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ABSTRACT 

The use of solid particles as a solar energy transport and storage medium overcomes the intermittency issues 

for solar energy and is advantageous for the development of a hybrid process that integrates biomass and solar 

thermal energy. In this study, lab-scale experimental equipment consisted of bubbling fluidized bed (55mm I.D. 

and 200mm height) with direct irradiated solar thermal storage was designed and constructed. Sand, alumina (Al), 

and silica carbide (SiC) particles with 3 different particle sizes (130µm, 250µm, and 370µm) were used as a solar 

thermal storage medium in the fluidized bed. Due to higher absorption and emissivity properties, the solar thermal 

efficiency of SiC was higher than those of sand and Al. As the gas velocities in the bubbling fluidized bed 

increased from the initial minimum fluidization velocity (Umf) to 2 Umf, the temperature differences between 

upper bed and lower bed decreased from 470oC to 35oC because of vigorous solid mixing and heat transfer. Also, 

the increase of average particle size resulted in the decrease of solid heat storage and the increase of gas heat 

storage due to the differences of specific surface area and gas velocity. Therefore, the energy transported and 

stored according to the size of silicon carbide was the highest at 370 µm, and the receiver efficiency was 21.38%. 

Keywords: Solar thermal energy; Particle receiver; Energy storage; Fluidized bed; Silicon carbide 
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 3 

1. Introduction 

Building a low-carbon society with the aim of reducing greenhouse gas emission is to be addressed urgently as 

one of the gravest societal issues [1]. Thermochemical conversion processes integrating with multiple renewable 

energy resources such as solar heat [2], biomass [3], and waste [4] can simultaneously solve the disadvantages of 

fossil fuels that cause environmental pollution and the intermittency issues of renewable energy.  

Solar energy is considered one of the promising energy sources because it is sustainable and environmentally 

beneficial compared to other energy sources [2, 5, 6]. Concentrated solar power (CSP) system is a power 

generation method in which solar energy is collected and used directly as a heat source for the power cycle. Since 

the operating principle of a CSP system is the same as that of a thermal power plant, it can be integrated with an 

existing thermal power plant. Therefore, it has been recognized as a promising technology that is applicable to 

sustainable power generation of various scales [7, 8]. To overcome the intermittent characteristic of solar energy, 

a variety of energy storage devices heat transfer fluids (HTF) have been developed and tested so far. Liquid phase 

molten salt has been mainly used as a HTF to transfer or store thermal energy in solar power generation systems. 

However, the maximum temperature of a molten salt for thermal storage is limited to 600 °C due to its 

corrosiveness that increases with the temperature [9]. A fluidized bed system using solid particles has been 

proposed as an alternative to the liquid molten salt [10, 11]. Solid HTF particles have several advantages, such as 

higher operating temperature above 1000°C, higher heat capacity than HTFs in liquid or gas phases, and capability 

of directly absorbing condensed solar thermal energy [12]. Therefore, it enables a high-efficiency power cycle 

and improves the commercial competitiveness of the CSP system.  

A fluidized bed with smooth mixing of solid particles and good heat transfer characteristics has been utilized in 

various thermochemical processes so far [13-16]. A fluidized bed process is being actively studied for integration 

with solar energy, and solid particles are used as a carrier or storage medium for heat energy [2, 17]. A variety of 

integrated solar direct irradiation fluidized bed receivers using solid particles have been proposed, and some 

prototypes have been tested at the laboratory scale [18, 19]. It is crucial finding solid particles best suited for solar 

direct irradiation fluidized bed receiver and understanding the heat transfer process involved. Briongos et al. [20] 

selected silicon carbide and zirconia as solid particles to investigate the heat transfer process and solid convection 

occurring in a bubble fluidized bed exposed to direct sunbeams. Diaz-Heras et al. [21] studied the effect of physical 

properties of solid particles on the performance of high temperature fluidized beds with silicon carbide, silica sand, 

or carbo accucast ID50. They studied the effects resulting from the changes in the composition, structure, and 
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properties of these solid particles in different thermal and fluidization processes. 

Most of the experiments mentioned above were conducted with the aid of Xenon lamp to simulate the solar 

thermal heat, not in actual outdoor conditions where the solar radiation varies with time. It is difficult to evaluate 

the suitability and actual performance of a solar thermal system in case it was integrated with an existing thermo-

chemical conversion process. Therefore, there is a lack of information on the efficiency of solar thermal storage 

and transfer through heat-absorbing particles in the fluidized bed under actual outdoor conditions. In this study, 

several particles that can absorb, store, and transfer solar thermal energy were selected and their solar thermal 

storage efficiencies were investigated through a fluidized bed receiver which was operated under outdoor 

conditions. In addition, the axial temperature profile of the fluidized bubble bed were investigated with the particle 

sizes of SiC and gas velocities. The system efficiencies were calculated from the extent of particle temperature 

change. Fluidized bed receiver tested in this study paves a way to overcome the limitations of solar energy and 

increase the share of renewable resources in the energy system. It can also be used as a design basis for a hybrid 

fluidized bed process integrated with solar energy storage to achieve carbon negative emission power generation 

with the use of biomass resources. 

 

2. Experimental method 

2.1 Lab-scale solar thermal storage system 

A solar thermal storage equipment based on a fluidized bed was designed to store solar thermal energy using 

various particles. The Direct Normal Insolation (DNI) is an indispensable indicator to quantify the solar energy 

received per unit area by a surface. In this paper, an experiment was conducted based on the clearness index and 

DNI in Jeonju, Korea. The solar power meter (SPM-1116SD model, Lutron Co.) was attached to the first reflecting 

mirror, and the direct solar radiation from the sun was measured in real time and recorded on the SD card (See 

Fig. 1). The lab-scale solar integrated fluidized bed process consisted of a first reflecting mirror, a Fresnel lens, a 

second reflecting mirror, a lab-scale bubbling fluidized bed, and a mass flow controller (MFC) to alter the air flow 

into the column. Besides, a focal lens was installed to prevent scattering of solar radiation and to concentrate the 

solar radiation on the surface of the bed in the receiver. The details of equipment used for the system configuration 

are shown in Fig. 1.  

A fresnel lens with a 92% transmittance was installed to focus the sunbeam irradiation into one focal point. The 

fresnel lens has dozens of inclined projections with different inclination angles constructed on its aperture. It is 
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thinner and has a shorter focal length than a convex lens. Solar mirror films (models 1100, 3M) were used for the 

first and second reflecting mirror, which maximize the reflection efficiency of sunbeams up to a total solar 

reflectance of 94%. The sizes of the first and second reflecting mirror were 510 mm x 910 mm and 200 mm × 200 

mm, respectively, and the distance between the first reflecting mirror and the Fresnel lens was selected as 1.2 m. 

For the first and second reflecting mirrors, the angle can be adjusted according to the position of the sun to 

maximize the sunbeams sent to the receiver. To prevent light scattering, a pyrex focal lens (I.D. 50 mm, focal 

length 200 mm) was installed on the top of the receiver as the sunbeams collected by the Fresnel lens is reflected 

by the second reflecting mirror.  

Fig. 2(a) shows a diagram of the bubbling fluidized bed receiver used in the process. To measure the temperature 

of the inlet gas, the outlet gas, and the particle temperature in bed, K-type thermocouples were installed at different 

locations of the receiver. As shown in Fig. 2(b), the main column with internal diameter of 55 mm and height of 

200 mm was installed with several temperature conductors (TC) that measure the temperature of the bed at a 

height of 20 mm, 70 mm, and 120 mm of the main column. Fluidizing air is introduced into the receiver and its 

flowrate is measured by a mass flow meter. The flow rate of fluidizing gas was determined based on the minimum 

fluidization velocity of the particles and the cross-sectional area (23.76 cm²) of the receiver. The fluidized bed 

receiver is made of stainless steel and well insulated. A quartz window with high transparency was installed at the 

top of the column to obtain high transmittance for irradiation of sunbeams while ensuring a sealed close system 

of the receiver. The quartz window has a solar weighted transmittance of 93% and can be used for a long time at 

a temperature of 1100–1200 °C [22]. The wool is used as an insulating material, covering the surface of the 

receiver to minimize heat loss from the outside. While sunbeams were injected into the receiver, the temperature 

profile of bed particles along the fluidized bed was measured with the TCs installed on the receiver. The 

temperature changes of the fluidizing gas were observed at the outlet and inlet TCs of the receiver in order to 

evaluate how efficient the heat transfer between solid particle and gas were. The temperature of each TCs on the 

reactor was stored in a computer.  

The second experimental rig of a lager scale was built with new fresnel lens of about twice the diameter of old 

fresnel lens used in the initial experiment. The overall system configuration of the second equipment is shown in 

Fig. 3. For the scale-up model, a fresnel lens of 1000 mm x 1000 mm was selected, and the distance between the 

Fresnel lens and the second reflecting mirror was adjusted to 1000 mm. The size of the first reflecting mirror was 

set to 1200 mm x 1230 mm, and the size of the second reflecting mirror remains the same (200 mm x 200 mm). 
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The fluidized bed particle receiver, pyrex focal lens, solar power meter, mass flow controller (MFC), and solar 

mirror film (models 1100, 3M) were also used in the same way as they were in the initial experiment.  

 

2.2 Solar storage material 

Sand, Al, and SiC particles were selected for solar thermal storage and fluidized bed formation in the lab-scale 

solar storage receiver. To determine the particle size suitable for the bubbling fluidized receiver, the particle 

classification standard with respect to the particle density and size suggested by Geldart [23] was referred to. As 

a result, all the selected particles belong to B group in the Geldart particle classification [23, 24] as shown in Fig. 

4. Because B group particles was highly recommended for the fluidized bed, all the selected particles were 

considered suitable for the experimental operation. The physical properties of each particle are compared and 

shown in Table 1 [25-27].  

As can be seen, silicon carbide and alumina oxide are also selected for solar thermal storage as they have very 

high melting points and great heat capacity and thermal conductivity compared to sand which has commercially 

been used in fluidized bed processes. Therefore, they can be applied to fluidized bed power plants conventionally 

operating at 800-900 ℃. Since the density of both particles is higher than that of sand, it can be inferred that the 

minimum fluidization velocity of both particles should increase compared to sand. Kim et al [25]. compared the 

attrition and heat transfer characteristic of SiC and Al with sand through experiments as a heat storage medium in 

the fluidized bed process integrated solar. As a result, it was confirmed that the attrition resistances of SiC and Al 

was superior to that of sand, and the heat transfer coefficient was also similar to or greater than that of sand ranging 

125~152 W/m2K. 

 

2.3 Equations 

It was assumed that the sunbeams injected into fluidized bed process would be stored in both particle and gas. 

This was because the particles heated by sunbeams subsequently transferred heat to the fluidizing air injected into 

the receiver. According to the specific heat data in Table 2, the energy stored in gas and particles per unit time 

was calculated by the following Eq. (1), (2) [28]. 

              𝑄𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 𝑚𝑝𝐶𝑝(𝑇𝑏(𝑡) − 𝑇0)                                (1) 

                𝑄𝑔𝑎𝑠 = 𝑈𝑚𝑓𝜌𝑔 (
𝜋

4
𝑑𝑏𝑒𝑑

2) 𝐶𝑔(𝑇𝑔.0 − 𝑇𝑔.𝑖)                          (2) 

Where, 𝑄𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒  and 𝑄𝑔𝑎𝑠 are heat energy per unit time of the particle and gas respectively, 𝑚𝑝 is mass of 
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particles in the bed, 𝑈𝑚𝑓  is minimum fluidization velocity of gas, 𝜌𝑔  is density of gas, 𝑑𝑏𝑒𝑑  is receiver 

diameter, 𝐶𝑝, 𝐶𝑔 are specific heat of gas and particle respectively,  𝑇𝑏  is temperature of particles in bed, 𝑇0 is 

environment temperature, 𝑇𝑔.0 is outlet temperature of gas and 𝑇𝑔.𝑖 is inlet temperature of gas.  

The experiment involved two stages. The initial stage was conducted with 100g of particles injected into the 

column to find the optimum particles among sand, SiC, and Al with respect to the highest achievable temperature 

of the particles. The ensuing stage involved scaled up experiment. 500g of the particle selected from the initial 

stage was injected into the scale-up equipment with the size of particle varied. The temperature of the particles 

along to the column height was observed and the temperature of the gas was measured. The receiver efficiency 

was obtained using the following equations [17, 29]. 

𝜂𝑟𝑒𝑐 =
𝑄𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒+ 𝑄𝑔𝑎𝑠

𝑄𝑠𝑜𝑙𝑎𝑟
                                   (3) 

𝑄𝑠𝑜𝑙𝑎𝑟 =  𝐼𝐷𝑁𝐼𝐴𝐹𝑟𝑒𝑠𝑛𝑒𝑙𝜌𝑚𝑖𝑟𝑟𝑜𝑟𝜏𝑙,𝐹𝑟𝑒𝑠𝑛𝑒𝑙𝜏𝑙,𝑓𝑜𝑐𝑎𝑙𝜏𝑞𝑢𝑎𝑟𝑡𝑧                    (4) 

Where, 𝑄𝑠𝑜𝑙𝑎𝑟  is solar energy per second obtained by the solar collector system, 𝐼𝐷𝑁𝐼  is intensity of direct 

normal irradiance, 𝐴𝐹𝑟𝑒𝑠𝑛𝑒𝑙  is area of Fresnel lens,  𝜌𝑚𝑖𝑟𝑟𝑜𝑟  is reflectance of the second reflect mirror, 𝜏𝑙,𝐹𝑟𝑒𝑠𝑛𝑒𝑙  

is transmittance of fresnel lens, 𝜏𝑙,𝑓𝑜𝑐𝑎𝑙  is transmittance of focal lens and 𝜏𝑞𝑢𝑎𝑟𝑡𝑧 is transmittance of transparent 

quartz plate. 

 

3. Result and discussion 

3.1 Optimal particle selection 

A series of experiments to evaluate the solar thermal storage using solid particles were carried out for each 

particle. To find the maximum performance of each particles, the experiments were only evaluated when a DNI 

of 800 W/m2 or more was recorded. Sand, SiC and Al particles were injected at 100 g each and tested at a rate of 

1.5 minimum fluidization velocity (Umf). The heat energy rate that can be stored in the solid particles was 

calculated by Eq. (1) based on the extent of rising temperature for about 3 minutes, and the results were sand (3.3 

W), Al (5.3 W), and SiC (8.9 W) in the increasing order of the heat storage power. However, the thermal efficiency 

of the receiver was estimated by Eq. 5 and they are shown in Fig. 5 because of DNI variation caused by the 

difference in sunlight between the test dates.  

The thermal efficiency of the receiver was higher sand (2.39%), Al (4.63%), and SiC (6.52%), the order of 

which was the same as the order of the heat storage power of each particle. The higher thermal efficiency obtained 

by SiC particle was mainly due to the high emissivity of SiC particles as shown in Table 1. This was because the 
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absorption rate was assumed to be equal to the emissivity. The emissivity of SiC particles is about 1.8 times higher 

than that of sand. It is meant that SiC could be superior to sand in case of solar thermal storage. In addition, it can 

be seen from previously published literature that SiC particles have higher attrition resistances and thermal 

conductivity than sand particles [25]. Therefore, SiC is considered as an optimal particle capable of storing solar 

heat more efficiently than sand. However, the heat storage power and efficiency of SiC particles with the initial 

configuration was quite low, so there is a need to revise the configuration used. 

 

3.2 Evaluation of solar thermal storage efficiency by particle 

The scale-up equipment was built in order to achieve higher solar thermal storage and efficiency by means of 

expanding the size of the fresnel lens in the initial configuration. The initial configuration had confirmed that SiC 

would have the highest energy storage efficiency of the three candidates. The ensuing experiments were performed 

using SiC particles of different sizes in the scale-up configuration since an appropriate particle size is an important 

parameter to optimize for achieving excellent solar energy storage efficiency. 

As the equipment became larger, the quantity of particles injected into the receiver increased to 500 g accordingly. 

The formation of gas bubbles and their upward flow in the bubbling fluidized bed generates a flywheel effect, 

forming a better mixing and enhancing convective heat transfer between gas and particles [17, 30]. As the extents 

of mixing and heat transfer tend to be affected greatly by gas flowrate or gas velocity, it is necessary to evaluate 

the temperature profiles over the entire fluidized bed under different gas velocities. Fig. 6 shows the axial 

temperature profile of a bubble fluidized bed with different SiC particle sizes (a) 130 µm and (b) 250 µm at 

different gas velocities. The gas velocities are expressed in the ratio of the actual gas velocity to the minim 

fluidized gas velocity in Fig. 6. As can be seen, the temperature difference between the upper and lower parts of 

the bed was as large as about 470 ℃ when it was tested at the velocity ratio of 1 with 130 μm SiC. However, as 

the gas velocity ratio increased to 2, the upper bed temperature is 309 ℃ and the lower bed temperature is 274 ℃, 

which indicates that solids were well mixed at an average temperature about 300 ℃.  

In the experiment using 250 µm SiC, the temperature difference between the upper and lower parts of bed at 1 

Umf was about 453 ℃, and as the gas velocity increased, the average temperature of the bed was about 180 ℃. 

These experiments showed that the bed temperature profiles became uniform due to vigorous mixing with the gas 

velocity increasing, and this trend was observed in both experiments where the SiC sizes were varied. Flamant et 

al. [31] and Matsubara et al. [32] also reported that as the gas velocity increased, the particles in the fluidized bed 

were mixed more efficiently and as a result the temperature profile became more uniform along the bed height. 
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The experiment results showed clearly that as the gas velocity increased, the average temperature of the well-

mixed region decreased. It was also found that the performances of the 130 μm SiC case were superior to those 

of 250 μm SiC with respect to solid mixing and temperature rising. This is because presumably the heat transfer 

rate between the particles and gas was greater with 130 μm SiC due to the larger specific surface. 

The solar thermal storage experiments in a bubbling fluidized bed were conducted to see the effect of the particle 

size on the solar thermal storage efficiency at the gas velocity of 1.5 Umf. In these experiments, the temperatures 

of fluidizing gas were measured at the fluidized bed outlet for 5000s for the outset. The outlet gas temperature 

and the gas velocity are shown in Fig. 7. The solid lines indicates the temperature of outlet gas and particle, and 

the broken line is the temperature difference between the inlet and the outlet gases. As shown in Fig. 7(a), the gas 

temperature at the fluidized bed outlet with the particle size of 370 µm reached 228 °C (solid line) around 5000 s. 

As can be seen from Fig. 7(a), the gas flow rate decreases as the size of the solid particles decrease under the same 

conditions of 1.5 Umf. Therefore, the smaller the particle size, the longer the residence time of the gas on the 

freeboard would be, which might result in greater heat loss through the upper light transmission window. As 

shown in Fig. 7(b), the △Tp in the bed reached up to 400, 321, and 203 °C with the particle size of 130 µm, 250 

µm, 370 µm, respectively. Unlike the gas, △Tp increased as the size of the particles decreased. Since the large 

specific surface area of the particles increases the mutual heat transfer rate between the particles, it was found that 

the smaller the particle size, the greater the influence of the temperature applied by solar thermal.  

Fig. 8 shows the energy stored in the particle or carried by the gas stream for different particle sizes. It also 

shows the DNI on the date when each particle was tested. The average DNI recorded for testing was 1021 W/m2 

for the 130 µm experiment, 970 W/m2 for the 250 µm experiment, and 1028 W/m2 for the 370 µm experiment. 

The solid and broken lines represent the energy stored in the particles and the accumulated energy carried by the 

gas flowing through the fluidized bed, respectively. In the case of 130 µm, it was confirmed that the energy stored 

in the particles was greater than the energy carried by the gas, and in the case of 250 and 370 µm, the energy 

carried by the gas was greater than the energy stored in the particles. Therefore, the larger the particle size, the 

smaller the energy stored in the particle would be. However, the overall energy efficiency may be improved by 

the increasing particle size because the gas flow rate has to increase to get the particles fluidized. 

Based on the temperature recorded at 5000 s, the total energy stored in both gas and solid phases was calculated 

by summing the heat energy stored in the gas flowing through the bed and the particles. The efficiency of solar 

thermal storage in comparison to the provided solar heat was affected greatly by the particle size as shown in Fig. 

9. The receiver efficiencies were 8.63% (130 µm), 12.92% (250 µm), and 21.38% (370 µm). At 370 µm, the 
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 10 

receiver efficiency was about 2.48 times higher than 130 µm mainly due to the amount of heat carried by gas 

being the greatest of all.  

The amount of the solar energy required to obtain the target temperature of the particles is shown in Fig. 10. 

Only the energy stored in SiC particles was considered at the scale of 500 g used in the experiment. The required 

solar energy was estimated at the time of exposure to sunbeams of 1000, 2000, 3000, and 4000 s. To obtain a 

temperature of 800 ℃, about 418 W of solar thermal energy was required in case that the exposure time of 

sunbeams to the particles was only 1000 s. On the contrary, only 105 W of solar thermal energy would be required 

if the exposure time was 4000 s. Therefore, the shorter the exposure time of the solid particles to the sunbeams, 

the larger solar energy would be required to obtain the same temperature of the particles. 

 

4. Conclusions 

Lab-scale experimental equipment was built to see the feasibility of a direct irradiation particle receiver for 

storage and transport of solar thermal energy. The results were, sand (2.39%), Al (4.63%), and SiC (6.52%) in the 

increasing order of efficiency, because SiC particles have good absorption rate, attrition resistances, and thermal 

conductivity. And it was found that the bed temperature became uniform due to vigorous mixing with the gas 

velocity increasing . Also, the smaller the particle size, the greater the heat transfer rate would be due to the larger 

specific area of the particle.  The energy stored in the particles was greater than the energy carried by the gas in 

the case of 130 µm particle size, while the energy carried by the gas was more influential than the energy stored 

in the particles in case of 250 and 370 µm particle size. Based on this result, the calculated receiver efficiencies 

were 8.63% (130 μm), 12.92% (250 μm) and 21.38% (370 μm), respectively. Therefore, the silicon carbide size 

for the highest energy storage efficiency was 370 µm. The experimental results imply that we may be able to 

target which medium to heat up between solids and gas by altering the particle size in the fluidized bed. As follow-

up study, additional solar heat fluidized bed experiments are to be conducted with a mixture of solids of different 

particle sizes or solids with actual particle size distribution (PSD), and the results are to be analyzed in comparison 

to the present research outcomes obtained from the system of the single particle size. 
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Table 1. Physical properties of sand, SiC, Al 

Property Sand SiC Al 

Mean size (μm) 182 315 310 

Melting point (℃) 1903 2730 2072 

Boiling point (℃) 2590 N/A 2977 

Molecular wt (g/mol) 60.08 40.11 101.96 

Density (g/cm3) 2.17-2.65 3.0-3.2 3.4-4.1 

Hardness (MPa) 4500-9500 15710 25500 

Poisson’s ratio (-) 0.17 0.15-0.21 0.22-0.24 

Compressive strength (MPa) 1100-1600 2780-3900 1920-2750 

Elastic modulus (GPa) 73 370-490 220-370 

Specific heat capacity (J/kgK) 480-730 670-1180 870-940 

Thermal conductivity (W/mK) 1.3-1.5 120-170 14-30 

Thermal expansion (10-6/K) 0.55-0.75 4.0-4.5 6.7-8.2 

Emissivity (-) 0.49 0.9 0.85 

Attrition (%) 9.3 7.8 6.2 
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Table 2. Specific heat of solid particles and air 

Particle Cp (kcal/kg.℃) 

Sand 0.2 

SiC 0.25 

Al 0.197 

Air 0.24 
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