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Solid circulation study in a 1.5 MWth cold flow model of chemical looping combustion

Solid circulation in chemical looping combustion (CLC) is very important and affects the mass and heat balance and auto-thermal operation of a CLC system. A key task in developing CLC technology is to control the solid circulation. In this work, the solid circulation characteristic of a 1.5 MWth CLC cold flow model is reported. The solid circulation between the fuel reactor and the simplified air reactor riser is controlled by the overflow method. Three kinds of quartz sands are selected as fluidized particles, and their median particle diameters are 392 μm, 249 μm and 122 μm, respectively.

Reasonable pressure profile is obtained in the 1.5 MWth CLC cold flow model. The effects of operational parameters, including the fuel reactor gas velocity, loop seal gas velocity, simplified riser gas velocity, particle size and static bed height, on the solid circulation and hydrodynamic characteristics are measured and analyzed. The maximum solid circulation rate can approach 130 kg/(m 2 •s), and this value satisfies the

requirements of mass and heat balance in CLC system. The static bed height in the fuel reactor should be higher than the overflow port to prevent it from becoming a constraint factor on the solid circulation rate. An overflow model is developed to predict the solid circulation rate, and the relative errors between the predicted result and the experimental data are within 25%.

Highlights:

1. A 1.5 MWth CLC cold flow model is designed and constructed; 2. The maximum solid circulation rate can approach 130 kg/(m 2 •s), and this value satisfies the requirements of CLC auto-thermal operation;

3. The static bed height should be higher than the overflow port to obtain a high solid circulation rate;

4. An overflow model is developed to predict the solid circulation rate, and the relative errors are within 25%.

Introduction

CO2 is considered to be a main greenhouse gas causing climate change and global warming [START_REF] Abanades | Emerging CO2 capture systems[END_REF] . The International Energy Agency has estimated that energy-related CO2 emissions have risen 1.4% and have reached a historic high of 32.5 Gt 2 . This worldwide concern has continuously aroused extensive research towards developing more efficient and economical technology for CO2 capture in term of environmentally sound approaches [START_REF] Kanniche | Precombustion, post-combustion and oxy-combustion in thermal power plant for CO2 capture[END_REF][START_REF] Boot-Handford | Carbon capture and storage update[END_REF] . Recently, chemical looping combustion (CLC) has been regarded as a promising technology because it enables CO2 capture in a fossil fuel combustion process with nearly no energy penalties [START_REF] Adanez | Chemical looping combustion of solid fuels[END_REF] . A CLC unit is primarily composed of a fuel reactor (FR) and an air reactor (AR), and an appropriate solid metal oxide as an oxygen carrier (OC) is circulated between the two reactors to transfer lattice oxygen to fossil fuel.

Richter and Knoche [START_REF] Richter | Reversibility of combustion processes[END_REF] first proposed the concept of CLC in 1983, and since then it has been widely applied to the combustion field [START_REF] Lyngfelt | A fluidized-bed combustion process with inherent CO2 separation; application of chemical-looping combustion[END_REF][START_REF] Berguerand | Design and operation of a 10 kWth chemical-looping combustor for solid fuels -Testing with South African coal[END_REF][START_REF] Stroehle | Design and operation of a 1 MWth chemical looping plant[END_REF] . For a CLC unit, choosing an appropriate reactor type is important because it is related to the chemical reaction and operation of the CLC unit. Presently, based on gas-solid hydrodynamic characteristics, CLC units have three reactor types, namely, fluidized bed as air reactor-moving bed as fuel reactor, moving bed as air reactor-fluidized bed as fuel reactor, and fluidized bed as air reactor-fluidized bed as fuel reactor which is also known as two interconnected fluidized beds [START_REF] Cheng | Experimental investigation on coal-fired chemical cooping combustion coupled with an annular carbon stripper[END_REF] . For the fluidized bed as air reactor-moving bed as fuel reactor, only Ohio State University has adopted this approach in a 25 kWth CLC unit [START_REF] Kim | Coal direct chemical looping combustion process: Design and operation of a 25 kWth sub-pilot unit[END_REF] . For the moving bed as air reactor-fluidized bed as fuel reactor, only Southeast University has adopted this approach in a 20 kWth CLC unit [START_REF] Wang | Experimental evaluation of a novel 20 kWth in situ gasification chemical looping combustion unit with an iron ore as the oxygen carrier[END_REF] . The two interconnected fluidized beds approach has been employed by many research institutes as a CLC pilot plant reactor type, such as the 10 kWth [START_REF] Berguerand | Design and operation of a 10 kWth chemical-looping combustor for solid fuels -Testing with South African coal[END_REF] and 100 kWth [START_REF] Markstrom | Chemical-looping combustion of solid fuels -Design and operation of a 100 kW unit with bituminous coal[END_REF] units at Chalmers University of Technology, the 50 kWth unit at Instituto de Carboquímica [START_REF] Abad | Design and operation of a 50 kWth chemical looping combustion (CLC) unit for solid fuels[END_REF] , the 10 kWth unit at Southeast University [START_REF] Shen | Reactivity deterioration of NiO/Al2O3 oxygen carrier for chemical looping combustion of coal in a 10 kWth reactor[END_REF] , the 10 kWth unit at IFP Énergies Nouvelles [START_REF] Sozinho | Petcoke chemical looping combustion in a continuous 10 kWth pilot plant[END_REF] , the 50 kWth unit at Huazhong University of Science and Technology [START_REF] Ma | Performance of a 50 kWth coal-fuelled chemical looping combustor[END_REF] , the 10 kWth unit at Tsinghua University [START_REF] Chen | Coal-fired chemical looping combustion coupled with a high-efficiency annular carbon stripper[END_REF] , the 225 kWth unit at University of Utah [START_REF] Lighty | Chemical looping with oxygen uncoupling with coal[END_REF] , the 1 MWth unit at Darmstadt University of Technology [START_REF] Ohlemueller | Chemical-looping combustion of hard coal: autothermal operation of a 1 MWth pilot plant[END_REF] , and the 3 MWth unit at Alstom Power [START_REF] Abdulally | ALSTOM's chemical looping combustion prototype for CO2 capture from existing pulverized coal fired power plants[END_REF] . Therefore, the two interconnected fluidized beds are the dominant reactor type used for CLC technology.

In the two interconnected fluidized beds, the gas-solid hydrodynamic characteristics, especially solid circulation control, are significant to the operation of the CLC pilot plant. The temperature difference between the AR and FR, chemical reactions and heat and mass balance are affected by the solid circulation characteristics. Solid circulation must be right for the two interconnected fluidized beds. If the solid circulation rate is too low, the heat balance cannot be satisfied, resulting in a loss in fuel reactor temperature; if the solid circulation rate is too high, the residence time in the fuel reactor will be decreased, resulting in a loss in CO2 capture. There are three types of solid circulation principles for the two interconnected fluidized beds: double loop control, hydraulic connection and overflow exit from the fuel reactor [START_REF] Markstrom | Operation of a 100 kW chemical-looping combustor with Mexican petroleum coke and Cerrejon coal[END_REF][START_REF] Stroehle | Chemical looping combustion of hard coal in a 1 MWth pilot plant using ilmenite as oxygen carrier[END_REF][START_REF] Proell | A novel dual circulating fluidized bed system for chemical looping processes[END_REF] . Some cold flow models have been built to investigate the hydrodynamic characteristics and solid circulation of the two interconnected fluidized beds. Stollhof et al. [START_REF] Stollhof | Fluid dynamic evaluation of a 10 MW scale reactor design for chemical looping combustion of gaseous fuels[END_REF] adopted the hydraulic connection principle to study the effect of four different FR designs on CLC hydrodynamics, and they found that the shape of the conical form of the FR bottom part would affect FR hydrodynamics and led to unstable hydrodynamics in some cases, while AR hydrodynamics was not affected by changes in FR design. Dubey et al. [START_REF] Dubey | Hydrodynamic characteristics in a pilot-scale cold flow model for chemical looping combustion[END_REF] constructed a cold flow model based on the overflow exit from the fuel reactor principle and used Indian ilmenite as an oxygen carrier to investigate the effect of riser gas velocity on the voidage profiles, solid circulation rate, and pressure profiles. Bischi et al. [START_REF] Bischi | Hydrodynamic viability of chemical looping processes by means of cold flow model investigation[END_REF] selected the double loop control and hydraulic connection principle in a 150 kWth cold flow model to study the change trend of CLC hydrodynamics under different loads, gas velocities and solid return styles. To study the feasibility of a proposed dual fluidized bed, Liu et al. [START_REF] Liu | Investigation of a dual cold-flow fluidized bed for calcium looping gasification process[END_REF] constructed a cold flow model based on the hydraulic connection principle to study the effect of the total solid inventory and fluidization number of loop seal (LS) on the solid recirculation flux and solid fraction. Alghamdi et al. [START_REF] Alghamdi | Hydrodynamics similarities in cold flow model of chemical looping combustors: An experimental study[END_REF] constructed a 10 kWth CLC unit and a 200 kWth CLC unit based on the overflow exit from the fuel reactor principle to demonstrate the hydrodynamic similarities. In the two interconnected fluidized beds, controlling solid circulation by using the overflow principle has been widely adopted, such as the 10 kWth 8 and 100 kWth [START_REF] Markstrom | Chemical-looping combustion of solid fuels -Design and operation of a 100 kW unit with bituminous coal[END_REF] units at Chalmers University of Technology, the 25 kWth unit at Hamburg University of Technology [START_REF] Thon | Operational experience with a system of coupled fluidized beds for chemical looping combustion of solid fuels using ilmenite as oxygen carrier[END_REF] , the 10 kWth unit at University of Stuttgart 31 , the 10 kWth unit at Southeast University [START_REF] Shen | Reactivity deterioration of NiO/Al2O3 oxygen carrier for chemical looping combustion of coal in a 10 kWth reactor[END_REF] and the 225 kWth unit at University of Utah [START_REF] Lighty | Chemical looping with oxygen uncoupling with coal[END_REF] . Most of the reported works on CLC hydrodynamics have been conducted with different gas velocities, total solid inventories, particle sizes and solid return styles in small lab-scale setups. However, few studies have focused on the effect of the overflow port fluidization regime on CLC hydrodynamics in large-scale units.

In this work, a 1.5 MWth CLC cold flow model is proposed and constructed to study the overflow hydrodynamics and solid circulation control. The effects of different gas velocities, particle sizes and static bed heights on the solid circulation rate and fluidization characteristics are studied. An overflow model is proposed to predict the solid circulation rate.

2.

Experiments

Experimental setup

The schematic diagram of the 1.5 MWth CLC cold flow model system is shown in 

Materials

Three kinds of quartz sands are chosen to investigate the overflow hydrodynamics of different particle sizes. The properties of the three quartz sands are listed in Table 1 32-34 . The particle size distributions (PSDs) are measured by using a Malvern Mastersizer, and the results are shown in Figure 2. Diameter (μm)
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represents the pressure gradient, Pa/m; g is the gravity acceleration, m/s 2 ; and p  and g  represent the particle density and gas density, respectively, kg/m 3 .

Based on the mass balance, the solid circulation rate of the overflow port is equal to that of the SR. As shown in Figure 1, the solid circulation rate of the SR (hereinafter referred to as the solid circulation rate, Gs) is defined as the total solid circulation rate (Gs,t) minus the FR solid circulation rate (Gs,FR):

s s,t s,FR - G G G  (2) 
Both the Gs,t and Gs,FR are measured by the accumulative volume method. When the cold flow model operates steadily, the accumulative height and elapsed time in the dipleg are measured after closing the butterfly valve, and the Gs,t can be calculated by equation (3). Then, turn off the fluidizing gas of the loop seal between FR and SR and measure the Gs,FR using the same method, as shown in equation ( 4). The results of the Gs,FR have been provided in previous work [START_REF] Chen | Cold model study of a 1.5 MWth circulating turbulent fluidized bed fuel reactor in chemical looping combustion[END_REF] . It should be noted that the value of the FR solid circulation rate in the literature [START_REF] Chen | Cold model study of a 1.5 MWth circulating turbulent fluidized bed fuel reactor in chemical looping combustion[END_REF] is calculated based on the sectional area of the annular CS, while the Gs,FR in this work is calculated based on the sectional area of the simplified riser, so the literature value needs to be converted.
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where dip

S

is the sectional area of the dipleg, m 2 ; b  is the bulk density, kg/m 3 ;

dip,i H is the accumulative height of solid particles in the dipleg, m; SR S is the sectional area of the simplified riser, m 2 ; and dip,i t is the elapsed time of solid particles in the dipleg, s.

Results

Stable operation results

The pressure profile of the 1.5 MWth CLC cold flow model is depicted in Figure 3. The pressure drops of loop seals (P18-P4, P22-P25) were all positive, and the pressure of the FR and SR decreased with increasing the reactor height. The results indicated that a reasonable pressure balance was obtained in this cold flow model. Most of the particles accumulated in the FR dense phase because the pressure drops (P1-P5, P9-P12) were high, as shown in Figure 3. The pressure drop in the SR dense phase (P23-P25) was relatively low (4.41 kPa), and the sectional area of the SR was 0.025 m 2 , so only a small amount of particles accumulated there. Comparing the pressure drop of the FR dilute phase (P5-P13) with that of the SR dilute phase (P25-P30), it was found that the former was lower than the latter, so the entrainment capacity of the FR was lower than that of the SR. 
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Effect of operational variables on solid circulation rate

In this section, the effects of five vital variables, including the FR gas velocity (uFR), LS gas velocity (uLS), SR gas velocity (uSR), static bed height (Hs) and particle size, on the solid circulation rate (Gs) are investigated.

The effect of the uFR and Hs on the Gs is shown in Figure 4 m, the tops of the bed level were higher than those of the overflow port. The frequency of bubble coalescence and breakage in the dense phase increased with the increasing uFR, and the particle motion passing through the overflow port was enhanced, so the Gs increased. The Gs decreased with increasing uFR from 0.78 m/s to 1.01 m/s. This is because the uFR of 0.78 m/s is the transition velocity (Uc) for small particles (d50= 122 μm), i.e., when the uFR > 0.78 m/s, the fluidization regime of the TFB changes from the bubbling regime to the turbulent regime, and the fluidization characteristics change accordingly. In the turbulent regime, the entrainment capacity is strengthened, more particles are carried into the annular CS and the height of the TFB dense phase is decreased, so the amount of solid particles passing through the overflow port is reduced.

When the uFR was constant, the Gs increased significantly with increasing Hs increasing Hs, while when the Hs was higher than the overflow port, the Gs increased slightly with increasing Hs. Therefore, to prevent the overflow port from becoming a constraint factor on the Gs, the Hs should be higher than the overflow port. The effect of the particle size and uFR on the Gs is depicted in Figure 5(a). With the increase in the particle size, the change trend of the Gs was different in different uFR ranges. When the uFR was in the range of 0.1 ~ 0.78 m/s, the Gs of small particles (d50 = 122 μm) was the highest among the three different solid particles, but when the uFR > 1), so the uFR corresponding to the decrease in the Gs is different, as shown in Figure 5 The reason is as follows: when the Hs is lower than the overflow port, the Gs is mainly controlled by the Hs rather than the uLS. When the Hs is higher than the overflow port, a large number of particles flow out through the overflow port, and the change in the uLS will affect the Gs. The error bars at different Hs did not intersect, which indicated that the increase rate of the Gs with Hs was higher than the measurement error. In Figure 6(b), it can be seen that the change trend of the pressure drop of the SR dilute phase was the same as that of the Gs. and from 0.00 kg/(m 2 • s) to 106.35 kg/(m 2 • s), respectively. This indicated that the uLS could control the Gs. When the uLS was in the range of 0.06 m/s to 0.31 m/s, the Gs decreased obviously with increasing particle size. This is because the minimum fluidization velocity for different particle sizes is different, the fluidization number corresponding to the same gas velocity is also different, and the smaller particles have a larger fluidization number and a stronger entrainment capacity. When the uLS was in the range of 0.31 m/s to 0.52 m/s, the fluidization number was relatively large for different particle sizes, so the Gs decreased slightly with increasing particle size. With increase in the uLS, the error bars of different particle sizes changed from disjoint to intersect, which also indicated that the Gs difference of different particle sizes decreased, as shown in Figure 7(a). shows the effect of the uSR and particle size on the Gs. The Gs decreased with increasing particle size. For example, when the uSR = 9.2 m/s, with the increase in the particle size from 122 μm to 392 μm, the Gs decreased from 116.52 kg/(m 2 • s) to 83.42 kg/(m 2 • s). This is because the terminal velocity of solid particles increases with increasing particle size, and smaller particles are more easily carried out of the reactor at a constant gas velocity. The average value of error bars decreased from 9.02 kg/(m 2 • s) to 4.22 kg/(m 2 • s) with increasing particle size, which indicated that the material fluctuation of the cold flow model was alleviated with increasing particle size. Figure 9(b) shows the effect of the uSR and particle size on the pressure drop of the SR dilute phase. With the increase in the uSR or particle size, the change trend of the pressure drop of the SR dilute phase was inconsistent, but the variation range was very small. A correlation between the pressure drop of the SR dilute phase and the Gs is shown in Figure 10. The pressure drop of the SR dilute phase was linearly correlated with the Gs at the uSR = 9.2 m/s. When measuring the Gs is inconvenient, the pressure drop of the SR dilute phase can be used to estimate the Gs. Quartz sands with different particle sizes have different physical properties and fluidization characteristics at the same gas velocity. Therefore, the correlations between the pressure drop of the SR dilute phase and the Gs with different particle sizes are different, as shown in equation (5). The negative intercept of equation ( 5) is caused by the pressure drop of the SR fluidizing gas. It should be noted that when the uSR changes, the correlation will also change due to the change in the particle force and fluidization regime. With the increase in the uSR, the change trend of the solid fraction at different SR heights was different. In the range of SR heights from 0 m to 4 m, the solid fraction first decreased significantly and then became moderate with increasing uSR. In the range of SR heights from 4 m to 10.45 m, the solid fraction was basically unchanged with increasing uSR. There are two main reasons: 1) From the perspective of particle force, as the uSR increases, the drag force on particles increases, and the distance required to accelerate from static state to slip velocity decreases, resulting in a decrease in the particle amount in the acceleration region. 2) From the perspective of the fluidization regime, the fluidization regime of the SR gradually transfers from the fast fluidized regime to the transport regime with increasing uSR, and different fluidization regimes have different fluidization characteristics. For different fluidization regimes, the solid fraction of the dense phase or transition phase has a relatively large difference. In this work, when the SR height ranges from 0 m to 4 m, it is in the dense phase or transition phase and the solid fraction displays a large difference, as shown in Figure 11(c). The solid fraction of the dilute phase is generally one order of magnitude lower than that of the dense phase. Compared with the dense phase, the difference in the solid fraction of the dilute phase for different fluidization regimes is very small, so it is basically unchanged.

Figure 11(d) shows the effect of the Hs on the solid fraction profile of the SR. As mentioned above, when the Hs was lower than the overflow port (1.25 m), the Gs increased with increasing Hs; while when the Hs was higher than the overflow port, the Gs remained almost unchanged with increasing Hs. The solid fraction of the SR is positively correlated with the Gs when the uSR remains unchanged. Therefore, the solid fraction profile of the SR increased with increasing Hs from 0.75 m to 1.25 m, while the solid fraction profile of the SR remained almost unchanged with increasing Hs from 1.25 m to 1.45 m.

Figure 11(e) shows the effect of the particle size on the solid fraction profile of the SR. With the increase in the particle size, the change trend of the solid fraction in the SR with different heights was inconsistent. When the SR height was less than 8 m, the solid fraction decreased with increasing particle size, while when the SR height was higher than 8 m, the solid particles accelerated to the slip velocity, so the solid fraction was unchanged with increasing particle size, as shown in Fig. 11(e). 

Discussion

Typical experimental results of the Gs and the pressure drop of the overflow port (P4-P19) are shown in Figure 12. The results show that the Gs is positively correlated with the pressure drop of the overflow port. Therefore, an overflow model is proposed to predict the Gs by using the pressure drop of the overflow port. kg/(m•s 2 ).

In Figure 13, it can be seen that H4 and 4

 are equal to H19 and 19  , respectively.

It is assumed that the horizontal direction velocity of port 4 is 0 m/s, i.e., u4 = 0 m/s; therefore, equation ( 6) can be simplified to equation (7):

2 19 4
19 [START_REF] Lighty | Chemical looping with oxygen uncoupling with coal[END_REF] 2

f u P P h     (7) 
For ease of expression and calculation, f h is set as 

The fluid density of port 19 ( 19 ) depends on the particle density and the solid fraction of the FR dense phase and is calculated by: 19 p sd =    (10) where sd  represents the solid fraction of the FR dense phase, -.

Introducing equation (10) into equation ( 9), the solid velocity of the overflow port (u19) can be expressed as: 

(1+ )   c ( 1  c ) (11) 1 
The overflow pipe is inclined downward, and the connection between the overflow pipe and FR is an ellipse. The sectional area of the overflow port ( ov S ) can be expressed as:

2 ov ov ov ov 4 cos( / 2 ) 4sin d d d S       (13) 
where ov d represents the inner diameter of the overflow pipe, m;  represents the angle between the overflow pipe and the vertical direction, -.

The overflow port may not be fully filled with solid particles. The ratio of the sectional area filled with solid particles to the sectional area of the overflow port is specified as e. The solid volume flux of the overflow port ( ov Q ) is estimated by: 

where SR d represents the inner diameter of the simplified riser, m.  is calculated by the pressure drop of the FR dense phase. Therefore, the value of constant  can be obtained by using the experimental results of the cold flow model. Through calculation, the values of  in the bubbling regime and turbulent regime were different, and the results were 0.0537 and 0.102, respectively, as shown in equations ( 17) and (18). The value of  in the bubbling regime is smaller than that in the turbulent regime, which may be because the solid particles in the turbulent regime operate more violently and flow out more easily from the overflow port.

Bubbling regime: 

The results of the Gs calculated by equations ( 17) and ( 18) were compared with the experimental data, and the results are shown in Figure 14. The relative errors were mostly within 25%, which indicated that the fitted value of  was reasonable. When measuring the Gs is inconvenient, equations ( 17) and ( 18) can be used to estimate it. In the CLC design process, equations ( 17) and ( 18) obtained in this work can be applied to determine whether the overflow port will become a limiting factor of the Gs or not.

If the Gs of the overflow port is higher than the design value, this indicates that the overflow port is no longer the limiting factor of the Gs. Otherwise, the design of the overflow port is unreasonable and needs to be redesigned. indicated that the overflow model could predict the solid circulation rate accurately. In the CLC design process, this overflow model could be applied to determine whether the overflow port will become a limiting factor of the solid circulation rate. 
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 1 Figure 1. The fuel reactor is composed of a turbulent fluidized bed (TFB), a FR riser
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Figure 2 . Particle size distributions of three kinds of quartz sands 2
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 3 Figure 3. Pressure profile of the 1.5 MWth CLC cold flow model (d50=122 μm) 0 5 10 15 20

  (a). When the uFR was in the range of 0.1 ~ 0.78 m/s, the change trend of the Gs under different Hs was different. For the Hs = 0.75 m, the top of the bed level was lower than the overflow port.With the increase in the uFR, more bubbles were generated, and the amount of solid particles elutriated into the freeboard increased, resulting in an increase in the Gs from 12.72 kg/(m 2 • s) to 36.85 kg/(m 2 • s). For the Hs = 1.05 m, the top of bed level was at the overflow port but not full. The solid particles elutriated into the freeboard increased with increasing uFR, and the solid fraction in the overflow port decreased, so the Gs decreased from 79.45 kg/(m 2 • s) to 67.93 kg/(m 2 • s). For the Hs = 1.25 m and Hs = 1.45

  from 0.75 m to 1.25 m, while the Hs increased from 1.25 m to 1.45 m resulting in only a slight increase in the Gs. As the Hs increased from 0.75 m to 1.45 m, the average value of error bars increased from 2.92 kg/(m 2 • s) to 11.1 kg/(m 2 • s), and this indicated that the material fluctuation of the cold flow model increased with the increasing Hs. Under different uFR, the differences in the Gs of Hs = 1.25 m and Hs = 1.45 m were different, and the average difference was calculated to be 13.9 kg/(m 2 • s), which was slightly larger than the average value of error bars (11.1 kg/(m 2 • s)). The results indicated that when the Hs was lower than the overflow port (1.25 m), the Gs increased rapidly with

  Figure 4(b) shows the change in the pressure drop of the SR dilute phase (P29-P30) with the uFR and Hs. Comparing Figure 4(a) with Figure 4(b), it was found that the changes of the Gs and the pressure drop of P29-P30 were similar.
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 56 Figure 6(a) shows the effect of the uLS and Hs on the Gs. With the increase in the
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 67 Figure 7(a) shows the effect of the particle size and uLS on the Gs. As the uLS
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 7 b) shows the change in the pressure drop of the SR dilute phase with the uLS and particle size. As mentioned above, the change trends of the pressure drop of the SR dilute phase and the Gs were basically similar.
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 78 Figure 8(a) shows the effect of the uSR and Hs on the Gs. As mentioned above,
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 89 Figure 9(a) shows the effect of the uSR and particle size on the Gs. The Gs decreased
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 10 Figure 10. Correlation between the pressure drop of P29-P30 and the solid circulation rate
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 11 Figure 11(b) shows the effect of the uLS on the solid fraction profile of the SR.
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 11 Figure 11(c) shows the effect of the uSR on the solid fraction profile of the SR.
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 12 Figure 12. Correlation of the solid circulation rate and pressure drop of the overflow port (P4-P19): (a) FR in the bubbling regime and (b) FR in the turbulent regime A schematic diagram of the fuel reactor and simplified riser is shown in Figure 13.
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  represents the horizontal direction velocity of port i, m/s; and f h represents the resistance loss from port 4 to port 19, Pressure drop of overflow port, P4-P19 (Pa)
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 13 Figure 13. Schematic diagram of the fuel reactor and simplified riser
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 14 Figure 14. Comparison of the typical experimental data and the calculated results: (a) FR in the bubbling regime and (b) FR in the turbulent regime
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Table 1 . The properties of three kinds of quartz sands

 1 

	Item	Unit	d50=122 μm	d50=249 μm	d50=392 μm
	Bulk density	kg/m 3	1396	1390	1377
	Particle density	kg/m 3	2715	2716	2702
	Geldart classification	-	B	B	B
	Minimum fluidization velocity 33	m/s	0.01	0.06	0.13
	Terminal velocity 34	m/s	0.85	2.23	3.55
	Transition velocity 32	m/s	0.78	0.95	1.06

  Gs of small particles (d50 = 122 μm) decreased rapidly from 129.98 kg/(m 2 • s) to 67.32 kg/(m 2 • s) and became the lowest. For three different particle sizes, the variation trend was similar with increasing uFR. The transition velocity is different for different particle sizes (as shown in Table
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Figure 11. Solid fraction profiles of the SR at different static bed heights, gas velocities and
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