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ABSTRACT

Two different radial solids concentration distributions in downer have been reported, i.e. the ˄ shape combining with reverse-core-annulus and the core-annulus structures. The occurrence of these two patterns has not been quantitatively interpreted. In this paper, the aerodynamic theory is used in two-phase flow analysis. A transverse force on the particles, i.e. the Kutta-Joukowski transverse force, is introduced to explain and quantify the formations of these two radial solids concentration distributions in downer. This force is the function of the particle velocity gradient, the slip velocity and the gas density. Based on the available experimental data proposed in the published literatures, the distribution of the Kutta-Joukowski transverse force in downer is discussed. The results show that this force is the main factor for these two profiles occurrence.
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Introduction
In past decades, the circulating Fluidized Bed (CFB) has drawn increasing attentions in both the fields of academic investigation and industrial applications including the chemical, the petrochemical, the environmental engineering, etc. The gas-solids CFBs are usually operated in two modes, the concurrent upflow in which the gas and solids travel upwards (riser) and the concurrent downflow therein the two phases both flow downwards (downer). In general, the particle concentration in riser is relatively high near the wall; while it assumes low value in the central area; i.e. the so-called core-annulus structure. As to the downer, it is reported that the radial gradient of the solids concentration is considerably more uniform than that in riser because of higher solids velocity, lower drag force on the solids and less particle clusters formation.1-10 However, based on the published experimental data, the non-uniformity of the radial solids distribution in downer was still seen including two representative patterns. Zhang et al have introduced a complex radial variation in the two-phase flowing direction. The local maximal solids holdup across the cross-section gradually moves from r/R=0.9-1.0 to r/R=0.5-0.8 in the particle acceleration zone; and finally the radial solids holdup distribution presents a reverse-core-annulus profile that the particle concentration is comparatively low near the wall and high in the central area in the fully developed zone.1, 3 Similar phenomenon was also reported in some early researches although the above reverse-core-annulus was not observed because the investigated downers were relatively short.11-12 On the other hand, Wang et al have scrutinized the two-phase hydrodynamics in both high-flux (The solids circulation rate 
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 is higher than 500kg/m2s) and low-flux (
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 is equal or lower than 500kg/m2s) downers.4-7 They indicated that, the local concentration generally increased towards the wall with a peak appearing at r/R=0.86-1 under low-flux operating regime. As for the high-flux downer, the radial solids distribution also presented a core-annulus structure with an increasing radial gradient towards the wall. The difference in local solids holdup between the center and the wall even reaches more than 100%. However, the reason for occurrences of above two distinct radial solids concentration profiles has not been quantitatively analyzed; but merely contributed it to the differences in the downer length/diameter and the particle properties.7
According to the fundamentals of physics, the momentum, the energy and the forces shall be all balanced in both radial and axial directions in a steady two-phase downer/riser despite strong turbulence therein. Thereby the non-uniformity of the radial solids concentration distribution in downer is inferred to relate to a steady transverse force (or a resultant force) which is perpendicular to the direction of the two-phase flow. However, as analyzed in previous research on the concurrent upflow in riser, several possible transverse forces including the thermophoresis force, the pressure-difference and the Magnus force due to particles rotation are virtually not the main factor for resulting in the radial solids concentration gradient in downer.13 Breault et al have stated that another lateral force, i.e. the Saffman force, led to particles segregation in riser; but the solids concentration distribution in downer cannot be directly contributed to the Saffman force.14 Fan et al have put forward the Kutta-Joukowski transverse force to quantify/interpret the core-annulus formation of the concurrent two-phase upflow in riser. It was shown that the Kutta-Joukowski transverse force is always towards the riser wall and pushes numerous particles into the dense annulus area.13 This transverse force even reaches approximately 30% of the particle gravity in some areas. As discussed in this paper, it is anticipated to interpret the occurrences of above two radial solids concentration distributions in downer.13, 15
Radial force-balance of differential element in cylindrical coordinates for a downer
The Kutta-Joukowski transverse force in gas-solid two-phase flow

The Kutta-Joukowski transverse force is essentially derived from the Kutta-Joukowski lift in classical aerodynamic theory. As seen in Figure 1, when a steady irrotational flow past a rotating cylinder with an angular speed 
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 or an aerofoil surrounded by a velocity circulation 
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 (both marked by the blue arrow curves); let the flow be uniform with a velocity 
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 and a density 
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; then the Kutta-Joukowski lift (in N/m, illustrated by the green arrow) on per unit span of the cylinder or the areofoil is, 16
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Furthermore, combining it with the Stokes theorem in classical single-phase hydrodynamics, the scale of the investigated object can be extended from a rotating cylinder or an aerofoil to a particle group that is enclosed by any closed curve C as shown in Figure 1 (According to a strict mathematical description, the area 
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 that is enclosed by the closed curve 
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 shall be a simply connected region). The key step is the transformation among the actual rotating angular speed 
[image: image11.wmf]w

, the velocity circulation 
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, the vortex strength 
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, the velocity curl 
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 and the velocity gradient, i.e.16
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Thus the above Kutta-Joukowski lift can be extended to the Kutta-Joukowski transverse force that act on the particles in gas-solid two-phase system. In a gas-solid two-phase flow, per unit span of the Kutta-Joukowski transverse force, 
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 (in N/m), exerting on the particles in any small closed area 
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 is then deduced, i.e.13
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Here 
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 are the local axial velocity of the gas and particles, respectively. 
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means the velocity circulation around the closed curve which encloses the small area 
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 represents the local radial gradient of the particle velocity in the enclosed small area.
The direction of the Kutta-Joukowski transverse force 
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 (corresponding to the velocity 
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of the flow that travel past the cylinder or the aerofoil in Figure 1) 90° reversely to the direction of the velocity circulation 
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. On the other hand, according to classical hydrodynamics, in a cylindrical coordinates with an upward z-coordinate axis, the clockwise velocity circulation 
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 (or the velocity curl 
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) is negative, while the anticlockwise denotes positive, vice versa. Thereby the direction of the transverse force on the particles in a riser is inferred to be always towards the wall as illustrated in Figure 1 (green arrow), it is determined by the radial gradient of the particle velocity (or the equivalent velocity circulation marked by the blue arrow circle in Figure 1) as well as the relative velocity of gas to particles (or the slip velocity illustrated by the purple arrow dash line in Figure 1).
The particle concentration gradient force (PCGF) and radial force-balance of differential element in cylindrical coordinates

On the other hand, in the radial direction, if there were only the Kutta-Joukowski transverse force acting on the particles, all the particles would aggregate in an area such as the wall region in a riser because the Kutta-Joukowski transverse force is always towards the riser wall. Fan et al have put forward a particle concentration gradient force 
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 (PCGF) which is also a transverse force to balance the Kutta-Joukowski transverse force.13
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Here 
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 is a function of both the diffusion coefficient (in m2/s) and the velocity gradient (in 1/s). 
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 means the local density and it is determined by 
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The particle concentration gradient force (PCGF) denotes that, the solids concentration gradient such as the dense annular in riser has a potential to disperse particles moving from the dense region to the dilute area through dispersion or diffusion. A high potential may cause a large force in magnitude, which is similar to several typical potential forces such as the elastic force and the electric field force.

Data processing method
By analyzing the radial force-balance of a differential element in cylindrical coordinates for a downer, the differential expressions of the Kutta-Joukowski transverse force (in N/m2) and the differential particle concentration gradient force (in N/m2) are deduced as shown in Eq.(5) -Eq.(7).13
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Here 
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; it is named by the coefficient of the particle concentration gradient force (PCGF).
In this paper, the published data by Zhang et al 1-3 and Wang et al 4-5, 7 is used to analyze the relationship of the Kutta-Joukowski transverse force to the radial distribution of particle concentration in downer. Both 
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 are computed by reading the data of the local solids holdup and the local particle velocity from their proposed figures.
On the other hand, directly measuring the local gas velocity 
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 seems an impossible task especially in a high solids circulation rate downer. Thereby the local 
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 in Eq.(5) is calculated according to Eq.(8) which was put forward by Cao et al. 17
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Here 
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 is the local voidage. 
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 and 
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 represent the commonly used Reynolds number and the Reynolds number based on the particle terminal velocity, respectively.
Using Kutta-Joukowski transverse force to analyze the radial distribution of particle concentration in downer
Different radial distributions of solids holdup and particle velocity in downers
The typical radial profiles of the solids concentration and the particle velocity are shown in Figure 2 and Figure 3. These two figures are re-plotted based on reading the experimental data given by Zhang et al and Wang et al 1-5, 7. It is seen that the discrepancy in the radial solids holdup gradients between theirs are fairly considerable.
According to Zhang et al as given in Figure 2(a), for instance, except for the entrance region (H=0.512m), the solids holdup increases towards the wall and then decreases with a ˄ shape; it is noticeable that the peak shifts from r/R=0.9-1.0 to r/R=0.5-0.8 in the flowing direction (from H=2.112 to 6.227m). In the developed zone (H=9.155m), a reverse-core-annulus profile is seen with the maximal solids holdup appearing at the downer center.1, 3 On the other hand, their measured local particle velocity decreases monotonically in the radial direction as shown in Figure 3(a).2-3
As to Wang et al, in the majority part of the column (from H=1.63m to H=4.02m), the local solids holdup progressively increases from the center towards the wall and the uniformity tenders to be less with an increasing solids flux as illustrated in Figure 2(b), which is similar to the core-annulus structure in riser.4-5, 7 However, the radial distributions of the particle velocity proposed by Wang et al assume two different characteristics varying with Gs as given in Figure 3(b). 4-5, 7 Under a low solids circulation rate (for example, Gs=300 kg/m2s), the particle velocity increases gradually from center towards the wall and then decreases. A peak with maximum particle velocity appears at r/R≈0.8. Under the extremely high solids circulation rate (Gs=700 kg/m2s), the maximal particle velocity locates at the centerline and gradually decreases from the axis towards the wall.
Qualitative analysis on a special radial distribution of gas velocity in downer
By analyzing the variation of the direction of the Kutta-Joukowski transverse force on particles, above two distinct radial solids concentration distributions in downer are anticipated to be clarified. However, the direction is dependent on the vector 
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 distribution is needed to analyze at first although it nearly cannot be directly measured. Zhu et al and Cao et al have reported that the local maximal gas velocity in downer appears at r/R≈0.86-0.96,11-12, 17 rather than at the column center as generally seen in a pipe flow, which is also similar to that of the measured particle velocity profile by Wang et al and Li et al under low solids circulation rate such as shown in Figure 3(b) (Gs=100 kg/m2s and Gs=300 kg/m2s).7-8 Thereby it is necessary to analyze the occurrence of this special radial distribution.
When the radial distribution of solids holdup in downer presents a core-annulus shape with a dense area near the wall and a dilute region in the center, 4-5, 7 numerous particles near the wall (r/R≥0.8) slide downwards and the gas among those particles are inevitably entrained to flow down. Those downflow particles virtually create a moving boundary which changes the gas velocity distribution downstream as shown in Figure 4. In other words, the downflow entrained gas in the wall area (r/R≥0.8) can be considered by a suppositional downward moving boundary. As a result, the location of the maximal velocity shifts from the center to the wall area. The theoretical analysis based on cylindrical coordinates is also shown in Figure 4.
Consider a constant axisymmetric flow. By combining the continuity equation with the momentum equation,
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Integrating Eq.(9), then obtain,
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As illustrated in Figure 4, the boundary condition is given as below,
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 means the velocity of the entrained downflow gas at the above suppositional moving boundary; 
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 represents the radial location of the moving boundary; 
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 is the downflow gas velocity near the downer center. 
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 is due to the effective definition domain of the logarithmic function in Eq.(10).
Then the gas velocity distribution is deduced,

[image: image63.wmf]2222

00

,,0,0,00

2

,

00

11

()()lnln(lnln)

4444

ln

4lnlnlnln

mbrmbr

gmbgrgrmbgmbrrmb

gz

mbrmbr

RRRR

pp

VVVRVRRR

rp

zz

Vr

xRRRR

mm

m

®®

®®®®

®®

¶¶

----+-

¶

¶¶

=++

¶--

    The position of the maximal gas velocity, 
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It is seen that, the maximal velocity position 
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 moving towards the downer center. Thereby it can be inferred that, the radial profile of the gas velocity in Wang et al experiment is virtually similar to that of the measured particle velocity; i.e., it increases towards the wall and then decreases with a maximal value appearing at r/R≈0.8. 
In fact, above deduction method for Eq.(9)-Eq.(11) can also be extended to analyze the radial distribution of the particle velocity because it does not specify that the deduction is effective for gas phase only. As illustrated by Wang, for instance, when the solids circulation rate varies from 200kg/m2s to 300kg/m2s (
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[image: image75.wmf],max

vg

r

 shifting towards the wall).4 Similar phenomena can also be observed in Li et al.8
Condition I：Using the Kutta-Joukowski transverse force to analyze the ˄ shape combining with reverse-core-annulus radial distribution of solids holdup in downer

The investigated downer by Zhang et al is larger/longer than those by Wang et al (Zhang et al: 100mm i.d. and 9.3m high; Wang: 76mm i.d. and 5.8m high/50 mm i.d. and 4.9 m high). The flow develops more fully/entirely thereby the whole evolutions of both the ˄ shape and the reverse-core-annulus profiles were both observed.
A two-dimensional coordinates is set as illustrated in Figure 5(a). According to Figure 3(a), the radial gradient of particle velocity 
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) is positive then. The corresponding vector direction is clockwise as illustrated by the blue arrow curve in Figure 5(a). It is necessary to be clarified that, here the z-coordinate axis is downward; the relationship of positive/negative to clockwise/anticlockwise is reverse to that of the upward z-coordinate axis.
As for the vector 
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, four distinct regions should be discussed respectively.
In the central area of the particle acceleration zone (region A in Figure 2(a), Figure 3(a) and Figure 5(a)), the gas velocity is higher than that of the particles; the vector direction of the relative velocity 
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 is downward. Then the Kutta-Joukowski transverse force on the particles in region A is towards the wall (turning the vector of the relative velocity 90° reversely to the velocity circulation). Thereby the particles in region A are propelled to move towards the wall. In the wall area of the particle acceleration zone (region B in Figure 2(a), Figure 3(a) and Figure 5(a)), the particles travel downwards while the gas velocity tenders to 0. The direction of the relative velocity 
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 is upward. Also turning the vector of the relative velocity 90° reversely to the velocity circulation, the Kutta-Joukowski transverse force on the particles in region B points towards the downer center. Therefore, in the particle acceleration zone, a ˄ shape radial distribution of the solids holdup is observed because the Kutta-Joukowski transverse force therein pushes the particles in both sides towards the peak area.
In the same way, the direction of the Kutta-Joukowski transverse force in the fully developed zone in which the solids velocity is higher than that of gas can be determined. In both the central area and the wall area, this transverse force on the particles points to the downer axis (region C and region D in Figure 2(a), Figure 3(a) and Figure 5(a)). Numerous particles tend to aggregate there thereby the local maximum value of the solids holdup shifts to the downer center and then a reverse-core-annulus profile is observed.
In above analysis, the direction of the relative velocity 
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 need to be further discussed. Zhang et al have indicated that the particles accelerate beyond the gas velocity (i.e. 
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) within 4m for most of their operating parameters except for the conditions where a very high solids circulation rate is employed.2 That is to say, the heights below 4m would be in the developed zone in which the solids holdup would exhibit the reverse-core-annulus configuration. However, as shown in Figure 2(a), the solids holdup at 6.227m still presents the ˄ shape, which represents the distinct characteristics in the acceleration zone according to above analysis. It is because that, the variation/transition of the local density radial distribution cannot complete simultaneously when the direction of the Kutta-Joukowski transverse force changes due to the intense inertia force, the blockage/collision among the particles and the strong shear by the gas in downer. Consider the downward moving speed of the particles is fairly rapid, the time/space lag is inevitable; in other words, the solids radial distribution at a height is determined by the vectors 
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 upstream, rather than those at the same elevation.
On the contrary, the changes of both the solids holdup radial profile and the Kutta-Joukowski transverse force in riser are much easier to analyze. As seen in Figure 1, the parabolic decreasing towards the wall in particle velocity as well as the upward slip velocity in the whole riser results in the core-annulus distribution of the local density although the time/space lag also exists.
Condition II：Using the Kutta-Joukowski transverse force to analyze the core-annulus solids holdup radial distribution in downer under low solids circulation rate condition (
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As for the data by Wang et al, the radial distribution of the particle velocity is comparatively complicated. As seen in Figure 3(b), under the low solids circulation rate conditions (e.g. 100kg/m2s and 300kg/m2s), in the area 
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, the velocity circulation is negative and its direction is anticlockwise (marked by the blue arrow curve of region A in Figure 5(b)). In the area 
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On the other hand, in this paper, the direction of the vector 
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 for Wang et al experiment is treated to be downward in the majority part of the downer except for the area very close to the wall although they have indicated that the cross-sectional average particle velocity was clearly higher than the superficial gas velocity.6 It is because of five following possible reasons. 
(1) As discussed above, it is the 
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 in the upstream cross-sections that determine the solids holdup radial distribution at lower heights. Compared with Zhang et al, the lengths of the downers used by Wang et al are considerably short (9.3m Vs 5.8m/4.9m). Zhang et al have stated that, if 
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 increased to 200kg/m2s, the acceleration zone is even extended to beyond the length of the whole downer.2 Notice the fact that the operating solids circulation rates as well as the measured solids holdup proposed by Wang et al were generally higher than those by Zhang et al. A higher local density makes the collisions among particles more intense and then the particles move/disperse in the radial direction to re-form/transition to another profile more difficultly/slowly although the transverse force acted on them. Therefore, in order to analyze the radial profile of the solids concentration, the upstream 
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 shall be considered. 
(2) According to Eq.(9)-Eq.(11), the gas velocity has a similar radial profile to that of the solids. It is deduced that, at the top elevations of the investigated downers, 
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; and then it influences the solids holdup radial distributions at downstream heights. 

(3) Furthermore, if carefully checking the relevant data, it is found that the measured cross-sectional average particle velocity under different operating conditions along the downer by Wang et al also continuously increases.6 It implies that the two-phase flow unnecessarily achieves the second acceleration zone. In other words, the downers used by Wang et al are too short or too dense to thoroughly complete the particles acceleration. 
(4) The downflow of numerous particles inevitably accelerates the local gas velocity. Under the same superficial gas velocity, the measured solids velocity increases with both the solids circulation rate and the solids holdup. That is to say, the high-density downer may help the gas inside achieve a higher velocity. 
(5) Moreover, in the acceleration zone, a sharp axial gradient of pressure is observed; 1 the gas volume expansion as well as the consequential acceleration due to the pressure drop should be considered.
The direction of the Kutta-Joukowski transverse force is then determined. As seen in Figure 5(b), this force points to the downer axis in the region A whereas it is towards the wall in the region B. In the same way as analyzed in above condition I, the occurrence of the dense solids area in 
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 is understandable. As to in the area r/R=0-0.8, however, the center-pointing force does not bring about a high solids concentration region near the downer axis because the solids holdup in this area is too low to form a local maximum by enough particles therein. Moreover, as described in the following text, the Kutta-Joukowski transverse force in this area is considerably lower than that in 
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. It also implied that, in the above condition I, the occurrence of the local density maximum in r/R=0.5-0.8 in the particle acceleration zone is mainly caused by the Kutta-Joukowski transverse force in region B (wall area) rather than that in region A (central area, Figure 5(a)).
Condition III：Using the Kutta-Joukowski transverse force to analyze the core-annulus solids holdup radial distribution in downer under high solids circulation rate condition (
[image: image100.wmf]s
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Under high solids circulation rate, the radial distributions of both solids holdup and particle velocity are similar to those in riser.4-7 As shown in Figure 3(b), the solids velocity decreases towards the wall with a parabolic shape. Therefore in both the central area and the wall region (region A and region B in Figure 5(c)), the velocity circulation is clockwise because the particle velocity gradient 
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 (blue arrow curves). On the other hand, the vector 
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 is considered to be downward as analyzed above. Hence the Kutta-Joukowski transverse force directs towards the wall and then it contributed to the occurrence of the core-annulus structure of the local density.
Therefore, it is the different particle velocity distribution (as well as the so-called velocity boundary layer) combining with the slip velocity vector 
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 that results in various radial patterns of the solids holdup in a downer.
The Kutta-Joukowski transverse force and the solids holdup radial distributions in downer
Combining the data by Zhang et al 1-3 /Wang et al 4-5, 7 with Eq.(5) and Eq.(8), the radial distributions of the Kutta-Joukowski transverse force vs. the local density gradient 
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 is plotted in Figure 6 and Figure 7. It is seen that the Kutta-Joukowski transverse force tenders to 0 at the downer center because the radial gradient of the particle velocity generally equals to zero. In the area 
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, the transverse force exhibits low value while it increases sharply in 
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. It is also noted that, the distribution of the transverse force assumes almost the same profile as that of the local density radial gradient including both the variation tendency and even the exact inflexion points at r/R= 0.9 under some low operating solids fluxes such as 102kg/m2s (as seen in Figure 6). It is clear that the Kutta-Joukowski transverse force closely relates to the occurrences of the above two distinct solids holdup distributions. 
In the previous research, the uniformity of the radial solids distribution in downer better than that in riser is usually contributed to higher solids velocity, lower drag force on the solids and less particle clusters formation. In fact, it partly interpreted the mechanism. Based on the analysis above, it is the combined effect of the vector difference 
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 and the particle velocity gradient that determine the solids holdup pattern in downer. More specific, the latter plays the more crucial role in the particles distribution because the discrepancy of the velocity radial gradient between the maximal and the minimal in radial direction even reaches several-hundred times comparing with that of the 
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 maximal difference not more than ten times. It is also inferred that, an absolute uniformity in radial direction cannot be achieved because both the velocity difference vector and the velocity gradient cannot be eliminated at all.
The influences of the operating parameters on the Kutta-Joukowski transverse force

The influences of the solids flux on the Kutta-Joukowski transverse force

Figure 8 and Figure 9 show the influence of the solids flux on the Kutta-Joukowski transverse force. It is seen here that the radial distribution of the Kutta-Joukowski transverse force also presents similar variation tendency to that of the local solids holdup gradient in general. The Kutta-Joukowski transverse force increases with an increasing in the solids flux. Its variation near the wall (
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) is more evident than that in the central area. The effects of increasing solids flux are mainly seen in the wall region because both the local density gradient and the particle-collisions or the momentum-exchange raise intensely. Thereby the non-uniformities therein are intensified especially by an increasing particle velocity radial gradient. Furthermore, according to Eq.(8), the value of the velocity difference 
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 is also positive correlation to the solids flux. As a result, the Kutta-Joukowski transverse force increases consequentially.
The values of the Kutta-Joukowski transverse force in Wang et al experiment are considerably lower than those in Zhang et al under the similar solids circulation rate. The main reason is probably as follows, the diameter of the downer used by Wang et al is smaller than that by Zhang et al, and then their measured particle velocity radial gradient is comparatively uniform. As analyzed above, the velocity gradient is the most key factor in determining the value of the transverse force. Thus a relative low transverse force is obtained. In fact, as seen in Figure 8 and Figure 9, the local density gradient 
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 deduced from Wang et al experiment is relative small. It also indirectly verifies the relationship of the Kutta-Joukowski transverse force to the radial distribution of particle concentration.
The influences of the gas velocity on the Kutta-Joukowski transverse force

Figures 10-11 present the Kutta-Joukowski force under different gas velocity. The variation tendency of the transverse force with the gas velocity is not so evident in the vicinity of the downer axis whereas it clearly decreases with an increasing gas velocity in the wall region.
The decisive two factors of the force, i.e. the vectors 
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 need to be analyzed respectively. The opinions about the influences of the gas velocity between Zhang et al and Wang et al are quite different. Zhang et al mentioned that an increasing gas velocity enlarges the overall radial non-uniformity of particle velocity; 2 nevertheless, Wang et al argued that the distribution of the particle velocity becomes more uniform at higher gas velocity.7 In fact, it is seen that the variation of the particle velocity gradient in the area 
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 is quite prominent with a changing in gas velocity. On the other hand, the values of 
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 (slip velocity) across the whole column tender to reduce when the operating gas velocity increases. As a whole, the variation of the Kutta-Joukowski force in the wall area is clearly negative correlation to the gas flow rate while the influence near the downer center 
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 is not very obviously seen.
Correlations of the Kutta-Joukowski transverse force and the coefficient of the particle concentration gradient force (PCGF)
Correlations of the Kutta-Joukowski transverse force

Based on the analysis above, the Kutta-Joukowski transverse force depends mainly on several parameters including the gas density, the gas kinematic viscosity, the superficial gas velocity, the particle density, the solids flux, the particle diameter, the axial/radial location, the downer diameter and the radial gradient of the local density.

By regressing the available experimental data, the correlation between the transverse force and the related parameters was obtained. Since two distinct radial solids concentration patterns in downer have been reported, they are corresponding to two different expressions of the Kutta-Joukowski transverse force in the radial direction.
(1) For the ˄ shape combining with reverse-core-annulus profile such as Zhang et al.
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(2) For the core-annulus profile such as Wang et al.
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Comparisons between the experimental data and the correlation predictions are given in Figure 12. The maximal error of Eq. (12) and Eq.(13) is approximately 25.9%; it is shown that the accuracy of the computed results is fairly acceptable.

Correlations of the coefficient of the particle concentration gradient force (PCGF)

As discussed above, the Kutta-Joukowski transverse force balances the particle concentration gradient force in quantity. According to Eqs. (5)-(7), the coefficient of the particle concentration gradient force, 
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Thereby the Kutta-Joukowski transverse force can also be calculated if the coefficient as well as the radial distribution of the local solids holdup were known.
The coefficient of the particle concentration gradient force (PCGF) also relates to the gas kinematic viscosity, the superficial gas velocity, the solids flux, the particle diameter, the radial location, the axial height and the downer diameter. Based on the experimental data, the correlation of the coefficient was given as below.


[image: image127.wmf](

)

(

)

(

)

(

)

0.764

-1.216

-2.278

ag

1.770

ap

2

g

/

/

1

279.357

H

h

R

r

Re

Re

RU

K

-

=

         
(14)

A comparison between the predicted values of Eq. (14) and the experimental data is plotted in Figure 13. The maximal error is 27.4%. The proposed correlation can be used for engineering design/operating purpose.

Conclusion

The aerodynamic theory is used to analyze the two-phase flow in downer; and then the Kutta-Joukowski transverse force is introduced to interpret the occurrences of two representative solids holdup radial profiles, i.e. the ˄ shape combining with reverse-core-annulus and the core-annular configurations.

It is demonstrated that the Kutta-Joukowski transverse force, or a combined effect of the gas-solid velocity difference vector with the particle velocity gradient led to these two typical radial solids concentration profiles in downer. 
The Kutta-Joukowski transverse force increases with an increasing in the solids flux. The variation near the wall is more evident than that in the central area. On the other hand, the variation of Kutta-Joukowski transverse force with the gas velocity is not very distinct in the central area while it assumes clearly negative correlation to the gas flow rate in the wall area. 
The particle concentration gradient force (PCGF) was introduced, too. It is the function of the local density and the radial gradient of the local density. 

The correlations for computing the Kutta-Joukowski transverse force and the coefficient of the particle concentration gradient force (PCGF) were given, respectively. The predicted results are acceptable.

However, it is noted that, the solids radial distribution at a height is determined by the Kutta-Joukowski transverse force upstream, but not that at the same elevation. In other words, the time/space lag is inevitable especially in high-density downer (even including the riser). It is necessary to further investigate it in the future research.
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All Captions of the Figures
Figure 1 Transformation from the Kutta-Joukowski lift on the cylinder/aerofoil to the Kutta-Joukowski transverse force on the particles in gas-solids two-phase flow
Figure 2 the measured radial distribution of local solids holdup in downer. (a) Data by Zhang et al; (b) Data by Wang et al
Figure 3 the measured radial distribution of local particle velocity in downer. (a) Data by Zhang et al; (b) Data by Wang et al
Figure 4 Schematic diagram of analysis on a special radial distribution of gas velocity in downer
Figure 5 Using the Kutta-Joukowski transverse force to analyze the radial distribution of solids holdup in downer. (a) condition I, Zhang et al; (b) condition II, low solids circulation rate, Wang et al; (c) condition III, high solids circulation rate, Wang et al
Figure 6 Radial distribution of the Kutta-Joukowski transverse force Vs. that of the solid concentration gradient based on Zhang et al experiment

Figure 7 Radial distribution of the Kutta-Joukowski transverse force Vs. that of the solid concentration gradient based on Wang et al experiment
Figure 8 Influences of solids flux on the Kutta-Joukowski transverse force (Based on Zhang et al experiment)
Figure 9 Influences of solids flux on the Kutta-Joukowski transverse force (Based on Wang et al experiment)
Figure 10 Influences of gas velocity on the Kutta-Joukowski transverse force (Based on Zhang et al experiment)
Figure 11 Influences of gas velocity on the Kutta-Joukowski transverse force (Based on Wang et al experiment)
Figure 12 Comparison of the Kutta-Joukowski transverse force between calculated and experimental data

Figure 13 Comparison of the coefficient of the particle concentration gradient force (PCGF) between calculated and experimental data
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