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Abstract. This study presents a comparison of both modelling and experimental results
obtained on the solar field and the receiver of the MW-scale particle driven CSP unit
implemented at the Themis solar tower (France) in the framework of the Next-CSP H2020
European project. At partial load, ~900 kW, the simulated data concerning the incident power
at the receiver aperture are consistent with the measured values with less than 5% difference
from the experimental results. The difference is higher for the particle temperature and the
thermal efficiency as a function of particle mass flow rate. It ranges between 12 and 98°C for
measured particle temperature of 430 and 300°C respectively. For the thermal efficiency, the
difference varies strongly with the experiments from approximately 12% to 50% (relative). The
main cause of discrepancy between the experimental and the calculated results is attributed
to the heterogeneity of the solar flux distribution on the receiver tubes.
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1. Introduction

Several leading research projects are currently dedicated to particle-based CSP technology
[1]. The falling particles receiver has been conceptualized and developed by the SANDIA
national laboratory (SNL) in the USA [2]. In this concept, particles directly absorb the
concentrated solar radiations during their fall at the focus of the heliostat field. Ho et al. reported
test results of a 1MW, falling particle receiver obtained using the 5 MWy, SNL solar tower
facility in Albuquerque [3]. The centrifugal particle receiver concept developed by DLR in
Germany was first demonstrated at lab-scale [4] and a MW-scale solar receiver was designed
and tested at partial load at the DLR’s test facility Julich Solar Tower [5]. A solar receiver using
particles flowing down in transparent tubes has been tested at Badaling Concentrated Solar
Power Tower at the MW-scale [6]. In the fluidized particles-in-tube solar receiver concept
developed by CNRS, fluidized particles move upward into vertical metallic tubes that are
irradiated by concentrated solar radiations. The particles flowrate inside the tubes is controlled
via a pressure drop imposed between the inlet and outlet of the receiver tube. Small size (<100
pum) silicon carbide and olivine particles have been used to achieve high tube wall-to-particle
heat transfer coefficients. A MW-scale solar receiver was implemented at the Themis solar
tower (France) in the framework of the Next-CSP H2020 European project [7]. This paper
presents a comparison of the results of both modelling and experimental works on the solar
field and the receiver.
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2. The Next-CSP prototype and instrumentation

The MW-scale particle loop implemented at the Themis solar tower is composed of four
principal elements that are the cold store, the solar receiver (40, 4m-long tubes), the hot store
and the heat exchanger. All the components are located at the tower top (focal area). The solar
field of Themis consists of 107 heliostats. Each heliostat is 54 m2. For the first experimental
campaign, a maximum of 24 heliostats was considered. Figure 1 shows the solar receiver in
operation. A length of 3 m from the 4 m is irradiated by concentrated solar energy (the irradiated
part size is 3 m high and 2.6 m wide). Each tube of the receiver is made of two sections, eight
fins are welded inside each tube along 2 m, from 1 meter to 3 meters high, to improve heat
transfer, the first meter is a bare tube [8].

Figure 1. The MW-scale fluidized bed solar receiver in operation

The loop has been fully equipped with temperature sensors, pressure probes, flowmeters and
automated valves to measure the key parameters that control the particles circulation (mass
flowrate) and characterize the solar receiver thermal behaviour. At Themis facility, the flux
measurement system consists of a white moving bar, a radiometer installed on the moving bar
and a digital camera. The white moving bar is a diffuse surface that reflects the concentrated
radiation that is captured by the digital camera. The moving bar crosses the aperture of the
receiver while the digital camera is taking high FPS pictures. These pictures are matrixes of
numbers in units of Grey Level (GL) or brightness.

3. The modelling approach and validation

3.1 Heliostat field and solar receiver modelling

The heliostat field is modelled using Solstice, an open-source ray-tracing software developed
by the CNRS-PROMES laboratory and Meso-Star SAS [9]. Solstice uses the YAML language
(Yet Another Markup Language) to create geometries. It is designed to handle efficiently
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complex solar facilities. CAD model can be imported and therefore complex ray’s path can be
simulated. The influence of the variation of surface optical properties with wavelength can also
be taken into account.

The flux distribution on each tube of the solar receiver computed by Solstice is post-processed
and considered in a simplified thermal model developed with the Matlab® software. The
thermal model is based on the Net Radiation Method, which establishes the balance on heat
flux and radiosity. The discretization of the tubes for the thermal model is performed by dividing
each of them into 15 parts in height, and considering the front and the back of the tube. This
discretization results in 1200 elements for the forty tubes (30 elements per tube). Details can
be found in [10].

3.1.1. Solar power and flux distribution at the receiver aperture

Figure 2 illustrates a flux distribution map at the receiver aperture for 24 heliostats focusing
concentrated solar radiation at the bottom center of the receiver, resulting in a maximum flux
density of 275 kW.m. The corresponding incident power normalized for a DNI of 1000 W/m?

is 890 + 90 kW. The simulated data concerning the incident power are consistent with the
measured values with less than 5% difference from the experimental results.
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Figure 2. Example of measured flux density distribution (kW.m-2)
3.1.2. Particle temperature and receiver thermal efficiency

The set of experimental runs taken into account for this comparison is listed in Table 1.

Table 1. Operation conditions of the set of experimental runs

Particle Particle
Run mass mass Solar Power Tpart,in
flowrate flowrate (kW) (°C)
(kg/h) (kg/s)

1 2148 0,60 719 38

2 3260 0,91 783 30

3 3985 1,11 783 30

4 4435 1,23 653 19

5 9972 2,77 553 23

6 12456 3,46 542 28
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Concerning the thermal model of the solar receiver, the following assumption have been made.
The solar flux distribution on the tube surface is the same for the 40 elements of the receiver.
It is plotted in Figure 3. The flux density is maximum at 1 m, as in the experiments, since this
location corresponds to the beginning of the finned tube section.
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Figure 3. Assumed non dimensional vertical solar flux distribution in the model

Table 2 and Table 3 compare the experimental and calculated data for the particle temperature
and the receiver thermal efficiency respectively.

Table 2. Comparison of experimental and measured mean particle outlet temperature

Measured Calculated
1 38 442 492
2 30 430 442
3 30 300 398
4 19 250 314
5 23 142 149
6 28 113 128

Table 3. Comparison of experimental and measured power transferred to the particles and receiver
thermal efficiency

" Solar Power Ppart (kW) | Ppart (kW) effi-lc-:iheenrcr:?/a(l%) effi1<-:iheer:<r:r;/a(l%)
(kW) Measured | Calculated | /. Calculated
1 719 253 311 35,2 43.3
2 783 380 429 48,6 54.7
3 783 314 468 40,1 59.8
4 653 299 418 45,8 64
5 553 346 403 62,6 72.8
6 542 309 397 57,0 73.3
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Figures 4 and 5 plot the compared experimental and calculated results from the data listed in
the previous Tables.
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Figure 4. Comparison of the outlet particle Figure 5. Compatrison of the receiver thermal
temperature efficiency

The comparison arouses three remarks:

e The trends are similar for both experimental and calculated data;

e The agreement between the measured and the calculated data for the particle
temperature is better than for the thermal efficiency;

e Concerning the thermal efficiency, the difference varies strongly with the experiments
from approximately 12% to 50% (relative).

Apart the experimental uncertainties (+ 20%), the main cause of discrepancy between the
experimental and the calculated results is the heterogeneity of the solar flux distribution on the
receiver tubes. It is assumed homogeneous on the 40 tubes (with the vertical distribution
plotted in Figure 3) in the model since it is not during the experimental runs. This heterogeneity
results in variations of particle mass flow rate between the tubes and local overheating of the
tube walls.

3.1.3. Additional data from the thermal model

The model enables predicting the evolution of the tube and particle temperatures along the
tube height. Figure 6 illustrates the calculated front tube wall and particle temperature variation
with tube height for two extremum particle mass flow rate, low (0,60 kg/s) and high (3.46 kg/s).
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Figure 6. Calculated tube wall and particle temperature profiles for the minimum and maximum
particle mass flow rates (see Table 1)
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On the tube wall temperature profile, the slope variation at 1 m corresponds to the boundary
between the bare and the finned tube sections in which two values of the global heat transfer
coefficient were applied. These values are 350 and 500 W/m2.K for the bare and the finned
tube sections respectively. They are not the wall-to-fluidized bed heat transfer coefficient but
the global coefficient accounting for conduction in the tube wall and the internal heat exchange.
For the low particle mass flow rate, temperature difference between the wall and the particle
as large as 300°C are predicted. It is reduced to 120 °C for high mass flow rate. At the outlet,
the difference is less than 100°C and ~50°C respectively.

4. Conclusion

This paper presents a comparison of both modelling and experimental data of a MW-scale
solar receiver including solar flux distribution at the aperture, radiation distribution inside the
solar receiver half-cavity and heat transfer to the fluidized particles. At partial load, it is shown
that despite a good agreement concerning the flux distribution, the particle temperature and
the thermal efficiency show larger differences due to flux distribution heterogeneity on the
receiver tubes. This indicates that the thermal model must be improved to account for partial
load operation modes with heterogeneous distribution of the solar flux on the solar receiver
tubes.
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