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ABSTRACT

The conditions to improve performance of quartz tube silicon carbide (SiC) solid particle 
fluidized bed solar receiver was investigated with computational fluid dynamics (CFD) 
simulations. The difficulty of experimenting all possible operating conditions was overcome 
by preparing CFD base input with appropriate models and parameters. The amount of SiC 
in the bed, the size of particles, and the air inlet velocity were considered as variables. After 
model verification, in order to evaluate the effect of particle addition, bed without solid 
particles were simulated first. Outlet temperature of single-phase receiver was calculated 
as 421 K. Outlet temperatures of 913 K, 895 K, and 881 K were obtained for 400 µm 
diameter particles in 0.3 m bed height for air inlet velocities of 0.25, 0.3, and 0.35 m/s. Air 
outlet temperature decreases as air inlet velocity increases. On the other hand, too much 
reduction at inlet velocity retards the system performance since it affects fluidization. For 
400 µm particle diameter and bed height of 0.2 m, outlet temperatures of 994 K, 974 K, 
and 955 K were found for the same air inlet velocities above. As bed height decreases, air 
outlet temperature increases. For particle diameters of 300 and 500 µm for bed height of 
0.3 m, outlet temperatures of 980 K and 878 K were calculated for appropriate minimum 
fluidization velocities. Outlet temperature increased with decreasing particle size.
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INTRODUCTION

Since the large-scale use of fossil fuels produces many 
harmful substances and greenhouse gases for the environ-
ment, technologies without carbon emission becomes vital 
instruments in meeting energy needs. Along with nuclear 
energy, solar and wind energies are good options for such 

an important trend. Generating electricity by radiation 
from the sun can be divided into two main categories: pho-
tovoltaic (PV) and concentrated solar energy (CSE) sys-
tems. In photovoltaic systems, solar radiation is absorbed 
with the help of solar panels and electricity is produced. In 
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concentrated solar energy systems, the solar radiation is 
absorbed in a heat carrier environment and then electricity 
is produced by using this carrier. In the last few years, there 
has been serious increase in the number of photovoltaic 
systems due to the rapid decrease in panel production costs 
and the increase in panel efficiency. However, concentrated 
solar energy systems offer advantages such as thermal stor-
age and combination ability with other energy systems. In 
contrast, photovoltaic systems also offer storage options 
using electrochemical batteries. However, the technology is 
not yet as cheap as one would like.

By adding solid particles into the receivers in CSE sys-
tems, system outlet temperatures higher than 1000 °C can 
be achieved due to direct or indirect exposure of these 
particles to concentrated solar radiation [1]. With these 
high temperatures, high efficiency ca n be  accomplished 
in supercritical Carbon Dioxide (CO2) Brayton cycle or 
ultra-supercritical vapor conversion systems. Solid particle 
receivers provide advantages like increase in heat transfer 
rate, process stability, low particle loss, and easy control of 
gas flow rate.

In recent years, many research institutions have devel-
oped solar receiver models and carried out experiments [2]. 
Researchers from the Sandia National Laboratory (SNL) 
working on direct radiation solid particle solar receivers 
(SPSR) conducted two series of tests related with the area of 
exposure to solar radiation, in free-falling SPSR systems in 
2008 and 2016 [3]. Reducing the designed opening area from 
4.5 m2 to 1 m2 greatly reduced the convective heat loss and 
increased the thermal efficiency from 33-53% to 50-80%.

In addition, in subsequent experiments, the particles 
were recirculated in the system so that the solid particles 
were more exposed to solar radiation, allowing the particle 
outlet temperature to exceed 700 °C. In order to prolong 
the residence time of the particles in the system, Kim et al. 
(2019) [4] proposed a multi-stage free-falling SPSR system 
and obtained stable particle curtain in cold flow tests with a 
drop height of 5 meters. Placing barriers in the flow chan-
nel was considered as an alternative solution to increase 
the particle temperature per unit length. Ho et al. (2016) 
[5] performed tests with grating curtains under a radia-
tion intensity of 300-400 kW/m2 and obtained an average
temperature of 150-200 °C/m and a thermal efficiency of
90%. However, SS316 stainless steel grates were found to be
destroyed after 20 hours of heating cycles. By using low-cost 
desert sand, a thermal efficiency of 60-70% was obtained in
steel grating systems in Saudi Arabia [6].

Particle loss is a common disadvantage in direct radia-
tion SPSR systems [5] that causes various indirect radia-
tion SPSR systems to be proposed. In this context, Lopez 
et al. (2016) [7] performed a test using a fluidized bed 
solar receiver. In this test, solid particles were used in 16 
upstream tubes, and thermal efficiency of  52-90% an d 
average temperature of 137-335 °C/m were obtained at a 
radiation intensity of 63-142 kW/m2 and a mass flux of 

17-44 kg/m2-s. Benoit et al. [8] tested the particle-wall heat
transfer coefficient in a me tal tu be flu idized bed  rec eiver
and found that the results ranged from 400-1000 W/m2-K.
Johnson et al. (2016) [9] presented a particle-filled receiver
model with particles flowing down in a vertical steel tube.
Preliminary trials were carried out with a 12 m copper pipe

wrapped with electrical heating elements. However, the 
average temperature rise was only 33-125 ° C/m at a mass 
flux of 54.6-257 kg/m2-s. A system in which particles fl ow 
down through the helical quartz tube was first developed 
and tested by the Chinese Academy of Sciences in 2017. 
When the particle mass flow rate was 8.12 g/s and the direct 
radiation intensity was 500 W/m2, temperature increase of 
212 °C and thermal efficiency of 61.2% were obtained at t he 
0.2 m radiation aperture [10]. Thanks to the length of the 
helical quartz tube radiation aperture section, the residence 
time of the particles in the radiation area increased pro-
viding an advantage over other systems. As an alternative 
to this design, gravity-operated moving bed solid particle 
solar receiver has been developed by Nie et al. (2019) [11], 
providing a stable particle flow with a reasonable particle 
layer thickness and average particle size.

In parallel with these studies, the Electrical Engineering 
Institute of the Chinese Academy of Sciences (CAS) 
designed a quartz glass tube solid particle air receiver and 
carried out experimental and numerical simulation studies 
[12]. In this receiver, the air flow enters the receiver through 
a fan, forming a bottom-up flow together with the silicon 
carbide (SiC) particles with an average size of 5 mm, so 
that the solid particles directly absorb the solar radiation. 
Experimental results showed that the outlet temperature 
of the air could exceed 600 °C and the temperature differ-
ence between solid and air could be less than 25 °C. In 2001, 
Segal and Epstein [13] pioneered the idea of replacing the 
solar tower with a secondary condensing system to reduce 
the cost of the power plant and energy loss during trans-
portation. Based on this concept, Kodama et al. (2016) [14] 
proposed a fluidized bed particle receiver. In this receiver, 
a system that injects high velocity air into the central ring 
and low velocity air into the outer ring was used to fluidize 
the particles. The receiver is equipped with a guide plate 
to regulate the particle circulation and a transparent quartz 
glass window on top. Solar radiation from above heats the 
fluidized particles inside. Kodama et al. (2017) [15] showed 
that under 100 kWth power, the solid particle temperature 
and outlet temperature in the receiver center can reach 960-
1100 °C and 1100 °C, respectively. In many cases though, 
fluidized bed solar receiver with a transparent solar window 
is accepted as a direct radiation SPSR [16].

In addition to experimental studies, numerical meth-
ods were also used to examine the flow and heat transfer 
processes inside the SPSR receiver. Bellan et al. (2019) [17] 
combined the 3D heat and mass transfer model with com-
putational fluid dynamics and investigated the bubble for-
mation, coalescence and dissociation in the receiver with 
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simulations. Briongos et al. (2019) [18] simulated the flow 
and heat transfer processes of fluidized bed solid particle air 
receivers based on a secondary condensation system using 
the Euler-Euler model and investigated the effect of operat-
ing parameters on performance.

In this study, performance improvement methods 
for quartz tube solid particle fluidized bed solar receiver 
with upward flow defined by Wang et al. (2016) [10] was 
examined with ANSYS Fluent computational fluid dynam-
ics (CFD) software. Therefore, the challenge of perform-
ing experiments for all possible operating conditions was 
overcome. Although, CFD simulations are excellent tools 
for simulating physics, it is important to select appropriate 
models and parameters in the software. For this purpose, 
benchmarking with experimental data was performed. In 
order to analyze performance improvement methods, the 
air inlet velocity, the bed height, and particle size were 
selected as variable parameters.

MATHEMATICAL MODEL

Two-phase flow modeling was used as the solid and 
fluid phases were simultaneously present in the receiver. 
Although different methods, such as the Volume of Fluid 
Model (if system has two or more immiscible fluids) and 
Mixture Model (if system has two or more phases and the 
solid loading is below 10%), can be used to simulate two-
phase flow with CFD, the Euler-Euler method (applicable 
for granular and non-granular flows) was chosen in this 
study since the volume fraction of solid phase in the fluid-
ized bed system investigated in this study is over 10% [19].

Since all phases in the system are considered continu-
ous in Euler-Euler method, each phase is expressed by the 
“phase volume fraction α” shown in Equation 1 [20]. The 
sum of the phase volume fractions in the system for all 
phases is equal to one as shown in Equation 2 [20].
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where, Vq is the volume of the phase q and n is the number 
of phases. Since there are two phases, solid and gas, in this 
study, the solid phase is expressed with the subscript p and 
gas phase is expressed with the subscript f. In this case, for 
this study, the equation αp + αf = 1 exists.

The continuity, momentum, and energy equations 
solved for the two continuous phases are listed between 
Equation 3 and Equation 8 [21].
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where, p is the pressure shared by the all phases, τ f  is the 
Reynolds stress tensor of air, �g  is the gravitational accelera-
tion, �Rif  is interaction force between the solid and the gas 
phase, �Ff  is external body force, 

�
Fl f,  is the lift force, 

�
Fwl f,  is

a wall lubrication force, and 
�
Fvm f,  is the virtual mass force.
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where hf is the specific enthalpy of the air phase, pf is the 
pressure of the air, �q f  is the heat flux, Sf is a source term
that includes of enthalpy, and Qfi is the intensity of heat 
exchange between phases.

The Equations of Solid Phase
Continuity Equation:
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Since solid particles in the SPSR system play an impor-
tant role in the absorption and scattering of solar radiation, 
among possible options in Fluent software, the Discrete 
Ordinates Radiation Model was adopted. This model spans 
the entire range of optical thicknesses, allows usage from 
surface-to-surface radiation to participating radiation in 
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combustion problems, and allows the solution of radia-
tion at semi-transparent walls. In this model, the radiation 
transfer equation is solved for a finite number of discrete 
solid angles, each associated with a vector direction �s  fixed 
in the global Cartesian system. The discrete coordinates 
radiation model assumes the radiation transfer equation in 
the �s  direction as a field equation.
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In Equation 9, I is the radiation intensity, �r  the posi-
tion vector, �s  the direction vector, α the absorption coef-
ficient, σs the scattering coefficient, ω the refractive index, σ 
the Stefan Boltzmann constant, ϕ the phase density, �′s  the
scattering direction vector, and Ωʹ the represents the solid 
angle.

In order to calculate the heat transfer between solid par-
ticles and air, the Gunn model (Equation 10 [22]), which 
uses kinetic theory of granular flows and is frequently used 
in the Euler-Euler model simulations of two-phase flows 
containing dense solid phase which is the case in this study, 
was preferred for the calculation of Nusselt number Nufp.
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where Re is Reynolds number (Equation 11 [23]), and Pr is 
Prandtl number (Equation 12 [23]).

Re u u df p p f f= − ρ µ/  (11)

Pr c kpf f f= µ / (12)

where cpf is specific heat of air.
By expressing Nufp as in Equation 13 [24], it is possible 

to find solid and gas phase heat transfer. 
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where hfp is solid and gas phase heat transfer, dp is solid par-
ticle diameter, and kf is air thermal conductivity.

In order to calculate the minimum fluidization velocity 
for solid particles, Ergun equation that is suitable for par-
ticles used in this study that are classified as Geldart B, have 
density 3210 kg/m3, and have diameter in the range of 250-
1190 µm, shown in Equation 14 was used [25].
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where umf is minimum fluidization velocity and 
�g  gravita-

tional acceleration.

RESULTS AND DISCUSSIONS

The quartz tube fluidized bed solid particle solar 
receiver described in Wang et al. (2016) [10] is used in this 
study to define performance improving operating condi-
tions and design parameters. The model consists of vertical 
quartz tube of 0.034 m diameter and 0.5 m height as seen 
in Figure 1. The solar radiation with a radiation intensity 
of 450 kW/m2 comes from the opening located between 
0.1 and 0.2 m section of the tube. The air as heat transfer 
medium enters the bed from the bottom and exits from the 
top. The bottom 0.3 m part of the bed is allocated for the 
placement of silicon carbide (SiC) solid particles of 3210 
kg/m3 density.

The model selections in the ANSYS Fluent software for 
the simulations provided the proper definition of the prob-
lem physics. The radiative heat transfer model was activated 
for solar radiation absorption by solid particles. Since the 
flow was estimated to be laminar, the laminar model was 
selected. With the arrangements in the software, the spe-
cific heat and thermal conductivity of solid particles were 
changed with temperature and the solid particle viscosi-
ties were predicted by kinetic theory of granular flows. The 
pipe inlet and outlet boundary conditions are velocity inlet 
and pressure outlet, respectively. On the wall where solar 
radiation comes, the radiation intensity of 450 kW/m2 was 
defined using the radiation boundary condition. In mul-
tiphase flow, the phasic momentum equations, the shared 

Figure 1. Study geometry and computational mesh.
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pressure, and the phasic volume fraction equations are 
highly coupled.

There are several methods available in ANSYS Fluent 
code to treat this coupling. The Phase Coupled SIMPLE 
solves the velocities by coupling phases in a segregated 
fashion. This method has proven to be robust. The Coupled 
scheme simultaneously solves all equations for shared pres-
sure and phase velocity corrections. This method works 
very efficiently in steady-state situations, or for transient 
problems when larger time steps are required. The Coupled 
with Volume Fractions option simultaneously couples the 
correction for volume fraction and velocity and shared 
pressure corrections. The method is advantageous for 
dilute situations. The Volume Fraction Coupling Method 
aims to achieve a faster steady-state solution compared to 
the segregated method of solving equations. It may not be 
a suitable option for transient applications due to the sig-
nificant overhead in CPU time compared to the segregated 
method, unless it is run with a larger time step size [21]. 
As a result, “Phase Coupled Simple” was used for pressure-
velocity coupling and “Pressure-Based Solver”, which is one 
of the solver options provided in ANSYS Fluent software, 
was used as a solver. The pressure-based solver is suitable 
for incompressible flows and low Mach number flows. On 
the other hand, the other option, density-based solver is for 
the transonic and supersonic flows [26].

The grid independence study was carried out to make 
the results mesh independent. The results of this study 
indicated that 28035 nodes and 27200 elements in total is 
appropriate for this problem when comparison with 34710 
nodes and 33782 elements and 6783 nodes and 7200 ele-
ments were performed which resulted 1.2% and 2.2% rela-
tive errors compared with the selected mesh, respectively. 
For time-dependent analyses, the time step size was taken 
as 0.001 s by considering Courant number.

The verification of the model choices and related 
parameters were performed by simulating the system with 
500 µm diameter particles having 0.15 m bed height that is 
described as cold case in Wang et al. (2016) [10]. The exper-
imental result of the bed expansion is given as 0.235 m. The 
simulation results in Figure 2 show the bed expansion is 
around 0.23 m which is compliant with the experimental 
data. The thermal model was also verified with experiment 
3 of Zhang et al. (2015) [27]. The outlet temperature from 
the simulation was calculated as 701 K which is reported as 
705.4 K in the experiment. This result shows the appropri-
ateness of the thermal model.

Single Phase Flow Results
Before analyzing the two-phase flow hydrodynamics, 

the outlet temperature of single-phase case that no solid 
particles are added to the fluid was performed to create a 
reference result. The air with inlet velocity of 0.3 m/s enters 
the quartz tube from the bottom and exposed to solar radia-
tion in the tube. It is seen in Figure 3 that the system comes 
to equilibrium in about 4 s and the maximum air outlet 
temperature obtained was determined as 421 K.

Figure 4(a) shows the equilibrium temperature dis-
tribution and Figure 4(b) shows the distribution of solar 
radiation in the system. As seen in Figure 4(a), the region 
where solar radiation enters the system has the highest tem-
perature in the bed. The Figure 4(b) shows that the solar 

Figure 2. Verification of the CFD hydraulic model.
Figure 3. The variation of outlet temperature with time for 
single phase flow.
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radiation can reach the rearmost part of the pipe due to the 
high light transmittance of the air.

Multi-Phase Flow Results
Silicon carbide (SiC) particles which have high thermal 

conductivity and heat capacity were added to the system 
in order to increase the outlet temperature obtained from 
the system operating as single phase. The addition of solid 
particles must be performed carefully with consideration of 
the value of air inlet velocity, the number of particles in the 

bed, and particle size. The following sections examine these 
parameters to find their effect on bed thermal performance 
and hydrodynamics.

The effect of inlet velocity
SiC particles of 400 µm diameter were added to the sys-

tem to create 0.3 m bed height. The minimum fluidization 
velocity for this case was calculated as 0.18 m/s by using 

Figure 4. The distribution of (a) temperature (b) solar 
radiation in receiver for single phase flow.

Figure 5. The variation of air outlet temperature with time 
for different inlet velocities.

Figure 6. The distribution of (a) volume fraction of solids, 
(b) air temperature, (c) solar radiation in fixed bed.

Figure 7. The variation of solid phase volume fraction in 
bed with time (v=0.25 m/s, dp=400 µm, H=0.3 m).
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Figure 8. Variation of solar radiation distribution (W/m2) in bed with time (v=0.25 m/s, dp=400 µm, H=0.3 m).

Figure 9. The variation of air temperature in bed with time (K) (v=0.25 m/s, dp=400 µm, H=0.3 m).
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Figure 10. The velocity vector of solid phase (a) v=0.25 m/s, (b) v=0.30 m/s, (c) v=0.35 m/s (dp=400 µm, H=0.3 m, t=3 m).

Equation 14. The inlet velocity of air into the bed should 
be at least equal to this value for proper fluidization and 
should not be too big since it can cause pneumatic transfer 
of particles out of the bed. As a result, the air inlet veloci-
ties of 0.25, 0.3 and 0.35 m/s were selected. As can be seen 
from Figure 5, the outlet temperatures for 0.25, 0.3 and 0.35 
m/s air inlet velocity cases are 913, 895 and 881 K, respec-
tively indicating that increase in inlet velocity decreases the 
outlet temperature due to the fact that both the amount of 

solar radiation absorption of air and solids and the time 
for heat transfer between solid and air decreases. It is clear 
that these values are much higher than the value of 421 K 
for single phase case. The temperature increase is 116%, 
112%, and 109%, respective to above inlet velocities. As 
mentioned above the air inlet velocity cannot be reduced 
indefinitely since fluidization retards with decrease in inlet 
velocity. In order to investigate this situation, a simulation 
for an air inlet velocity of 0.1 m/s, which is lower than the 
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minimum fluidization velocity, was performed. As seen in 
Figure 6, the bed is fixed, no heating below the level of the 
opening for solar radiation, and no distribution of solar 
radiation in the bed. Although the outlet temperature is 
still higher than the single-phase case, it is way below than 

Figure 11. The effect of bed height on outlet temperature  (a) v=0.25 m/s, (b) v=0.30 m/s, (c) v=0.35 m/s (dp=400 µm).

Figure 12. The variation of distribution of solar radiation 
with bed height (t=15 m).

Figure 13. The effect of particle size on outlet temperature.
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the fluidized bed cases since the solid particles block the 
incoming solar radiation and prevent the radiation from 
meeting with the solid particles and air at the opposite side 
of the opening.

The behavior of the distribution of temperature, radia-
tion and solid phase volume fraction at different times 
during operation were also investigated. The data for inlet 
velocity of 0.25 m/s case are shown in Figures 7, 8 and 9. 
According to Figure 7, bubbling starts at the inlet of the 

bed immediately and at higher levels in the bed, bubbles 
coalesce and pushes the particles up in blocks. This flow is 
referred as “Slugging (Axial Slugs)” [24].

According to Figure 8, at the beginning of the heat 
transfer process, since the solar radiation absorption 
time in the system is short, the number of solid particles 
absorbing the radiation is low. However, it is observed that 
the spread of solar radiation increased later in the pro-
cess. It should be noted that the amount of diffusion of 

v

Figure 14. The distribution of solar radiation in the bed with time (a) for v=0.11 m/s, dp=300 µm, (b) for v=0.36 m/s, 
dp=500 µm. (H=0.3 m).
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solar radiation may vary with the properties of the solid 
particle used in the system. The absorption and scatter-
ing coefficients of the particle directly affect the radiation 
absorption.

The distribution of the air temperature at different times 
in the system is shown in Figure 9. According to Figure 9, 
the temperature distribution in the system initially contains 
too much temperature difference. This situation coincides 
with the radiation distribution seen in Figure 8. In addition, 
the temperature increase is concentrated in the area that is 
directly exposed to solar radiation. However, as the system 
approaches equilibrium, the temperature difference in the 
receiver disappears.

To examine the flow hydrodynamics inside the solid 
particle fluidized bed receiver, the velocity vectors of the 
solid particles in the bed for 0.25, 0.30 and 0.35 m/s inlet 
velocity cases were plotted at 3 m of the operation time 
as seen in Figure 10. As can be seen from Figure 10, while 
the solid particles move upwards with fluidization in the 
bed, there are some local reverse flows. These reverse 
flows are usually on the sides of the upward moving slugs 
near the wall. This behavior indicates the solid particles 
in the system behaves as Geldart B particles and the slug 
flow.

The effect of bed height
The bed height was dropped to 0.2 m and the particle 

size and air inlet velocities were kept constant to perform 
comparison not only with single phase system but also with 
0.3 m bed height case. Graphics showing the effect of bed 
height on outlet temperature are given in Figure 11. When 
the bed height is reduced to 0.2 m, the outlet temperatures 
at 0.25 m/s, 0.3 m/s, and 0.35 m/s change from 913 K to 994 
K, 895 K to 974 K, and 881 K to 955 K, respectively. These 
values show that the addition of the solid particles to single 
phase system increases the system performance indepen-
dent of the bed height.

The results in Figure 11 is subjected to discussion about 
why outlet temperature of air increases although a smaller 
number of solids are loaded into the bed when the bed 
height is reduced. This situation can be explained by using 
Figure 12.

According to Figure 12, when the bed height is 0.3 m, 
the upper 0.1 m part of the fluidized bed cannot be exposed 
to solar radiation. Therefore, the solid and gas phases 
heated by solar radiation in the lower regions transfer heat 
to these upper parts where the radiation cannot reach. This 
situation causes heat loss in the system. In order to better 
observe this conclusion, the heat losses in the system are 
examined for both bed heights and the results showed that 
heat losses are 22 K and 27 K for bed heights of 0.3 m and 
0.2 m, respectively. Therefore, it is important to design tube 
opening both in terms of position and size carefully because 
this is the main factor that affects the operating condition 
of bed height.

The effect of particle size
The bed height was kept constant at 0.3 m and particles 

with 500 µm and 300 µm diameters were used to enlighten 
the effect of particle size on system performance. The mini-
mum fluidization velocity was calculated for each case indi-
vidually and the air inlet velocities were adjusted by using 
these values. Due to very long simulation time, 7.5 m of 
simulation was performed for 300 µm particle diameter 
case. The time variation of temperature in Figure 13 shows 
that 7.5 m simulation contains sufficient data to enable 
comparison.

As seen in Figure 13, the air outlet temperatures of the 
systems loaded with particles having 300 µm, 400 µm, and 
500 µm diameters were found to be 980, 895 and 878 K, 
respectively. By reducing the particle diameter at constant 
bed height, more particles are loaded into the system as a 
result, both the absorption of solar radiation and the heat 
transfer surface increase.  Figure 14 supports this conclu-
sion by showing that the decrease in particle diameter 
causes better diffusion of solar radiation within the system. 
In addition, the inlet velocity of air drops since the mini-
mum fluidization velocity decreases with particle size and 
as shown before this affects system performance positively.

CONCLUSIONS

The solid particle addition into a solar receiver in con-
centrated solar systems can increase the outlet temperature 
of the heat transfer fluid with direct or indirect exposure of 
these particles to concentrated solar radiation. In order to 
provide guidance on this addition, silicon carbide particles 
(SiC) were added into the quartz tube fluidized bed solar 
receiver with a 0.1 m opening for solar radiation entrance. 
Computational fluid dynamics simulations were performed 
to find optimum operating and design conditions.

The case without particle addition was performed first 
to identify the effect of adding particles into the system. The 
outlet air temperature of 421 K was achieved in this case. In 
fluidized bed systems, in order to have stable fluidization, 
the gas inlet velocity must be above the minimum fluidiza-
tion velocity but below the pneumatic transfer velocity. It 
was observed from the simulations that the outlet tempera-
ture of the two-phase system is inversely proportional to 
the inlet air velocity since outlet temperatures of 913 K, 895 
K, and 881 K were obtained for 400 µm diameter particles 
in 0.3 m bed for air inlet velocities of 0.25, 0.3, and 0.35 
m/s. It is clear that solid particle addition to solar receiv-
ers increases the amount of heat transfer between the fluid 
and the solar radiation as well as between the fluid and 
solid particles. When compared with the single-phase sys-
tem, maximum of 116% increase in outlet temperature was 
achieved with solid particle addition.

It is important to know how much solid particle is nec-
essary to load into the fluidized bed since it affects the sys-
tem performance.  With 400 µm particle diameter and bed 
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height of 0.2 m, outlet temperatures of 994 K, 974 K, and 
955 K were found. It was shown that the bed height being 
greater than the height of the opening where solar radia-
tion comes reduces outlet temperature due to the fact that 
when the bed height is increased, the heat loss in the sys-
tem increases because of heat transfer between the cold and 
hot parts of the bed. The increase in the outlet temperature 
is around 8% with bed height reduction. The maximum 
increase in outlet temperature was calculated as 136% when 
compared with the single-phase system.

Another important parameter for fluidized beds is the 
size of the particles that are loaded into the system. When 
particle diameters of 300 and 500 µm for bed height of 0.3 
m was considered, outlet temperatures of 980 K and 878 
K were calculated for respective minimum fluidization 
velocities. It was concluded that the outlet temperature of 
the system with small particles was higher since the num-
ber of particles loaded to the system increases for the same 
bed height. The reduction of particle size from 400 µm 
to 300 µm increases the outlet temperature 9.5%. On the 
other hand, increase of particle size from 400 µm to 500 µm 
decreases the outlet temperature only 2%. When compared 
with the single-phase system, maximum of 132% increase 
in outlet temperature was achieved with reduction of par-
ticle size.

In this study, the solar radiation intensity was assumed 
to be constant which is not the case in reality. Simulations 
with time varying solar radiation intensity can be done by 
using user defined function feature of the ANSYS Fluent 
code. The study is limited with the SiC particles because 
of the experimental setup. Other particle materials can be 
evaluated with the simulations. In addition, different insu-
lation options can be studied.

NOMENCLATURE

a Volume fraction
V Volume, m3

n Number of phases
ρ Density, kg.m-3

�u Velocity, m.s-1

p Pressure, N.m-2

τ  Reynolds stress tensor
�g Gravitational acceleration, m.s-2
�
R Interaction force between phases
h Specific enthalpy, J.kg-1
�q Heat flux, W.m-2

Q Intensity of heat exchange between phases
I Radiation intensity, W.sr-1

�s  Direction vector
�
′s Scattering direction vector
�r Position vector
α Absorption coefficient
σs Scattering coefficient
φ Phase density

ω Refractive index
T Temperature, K
Ωʹ Solid angle
Nu Nusselt Number
Re Reynolds number
Pr Prandtl number
d Particle diameter, m
μ Dynamic viscosity, kg.m-1.s-1

cp Specific heat, J.kg-1.K-1

k Thermal conductivity, W.m-1.K-1

h Solid-gas heat transfer coefficient, W.m-2.K-1

t Time, s

Subscripts
f Fluid
p Solid particle
mf Minimum fluidization
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