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1

Introduction

Numerical models of the solar reactors were developed, to better define and reduce the heat
losses, to optimize the operation and to propose a tool for reactor scaling-up. This report
summarizes the results of the models for the solar reactors: the rotary kiln (chapter 2), the vertical
tubular reactor with Dense Particle Suspension (DPS) (chapter 3) and the horizontal fluidized bed
(chapter 4). For a detailed description of the reactors please refer to deliverable 2.3.
The numerical study of the rotary kiln is divided in two sections. The first is a detailed analysis of
the mechanical and thermal reactor behaviour, which is used to improve the reactor design and
optimize its shape. The second is a simplified model to define optimal operating parameters as
mass flow and incident power and to identify the different heat losses and define the reactor
performance.
The vertical tubular reactor model was defined to reproduce the solar flux irradiation and the
thermal behaviour of the corresponding experimental setup that was operated with inert particles,
and to estimate its decarbonation performances when using calcite as reactive powder by applying
a chemical reaction kinetics model.
The horizontal fluidized bed reactor model includes thermal and reaction kinetics mathematical
description as for the vertical tubular reactor model. The model results were compared to the
experimental data obtained with dolomite.

2
2.1

Rotary kiln
Detailed model

This section aims to a detailed description of key aspects of the reactor behaviour, such as the bed
mixing and the thermal losses through the insulation.
To describe the bed behaviour, a DEM (discrete element method) approach was first proposed.
This method studies each particle separately and then its interaction with others. This method is
very useful to study the bed movement and the heat exchange between particles. On state-of-theart desktop computers, simulations of up to a million particles can be performed. On very large
clusters, the trajectories of hundreds of millions of particles can be computed but require long
simulation time [3]. In the present study, the small particle dimension leads to a much higher
amount of particles. Assuming 16 µm as the average particle size (value for D50 from particle size
distribution analysis from CEMEX), already a volume of 250 ml contains about 120 billion of
particles. This shows that this method is not applicable to the present case. Therefore, a second
approach was proposed where the bed behaviour was analysed through a physical model, where
the results were provided experimentally. These results allowed the definition of a suitable crucible
shape, able to provide sufficient particle mixing with reduced dust, during the experiment. This is
described in detail in the next section (2.1.1).
Once the crucible shape was defined, some thermal tests were made to determine the thermal
performances of the empty reactor. The determination of the heat losses was helped by a
numerical FEM (finite element method) model. The comparison between model and experiments
allowed the definition of some model parameters. The results allowed decreasing the heat losses,
by improving the insulation and avoiding thermal bridges. Detailed description of the model and the
results are given in section 2.1.2.
2.1.1 Bed modelling
In general, the bed motion inside a rotary kiln can be separated in six modes. A schematic
overview of those is given by Henein et al. [2] shown in Figure 1. For low rotational speeds the
material is in slipping mode. The bed moves as a whole but the particles inside the bed do not
move relative to each other. Increasing the speed leads to the slumping mode which is similar to
the previous one. The only difference is the oscillation of the bed around a centre point. Since the
particles don’t move relative to each other, no mixing is induced in the first two modes. Further
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increase of the rotational speed leads to the rolling mode. A constant renewal of the particles at the
surface layer is achieved. This is considered the ideal motion for achieving high mixing while
limiting the mechanical forces on the particles and therefore attrition. The remaining three modes
can be established when the rotational speed is increased further, until the centrifuging mode. The
rolling mode is only possible for non-cohesive particles. For cohesive particles, which corresponds
to CEMEX CMR (cement raw mill), this ideal motion is not achievable [4]. Mixing could still be
induced in the cascading or cataracting mode though. Relying on these modes would have two
major drawbacks. First, they cause dust formation inside the kiln. This is not an issue in

Figure 1: Schematic overview of the bed motion in a rotary kiln, from [2]

conventional kilns but the solar rotary kiln highly depends on radiation reaching all parts of the
crucible. A dust cloud inside the kiln would drastically influence the flux distribution and will
possibly reflect part of the incident radiation out of the kiln. Additionally, the dust poses a significant
challenge when operating with a window, where depositions have to be avoided. Second, these
modes can only be achieved at high rotational speeds, which limit the range of operation for the
kiln. The aim was therefore to achieve good mixing of the bed without a limitation in the rotational
speed and without causing the formation of a dust cloud.
This was studied in a small physical model, where a small steel cylinder, representing the crucible,
was rotated to simulate mixing and dust formation. The cylinder had an inner diameter of 250 mm

Figure 2: Comparison of bed motion without built-ins (top) and with built-ins (bottom).

and length of 350 mm. We analysed the bed motion with cement raw meal fillings of 5%, 10% and
15%. For each filing we performed runs at rotational speeds of 0.5, 1, 2, 3, 4, 5 and 10 rpm. Three
pictures of the base case with 5% filling, at 5 rpm and with a smooth surface are shown at the top
of Figure 2. The pictures were taken in 10 second intervals and represent 1.5 rotations. The bed is
in the slumping mode and no mixing is taking place under these conditions. This can be seen from
the shape of the bed which stays constant.
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In order to enhance the mixing, different built-ins were fixed to the inner surface of the cylinder
such as rough stripes, wires and bars. Different degrees of improvement in the mixing of the bed
with the built-ins were achieved. The rough stripes did not have a significant influence on the
mixing. The wires provided very good results but because of manufacturing difficulties we did not
analyse it further. The best results were achieved with stripes fixed to the inner surface. The stripes
were 350 mm long, 1 mm thick and 10 mm wide. The bed behaviour with six stripes distributed

Figure 3: Number of collapses in the bed in 20 s plotted versus the number of built-ins

equally on the circumference is shown in Figure 2 at the bottom. Comparison with the base case
clearly shows how the bed shape changes during rotation. This is due to collapses happening in
the bed, representing the cascading mode. Each of the collapses induces mixing in the bed and
each stripe causes a collapse, when the bed passes over it. A high number of bars enhance the
mixing but induces thermal stresses in the crucible. Therefore, an optimum number of bars had to
be defined. A simple yet helpful approach to quantify the influence of the stripes is to count the
collapses of the bed in a certain time period. Figure 3 shows the results of this analysis for a filling
of 5% and rotational speeds of 2, 3, 4 and 5 rpm. It can be seen how increasing the number of
stripes from 6 to 12 causes relative increases in the collapses of 70–100%. Another interesting
effect is that no further improvement is obtained when the number is increased above a given
threshold.
To analyse the mixing quantitatively, another approach was proposed. The method is based on the
visual detection of tracer particles inside the cylinder. To facilitate the detection, different coloured
particles are used. Examples for this approach are the work from Aissa et al. [5] and Puyvelde et
al. [1], at present extended to smaller cohesive particles. To visualise the different conditions, a
comparison of a non-mixed and mixed bed for coarser particles and powders is shown in Figure 5.
For the case of coarse particles, the white tracer particles are mixed but still identifiable separately
as white particles. In the case of powders (bottom) the green tracer particles lose their intensity
and are dispersed into the bed. The result is the formation of a new colour, which is a less-intense
green. The automated analysis of such pictures cannot be done in the same way as for coarse
particles. Our approach uses the loss of intensity of the tracer particles as an indicator for the
mixing. The key transformation for doing this is to use the Hue Saturation Value colour model
instead of the Red Green Blue colour model. The RGB model describes a colour as the mixture of
red, green and blue colours. This leads to the following behaviour: an intense green is described
by the RGB values as [0,166,124]. For a less intense green one would expect the decrease of the
G value but instead the value will be [83,166,145]. This makes it very difficult to define the
threshold for an automated image analysis since the intensity of a colour is not easily accessible.
Applying the HSV model leads instead to this: the intense green colour will be described as
[165,100, 65]. The first parameter defines the tone of the colour and will stay constant. The second
parameter defines the saturation of the colour which is exactly what we are looking for. The third
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parameter is the so-called value and defines the brightness of the colour. The less intense green
from the upper example will now be simply described by [165, 50, 65]. This allows us to define a
certain threshold saturation, and to differentiate between a mixed and unmixed area.

Figure 5: Comparison of a mixing analysis performed with coarser particles (top, taken from [1]) and with
fine particles (bottom).

A small amount of green tracer particles was added to the bed and images were taken during the
rotation and mixing of the bed. The image analysis was done in MATLAB. The analysis is based on
the detection and counting of the specified green colour. The unmixed particles set this value as
the upper boundary. Saturation of the colour over 10% considered unmixed, below 10% particles
were considered mixed. This was combined with the counting of unmixed particles close to each
other. Pixels on the picture were only considered as unmixed if 1) the colour was in the defined
range 2) all neighbours to its top, right, bottom and left also fulfilled condition 1. With this not only
the loss of intensity but also the relative position of the tracers is considered as a parameter. The
process of detection is shown in Figure 4. Pixels within the specified colour range are marked in
black. Even though pixels outside of the crucible, on the frame or in the reflecting surface are
marked, no influence on the analysis result was observed. Figure 6 shows the number of pixels
with tracer neighbours versus the image number. The two curves represent different saturation
threshold values. Both curves show a high rise for the detected pixels around image 9. This is
because a collapse is happening in the bed and the tracer particles are dispersed across the
surface. This dispersion leads to the rise in detected pixels (also visible after image 19). After the

Figure 4: Visualisation of the detection process performed in MATLAB
2-7

Figure 6: Analysed degree of mixing for a powder in a rotary kiln with tracer particles

first collapse both curves show different behaviours. Setting the threshold to 0% leads to an
increase of detected pixels and only the very last images are detected as having a better mixing
than in the beginning. If a threshold of 10% is defined, the curve shows a different behaviour. Aside
from the images in which the collapses happen, the number of detected pixels constantly
decreases. A steep decline can be seen after image 31. This is because the rotational speed of the
cylinder was increased to achieve a “perfectly mixed” bed, shown in image 36. Setting the
threshold to 10% appears to be a good solution to analyse in our case the mixing of powders in a
rotating cylinder. Considering the qualitative and quantitative analysis of the mixing, the optimal
crucible inner shape was defined, consisting of 12 stripes, for a 5% filling, which is representative
for the real experimental conditions.
2.1.2 Thermal modelling
The previously optimized crucible was used for some first solar tests to characterize thermal
performances. In a typical run the reactor is a steady temperature of 1000 °C with about 8.3 kW of
incident power. The kiln is assumed empty. First calculations showed that about 2 kW of energy is
lost by re-radiation through the aperture. This still leaves about 6.3 kW of energy lost through the
housing and other parts. Additionally, the outer housing reached temperatures up to 150 °C, which

Figure 7: Geometry of the rotary kiln model with TC01–08 representing the thermocouples

is higher than expected. To reduce these losses and to identify measures to be taken, a thermal
model of the reactor was developed. The model was done in COMSOL Multiphysics ® and took
into account only heat transfer through conduction and radiation inside the crucible and convection
and radiation outside of the housing with a constant heat transfer coefficient. In the experiment, the
cooling of the housing was realized with a blower. Since the exact air velocities at the housing
were not known, the heat transfer coefficient was determined by parameter fitting between model
2-8

and experiments resulting in a value of 11 W/m².K. Analysis showed that the crucible temperatures
are insensitive to the heat transfer coefficient of the housing.
The simulations were done in 2D to reduce the computational effort. The geometry is rotationally
symmetric and shown in Figure 7. The position and numbering of the thermocouples is also
represented. The mesh consisted of 9265 elements, which ensured a mesh-independent solution.
For the simulation the input power is applied onto the crucible surface. Since no window is
modelled, the incident radiation was diminished to consider the window transmissivity (measured
as 85%). The utilised materials and their properties are shown in Table 1. Inconel 600 was used for
the crucible. The housing is made out of Aluminium, for which the properties were taken from the
COMSOL database. Steel was used for the holding triangles (visible in Figure 7 as vertical stripes
at the positions of TC03 and TC05) and the back plate of the housing. Steel was also assigned to
the screw feeder but since it is hollow, only one third of the material density was considered for it.
The back part of the feeder is water-cooled and was given a constant temperature of 40 °C. The
squares at TC03 and TC05 represent the holding rings, which are made out of Alumina. Note that
the thermal conductivity of Alumina decreases with increasing temperature. The remaining
materials represent the insulation inside the kiln. For the base case, Silcaflex 126 was used for all
inner layers. The outer layers are insulated with Ultrawool 650.
In the simulation two major measures to reduce the losses were checked: 1) Replacing the inner
insulation Silcaflex 126 with ultrawool 1100 and 2) avoiding thermal bridges by inserting insulation
between the crucible and the holding structure.
Table 1: Overview of utilised materials and their properties

Material

Parts of reactor

Density
[kg/m³]

Specific
heat
[J/kg/K]

Thermal
conductivity
[W/m/K]

Inconel 600*

Crucible, thin plate after
front insulation

8470

444–628

14.9–27.5

Aluminium 6063-T83

Housing

2700

900

201

Steel

Holding triangle, back
plate, screw feeder
(adapted)

7900

500

15–21

Alumina

Holding rings

3900

900

25–5

Silcaflex 126 (wool)*

Inner insulation

93**

800

0.06–0.32

ultrawool 650 (blanket)*

Outer insulation

200

800

0.016–0.035

ultrawool 1100
(blanket)*

Inner insulation

240

800

0.019–0.04

* Properties from manufacturers Special Metals (www.specialmetals.com), SILCA (www.silca-online.de) and elisto
(www.elisto.de)
** Lower than the manufacturer value, since compression of wool was lower.

At first, a representative flux profile for the incoming radiation had to be found. Due to the
concentration of the light, a Gaussian distribution according to 𝑓(𝑥) =

1
√2𝜋𝜎 2

⋅ exp −

(𝑥−𝜇)2
2𝜎 2

2

is to be

expected. Two parameters influence the distribution: the mean 𝜇 and the variance 𝜎 . Higher
mean values shift the peak of the distribution to higher 𝑥 values, while 𝑥 = 0 represents the starting
point of the crucible. Lower variance values lead to a widening of the distribution. As a
consequence, higher mean values will increase the temperatures in the back and decrease the
temperatures in the front. At the same time lower variance values will increase temperatures close
to the peak and decrease temperatures away from it. The agreement of some different profiles with
the experimentally measured temperature profile along the crucible is shown in Figure 9.
Additionally the shape of the distribution is plotted in green. At the top, the influence of the variance
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is visible. While simulated temperatures in the back are below the experimental values for 𝜎 2 =
0.05, they rise above the experimental temperatures for 𝜎 2 = 0.15 . A variance of 0.1 shows good
agreement and is taken as the base for further analysis. At the bottom, the influence of the mean is
shown. A lower value of the mean decreases temperatures in the back and a higher one increases
the temperatures. The profiles with variance values of 0.1 and mean values of 0.15 and 0.1 show
the best agreement with the experimental values. Temperatures in the front are slightly higher with
a mean value of 0.1 and relative errors are lower for this profile.

Base case

Figure 8: Simulation results for the base case. Values for top image are given in Kelvin.

The deviation for TC01 and TC02 is –6% and –8%. The thermocouples 03–06 have only
deviations below –2%. One explanation for the bigger deviation in the front can be that in the
experiments the flux is not only hitting the crucible, but also the flange in the front. This results in
higher temperatures at the flange and less radiation losses in the front part.
The simulation of the base case is shown in Figure 8. The steady state of a transient simulation
was reached in 5.5 h. The 3D visualisation shows that temperatures above 1000 °C were obtained
in most of the insulation. The first optimization was therefore to analyse the influence of replacing
the inner bad performing insulation with high performance one (ultrawool 1100), which has ten
times lower thermal conductivities. Remaining parameters were unchanged.
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Figure 9: Overview of different heat flux profiles and the agreement of simulated and experimental temperatures at the crucible
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Figure 10 shows the results for the case with improved inner insulation. With this configuration,
temperatures above 1000 °C do only appear close to the crucible. Comparison of the housing
temperatures TC07 and TC08 with the base case shows that the temperatures are reduced by
30 °C to 110–120 °C.
Improved inner insulation

Figure 10: Simulation results for the case with improved inner insulation. Values
for top image are given in Kelvin.

To reduce the housing temperature further, a layer of ultrawool 1100 was inserted between the
alumina ring and the holding triangle. With this measure, the direct heat transfer from the crucible
to the housing with a thermal bridge is reduced. The improvement is shown in Figure 11.
Combining this with the improved inner insulation yields very good results which are shown in

Figure 11: Visualisation of the alumina rings in the base case (left) and improved case (right).

Figure 12. Although temperatures TC04–06 at the crucible reach values above 1100 °C, the
housing temperatures are calculated as 65 °C.
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By implementing these measures in the experimental reactor the housing temperature never
exceeded 95 °C (30 °C more than the simulated value). The deviation to the simulated value can
be explained by two factors: 1) Due to limited space and reachability, the better insulation could not
be inserted in all places. About 20% of the volume had to be filled with less performing insulation
(Silcaflex 126), the same insulation as before, since it was in the form of loose wool instead of
Improved inner insulation + insulation of rings

Figure 12: Simulation results for the case with improved inner insulation and
insulation of rings. Values for top image are given in Kelvin.

blankets. 2) The maximum operating temperature of the insulation is given as 1100 °C but
continuous operating temperature is recommended as 950 °C. Therefore it is very likely that layers
close to the crucible decompose during operation. This could lead to a worsening of the insulation
properties and is especially critical at the connection of the alumina ring with the holding structure.

2.2

Simplified model

With the optimised reactor design, the complete experimental campaign was carried out. In order
to evaluate the experimental results and the reactor performances, a simplified model was
developed and applied to every experiment. The model separates the heat losses in four terms:
 𝑄̇rad : Radiation losses through the aperture. The front temperature is taken as the radiation
temperature, since temperatures more in the back will contribute less to the losses due to a
much lower view factor.
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𝑄̇housing: Combined convective and radiation losses for the static and rotating part of the
housing. Both parts have different temperatures and conditions due to the gas flow induced
by rotation. Only the lateral surfaces are considered.
𝑄̇other : This value combines all unknown losses which could not be determined. It includes
losses from the front and back plate of the kiln plus convection losses through the aperture
when a window was not present.

Additionally to these, the usable part of the heat flow 𝑄̇use is split into the thermal and chemical
part. The final balance is thus:
𝑄̇in = ⏟
𝑄̇thermal + 𝑄̇chemical + 𝑄̇rad + 𝑄̇housing + 𝑄̇other
𝑄̇use

A visualisation of the balance is given in Figure 13. We applied the balance to 5 experimental runs.
The first run (#1) was performed with addition of a window to close the aperture and with inert
Bauxite particles whereas the other four were carried out without a window and with cement raw
meal (CRM). Table 2 gives an overview of the results. In the first run, a big part of the incident

Figure 13: Visualisation of the energy balance for the reactor

energy is lost by radiation through the aperture which is in this case 14.9%. This is caused by the
relatively high temperature of 1060 °C at the front of the crucible. Only 4.2% of the energy leaves
the reactor through the housing. The biggest share of 18.8% belongs to 𝑄̇other , for which the
separate sources are not known. Some of the sources can be: conduction from the housing to the
frame, convective losses due to gas flows, convection plus radiation from the front and back plate
of the kiln. Comparison of the losses with the open configuration in runs #2–#5 shows that
radiation and housing losses are in the same range. The radiation losses are lower for runs #2–#4
since temperatures at the front of the crucible were in the range of 870–925 °C.
Table 2: Summary of loss calculations through energy balance of reactor

Run
Type
𝑚̇ (kg/h)
𝑇out (°C)
𝑄̇in (kW)
Average degree of calcination (%)

#1
thermal
28.69
1060
15.96
–

𝑄̇rad (%)
𝑄̇housing (%)
𝑄̇other (%)
𝑄̇thermal (%)
𝑄̇chemical (%)
𝑄̇use (%)

14.9
4.2
18.8
62.1
–
62.1

#2

#3
#4
chemical
11.4
12.4
9.41
880
870
925
14.17
14.17
14.17
45
45
54
̇
Ratio of 𝑄in
9.3
9.0
10.9
4.6
4.5
5.9
49.4
46.9
49.2
21.6
23.2
19.0
15.0
16.4
14.9
36.7
39.6
33.9

#5
7.65
995
14.17
95
13.7
4.6
44.3
17.0
20.4
37.4

The biggest difference is the amount of the unknown losses. To further estimate the fraction of
convectional losses that occur by operating the reactor open, the following is assumed: the
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unknown losses in the closed configuration also occur during the operation in open configuration.
Therefore, these are not caused by convection at the aperture. Since temperatures in all runs were
in a similar range, an equal amount of about 19% of the energy is expected to be lost
independently of the open operation. This leaves about 25–30% of energy lost through convection
at the aperture, suction system and reflection due to the dust cloud in the kiln. First estimations
show that a big part of the energy was likely lost through the suction system. The temperature of
the gas was in the range of 410–430 °C for all chemical runs. Considering the enthalpy of air at
these temperatures, an equivalent flow of 460–520 l/min is calculated. The suction system could
be operated at around 750 l/min with a new filter. Volumetric flow rates of 590 l/min were measured
after the experiments with the used filter. Additionally, the pressure losses were higher during the
experiments since gas temperatures were higher.
The results allow quantifying the losses and defining improvements for future operation. First of all
the aspiration flow should be decreased to reduce the convection losses. The minimal required
value to avoid dust at the aperture should be defined. Moreover, the thermal efficiency of the
reactor was higher when operating with bauxite instead of CRM. This fact could derive from the
higher convection losses of the CRM particles, related to their higher surface/volume ratio, but this
should be validate in a further campaign.
In total, thermal efficiency of up to 62% (for bauxite particles) and up to 40% (for CRM) could be
reached with this reaction concept. Better identification of the heat losses should be planned for a
further campaign.

3
3.1

Vertical tubular dense particle suspension reactor model
Model Overview

Simplified models of the absorber tube and cavity were developed in order to supplement
experimental results performed with inert particles by predicting temperatures where
measurements are not taken, such as particle temperature within the tube and tube temperature at
various heights, and to predict the reactor behavior when using reactive particles. The models
were developed in MATLAB, and have varying degrees of complexity, in terms of discretization
and the comprehensiveness of the heat transfer modeling. All models have a symmetry condition
relative to the north-south vertical plan, and 20 discrete slices from top to bottom (over 1m for slice
heights of 5 cm). The geometry is detailed in Figure 14.

Figure 14: Top view of receiver geometry

The complete model includes several sub-models: a Monte Carlo ray tracing model to reproduce
the solar radiation distribution between all the geometry surfaces, and infrared radiation heat
exchanges between surfaces, a convection heat transfer model between the tube wall and Dense
Particle Suspension (DPS) flow inside the tube, and a reaction kinetics model that determines the
3-15

extent of the particle calcination. The model does not take into account convective losses due to air
circulating within the cavity. It was verified by ANSYS Fluent simulations that it only account for a
few percent of the total heat distribution.
The DPS flow inside the tube was modeled as a plug-flow with all the particles having the same
upward velocity, which is an approximation since experiments have shown that the DPS actually
circulates with a recirculation pattern, with an upward flow in the tube core and a downward flow
close to the walls. The wall-to-DPS heat transfer was modeled using a convective heat transfer
coefficient correlation defined during the previous CSP2 project (H. Benoit’s Doctorate thesis [6],
Chapter 2 p. 87).
Two different meshes were used. The coarser mesh divides the tube and cavity into two equally
sized elements in each slice for a total of 80 elements between the tube and cavity, the finer mesh
divides the tube and cavity into four equally sized elements for a total of 160 elements. Two
different heat transfer models were tested. The simpler, 2D model neglects any heat transfer
between the slices, making each slice its own thermally isolated system; the energy balance is
thus easily described and resolved by a system of equations. A more complete 3D model of the
system takes vertical heat exchanges into account using the Finite Volume Method. Both meshes
were applied to the 2D and 3D models. The purpose of using different approaches and
simplifications to develop different models was to provide validation for the assumptions taken to
create the more basic models by comparing it to the more complete models.

3.2

Monte Carlo ray tracing Radiation Model

For all of the versions, radiation was modeled using the Monte Carlo ray tracing method (MCRT), a
statistical approach well adapted to solar radiation problems, which can be configured for both two
and three dimensional geometries. This method allows the user to represent radiation distribution
more accurately than with a simple view factor, as it takes into account important surface and
radiation properties, such as any directionality associated with the incoming solar radiation and
spectral variations in surface absorptivity. In the presented models, the cavity absorptivity varied
between solar and infrared radiation, and possible ray directions from the aperture were limited by
the receptor geometry.
The MCRT method simulates the path of a bundle of thermal radiation energy from its surface of
emission, to its surface of absorption, using probability distribution functions and a random number
generator to calculate ray directions and determine when the ray is absorbed or reflected. By
tracing a large number of rays emitted from each surface until their surface of absorption, the
distribution factor (D) from surface i to surface j is calculated, as described by the equation below:

Di j 

qi j
qi



Ni j
Ni

where qi j is the amount of radiative energy emitted from surface i that is absorbed by surface j, and
qi is the total amount of radiative energy emitted from surface i. Using the MRCT, these quantities
are approximated by Nij (the number of simulated rays emitted from surface i that are absorbed by
surface j) and Ni (the total number of rays emitted from surface i) respectively. These coefficients
can then be used in conjunction with the Stefan-Boltzmann law and the known radiative flux at the
aperture to calculate exactly how much infrared and solar radiation a receiver element absorbs
from the rest of the receiver surfaces. An example of the results given by the MCRT is shown in
Table 3.
Table 3: Distribution factors in percent from the 2D, coarser mesh model, calculated by simulating 10e4 rays
from each surface

Emitted
from

Absorbed by
Tube Front

Tube Back

Cavity Front

Cavity back

Aperture

Tube Front

8.87

10.96

15.70

8.83

55.64

Tube Back

9.40

23.48

16.82

23.25

27.05

Cavity Front

19.03

20.38

10.39

12.25

37.95

Cavity Back

8.39

34.22

11.61

15.61

30.17
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Aperture

74.87

9.99

1.88

4.20

9.06

Because this table applies to the 2D model, the distribution factors shown will not change with tube
height. Conversely, with the three dimensional model, distribution factors vary with tube height,
therefore each slice has its own, three dimensional distribution factor matrix to represent its
radiative energy distribution throughout the receiver.

3.3

Models Comparison

As mentioned previously, the simpler, two dimensional model neglects vertical heat transfer from
slice to slice. This allows a very simple approach to temperature calculations, because each slice
has its own system of equations, containing the same number of equations as elements, which can
then be solved with relative ease. The model does not consider temperature gradients along the
thickness of the tube or cavity walls, thus the temperature found on the exterior tube wall is
considered to be the temperature seen by the DPS flowing within the tube. Calculations begin at
the bottom of the tube, where the DPS inlet temperature is known, the subsequently calculated
tube temperature is used to find the change in DPS temperature between the inlet and outlet of the
current slice. The convective heat transfer coefficient is calculated using a Nusselt number
correlation established from the previous experimental results with a similar experimental setup [6].
To account for the heat transfer increase caused by the fins, the convective heat transfer
coefficient is multiplied by a coefficient. The process is then repeated for the following slice until all
the temperatures along the height of the tube are known.
In order to validate the assumptions made for the simple model, a three dimensional model using
the Finite Volume Method was developed. This model was coupled with a three dimensional Monte
Carlo Ray Tracing model to consider all vertical radiation in addition to conduction exchanges.
Though the tube and cavity temperatures are calculated differently compared to the previous
model, they are calculated from top to bottom, allowing the same approach for DPS temperature
calculation.
When comparing the different versions, one of the more interesting temperatures to consider is the
maximum obtained tube temperature, which occurs on the front, south facing, tube exterior. Figure
15 below shows the model estimations of such temperatures for the first set of experimental
parameters. It can be seen that the larger mesh models tend to yield lower maximum temperature,
an affect that can be expected due to the averaging of the temperature over a larger surface area.
Additionally it can be noted that for the majority of the height of the tube, the gap between models
of different mesh size, is larger than the gap between models of different dimensions. This
suggests that if the same mesh is applied, the more complex, three dimensional model may give
only slightly different results for considerably more modeling effort. This effect becomes even more
pronounced with parameters that lead to higher maximum tube temperatures. This trend lends
confidence to the isolated slice assumption made for the two dimensional models, and suggests
our efforts would be better directed towards creating models with finer meshes. Because of the
finer resolution associated with the 4 element mesh, it will be used from here on to compare with
experimental results.
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Figure 15: Applied solar flux and maximum tube temperatures (finned tube, cristobalite, 260 kg/h, and
243°C of preheating)

3.4

Model and Experimental results comparisons

The model results were compared to one experimental case. The inlet temperature, solid mass
flow rate and solar flux density profile were set to reproduce the experimental conditions. As can
be seen in Table 4, the model underestimates the power received by the DPS since the
temperature increase between cavity inlet and outlet is 35 % lower in the model. This can be
attributed to an underestimation of the heat transfer coefficient. Indeed, the Nusselt correlation
used was determined in slightly different experimental conditions (tube height, diameter, particle
material, solar flux densities). Therefore, it is not surprising that the correlation is not perfectly
adapted and requires adaptations.
Figure 16 presents the front wall temperature profiles for a smooth tube, using the conditions
presented in Table 4. It shows that the model greatly underestimates the south side wall
temperature. Figure 17 shows that the DPS close to the front wall at the cavity inlet was 300 °C
higher than in the core. This is due to two combined causes: the recirculating flow pattern
experimentally evidenced with the solid flow divided in an upward flow in the tube core and a
downward flow close to the wall (annulus), and the fact that the tube south side directly receives
the concentrated solar flux. Consequently, the solid flowing downward close to the front wall gets
much hotter than the rest of the solid in the tube. This explains the 300 °C temperature difference
at the cavity inlet. The wall exchanges heat with particles at the annulus temperature, while this
temperature is not accessible by using the simplified plug-flow model that only calculates one solid
temperature. Therefore, the model considers a heat exchange with a DPS that is, at the tube front,
300 °C lower than it is actually. As a consequence, the difference between the modeled and
measured temperatures at the front is almost the same as the temperature difference between the
core and the DPS close to the front wall. The comparison of experimental and modeled
temperatures of the tube wall at three heights, around the tube confirms that the model
underestimates the wall temperature not only at the front but everywhere. Even though the
modeled front wall temperatures are globally much lower than those measured, the profile shape is
well reproduced. This validates the modeling of the solar flux density.
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Table 4: Experimental temperature results and corresponding model estimates
TDiFB

Smooth
Tube

Tin,cav [°C]

Tout,cav [°C]

Experimental

16.7

75

217

2D Model

-

75

179

3D Model

-

75

172

Mass Flow
[kg/h]

381.6

Figure 16: South side (directly exposed to solar radiation) tube temperatures using a smooth tube with
cristobalite flowing at 381.6 kg/h, and no preheating

Figure 17: Particle temperatures at the irradiated cavity inlet
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3.5

Model evaluation and exploitation

As it is, the model is not able to give accurate estimations of the temperatures. It underestimates
the wall-to-DPS heat exchange and the wall temperature. The wall-to-DPS heat exchange can be
corrected by improving the Nusselt correlation used. However, precise wall temperature estimation
requires the knowledge of the DPS annulus temperature not calculated by the current model. This
means that an accurate model has to take into account the DPS recirculation in the tube and the
heat and mass exchanges between the core and the annulus.
The results currently given by the model being inaccurate, it is difficult to exploit it quantitatively.
However, a qualitative exploitation was made in the case of calcium carbonate calcination. The
predictions are that the particle-in-tube solar reactor is not appropriate for a complete calcination of
CaCO3. Indeed, with a maximum wall temperature of 950 °C (long-term use of Inconel 601),
around 10 m of irradiated tube length is needed for a 95 % conversion. With the current setup that
works in batch and has a 1 m irradiated tube length, a high conversion is impossible to achieve.
This is due to the calcination of CaCO3 that requires temperatures above 900 °C to have good
chemical reaction kinetics. With a tube material able to sustain 1400 °C, the complete conversion
could be achieved with a much smaller length (model prediction: 1.5 m).
Even if it is not a priority for the SOLPART project, since the vertical tube technology has been
discarded for calcite treatment, the model improvement including the recirculation flow pattern is
still undergoing and the results obtained with a core/annulus separation are much better. The next
step will be to improve the solar flux modeling by using a complete model of the solar furnace
because at the current stage, the back wall flux is being underestimated.

4
4.1

Horizontal fluidized bed solar reactor model
Model principle

The horizontal fluidized bed solar reactor modeling was realized using a home-made code solved
with the MATLAB software. It reproduces the characteristics of the experimental setup performed
with dolomite particles and considers its division into four compartments. Each compartment is
considered to be a perfectly mixed reactor with uniform fluidized bed temperature, front and back
wall temperature, solar flux density impacting the front wall, and the same residence time for all
particles.
The model inlets are the particle temperature at the inlet, the particle mass flow rate and the Direct
Normal Irradiation (DNI). The particles are therefore injected at a given temperature and mass flow
rate in the first compartment. The compartment receives a solar flux density which is known thanks
to previous solar flux measurements and to the continuously measured DNI. To calculate the
particle temperature in the compartment and the compartment front wall temperature, two power
balances must be respected: the balance of heat exchanges at the front wall and the enthalpy
balance on the particle flow.
Power balance at the front wall:
𝜑𝑠𝑜𝑙𝑎𝑟 𝑎𝑏𝑠 − 𝜑𝐼𝑅 − 𝜑𝑐𝑜𝑛𝑣 − 𝜑𝑝𝑎𝑟𝑡 = 0
with 𝜑𝑠𝑜𝑙𝑎𝑟 𝑎𝑏𝑠 = 𝜀 𝜑𝑠𝑜𝑙𝑎𝑟 the solar flux density absorbed by the front wall (with ε the
absorptivity/emissivity of the wall Pyromark® coating), 𝜑𝐼𝑅 = 𝜀𝜎𝑇𝑤4 the infrared radiation emitted by
the wall (with σ the Stefan-Bolzmann constant and 𝑇𝑤 the wall temperature, note that the radiation
received from the ambient temperature is neglected), 𝜑𝑐𝑜𝑛𝑣 = ℎ𝑛𝑎𝑡 × (𝑇𝑤 − 𝑇𝑎𝑚𝑏 ) the convection
heat exchange with the ambient air (with ℎ𝑛𝑎𝑡 the natural convection coefficient and 𝑇𝑎𝑚𝑏 the
ambient temperature), 𝜑𝑝𝑎𝑟𝑡 = ℎ𝐹𝐵 × (𝑇𝑤 − 𝑇𝑝 ) the convection heat transfer with the particle bed
inside the compartment (with ℎ𝐹𝐵 the convection coefficient with the fluidized bed and 𝑇𝑝 the
particle temperature, note that the temperature difference between the wall exterior and interior is
neglected).
Enthalpy balance on particle flow:
𝐹𝑝 𝑐̅𝑝,𝑝 (𝑇𝑝,𝑜𝑢𝑡 − 𝑇𝑝,𝑖𝑛 ) = 𝜑𝑝𝑎𝑟𝑡 𝐴𝐹𝑊 − 𝛷𝐵𝑊 − 𝛷𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 + 𝛷𝑎𝑖𝑟
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with 𝐹𝑝 the particle mass flow rate, 𝑇𝑝,𝑜𝑢𝑡 /𝑇𝑝,𝑖𝑛 the particle temperature at the outlet/inlet of the
compartment, 𝑐̅𝑝,𝑝 the average particle specific heat capacity between inlet and outlet, 𝐴𝐹𝑊 the
exchange area with the front wall, 𝛷𝐵𝑊 the power loss by conduction through the back wall,
𝛷𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 the power consumed by the chemical reaction, 𝛷𝑎𝑖𝑟 the power exchanged with the
fluidization air (that can be positive if the air is hotter than the particles, or negative in the opposite
case).
It must be noted that the temperature in each compartment and at the compartment outlet is the
same due to very good mixing properties of bubbling fluidized beds (perfectly mixed assumption).
The model parameters that can be adjusted to fit the experimental results are ℎ𝐹𝐵 (final value used:
150 W/m².K), ℎ𝑛𝑎𝑡 (in the range 10-50 W/m².K) and a correction coefficient applied to 𝐴𝐹𝑊 , for the
first compartment only, to account the partial fluidization that occurred due to an insufficient
pressure loss created by the holes on the injector tubes. The ℎ𝐹𝐵 value is assumed low because of
the small height (about 100 mm) of the fluidized bed that prevents bubble growth.

4.2

First compartment – Sensitive heating

In the first compartment, the solid temperature does not reach the reaction temperature, which
means that there is only sensitive heating of the particles. Both balances are solved using an
iterative process. The particle temperature is first taken equal to that at the inlet and the balance at
the front wall is solved. A new particle temperature is then calculated with the enthalpy balance on
the particle flow. This process is repeated until both wall temperature and particle temperature are
stabilized. The outlet particle temperature can then be used as inlet temperature of the next
compartment.

4.3

Compartments with chemical reaction

4.3.1 Dolomite calcination
In the three following compartments, the temperatures measured during the experiments are
above the minimum reaction temperature of dolomite. In order to accurately model the dolomite
decomposition, a bibliography study was done.
Valverde et al [7] have shown that when the partial pressure of CO2 is a non-negligible, which is
the case in our reactor if there is CO2 emitted by calcination, the decomposition of dolomite
(MgCa(CO3)2) occurs in two stages, as shown by Figure 18. The first stage, below 800 °C
corresponds to the decomposition into Magnesium oxide (MgO), CO2, and calcium carbonate
(CaCO3): MgCa(CO3)2  MgO + CO2 + CaCO3. The second stage, above 800 °C, is the
calcination of the calcium carbonate: CaCO3  CaO + CO2.
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Figure 18: Thermogram obtained for dolomite and limestone decomposition during calcination at
atmospheric pressure under a 25 % CO2 / 75 % N2 gas mixture (credit Valverde et al [7])

During the experiments, the particle temperatures observed at the middle depth of the reactor were
below 800 °C. They were above 800 °C only close to the front wall. Therefore, we can say that the
reaction occurring in the horizontal fluidized bed reactor was the decomposition of the dolomite into
MgO + CO2 + CaCO3. The enthalpy of this reaction at 790 °C is ΔHr = 666 kJ/kg of dolomite (it
slightly varies with temperature).
The extent of reaction (α) into each compartment was determined using a P2/3 power-law model
with with kinetic parameters Ea = 184.69 kJ/mol and A = 1.05 x 106 s-1, as recommended by
Olszak-Humienik et al [8], with a corrective factor to account for the CO2 partial pressure. This
means that the reaction rate is determined by the equation:
2
2
𝑑𝛼
−𝐸𝑎
= 𝐴 exp (
) (1 − 𝛼)3 𝐾𝑐 = 𝑘0 (1 − 𝛼)3 𝐾𝑐
𝑑𝑡
𝑅𝑇𝑝

with 𝛼 the extent of reaction, R the universal gas constant, Ea the activation energy, A the preexponential factor, 𝐾𝑐 = 1 − 𝐶𝑂2 𝑚𝑜𝑙𝑎𝑟 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 the corrective factor Kc accounting for the CO2
partial pressure.
As a consequence, the equation of the extent of reaction is:
3
1
𝛼 = 1 − (1 − 𝑘0 𝑡𝑟𝑒𝑠 )
3

with 𝑡𝑟𝑒𝑠 = 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑚𝑎𝑠𝑠 /𝐹𝑝 the particle residence time in the compartment (𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑚𝑎𝑠𝑠 =
𝑐𝑜𝑚𝑝𝑎𝑟𝑡𝑚𝑒𝑛𝑡 𝑣𝑜𝑙𝑢𝑚𝑒 × 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 × 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑚𝑖𝑥 𝑑𝑒𝑛𝑠𝑖𝑡𝑦). The particle volume
fraction is another parameter that could have been used to adjust the model to the experimental
results (it was not measured) but it was actually left untouched at a value of 20 %.
The power consumed by the chemical reaction is:
𝛷𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 = 𝑚𝑎𝑠𝑠𝑑𝑜𝑙𝑜𝑚𝑖𝑡𝑒 × 𝛼 × 𝛥𝐻𝑟
4.3.2 Application to the model
The chemical reaction kinetic model was applied to the global reactor model and the resolution of
the balances expressed earlier was done as follows. The particle temperature was initially set to a
value higher than those actually measured. For this temperature, the heat consumed by the
reaction and the heat available for the reaction are calculated. The heat available for the reaction is
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the difference between the heat received by the particles from the front wall and the addition of the
heat losses and the heat needed to reach the imposed temperature. If the reaction heat is higher
than the heat available, the temperature is lowered. This iterative process is repeated until the
reaction heat is equal to the available heat.

4.4

Model results

The results given by the model are the particle temperature in each compartment, the wall
temperature of each compartment, and the reaction extent occurring in each compartment. The
model was validated by comparing the temperatures and the overall reaction extent to those
measured.
The case chosen for the model validation was that with the most stable temperatures, mass flow
rate and overall reaction extent. Its mass flow rate was 9.2 kg/h, the inlet temperature 20 °C, the air
flow rate 1.3 Nm3/h, with an average solar flux density impacting the reactor of 195 kW/m² for a
DNI = 1000 W/m² (the actual DNI during the run was 965 W/m², which is taken into account by the
model). The overall reaction extent at the outlet was 33 % when considering the total
decomposition of dolomite (note that the reaction extent calculated by the model is that of the first
stage of decomposition which means that it should be divided by two when compared to the total
decomposition).
As can be seen on Figure 19, the particle temperatures in the compartments are very well
reproduced by the model with a maximum difference of 9 °C in the second compartment. Figure 20
shows that the wall temperatures are also well reproduced with the modeled wall temperature
always included between the two wall temperatures measured (one measurement was done in the
upper part of the wall and another one in the lower part. Note that the significant difference
between measurements for the first compartment is due to the very poor fluidization quality in this
compartment as well as to the non-uniform solar irradiation due to partial shadowing with the
aluminium shield protecting the experiment and personnel working on it.

Figure 19: Comparison of experimental and modeled particle temperatures in the reactor compartments
(Fp = 9.2 kg/h, Fair = 1.3 Nm3/h, DNI = 965 W/m²)
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Figure 20: Comparison of experimental and modeled reactor front wall temperatures (Fp = 9.2 kg/h, Fair
= 1.3 Nm3/h, DNI = 965 W/m²)

Figure 21 shows the reaction extent calculated by the model in each compartment. It is 15 % in the
second compartment, 39 % in the second and 38% in the third. This gives an overall reaction
extent of 65.5 % for the first stage of the dolomite decomposition, or a 32.7 % reaction extent if the
complete reaction is considered. It fits very well with the reaction extent measured experimentally
that was comprised between 32.5 % and 34.7 % for this time period.
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Figure 21: Reaction extents of each compartment determined by the model (F p = 9.2 kg/h, Fair = 1.3
Nm3/h, DNI = 965 W/m²)

4.5

Conclusion

A dedicated model of the horizontal fluidized bed calcination reactor was developed and validated
successfully with respect to on-sun experiments with dolomite.
This tool will be very useful for designing the pilot-scale reactor, and predicting and analysing its
performance. In particular, the prediction of wall and particle temperature for a given set of
operation conditions will determine the necessary residence time for 95% calcination.
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