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[bookmark: _Toc6415]Abstract: In the cross-flow moving bed, the gas-solid cross-flow pattern facilitates its high gas process capacity under relatively low pressure drop. In this paper, a structural optimization of gas-solid baffles, is proposed to enhance the bed operating flexibility by controlling the abnormal phenomena of cavity, pinning and air lock. According to experimental data, the relevant equations for predicting the occurrence of the abnormal phenomena are derived to explain the effects of the gas-solid baffles. It turns out that, with this proposed optimization, the cavity and pinning are weakened in both rectangular and radial beds; the air lock can be easily controlled by increasing the height and diameter of feed tube. The preferred gas-solid baffles is in the middle position (x/L=0.5) of the rectangular bed and/or (r-r1)/(r2-r1)<0.5 of the radial bed under different gas superficial velocities, particle diameters and bed voidages.
Key words: cross-flow moving bed; gas-solid baffles; cavity; pinning ; air lock
1. [bookmark: _Toc22441][bookmark: _Toc5999]Introduction
[bookmark: OLE_LINK197][bookmark: OLE_LINK192] Compared to fixed and fluidized bed, the moving bed has the combined advantages of fairly good solid circulating ability and high solid holdup. The cross-flow moving bed is widely used for its unique cross-flow pattern of the gas/solid phases, which giving the bed high gas process capacity and low pressure drop 1-5.However, the bed efficiency is considerably influenced by the abnormal phenomena, e.g. cavity 6-10, pinning 9,11-15, air lock 9,16.
[bookmark: OLE_LINK168]There are many attempts to improve the bed efficiency by controlling the abnormal phenomena such as optimizing the operating parameters and gas/solid physical properties, changing the bed structures/sizes. First, both the parameters and properties have greatly effects on the bed efficiency17. However, they should not be changed arbitrarily because of the chemical reaction requirements including the gas flow rate, the gas and solid species, etc 18,19. Second, a well-designed bed with suitable sizes can improve the uniformity of the gas and the solid velocity distributions 20. Third, some new structures including the perforated plates, the conical bed and the bed with introducing Johnson net or baffles, are applied to further enhance the bed efficiency by weakening the above abnormal phenomena,. In the bed with an optimized perforated plate, the perforation of the plate reduces at the ends of the gas upstream/downstream plate. The perforation rate must be small enough to cause high gas resistance, which can eliminate the cavity and increase the pressure drop of the bed 21. In a conical bed, the pinning is well controlled by inclining the gas downstream Johnson net 16,17,22. However, the gas residence time varies with the axial direction in the conical bed, which may influence the products yields in some reaction processes 18,19. In the bed with introducing Johnson net, the pinning is weakened when the Johnson net placed in the middle of the bed vertically 23. In the bed with baffles, the uniformity of the solid velocity distribution is improved by putting the baffles in the middle or the bottom of the bed 24,25, which is somewhat similar to the hoppers 26,27. It is seen that, these structural improvements mainly focus on the elimination of pinning or the solid velocity distribution, except the bed with the optimized perforated plate.
The cavity correlates to the gas flow pattern in the bed. The gas phase flows through the bed from the upstream to the downstream of the Johnson net (or plate). Just like the bubble fluidized bed 28, the void fraction decreases at the upstream of the Johnson net where the gas entering the bed. When the void fraction become zero, the cavity appears as the particle normal stress at the Johnson net becomes zero under the gas-solid drag force 8-10,16,29. It can then be controlled by decreasing the drag force at the upstream of the Johnson net, e.g. reducing the gas flow rate, adopting the optimized perforated plate. Besides, the cavity will appear when the gas axial velocity is large enough to prevent the falling of the particles at the ends of the upstream of the Johnson net 30. In this sense, the cavity can also be eliminated by decreasing the gas axial velocity. The easiest way seems to put the plates/baffles vertically at the feed and discharge influence zones of the bed. 
In this paper, one structural optimization, i.e., the gas-solid baffle, is proposed in the cross-flow moving bed, which including the plates at ends and Johnson net at middle. The cavity is anticipated to be controlled by the plates; while the pinning is weakened by the Johnson net. Its influence on the air lock is also studied.
In the rectangular and radial beds, the influences of gas-solid baffles on the gas-solid fields are investigated by experimental and theoretical methods. In particular, the theoretical methods are summarized or derived in both rectangular and centrifugal radial beds to measure the abnormal phenomena, i.e., cavity, pinning and air lock. Meanwhile, the optimized location of the gas-solid baffle is also determined under different gas superficial velocities, particle diameters and bed voidages.
[bookmark: _Toc1155][bookmark: _Toc16703][bookmark: _Toc4592][bookmark: OLE_LINK27]2. Experimental apparatus
[bookmark: OLE_LINK44]The schematic diagram of experimental apparatus is shown in Fig.1. There are three gas/solid flow routes. First, most gas produced by the air blower pass through surging tank, air rotameter, cross-flow moving bed, and then flow into the atmosphere. Second, the particles flow downward in the cross-flow bed, and then re-circulate with the elevation of the gases in the riser and separating tank. Third, small part of gas supplied by the air blower lifts the particles, and release to the atmosphere through bag-type dust collector.
As the main apparatus, the cross-flow moving bed can be rectangular (quasi two dimensional) bed or radial (three dimensional) bed (Fig.2). These two beds have some similarities. The bed is divided into three sections: the particle bed, the collection and the distribution channels 10,15,19,31. The particles accumulate in the particle bed, which comprises the feed influence, gas-solid contact and discharge influence zones 16,17,22,30 in the axial direction. The distribution and the collection channels are the areas without particles and its pressure axial distribution assumed to be uniform for the existence of several gas entrances and exits 32. 
The difference between these two beds is the gas velocity field: it remains almost unchangable in the rectangular bed while decreases with radius in radial bed. Thus, the gas-solid flow fields in both rectangular and semi-cylindrical radial beds are discussed in this paper as seen in Fig.2. The experimental parameters are listed in Table.1.
(a) The rectangular bed is mainly investigated experimentally and theoretically, including the original bed (type RA) and the bed with gas-solid baffle (type RB). In the type RB bed, the particle bed is divided by the rectangular baffle into two separate areas—the left and the right areas. The non-dimensional horizontal position x/L of gas-solid baffle is considered. The gas-solid flow field is studied by experimental method to provides validation for theoretical methods. 
(b) The centrifugal and centripetal radial beds is mainly studied by theoretical method, including the original bed (type CA) and the bed with gas-solid baffle (type CB).In the type CB bed, the particle bed is divided by the cylindrical baffle into two separate areas—the inner and the outer areas. The non-dimensional horizontal position (r-r1)/(r2-r1) of gas-solid baffles is used. 
The gas flow rate is adjusted by the air rotameter. The pressure is measured by the pressure transducer with 0～5 kPa ranges and 0.25 % accuracy. The pressure value are averaged by 10s measurement time. The abnormal phenomena of cavity, pinning and air lock are recorded by marker pen and camera. 
[bookmark: _Toc29284][bookmark: _Toc28869][bookmark: _Toc5433][bookmark: OLE_LINK70][bookmark: _Toc22459][bookmark: OLE_LINK133]3. Results and discussions
In the cross-flow moving bed, gas phases exert forces on particles from gas upstream to gas downstream. The cavity appears at the upstream of the Johnson net, wherein no particles; the pinning occurs in the downstream of the bed, wherein particle stop moving downward; the air lock is seen near the feed tube, when particles cannot feed into bed. In particular, the theoretical equation of pinning and cavity are summarized or derived in Appendix. Considering the differences between the rectangular and radial beds, the abnormal phenomena are analyzed respectively in this paper.  
3.1 Pinning, cavity and air lock in rectangular bed
Fig.3 shows the gas superficial velocity when the pinning, cavity and air lock appears in the beds. In the rectangular bed with gas-solid baffles (type RB), the critical gas superficial velocities of pinning, cavity and air lock are improved compared to the original bed (type RA). It denotes that the structural improvements can eliminate these three abnormal phenomena, which is further discussed in the following sections. 
3.1.1 Pressure distribution under different gas superficial velocities 
In the beds of type RA and RB, Fig.4 shows that the pressure drop grows with an increasing of the gas superficial velocity. Meanwhile, the pressure drop assumes reverse “C” shape with axial position: it has higher value in gas-solid contact zone and lower one in feed/discharge influence zones. 
In the bed with gas-solid baffles (type RB), the pressure drop is lower than that in the original bed (type RA); while the pressure drop gradient becomes more uniform (Fig.5). That is because the pinning is weakened in the type RB (section 4.1.2).  
In the cross-flow moving bed, the solid velocity have little influence on the gas flow pattern for its relatively small values. The relative gas velocity (differential value of gas and solid velocity) is considered to equal to the gas velocity in this paper. Thus, in gas-solid contact zone, the pressure drop can be roughly computed by Ergun equation (1). The computed values agree well with the experimental results as seen in Fig.4. According to equation (1), the pressure drop is proportional to the bed width L. As the total bed width in type RA keeps the same as it in type RB, its pressure drop varies little because the pinning difference.

                           (1)
3.1.2 Pinning under different gas superficial velocities
In this paper, the pinning appears firstly in the downstream of Johnson net among the abnormal phenomena. Fig.6 shows that the pinning thickness grows with the gas superficial velocity. However, the growing rate reduces with gas superficial velocity (ug>0.39 in this paper). 
Compared to type RA, the pinning is hardly seen and its thickness decreases in type RB (Fig 3 and Fig.6). It is because that the gas-solid baffles breaks the particle force chains, or the force transfer between the left and right areas in type RB. In other words, the particle-wall force has positive correlation to its horizontal position: it has large value in gas downstream while small one in gas upstream 9. The force is lower in type RB than that in type RA, that is because the former has two individual areas divided by the gas-solid baffles. The particles are more easily to move downward under smaller particle-wall force (or upward particle-wall friction force) in type RB.  
In the experiment, the pinning is not originate from the bottom of the gas downstream, the point of (L, 0) 9. The pinning thickness equation (2) is then modified by adding C1 in equation (A1) of Appendix. In type RB, the bed width L becomes L/2 in the left and right area. However, the pressure distribution uniformity changes in the left and right beds. To consider these factors, one coefficient a is introduced in equation (3-4). The calculated results agree well with the experimental ones in both type RA and RB (Fig.6). According to above equations, the pinning will be well controlled by the gas-solid baffles in type RB, especially when the gas-solid baffles are put in the middle of the bed x/L=0.5. 
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3.1.3 Cavity under different gas superficial velocities
The cavity appears in the upper of the gas upstream. Its size grows when the gas superficial velocity increases(Fig 3 and Fig.7). 


The cavity formation is analyzed by the particle normal forces in x and z directions. In the x direction, the gas-solid force pushes the particles away from the gas upstream of the bed. The particle normal force in x direction in the gas upstream  when cavity appears. Many researches distinguish the appearance of the cavity by this method. In the z direction, the gas flows upward near the gas upstream in the feed influence zone. The gas-solid force stops the particles from moving down. In this paper,  can also be taken as the signal of the cavity occurrence.
(a) Particle normal force in x direction

The particle normal force in x direction is taken to be zero  when cavity appears. Under the same gas superficial velocity, the gas-solid force seems to be unvaried. As the bed width of left/right area in Type RB is smaller than Type RA, the particles have low movement in axial direction in Type RB.

As the particle normal force in x direction is hardly measured in experiment, it is mainly discussed by theoretical method, which is described in Appendix. In type RA, the cavity is firstly assumed to occur before the pinning. The pressure drop is 437 Pa by computation when  in equation (A13) of Appendix, corresponding to 0.15 m/s. In this condition, the pinning appears according to equation (2). The assumption is invalid and then the cavity appears after the pinning. In equation (A14) of Appendix, the critical pressure drop is 630 Pa, corresponding to 0.23 m/s.
In the same way, the critical pressure drop can also be determined in type RB. Through calculation, the pinning happens before the cavity. The cavity appears when pressure drop is 660+660 Pa (left and right beds), corresponding to 0.39 m/s.
Under the same conditions, the critical gas superficial velocity of cavity is improved from about 0.23 to 0.39 m/s. The experimental results is 0.29 to 0.39 m/s, which has the same trends with the calculation results. The cavity is eliminated by the gas-solid baffles in type RB in terms of the particle normal force in x direction, especially when the baffles located at x/L=0.5.
(b) Particle normal force in z direction

One signal of the cavity occurrence is the particle normal force in z direction becomes zero at the ends of the gas upstream Johnson net.
The gas axial velocity distribution can be computed by CPP method 30, which is explained in Appendix. Indicated by Fig.8, near the gas upstream Johnson net x/L=0, the gas axial velocity has a maximum value. It increases with the growing of the gas superficial velocity. Meanwhile, the gas axial velocity decreases greatly when the gas-solid baffles are used. It denotes the baffles restrain the gas axial velocity in the feed influence zone and then the cavity is eliminated.


In detail, the particle normal force in z direction is mainly influenced by the gas-solid drag, the particle gravity and the particle-wall frictional forces. The equivalent particle acceleration is introduced to considering the active forces: gas-solid drag, the particle gravity. Only when the , (equation (5)), the cavity may occurs. The equivalent particle acceleration is computed by equation (6). The coefficient C2 is introduced to consider the difference between the average and local gas velocity, the experimental error. The computed critical gas superficial velocity of cavity improved from about 0.29 to 0.52 m/s when C2=2.56. Through calculation, the baffles have greatest effects on cavity when placed at x/L=0.5.
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3.1.5 Air lock under different gas superficial velocities
The air lock happens as the total particles in the bed reduces and the particles stops feeding into the bed. Some assumptions are made about the appearance of the air lock in this paper.
(a) Air lock happens when the pressure drop equals to the particle gravity in the feed tube 
a. The cavity size is relatively smaller than the solid seal-height of feed influence zone.

 In the feed tube, the particles force balance is equation (7) in the feed tube. The pressure pgas can be got by CPP method in the bottom of the feed tube. In this paper, the height of the feed tube is so high that the particle gravity always larger than the pressure term. According to equation (22), when ug=0.59 m/s,  is about 5 kPa while pgas 600 Pa . The air lock occurs not because this reason in this paper.

                       (7)
b. The cavity size is relatively larger than the solid seal-height

In this condition, the gas short-circuit easily happens. It makes the pressure in the low area of the feed tube increases greatly, which promotes the appearance of the air lock. However, the pressure in the bottom of the feed tube is generally not bigger than the pressure drop of the bed. In this paper, the particle gravity will be larger than the pressure term. For instance, according to equation (22), when ug=0.59 m/s,  is about 5 kPa while pgas 2.5 kPa . The air lock occurs not because this reason in this paper.

(b) Air lock happens when the solid flow rate has larger value in the solid discharge tubes than that in the feed tube 
The solid flow rate in the orifices is usually calculated by equation (8) 33. Normally, the equivalent diameter of the solid discharge tubes is smaller than the feed tube. In this sense, the bed is filled with particles. 

                      (8)
However, the pressure in the bed is greater than that in the up of the solid feed tube and bottom of the solid discharge tubes. The particles flow downward under positive pressure gradient in the solid discharge tubes. The solid flow rate grows with the gas superficial velocity as the pressure increases (Fig.9). However, the particles flow downward under negative pressure gradient in the solid feed tube. The allowance maximum solid flow rates reduces with the gas superficial velocity in the solid feed tube for its negative pressure gradient. 
In the feed tube, the gas phase exerts upward forces on the particles to prevent it from moving; while it has downward forces in the feed discharge tubes. When the gas superficial velocity grows, the particles tends more easily to moving out and hardly flowing into the bed. At the critical condition, the solid flow rates has larger value in the solid discharge tubes than that in the feed tube. The total particles in the bed decreases, the air lock appears. The air lock will be controlled by using high feed tube (equation (7)) and large diameter of the feed tube (equation (8)). 
In the original bed (type RA), under high gas superficial velocity, the pinning is so thick that the particles stops flowing into the bed through the right feed tube. The air lock appears when the solid flow rate in the left solid feed tube smaller than the summation in the left and right discharge tubes. In the bed with baffles (type RB), the solid flow rate in the left discharge tube has large value than the right discharge tube. The air lock appears in the left area when the solid flow rate in the left solid feed tube smaller than that in the left discharge tube. The air lock is then alleviated in type RB. In experiment, the gas critical superficial velocity is improved from 0.44 m/s to 0.59 m/s by the introduction of baffles.
3.2. Pinning, cavity and air lock in radial bed
Compared to rectangular bed, the gas processing capacity is further increased in the radial bed. It makes the radial bed has unique advantages in industrial utilization. Based on the above analysis, some abnormal phenomena are controlled by gas-solid baffles in rectangular bed. It may have similar effects in the radial bed. However, in the rectangular bed, the best location of the baffles will be in the middle of the bed for its gas symmetrical flows; in the radial bed, the best location is not in the middle of the bed for its gas asymmetrical flows.
Thus, the further research is mainly focused on the investigation of the gas-solid flow in the radial bed of type CA and CB, especially the best location of the baffles.
[bookmark: OLE_LINK142]3.2.1 Pressure distribution under different gas flow rates 


[bookmark: OLE_LINK426]In the radial bed, the pressure drop increases with the gas superficial velocity, which can be roughly calculated by equation (9). In particular,in semi-cylindrical radial bed and in cylindrical radial bed.
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3.2.2 Pinning under different gas superficial velocities 
Based on the computation method in the rectangular bed, the pinning thickness is derived in the radial bed, which is listed in the Appendix. However, it is analyzed qualitatively as the coefficients can not be determined accurately in equation (A9) of Appendix due to the lack of experimental data. The equation is simplified into equation (10) when the pinning thickness variation is a constant. The upward and downward forces can be computed when the baffles are put in different positions, which is seen in Fig.10. The pinning easily appears under small particle gravity and large frictional force. In the centrifugal bed, with the increasing of the position of baffle, the pinning is firstly controlled and then promoted in the inner area; while it is eliminated in the outer area. In the centripetal bed, with the decreasing of the position of baffle, the pinning is controlled in the inner area; while it is firstly eliminated and then improved in the outer area. The original bed CA can be seen as the inner area of the bed B when the baffles put in the (r-r1)/(r2-r1)=1; or the outer area when the baffles put in the (r-r1)/(r2-r1)=0. For instance, in the inner area of the centrifugal bed, the difference of these two terms (downward and upward forces) in equation (10) has greater values in the bed with baffles (where the baffles put in (r-r1)/(r2-r1)<1) than the original bed (where the baffles put in (r-r1)/(r2-r1)=1).The pinning can be controlled with baffles in type CB.

        (10)
3.2.3 Cavity under different gas superficial velocities 
In the Appendix, the cavity is also derived in the radial bed. The final conclusions (equations or data) are listed here. Its formation can also be analyzed qualitatively by the particle normal forces in x and z directions. 
(a) Particle normal force in x direction
According to equation (11-13), when the cavity appears before pinning, the critical pressure drop of radial bed is computed by equation (11); otherwise, it can be calculated by equation (12). The pressure drop of inner/outer areas of the bed is calculated, the cavity occurs when it is bigger than above critical pressure drop (equation (13)). In both the centrifugal and centripetal beds, with the increasing of the position of baffle, the pinning is firstly controlled and then promoted in the inner area; while it is eliminated in the outer area. 

As shown in Fig.11, with an increasing of the radial position of baffles, the required and real critical pressure drop of cavity increases in the inner area while decreases in the outer area. However, the changeable amplitudes of these two pressure drops are different in inner and outer areas. The cavity is hardly observed under high . In the centrifugal bed, with the increasing of the position of baffle, the cavity is firstly controlled and then promoted in the inner area; while it is contrary in the outer area. In the centripetal bed, with an increasing of the position of baffle, the cavity is firstly prompted and then eliminated in the inner area; while it is contrary in the outer area. Fig.11 indicates that the cavity is well controlled when the baffles put in the (r-r1)/(r2-r1)≈0.4.
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               (12)

         (13)
(b) Particle normal force in z direction
The particle normal force in z direction is mainly influenced by the gas axial velocity. The cavity is eliminated under large particle normal force in z direction or small gas axial velocity. According to Fig.12, compared to type CA, the maximum gas axial velocity reduces when setting the baffles in type CB. When the gas-solid baffles increases, the gas axial velocity increases in the inner area; while it decreases in the outer area. In other words, higher position of baffles, easier cavity appears in the inner area and harder occurs in the outer area. In particular, the maximum gas axial velocity is smallest when (r-r1)/(r2-r1)=0.3 in the bed with baffles, which decreased by 40 % from 0.3 m/s to 0.18 m/s. The maximum gas axial velocity has almost the same values between 183 m3/h without baffles (type CA) and 549 m3/h with baffles (type CB). The critical gas flow rate of cavity will be improved in type CB. 
[bookmark: OLE_LINK246][bookmark: OLE_LINK202][bookmark: OLE_LINK199]3.2.4 Air lock under different gas superficial velocities 
The air lock may occur for the same reasons given in section 4.1.4. In this paper, consider the structural difference of the radial and rectangular bed, the maximum pressure drop of the semi-centrifugal radial bed when Q=564 m3/h (0.7 kPa) is relatively smaller than the rectangular bed when ug=0.53 m/s (2.2 kPa).
(a) In the feed tube, the pressure drop equals to the particle gravity.
When air lock occurs, whether the cavity size bigger than the solid seal-height or not, equation (7) is satisfied under this assumption. Compared to the rectangular bed, the pressure term becomes smaller, the equation is hardly satisfied.   
(b) In the feed tube, the solid flow rate has a larger value in the solid discharge tubes than that in the feed tube.
In the radial bed of type CA and CB, the solid flow rate also increases with gas flow rate in the solid discharge tubes for the positive pressure gradient. The allowance maximum solid flow rate decreases in the solid feed tubes for the negative pressure gradient. However, this assumption is also hardly met by some easier methods, e.g., using high height and large equivalent diameter of the solid feed tube. 
3.3 Preferred location of gas-solid baffles in rectangular and radial beds
(a) Rectangular bed
In the rectangular bed, the baffles are preferred to put in the middle of bed x/L=0.5 in type RB as the similarity of gas-solid flow fields in left and right beds. 
(b) Radial bed
In the radial bed, the preferred location of baffles location is not in the middle of bed x/L=0.5. It may be affected by many parameters, e.g. gas flow rate, bed voidage and particle diameter. Its influences are discussed in the following section. 
The air lock is neglected as it can be well controlled by increasing the height and equivalent diameter of feed tube.

According to equation (10), the pinning thickness δ’ increases with the pressure drop, which is proportional to the gas flow rates. When , the pinning thickness is little affected by the gas flow rate, the pinning is hardly appears even under high pressure drop; otherwise, it has close correlation to pressure drop. The pinning easily appears under small particle density, bed voidage, particle diameter and large gas flow rate. When the gas-solid baffles put in (r-r1)/(r2-r1)=0.5, the pinning thickness is higher in the inner area compared to outer area, for its larger pressure drop and smaller particle normal force in x direction in equation (10). The gas-solid baffles are suggested to set in (r-r1)/(r2-r1)<0.5 under different gas flow rates, bed voidages and particle diameters, where the pinning thickness in the inner area equals to it in the outer area. 




With the cavity, the preferred location of gas-solid baffles can be determined by the gas axial velocity (relates to cavity). As for the gas axial velocity, the equation (A20) is transformed into equation (14-16) to qualitative analyze of the influence of the gas flow rate, the bed voidage and the particle diameter on the gas axial velocity. When the gas flow rate Q grows into Q’=a0Q, the pressure at the ends of the bed turns into ; the gas axial velocity uz becomes a0uz. The maximum gas axial velocity is proportional to the gas flow rate in inner and outer areas. They always equal to each other when the baffles locates at (r-r1)/(r2-r1)=0.3 under different gas flow rates, which is shown in Fig.13(a). When the bed voidage or the particle diameter changes, the 1/α and C2 are assumed to be a1/α and a2C2 in equation (14-16), the pressure at the ends of the bed turns into  while the gas axial velocity uz remains almost unchanged. It will always equal to each other when the baffles locates at (r-r1)/(r2-r1)=0.3, which is shown in Fig.13(b) and Fig.13(c). Due to the calculation error, there exists some variation, especially when the pressure drop changes significantly under different particle diameters. To control the cavity, the preferred location of gas-solid baffles is almost unchanged with the gas flow rate, the bed voidage and the particle diameter.

                       (14)

                (15)

                        (16)
[bookmark: _Toc3712][bookmark: _Toc27803]4.Conclusions
[bookmark: OLE_LINK156]In the cross-flow moving bed, one structural optimization, i.e., the gas-solid baffles, is proposed to enhance the bed operation flexibility by eliminating the abnormal phenomena, e.g., the cavity, pinning and air lock, greatly affects the bed efficiency. 
To well evaluate the abnormal phenomena in both rectangular and radial bed theoretically, some equations are summarized or derived here. The pressure drop is computed by Ergun equation; the pinning thickness equations are given to judge the development of pinning phenomena; the particle normal forces equations in x and z directions to compute the critical gas flow rate of cavity; the conditions of air lock occurrence are listed here, i.e. the pressure drop equals to the particle gravity in the feed tube, or the solid flow rate has larger value in the solid discharge tubes than that in the feed tube.
In the rectangular cross-flow moving bed, these three abnormal phenomena are well controlled by the gas-solid baffles in experiment and theory. The gas-solid baffles are preferred to putting in the middle of the bed x/L=0.5 for the symmetrical gas-solid flow field of the left and right beds. 
In the radial cross-flow moving bed, the abnormal phenomena of cavity and pinning can be eliminated by the gas-solid baffles according to theoretical analysis. The air lock will be well controlled by increasing the height and equivalent diameter of feed tube. The gas-solid baffles are suggested to set in (r-r1)/(r2-r1)<0.5 for the asymmetrical gas-solid flow field of the inner and outer beds to eliminate the pinning and cavity. Its preferred position changes little with gas flow rate, bed voidage and particle diameter. 
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Appendix: pinning and cavity equations 
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Notation
C	the constant value
[bookmark: OLE_LINK306][bookmark: OLE_LINK300]C2	the inertial resistance factor, m-1
C3	the constant value
d	particle diameter, mm
[bookmark: OLE_LINK316]g	gravitational acceleration, m2/s
H	bed height, mm
[bookmark: OLE_LINK326]Hd	solid-seal height, mm
HL	the assumed length, mm
L	the bed length
△p	pressure drop, kPa
[bookmark: OLE_LINK327]Q	volumetric gas flow rate, m3/s
Q’	the assumed volumetric gas flow rate, m3/s
[bookmark: OLE_LINK229]r	radius of the baffle, mm
[bookmark: OLE_LINK314]Re	Reynolds number
[bookmark: OLE_LINK335][bookmark: OLE_LINK336]u	superficial velocity, m/s

	average axial gas superficial velocity, m/s
x   horizontal position, mm 
[bookmark: OLE_LINK313]y	axial position, mm
[bookmark: OLE_LINK294][bookmark: OLE_LINK301]α	the permeability resistance factor, m2
ρ	density, kg/m3
[bookmark: OLE_LINK330]μ	dynamic viscosity, kg/(m·s)
δ  pinning thickness, mm
δ’  modified pinning thickness, mm
Φ	the particle friction angle, °
Φw	wall friction angle, °
Φwd	Johnson net friction angle, °

	shear stress, N/m2
[bookmark: OLE_LINK325]γ	the bed voidage
Subscripts
[bookmark: OLE_LINK338]g	gas
gas	the common pressure pool
[bookmark: OLE_LINK323][bookmark: _GoBack]1,2	the inside and outside of the particle bed
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