and improve the conversion efficiency from 42 to 50 %, 
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new HTF and high efficiency cycles are developed. Supercritical cycles need temperature 
between 600 °C and 750 °C. Among possible new HTF, solid particles can withstand temper-
ature up to 1400 °C, while reducing drastically storage cost. New particle receivers are under 
development worldwide [3] as the falling particle receiver of Sandia National Laboratories [4], 
the centrifugal receiver of the German Aerospace Center [5] and the fluidized particle-in-tube 
of the French National Center for Scientific Research (CNRS-PROMES Laboratory) [6]. 

The latter has already been demonstrated and an extensive experimental data base 
was established thanks to several projects, either at ambient temperature [7,8] or under con-
centrated solar flux [9-12]. In particular, tests at large scale with forty 3 m-long tubes under 
concentrated solar irradiation of the Horizon2020 Next-CSP project [13] revealed the existence 
of heterogeneity in particle mass flow rate among the tubes. One of the possible explanations 
is a difference in air velocity between tubes due to temperature heterogeneity. To reproduce 
this phenomenon, a 2-tube cold mock-up was built at PROMES Laboratory. Changing the aer-
ation velocity in each tube aims to reproduce the difference of air velocity due to temperature 
heterogeneity between tubes. This protocol mimics the effect of temperature but still neglect 
the air viscosity effect. 

Experimental Setup 

The cold mock-up is composed of two 3.70 m-long glass tubes of 45 mm internal diameter. 
Figure 1 shows a 3D (a) and a schematic representation (b) of the cold mock-up. The particles 
used are 61 µm Sauter diameter olivine belonging to the group A of Geldart classification [14]. 
They are fluidized in a container, called “dispenser“, thanks to a homogeneously distributed air 
flow rate (qf) of 16.7 sm3/h (corresponding to 2.4 times the minimum fluidization velocity). By 
applying an overpressure in the freeboard of the dispenser with a pressure-control valve, the 
fluidized bed flows upwards inside the two tubes and particles are collected in weighting de-
vices to measure the particle mass flux (GP) in each tube, varying from 0 to 260 kg/(m².s) (i.e. 
1470 kg/h). 

 

Figure 1. a) 3D and b) schematic representation of the 2-tubes experimental setup. 

In the 2-tube mock-up, the air velocity in each tube varies thanks to air mass flow 
controllers connected to injection nozzles located at 52 cm above the bottom of the tubes. 
The air flow rate can vary from 0 up to 2.50 sm3/h (superficial air velocity inside the tubes 
from 0 up to 0.52 m/s). Injection nozzles are part of the fluidized particle-in-tube technology 
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aiming at stabilizing the particle flow and controlling the fluidization regime. The particle vol-
ume fraction and the fluidization regime inside a tube are directly related to the air velocity 
[7]. The tube close to the pressure-control valve is named Tube A and the other one, Tube 
B. When particles flow out of the tube, an endless screw connected to a particle storage is 
activated to compensate the loss of particles in the dispenser. 

A previous study with the same configuration but with a single tube resulted in the 
calibration map represented in Figure 2 [8]. This map is a plot of the particle mass flux (Gp) 
versus the pressure imposed at the bottom of the dispenser. The latter is the sum of the 
freeboard pressure and the pressure drop through the fluidized bed, of ~20–40 mbar over all 
the tests. Each color corresponds to a given aeration air flow rate. 

 

Figure 2. Particle mass flux (in kg/(m².s)) for one tube as a function of the pressure at the 
bottom of the dispenser (in Pa) and the air flow rate (in sm3/h). 

Both a given pressure in the freeboard of the dispenser (in the x-axis) and a given air 
flow rate (in color) result in a particle mass flux (in y-axis) circulation inside the tube. The vari-
ation of these parameters enables to plot the colored zones with uncertainties taken into ac-
count. The latter are due to the pressure sensors and the weighing scale accuracies. We ob-
served that this map is valid for 1, 2 and 3 tubes configurations. Although some experiments 
were carried out with three tubes, results of test with two tubes are reported in this paper since 
no significant differences have been observed between two and three tubes. 

Results and discussion 

The operating procedure is the following: 

 Progressive homogeneous increase of air flow rates injected inside the tubes (Fig.3.a) 
through the injection nozzles that creates, with the appropriate initial pressure in the 
freeboard of the dispenser, particle mass fluxes in the 2 tubes (Fig.3.b) (time intervals 
1-3).  
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 Then, only the air flow rate of tube A is changed to a higher value, triggering a rise in 
the particle mass flux through it (time intervals 4 and 5). The particle feeding of the 
dispenser is changed to keep the mass of particle in the dispenser constant. 

Time intervals are 3 minutes long and the particle and air flow rates are averaged on 
the last minute of each interval to take into account the stationary state and not the transient 
part. 

 

Figure 3. Experimental test 1 -  a) Air flow rate (in sm3/h) and b) particle mass flux (in 
kg/(m².s)) for tube A (in blue) and B (in orange) for different time intervals. 
c) Pressure in the freeboard of the dispenser (in Pa) through time (in s). 

Seven experimental tests were conducted, for initial pressure in the freeboard of the 
dispenser between 269 and 413 mbar and initial air flow rates between 0.25 and 1.17 sm3/h. 
The same procedure is followed for each test with three time intervals of increasing homoge-
neous air velocities (same air flow rate injected in the two tubes) followed by 2 time intervals 
of heterogeneous air flow rates (different air flow rates injected in the two tubes) configura-
tions. These heterogeneous air flow rates configurations aim to reproduce homogeneous air 
flow rates configurations with heterogeneous temperatures (with Tube A temperature in K 
from 1.2 to 2 times higher than Tube B). 

Several observations can be drawn. Firstly, for the homogeneous aeration configura-
tions: 

1. The tubes experience the same particle mass flux when the same air flow rate is in-
jected in each tube. In addition, the particle flux inside each tube follows the calibration 
map in Figure 2. 

2. Increasing the air velocity results in a decrease of the particle volume fraction and in 
the dilution of the mixture. This variation leads to an increase of the particle mass flux 
since the pressure drop created by the fluidized bed decreases (it is proportional to the 
particle volume fraction) [8]. 

3. The increase of the total particle mass flux results in a decreases of the pressure in the 
freeboard of the dispenser. (Fig.3.c). 

Secondly, for the heterogeneous aeration configurations: 
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1. The effect of the diminution of the dispenser freeboard pressure induced by the in-
crease of the total particle mass flux is strongly correlated to the decrease of the particle 
mass flux in tube B. This decrease can be extended until a threshold value of air ve-
locity in the tube A for which the particle mass flux in the other tube becomes null.  

2. The higher the total particle mass flux (sum of Tubes A and B), the higher the decrease 
in pressure in the freeboard of the dispenser, even in heterogeneous aeration configu-
ration. Figure 4 plots the resulting linear correlation between the particle mass flux and 
the pressure decrease in the dispenser freeboard. An explanation is yet to be devel-
oped. 

 

Figure 4. Decrease of the pressure in the freeboard of the dispenser (in Pa) as a function of 
the total particle mass flux (in kg/(m².s)). 

Figure 5 illustrates the evolution path of the particle mass flux inside tube A and tube B 
due to the variations of the aeration air flow rate. The experimental results are plotted in the 
calibration map to emphasize dynamically the evolution of the particle mass flux inside each 
tube. Only experiments 1, 2 and 5 are represented among the total of the seven conducted 
tests to facilitate the reading. Test 1 corresponds to the test described previously in Figure 3 
with the associated interval numbers.  
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Figure 5. Results of experimental tests 1, 2 and 5 represented in the calibration map of the 
system. 

This representation clearly shows that as the total particle mass flux increases, the 
pressure in the freeboard of the dispenser decreases, as the points are all left shifted. Let us 
comment results of test 1, represented by the left blue (Tube A) and green (Tube B) curves. 
Time intervals are denoted by black numbers. At the third time interval of test 1, the particle 
mass flux and the pressure in the dispenser are in the blue zone corresponding to the calibra-
tion zone of an air flow rate injected of 1.67 sm3/h in both tubes. For time intervals 4 and 5, air 
flow rate of tube A rises and the associated particle mass flux fits with the corresponding air 
flow rates of respectively 2.00 and 2.50 sm3/h, i.e. pink and yellow zones. Meanwhile, air flow 
rate in tube B is kept constant and, consequently, the associated particle mass flux follows the 
blue zone downward as the pressure decreases. For test 2 with the rightmost curves, the par-
ticle mass flux of tube B (in dark pink) reaches zero at time interval 5, in other words the fluid-
ized bed stopped circulating through it. 

Conclusion 

A cold mock-up that can receive one, two or three tubes was built at PROMES Laboratory in 
order to understand phenomena observed at the pilot-scale fluidized-bed solar receiver of the 
Next-CSP project that is composed of 40 tubes, 3 m long (irradiated zone). In some operation 
conditions, we observed that particle circulation flux strongly reduces inside some of the tubes. 
The main hypothesis is that an inhomogeneous solar flux distribution onto the tubes creates 
temperature differences among the tubes resulting in air velocity differences inside the tubes. 
To represent this phenomenon, inhomogeneous air flow rates are injected in the tubes of the 
cold mock-up. The particle mass flux and the related pressure in the freeboard of the dispenser 
are studied. It is shown that particle circulation can stop inside the tube where low aeration 
flow rate is maintained.  

Further work, both experimental and theoretical, is currently ongoing in order to better 
understand the phenomena at stake. Nonetheless, one can draw the following conclusions: 
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1. For each tube, a given pressure in the freeboard of the dispenser and the same air flow 
rate result in the same particle mass flux flowing inside both tubes. This characteristic 
enables plotting a particle mass flux calibration map. 

2. Upon the hypothesis that a heterogeneous solar flux distribution leads to inhomogene-
ous air temperature among the tubes, air velocities are heterogeneous and so the par-
ticle mass flux. 

3. The pressure in the dispenser is influenced by the total particle mass flux. When the 
latter increases, the former decreases linearly, and vice versa. 

4. The particle circulation inside the tubes is influenced by the pressure diminution and 
the resulting particle mass flux diminishes following the curves corresponding to the air 
flow rate in the calibration map.  

5. For heterogeneous air flow rate aeration configurations, the tube with the lower air ve-
locity experiences a strong diminution in the particle mass flux, that can lead in some 
cases to the stop of the fluidized bed circulation. 

Current experimental tests under concentrated solar flux at the Odeillo’s 1MW solar 
furnace (France) show that the previous effects would be reduced by the variation of temper-
ature created by the change in particle mass flux. This positive feedback can be explained as 
follows. Indeed, if the particle mass flow rate decreases in a tube, the thermal power extracted 
also decreases and thus the particle and air temperature increase, and the air velocity too, 
resulting in an increase of the particle mass flow rate. We observed this autoregulation phe-
nomenon for both low and high air flow rates. 
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