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Abstract
[bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK147][bookmark: OLE_LINK148][bookmark: OLE_LINK87][bookmark: OLE_LINK61]A novel measurement system for mixing property of binary mixtures in three-dimensional fluidized beds is developed based on capacitance probe method. The mixing processes at multi-positions of the bed are acquired simultaneously. A new dispersion coefficient is proposed to characterize the local dispersion of particles and a new mixing index is proposed to evaluate the local mixing quality in three-dimensional fluidized beds. The effect of convection and diffusion mechanism on particle mixing is discussed separately. Results show that the governing mechanism of particle mixing at the center and top of the beds is convection; meanwhile the governing mechanism for particle mixing at the bottom and near the wall is diffusion. The radial dispersion coefficient at the half-radius of the bed is mainly between 0.0038 and 0.026 m2/s, which is about 1.5 times that near the wall. The vertical dispersion coefficient is about 2.5 times that the radial dispersion coefficient. 
[bookmark: OLE_LINK44][bookmark: OLE_LINK45]Keywords: Fluidized bed; Particle mixing; Binary mixtures; Capacitance probe. 


Introduction 
Fluidized bed has been widely used in a large number of chemical engineering industries because of its advantages in heat and mass transfer, fuel flexibility1,2. The mixing of particle materials in the fluidized bed has a very important influence on the performance of the reactor. Through much effort, qualitative mechanism of the mixing of particle materials in fluidized beds has been well understood. It has been confirmed that rising bubble is the main driving force of particle mixing in fluidized beds. When a bubble rises, it carries a large number of particles up in its wake and simultaneously pushes surrounding emulsion solids down, resulting in ascending and descending particles3,4. When bubbles burst at the bed surface, particles are spread upon the bed surface, which is believed to be the main mechanism of lateral mixing5. However, quantitative description of the particle mixing mechanism is still difficult which needs further studies. 
Experimental method is the key in developing a deep understanding about the mixing mechanism of particles in fluidized beds. Many experimental methods for particle mixing have been reported in literatures. Generally, these methods can be classified into two categories, namely, static method and dynamic method. The static method is often used to evaluate the mixing result of particles when a steady mixing state is reached. The dynamic method is usually used to study the whole mixing process of particles in the fluidized bed. A detailed introduction of the existing measurement methods for particle mixing property in fluidized beds is given below. 
[bookmark: OLE_LINK49][bookmark: OLE_LINK50]In the static method, the mixing result of particles is usually acquired through the so-called “bed frozen method”6-8. In the bed frozen method, the gas supply is suddenly cut off after the mixing reaches steady and the particles settle down by gravity. Then, the static bed is divided into a certain number of layers according to the height. The particle mixtures at different layers are taken out from the fluidized bed and their components are analyzed by sieving or weighting. Lu et al.9 studied the mixing property of binary mixtures differing in diameter in bubbling fluidized beds using the bed frozen method. The axial mixing of particles was analyzed and the results showed that a more uniform distribution of particle mean diameter is formed at higher gas velocity. Shao et al.6 studied the mixing behavior between silica sands and non-spherical particles in a bubbling fluidized bed using the bed frozen method. They found that the effect of particle shape on mixing was less important than particle density and the improvement of particle mixing with gas velocity was more significant at lower gas velocity. The axial and lateral distributions of biomass in silica sands were analyzed by Emiola-Sadiq et al.8 and it was found that an increase in the gas velocity increased the concentration of the flotsam towards the top of fluidized bed. The value of the mixing index decreased when increasing biomass loading and the use of densified biomass were preferable. In conclusion, the advantage of the bed frozen method is non-intrusive. However, the measurement would interrupt the fluidization, which makes the evaluation of the whole mixing process of particles difficult. Another disadvantage of this method is that a certain deal of uncertainty may be caused because of the lateral rearrangements of particles during the collapsing process10. 
[bookmark: OLE_LINK172][bookmark: OLE_LINK53][bookmark: OLE_LINK86][bookmark: OLE_LINK92][bookmark: OLE_LINK93][bookmark: OLE_LINK55]Compared with the static method, the dynamic method can be used to review the whole mixing process of particles in fluidized beds. Many dynamic measurement methods have been developed in recent years. Olaofe et al.11 studied the mixing behavior of dissimilar particles that differing in diameter in a two-dimensional fluidized bed using the digital image analysis (DIA) technique. The different groups of particles were marked by different colors. It was found that the binary mixtures segregate slightly at incipient fluidization but ternary mixture becomes well mixed even when the velocity is below the incipient fluidization velocity of the large particle. Bakhurji et al.12 applied a phosphorescent tracing method to study the effect of distributor on the mixing of binary mixtures of glass beads and phosphorescent particles. The tracer particles were activated by ultraviolet light. It was found that the dispersion coefficient for the inclined-hole distributor was approximately twice that for the 90°-hole distributor in a shallow bed. Zhang et al.13 developed a novel particle tracing method by combining microwave heating and infrared imaging technique. The special tracer particles were made from silicon carbide and can be heated by microwave. This measurement method was applied to study the mixing of particles in a spout-fluid bed and it was found that mixing progress is improved when increasing the mean gas velocity and the difference in density of particles. Erik et al.14 proposed a particle tracing method based on the digital image analysis of video recordings of the bed surface and applying an algorithm for the detection of tracer particles coated with fluorescent color. However, the tracer particles can only be detected while emerging at the bed surface and not obscured by the splashing bed material. Erik et al.15 studied the lateral mixing in a fluidized bed for three different fuel types, namely, wood chips, pellets and char of pellets by collecting samples of the particle mixtures containing the bulk bed material and tracer agent over time at the solid outlet. It was found that the lateral dispersion coefficient increases approximately linearly with bed height independently of fuel type and gas distributor. 
Because the tracer particles may be obscured by bed materials and failed to be detected by the imaging systems, several powerful particle tracing techniques have been developed in literatures. A magnetic tracing method was developed by Wirsum et al.16 that the interaction between a single tracer particle and a magnetic field imposed on the fluidized bed was analyzed. The tracer particle was covered by metal. The trajectory of the tracer particle was studied to analyze the mixing mechanism. The radioactive particle tracking (RPT) technique was applied by Fotovat et al.17 to study the mixing property between biomass and quartz sands in an annular fluidized bed. The effect of particle shape on the distribution of biomass was discussed. It was found that spherical biomass particles rise faster and sink slower than the cylindrical biomass. Umekawa et al.18 studied the segregation process of silica sands differing in size in a fluidized bed using neutron radiography. It was found that the flotsam concentration at the upper part of the bed increases with time and this tendency is more significant at low gas velocity. The X-ray computed tomography was applied by Bai et al.20 to measure the distribution of walnut shell particles in glass beads in collapsed fluidized beds. 
[bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK212][bookmark: OLE_LINK213][bookmark: OLE_LINK58][bookmark: OLE_LINK3][bookmark: OLE_LINK70][bookmark: OLE_LINK60][bookmark: OLE_LINK62]The mixing property of particles has also been measured indirectly through analyzing some parameters that are related to the distribution of special tracer particles in fluidized beds. For example, Niklasson et al.20 combined the drying and devolatilization of fuel and the cross-sectional measurements of the water concentration above the bottom of the bed, from which the lateral dispersion coefficient of fuel particles is determined. Schlichthaerle and Werther21 analyzed the particle mixing behavior in fluidized bed using solid carbon dioxide as tracers and the concentration field of carbon dioxide was detected to evaluate the mixing property in both lateral and vertical directions. Castilla et al.22 proposed a thermal method that the temperature field over the surface of a bubbling fluidized bed is analyzed by finite volume analysis, from which the lateral dispersion coefficient of particles in the bed is determined. 
[bookmark: OLE_LINK30][bookmark: OLE_LINK63][bookmark: OLE_LINK103]Despite the wealth of the measurement methods for particle mixing, an appropriate measurement method that enables accurate, continuous and multipoint measurement of particle mixing information is still lacked for three-dimensional fluidized beds. The color tracing, phosphorescent tracing, fluorescent tracing, and thermal tracing methods are only applicable in two-dimensional fluidized beds and when there are a countable number of bed particles. The particle tracing methods based on radioactive techniques, namely, neutron tracing, x- or γ-ray tracing and PEPT are complex, expensive and have high safety requirements. Also, because many factors, such as the particle size, density, shape, and surface property, can be the dominant causes for mixing or segregation of particles in the fluidized bed, any marking of particles for quantitative measurement may influence the mixing parameter to be measured severely23. The indirect tracing methods based on the thermal or chemical field in fluidized bed are not suitable for the measurement of particle mixing at multi positions inside the fluidized bed simultaneously and there are high uncertainties in the measurement process24. An appropriate measurement method for the particle mixing property in three-dimensional fluidized beds is still lacking. Measuring the mixing parameters at multi positions inside three-dimensional fluidized beds continuously in the mixing process remains a challenging task. 
For this problem, a novel measurement method for the particle mixing property in three-dimensional fluidized beds is developed in this paper. This measurement method is developed based on the principle that the effective permittivity of particle mixtures changes with the component. Multi capacitance probes are used to acquire the local effective permittivity of particle mixtures at different positions of the three-dimensional fluidized bed, from which the local components of particle mixtures are derived. The particle mixing information at multi-positions inside the three-dimensional fluidized bed can be acquired by this novel method simultaneously in the overall mixing process. Compared with these existing methods in literatures, the novel measurement method for particle mixing is convenient, cost effective and can be used in three-dimensional fluidized beds. 
[bookmark: OLE_LINK31][bookmark: OLE_LINK33]Most studies on the mixing of particles in fluidized beds only reported a single dispersion coefficient to represent the overall mixing process25-27, which is inadequate for understanding the physical mechanisms governing the mixing process. Considering this, it is very necessary to obtain more detailed information about the particle mixing process in three-dimensional fluidized beds with the help of this novel measurement method. The discussion of particle mixing mechanism in three-dimensional fluidized beds is organized as follows. Firstly, the overall mixing process of particles is analyzed in detail by examining the evolutions of mixing ratios with time at multi-positions of the bed. The fluctuations of local mixing ratios are analyzed to evaluate the effect of convection mechanism and diffusion mechanism on the mixing process separately. Secondly, a new micro dispersion coefficient is proposed to characterize the local dispersion of particles in both radial and axial directions in the three-dimensional fluidized bed. Thirdly, a new mixing index, mixing entropy, is proposed to evaluate the local mixing quality of particle mixtures at different positions of the three-dimensional fluidized bed. The capacitance probe proves to be an efficient measurement method for particle mixing in three-dimensional fluidized beds. 
[bookmark: _GoBack]Novel measurement method for particle mixing in three-dimensional fluidized beds
Capacitance probe measurement system
In former researches, the capacitance probe method has been mainly used to measure the local volume fraction of particles when only one kind of particle was used in the fluidized bed28-30. In this paper, two kinds of particles are used in a three-dimensional fluidized bed and the capacitance probe method is utilized to measure the local component of the particle mixtures inside the bed. The schematic diagram of the capacitance probe measurement system is shown in Fig. 1. The capacitance probe measurement system consists of three parts, namely the sensor (in-house fabricated), the amplifier (MTI Instrument AS-500) and the data acquisition (NIDAQ-9174) part. Coaxial cables are used to connect these parts. The capacitance probe sensor is made up of three electrodes, namely the sensing electrode, the active guarded electrode and the grounded shell. The measuring field of the capacitance probe sensor is the conical space as illustrated in Fig. 1. More introductions of the capacitance probe measurement method can be found in previous publications29. 
Measuring principle of the mixing ratio of binary mixtures 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK4][bookmark: OLE_LINK5]Binary mixtures, namely, silicon carbide and aluminium oxide particles (SC-AO), quartz sands and aluminium oxide particles (QS-AO), are used in this article to study the mixing property in three-dimensional fluidized beds. The physical properties of the particle materials are given in Table 1. The density ratio for SC-AO, QS-AO is 0.908, 0.736, respectively. 
[bookmark: OLE_LINK34][bookmark: OLE_LINK35]When the capacitance probe method is utilized in the three-dimensional fluidized bed in which binary mixtures are used, the volume fraction of the materials in the sensing field of the capacitance probe sensor follows the principle of mass conservation: 
Fd +Fl +Fa =1,                               (1)
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]where Fd, Fl, Fa is the volume fraction of dense particles, light particles, air in the sensing field of the probe sensor, respectively. 
[bookmark: OLE_LINK12]The output signal of the capacitance probe measurement system is a joint result of the materials in the sensing field of the capacitance probe sensor. Generally, it is common to describe the output signal of the capacitance probe system based on fitting of the volume fractions of gas and particles in the sensing field of the probe sensor linearly31. In detail, the output signal of the capacitance probe measurement system, v, can be calculated according to: 
Fdvd+Flvl+Fava=v,                           (2)
[bookmark: OLE_LINK13][bookmark: OLE_LINK107][bookmark: OLE_LINK112]where va is the output signal when the capacitance probe is in air; vd, vl is the output signal that assuming the measuring field of capacitance probe sensor is filled with pure substance of dense particles, light particles, respectively. By combining Eqs. 1 and 2, the relationship between the output signal and volume fraction of dense particles is derived as: 

,                               (3)
in which k and b are calibration constants:

,                               (4)

.                           (5)
Since in bubbling fluidized beds, the particles mainly concentrated in the emulsion phase, we only process the output signal when the capacitance probe sensor is in the emulsion phase. The actual volume fractions of dense particles and output signals are fitted by Eq. 3 to derive the calibration constants k and b. In the calibration experiments, the dense particles are fully mixed with light particles according to a preset volume fraction ratio. The capacitance probe sensor is immersed in the mixtures and the output signal is recorded. When silicon carbide and aluminium oxide particles are used, the fitted calibration constants k and b from the experiments is −0.343 and 1.16, respectively. That is, in present research, the volume fraction of aluminium oxide particles can be calculated according to the following equation: 

.                           (6)
[bookmark: OLE_LINK17]The Fj is 0.57 when there are only dense particles in the sensing field of the capacitance probe sensor (the volume fraction of air is measured to be 0.43 in present research). It is inconvenient to comprehend the mixing state using Fj. Instead, we suggest using the volumetric mixing ratio of dense particles, fj, to evaluate the local mixing state. The volumetric mixing ratio of dense particles is the volume fraction of dense particles in only particles in the measuring field of capacitance probe sensor that neglects the air. When the value of fj is 1.0, it means that there are only dense particles in the sensing field of capacitance probe sensor. Otherwise, when the value of fj is 0.0, it means that there are only light particles in the sensing field of capacitance probe sensor. Based on the discussions above, it is confirmed that when the capacitance probe sensor is in emulsion, the output signal varies linearly with the volume fraction of dense particles. Therefore, the fj can be calculated through the linear calibration of the output signal according to the following equation: 

,                              (7)
where Vj is the output voltage when there are only dense particles in emulsion solids; Vf is the output voltage when there are only light particles in emulsion solids. 
[bookmark: OLE_LINK18][bookmark: OLE_LINK20]When silicon carbide and aluminium oxide particles are used in the fluidized bed, Vj is measured to be 3.6 v and Vf is measured to be 1.5 v. Therefore, the local mixing ratio of dense particles at the measurement point can be calculated according to:

.                           (8)
[bookmark: OLE_LINK21][bookmark: OLE_LINK27][bookmark: OLE_LINK28]When aluminium oxide particles and quartz sands are used, Vj is measured to be 3.6 v and Vf is measured to be 6.6 v. Therefore, the local mixing ratio of dense particles at the measurement point can be calculated according to: 

                           (9)
Signal processing method
The output signal of the capacitance probe measurement system in the overall mixing process in the three-dimensional fluidized bed is examined. When a bubble passes by the measurement point, a peak of the output signal is resulted and the peak is removed because there are nearly no particles in the bubble. In comparison, when emulsion solids flow through the measurement point, the output signal changes slowly with time. This part of signal is picked out and averaged to calculate the local mixing ratio of dense particles at the current time using Eq. 8 when silicon carbide and aluminium oxide particles are used, or using Eq. 9 when aluminium oxide particles and quartz sands are used. 
Three-dimensional fluidized bed experimental system
The schematic of the three-dimensional fluidized bed experimental system is shown in Figure 2. An annular column with an inner diameter of 160 mm and a height of 1000 mm is used as the main test facility. The gas distributor is a perforated plate with an open fraction of 3.5% and characterized by a high pressure drop. A Roots-type blower is used to pump the air into the fluidized bed. A frequency converter and a valve are used together to regulate the fluidization velocity in the bed and the fluidization velocity is monitored by a vortex flow meter. The arrangement of measurement points for the mixing property in three-dimensional fluidized bed is also shown in Figure 2. Five measurement points that are coded from A to E, are arranged at different heights at the axial line of fluidized bed. Due to the axial symmetry of the three-dimensional fluidized bed, two measurement points that coded by F and G are arranged at half height of the static bed. The measurement point F is near the wall and the measurement point G is at the half radius of the annular fluidized bed. 
When studying the mixing property of particles in three-dimensional fluidized bed, the dense particles are poured into the bed first. Then the light particles are poured upon them with equal volume, which forms a completely segregated static bed. The height of the static bed for all experiments is 160 mm. The superficial velocity of air is suddenly raised from zero to a preset value to form steady bubbling fluidization in the fluidized bed. The mixing process is maintained five minutes. The variations of the mixing ratios at all the measurement points with time in the overall mixing process are recorded simultaneously with a frequency of 1 kHz. 
Results and discussion
Verification of the novel measurement method for particle mixing
[bookmark: OLE_LINK64][bookmark: OLE_LINK65]In order to check the accuracy of the novel method in measuring the mixing property of particles in three-dimensional fluidized beds, a verification experiment is carried out. Two kinds of particles are fully mixed according to a preset volumetric ratio in the three-dimensional fluidized bed and the particles are maintained at approximately minimum fluidization state. The capacitance probe method is used to measure the mixing ratio of particles at different positions of the bed and the averaged value is compared with the real values. The experimental results are shown in Figure 3. The relative error between the real values and measured values is 4.6% and 3.5% for SC-AO and QS-AO, respectively. The measured mixing ratios fit quite well with the actual values and the uncertainty is small. Therefore, the accuracy of the newly-developed measurement system for particle mixing property in three-dimensional fluidized bed is proved. 
[bookmark: OLE_LINK106][bookmark: OLE_LINK108]The overall mixing process of binary mixtures in three-dimensional fluidized beds
The variations of local mixing ratio of dense particles at different heights of the three-dimensional fluidized bed when the binary mixtures with a density ratio of 0.908 are used are shown in Figure 4. The gas velocity varies from 1.05 to 1.28 times the minimum fluidization velocity of dense particles (umf). It can be seen from the figures that at the start of mixing (t=2s), the dense particles accumulate at the lower part of the fluidized bed and the light particles accumulate at the upper part. As the mixing time increases, the dense particles disperse to the upper part gradually and light particles disperse to the lower part. The effect of density ratio of binary mixtures is examined. Figure 5 illustrates the vertical distributions of fj at different gas velocities and mixing time when the binary mixtures with a density ratio of 0.736 are used. With the increase of difference in the density of particle materials, a more segregated state is formed in the three-dimensional fluidized bed, which is in accordance with the findings in previous researches32. With the increase of gas velocity, the axial distribution of fj becomes more flat, which means that a more uniform mixing between binary mixtures is reached. This can be explained by that as the gas velocity increases, the number and size of bubbles will increase throughout the bed. A large number of dense particles are carried to the surface of the bed by rising bubbles quickly. At the same time, more light particles flow downwards to fill the gap caused by rising bubbles. In this way, the high gas velocity results in a more uniform distribution of dense and light particles in the bed. 
Effects of convection and diffusion mechanism on particle mixing in three-dimensional fluidized beds
In bubbling fluidized beds, the mixing of particles results from highly convective bubble flow (convection) and random motion of particles (diffusion). The convection mixing is caused by that the rising bubbles carry a large amount of particles up together in its wake and simultaneously pushes emulsion solids aside, which results in ascending and descending emulsion solids25. The diffusion mixing is caused by the local relative movement of particles since the motion of particles in fluidized beds is quite random. In former researches, only a single dispersion coefficient was used to represent the overall mixing process, which is inadequate for understanding the physical mechanisms governing the mixing process. In this paper, we try to evaluate the effect of convection mechanism and diffusion mechanism on the mixing process of particles in three-dimensional fluidized beds separately. After the local mixing ratios in the bed are measured, the particle mixing mechanism is analyzed as follows. 
At one measurement point, if the local mixing ratio fluctuates largely in the mixing process, we believe that the large fluctuation is resulted from that different parts of emulsion solids that containing different kinds of particles flow through this position, i.e. the macro relative flow of emulsion solids. Therefore, the governing mechanism of particle mixing is convection. On the contrary, if there is a small fluctuation of local mixing ratio in the mixing process, we believe that the mixing at this position is mainly accomplished through the local relative motion of particles. This means the governing mechanism of particle mixing is diffusion. 
[bookmark: OLE_LINK26][bookmark: OLE_LINK29][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK66]The variations of local mixing ratios in the three-dimensional fluidized bed are shown in Fig. 6. The SC-AO mixtures are used and the superficial gas velocity is set to 1.28 umf. In order to evaluate the fluctuation of local mixing ratio in the mixing process, the standard deviation (STD) of fj is given in the figure. It can be seen from Figure 6a that at the bottom of the three-dimensional fluidized bed, the fj decreases slowly from about 1.0 to 0.53. The STD of fj at the bottom is generally below 0.08. The fluctuation of the mixing ratio at the bottom is the smallest among these measurement points in the three-dimensional fluidized bed. Therefore, it can be concluded that the governing mechanism of particle mixing at the bottom of three-dimensional fluidized beds is diffusion. The phenomenon can be explained by that on one hand, the effect of bubble on mixing is weak since bubbles have just generated at the bottom of the fluidized bed. There is no coordinated motion of large particle groups at the bottom of the bed. On the other hand, from the microscopic point of view, because the volume fraction of particles at the bottom of the bed is high, the mean free path of particles is very short. Due to the drag force exerted by the high-velocity inlet jetting gas, the acceleration of particle is very large, thereby resulting in high collision frequency of particles at the bottom and the diffusion mixing is enhanced. It has been proved that the granular temperature of particles at the bottom of fluidized bed is higher than the other parts of fluidized bed33, which means the relative motion of solids at the particle level is more significant. As a result, the governing mechanism for particle mixing at the bottom of the three-dimensional fluidized bed is diffusion. 
In comparison, these particles at the center of the three-dimensional fluidized bed show a very different mixing behavior. It can be seen from Figure 6b that STD of fj at the center reaches up to 0.36 quickly at the start of mixing. The fluctuation of the mixing ratio at the center of three-dimensional fluidized bed is the largest among these measurement points. Therefore, it can be concluded that the governing mechanism of particle mixing at the center of the three-dimensional fluidized bed is convection. The mixing behavior of particles is mainly influenced by the bubble dynamic properties in the bed. At the center of three-dimensional fluidized beds, the bubbles have grown up after coalescence. The large bubble carries a large number of dense particles in its wake when rising up. At the same time, the light particles around the rising bubble will flow downwards to fill the gap created by the bubbles at the center. In this way, the relative motion of emulsion solids is caused and the local mixing ratio at the center of bed shows large fluctuation in the mixing process. On the other hand, the gas velocity at the center of the three-dimensional fluidized bed is very high34. Large amount of particles are influenced by the drag force and forced to move in approximately the same velocity. The relative motion of solids at the particle level, i.e. diffusion, is weak. Therefore, the governing mechanism of particle mixing at the center of three-dimensional fluidized beds is convection. 
The mixing process of particles at the top of the three-dimensional fluidized bed is shown in Figure 6c. The fluctuation of the local mixing ratio is larger than that at the bottom, which may be caused by the relative motion of emulsion solids induced by large bubbles. Despite that the bubbles at the top are larger than that at the center of the bed, the fluctuation of the mixing ratio at the top is smaller than that at the center. This phenomenon can be explained in the way that when bubbles reach the top of the fluidized bed, they stop rising and burst. Therefore, the particles at the top of the bed are more dispersed and the mean free path of the particles is longer. The trajectory of particles will turn to the walls because of the lateral thrust exerted by bubbles, which leads to the relative motion of solids at particle levels. As a result, the diffusion has an important influence on the mixing at the top of the fluidized beds. 
[bookmark: OLE_LINK67][bookmark: OLE_LINK68]The variation of local mixing ratio near the wall of the three-dimensional fluidized bed in the mixing process is shown in Figure 6d. The fluctuation of the mixing ratio is smaller than that at the center and top of the bed, but similar to that at the bottom. Therefore, it can be concluded that the governing mechanism of particle mixing near the wall is diffusion. However, the mixing mechanism is not the same with that at the bottom of the three-dimensional fluidized bed. It has been proved that the volume fraction of particles near the wall is higher than that in the main flow region, meanwhile there is a large velocity gradient of particles near the wall35. As a result, the relative motion of solids at particle level is enhanced and the mixing process is mainly accomplished by diffusion. 
[bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: OLE_LINK40][bookmark: OLE_LINK41]The power spectral density of the local mixing ratio at different positions of the three-dimensional fluidized bed is given in Figure 7. The power spectrum of mixing ratio is obtained by fast Fourier transform (FFT) to analyze the influence of heterogeneous structure on particle mixing. Dominant frequencies of the local mixing ratios at the center and the top are observed and the dominant frequency is 0.44 Hz and 0.27 Hz respectively. At the center of the three-dimensional fluidized bed, the power spectral magnitude of the local mixing ratio is higher than the rest parts of the bed. The dominant frequency of fj at the center and the top is caused by the heterogeneous structure of large scale (bubble) in fluidized bed. However, it is hard to find a main frequency in the power spectral analysis at bottom and near the wall, which may due to that there is no large heterogeneous structure at these parts and particle mixing is mainly influenced by the heterogeneous structure of particle scale. Besides, the power spectral magnitude at the bottom and near the wall is lower than that at the center, which means that the variation of local mixing state is smaller in the mixing process. 
From the discussions above, it can be concluded that the mixing of particles at the center and top of the bed is more like “macro mixing”, which is beneficial to the mixing of bed materials in a larger scope. Meanwhile, the mixing at the bottom and near the wall is more like “micro mixing”, which is beneficial to the mixing of bed materials in a smaller scope. The findings about the difference between the local mixing processes at different parts of the three-dimensional fluidized bed provide useful guidance for the design of the fluidized bed reactor. 
Dispersion coefficient in three-dimensional fluidized beds
The local mixing processes discussed above show that the mixing mechanism of particles at various positions of the three-dimensional fluidized bed is very different. Therefore, it is very necessary to characterize the local particle dispersion at different positions of the bed. In this paper, a new micro dispersion coefficient, which is based on Fick’s first law, is proposed. Given the local mixing ratio of dense particles in three-dimensional fluidized bed, the local mass concentration of dense particles, Fmj, is calculated according to the following equation. 

                             (10)
The definition of micro radial dispersion coefficient (Jr) and vertical dispersion coefficient (Jv) is given below: 

                              (11)

                                (12)
where Dmr, Dmv is the radial and vertical micro dispersion coefficient at the measurement point, respectively; Jr, Jv is the local radial and vertical flux of dense particles through per unit area in unit time at the measurement point, respectively; r is the distance from the axial line; y is the height of the measurement point. The Jr near the wall is evaluated based on the increase of mass concentration of dense particles in unit time and unit area since the wall is the boundary of mixing in lateral direction. The Jr near the wall is calculated by the time-averaged increase of the value of mass concentration of dense particles in each five seconds. Then, the Jr at half radius is evaluated by summing up the time-averaged increase of the value of mass concentration of dense particles at half radius and twice the Jr near the wall. The Jv at different vertical positions is calculated in a similar way. 
[bookmark: OLE_LINK6][bookmark: OLE_LINK59]The micro radial dispersion coefficient of binary mixtures in the three-dimensional fluidized bed is shown in Figure 8. The binary mixtures with a density ratio of 0.908 are used in the bed and the value of gas velocity is set to different values. Figure 8(a) shows that at the half radius, the radial dispersion coefficient mainly falls between 0.0038-0.0157 m2/s, 0.0075-0.0195 m2/s and 0.0097-0.026 m2/s when the gas velocity is 1.05 umf, 1.16 umf and 1.28 umf respectively. Despite the scattered distribution of radial dispersion coefficient in the figure, it can be observed that generally the radial dispersion coefficient increases quickly with the STD of fj. Considering that higher STD of fj at the measurement point is caused by the relative flow of emulsion solids, it can be concluded that faster radial mixing is acquired when convection happens. Besides, higher radial dispersion coefficients are found with the increase of gas velocity. At higher gas velocity, more particles around the axial line are carried up together by the large bubbles and at the same time more particles at the half radius drift down to fill the gap caused by rising bubbles. Therefore, higher radial dispersion coefficient is acquired. Figure 8(b) shows that the radial dispersion coefficient near the wall is very different from that at the half radius in the three-dimensional fluidized bed. The Dmr is mainly between 0.0068-0.0113 m2/s, 0.007-0.0148 m2/s and 0.0098-0.0171 m2/s when the gas velocity is 1.05 umf, 1.16 umf and 1.28 umf, respectively. Generally, Dmr at the half radius is 1.5 times that near the wall in the three-dimensional fluidized bed. 
[bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK54]The micro vertical dispersion coefficient of particles in the three-dimensional fluidized bed is shown in Figure 9. Binary mixtures with a density ratio of 0.908 are used in the bed. The value of gas velocity is set to different values to study the effect of gas velocity on the vertical dispersion of binary mixtures. It can be observed from Figure 9(a) that at lower part of the bed (h=0.25 H0) the Dmv changes from 0.004 to 0.027 m2/s. At low gas velocity, a higher vertical dispersion coefficient is found when there is a smaller STD of fj, indicating that the governing mechanism of particle mixing is diffusion. The mixing phenomenon is explained in the way that since the coalescence between bubbles at the lower part of the bed has yet occur, bubbles are smaller and no coordinated motion of large particle clusters is resulted. Therefore, the particles are mainly influenced by the inlet jetting gas and the relative motion of solids at particle level is more significant. At higher gas velocity, the Dmv shows an increase with the STD of fj, and also a higher Dmv is resulted. This means at higher gas velocity, the governing mechanism for vertical mixing in three-dimensional fluidized bed is convection. 
The micro vertical dispersion coefficient at the higher part of the three-dimensional fluidized bed (h=0.75 H0) is shown in Figure 9(b). It can be observed from the figure that generally the vertical dispersion coefficient at the higher part of the bed mainly falls between 0.022 and 0.056 m2/s, which is nearly three times that at the lower part of the bed. For the mixing under different gas velocities, the vertical dispersion coefficient shows an increase with the STD of fj, which means the main mechanism of vertical mixing is convection. The mixing phenomenon is explained in the way that bubbles grow up along the bed height due to coalescence. A large number of dense particles are carried up in the wake of bubbles and meanwhile more light particles flow down to fill the gap. In this way, the relative flow of emulsion solids is resulted and convection is the governing mechanism of vertical mixing. Generally, the vertical dispersion coefficient is about 2.5 times of the radial dispersion coefficient in three-dimensional fluidized bed. 
Mixing quality of particles in three-dimensional fluidized beds
Since higher dispersion coefficient doesn’t always represent better mixing quality36, it is very necessary to evaluate the local mixing quality of particles at different parts of the three-dimensional fluidized bed. In literatures, there are several methods for quantifying the mixing quality of particles in fluidized beds, namely, average-height method37, nearest-neighbors method38, Lacey’s method39 and particle concentration method40. In the average-height method and nearest-neighbors method, the mixing index is calculated given the coordinates of all the particles. Therefore, they are mainly used in numerical simulation researches. The Lacey’s method is mainly used to calculate the mixing index of particles in the whole fluidized bed given the concentration of dense particles in all cells. The particle concentration method is mainly used to calculate the mixing index when the mixing reaches steady. It is difficult to evaluate the local mixing quality of binary mixtures inside three-dimensional fluidized beds using the existing methods mentioned above. 
For this problem, a new mixing index, which is used for evaluating the local mixing quality of particles in three-dimensional fluidized beds, is proposed in present research. The expression of the new mixing index is given in Eq. 13. 

                             (13)
[bookmark: OLE_LINK157]where Im is the local mixing index at the measurement point inside the three-dimensional fluidized bed; n is the number of kind of particles in the bed and the value is 2. 
The variations of local mixing index with mixing time at different heights of the three-dimensional fluidized bed are shown in Figure 10. The binary mixtures with a density ratio of 0.908 are used in the fluidized bed and the gas velocity is set to 1.16 umf. It can be observed from the figure that the fastest mixing between dense particles and light particles is acquired at the top of fluidized bed. Meanwhile, the mixing at the bottom is significantly slower than that at the center and top. After about 12 s, complete mixing of binary mixtures is formed at different heights of the three-dimensional fluidized bed. The difference between local mixing qualities at different heights of the three-dimensional fluidized bed is mainly caused by the difference in bubble dynamic property and mechanic characteristic of particles. In detail, bubbles at the bottom of fluidized bed are smaller and the relative motion between particles is weak. With the increase of bed height, bubbles will grow up due to coalescence. As a result, more particles are carried up in the wake of large bubbles and the relative motion of particles is significantly enhanced.
[bookmark: OLE_LINK19]The variations of local mixing index with time at different radial positions of the three-dimensional fluidized bed are shown in Figure 11. Fastest mixing is acquired at the axial line and the mixing at half-radius is slightly slower than that at the axial line. It can be seen from the figure that complete mixing is acquired at about 6 s and 8.2 s at the axis and half-radius, respectively. The mixing of particles near the wall is the slowest and complete mixing is reached at about 12 s. It has been proved that near the wall of the three-dimensional fluidized bed, the volume fraction of particles is higher but the velocity of gas is lower than the main flow region35. The mobility of particles near the wall is poor and the mixing is much slower than that at the axial line and half radius. 
Conclusions
A novel measurement method for the particle mixing property in three-dimensional fluidized beds is developed. The particle mixing information at multi-positions inside the three-dimensional fluidized bed is acquired by this novel method simultaneously in the mixing process. A new micro dispersion coefficient is proposed to characterize the local particle dispersion at different positions of the bed. A new mixing index is proposed for evaluating the local mixing quality of particles in the three-dimensional fluidized bed. Main conclusions are as follows. 
(1) A large fluctuation of the local mixing ratio is found in the mixing processes at the center and top of the three-dimensional fluidized bed. The governing mechanism of particle mixing at the center and the top of the three-dimensional fluidized bed is convection. Meanwhile, a smaller fluctuation of local mixing ratio is found at the bottom and near the wall of the three-dimensional fluidized bed is diffusion which means the governing mechanism of particle mixing is diffusion. The dominant frequency of the local mixing ratio at the center and the top is 0.44 Hz and 0.27 Hz respectively, but it is hard to find a main frequency at bottom and near the wall. 
(2) The radial dispersion coefficient of binary mixtures at the half-radius of the three-dimensional fluidized bed is mainly between 0.0038-0.026 m2/s. Generally, radial dispersion coefficient at the half radius is 1.5 times that near the wall in the three-dimensional fluidized bed. The vertical dispersion coefficient is about 2.5 times the radial dispersion coefficient in three-dimensional fluidized bed. 
(3) Fastest mixing of particles is acquired at the top of the three-dimensional fluidized bed; meanwhile the slowest mixing is acquired near the wall. Complete mixing can be acquired after the particles are fluidized for about 12 s. 
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[bookmark: OLE_LINK69][bookmark: OLE_LINK72]Figure 1. Schematic of the capacitance probe measurement system. 




Figure 2. Schematic of the three-dimensional fluidized bed experimental system.





Figure 3. Comparison between the measured values and real values.





(a) t=2s                 (b) t=5s


(c) t=10s
[bookmark: OLE_LINK79]Figure 4. Mixing processes of binary mixtures with a density ratio of 0.908. 






(a) t=2s                 (b) t=5s


(c) t=10s
Figure 5. Mixing processes of binary mixtures with a density ratio of 0.736. 




(a) At the bottom


(b) At the center


(c) At the top


(d) Near the wall
Figure 6. Variation of local mixing ratio in the overall mixing process at different parts of the three-dimensional fluidized bed.




Figure 7. Power spectral density of the local mixing ratio at different parts of the bed.




(a) At the half radius


(b) Near the wall
Figure 8. Radial dispersion coefficient in the three-dimensional fluidized bed.




[bookmark: OLE_LINK8](a) At measurement point B


(b) At measurement point D
Figure 9. Vertical dispersion coefficient in the three-dimensional fluidized bed.




Figure 10. Variations of local mixing index in the mixing process at different heights. 




Figure 11. Variations of local mixing index in the mixing process at different radial positions. 



Table 1. Physical properties of the particle materials. 
	Particle
	Density (kg/m3)
	Diameter (mm)
	Relative
Permittivity
	Minimum fluidization velocity (m/s)

	Quartz sands
	2650
	1.09
	3.8
	0.71

	Silicon carbide
	3270
	1.09
	10.5
	0.78

	Aluminum oxide 
	3600
	1.09
	9.8
	0.85
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