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INTRODUCTION
The analysis of drying phenomenon in fluidized beds is more complicated than that of heat or mass transfers alone. Different mechanisms control the constant- and falling-rate drying regimes that can be observed successively in the drying operation[1]. It is rather difficult to fluidize fine powders of group C in Geldart classification in conventional fluidized beds since fine powders easily agglomerate. Lee and Kim[2] reported that fine powders can be successfully dried in an inert medium fluidized bed where fine powders are dried in a fluidized bed of coarse particles. The agglomerates of fine powders are disintegrated by collisions to coarse particles so that fine powders are uniformly dispersed in the bed. Thus, fine powders move through the bed while adhering to the coarse particles, dried  and entrained from the bed due to the difference of particle terminal velocities. Chandran et al.[4] proposed a kinetic model for drying of solids in the batch or continuous fluidized beds. The mathematical models to predict the drying performance of conventional fluidized bed dryers have been developed[3], whereas, the models for an inert medium fluidized bed dryer has not been developed yet. Therefore, in the present study, a comprehensive mathematical model is developed to predict the bed temperature, humidity of outlet gas, moisture content of solid particles, heat and mass transfers in an inert medium fluidized bed.

Surface stripping model


Due to attrition and entrainment of dried fine powders by fluidizing gas, coating thickness of fines decreases with drying time. Since the water vapor is depleted from the drying interface, moisture content builds up in the radial direction.  

Using the modified mass transfer coefficients (Kgs), the drying rate (Rd) at the solid surface is 

  

                                                                                      (1)

The drying rate at the drying front (Rd) is 

  

                                                                                    (2)

The drying rate (Rd) can be expressed by using a newly defined the overall mass transfer coefficient (KIS) as



                                                                                        (3)

taking (E = (s,  the overall mass transfer coefficient KIS is

   

           

  
                                            (4)
Similarly for heat transfer, the overall heat transfer coefficient (hIS) is given by 
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The external mass transfer coefficient between gas and solid (Kgs) and hgs are given by respectively Kettening et al. and Kotari.

MATHEMATICAL MODEL
The present model is based on the three-phase (bubble phase, interstitial gas phase and solid phase).  Lee and Kim[2] proposed the drying mechanism of an inert medium fluidized bed according to the following processes: i) adhesion or dispersion of fine to the neighboring coarse particles, ii) evaporating of moisture by heat and iii) disintegration of particles due to attrition and the dried fine powders exhausted with exit gas. The interstitial gas phase remains at minimum fluidization condition, and the excess gas flow above minimum fluidization velocity passes through the bed as bubbles.

(1) Elutriation of dried fine powders

The elutriation rate of fine powders in the beds is given by




                                                                          (6)

The dimensionless radius of fine powder is given by




                                                                (7)

with the dimensionless initial condition of  r* = 1 at 


(2) Solid phase

The transient mass balance of  water in solids is given by




                                                                                    (8)

Therefore, the dimensionless concentration of water in solids 

with the dimensionless initial condition of 

   is given by




                                                                                    (9)

The corresponding sensible energy balance is given by

   

        (10)

Therefore, the dimensionless equation of particle temperature is

   

       (11)

with the dimensionless initial condition of 


The total enthalpy is given by

   

                                                                             (12)

Consequently, the total enthalpy would remain constant while a particle is dried without any energy interactions with its surroundings.

(3) Bubble phase

The humidity balance of bubble gas is given by
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Therefore, the dimensionless humidity of bubble gas is

   

                                    (14)

The order of magnitude of (1 is 10-3 while the others such as N1 to N8  are at least one.  Therefore the mass balance for the bubble phases can be taken at pseudo-steady state. The dimensionless humidity balance is given by

  

                                (15)

with the dimensionless boundary condition of height, 

.

The dimensionless humidity concentration of bubble gas (CD*) is given by

  

                                                   (16)

Similarly, the dimensionless temperature of bubble gas (TD*) is given by

  

                                                      (17)

(4) Interstitial gas phase 

The mass balance of water vapor is given by     

   

(18) 

with the initial condition of  

 at t = 0.

The dimensionless equation of water vapor is given by

  

     (19)

with the dimensionless initial condition of 

 at t* = 0. The order of 
(2 is larger than (1 since Ub is larger than Umf. 

The sensible energy balance of interstitial gas with the initial condition of  

 at t = 0 is given by



   (20)

The dimensionless equation of interstitial gas temperature is given by

  

   (21)

with the dimensionless initial condition of  

 at t* = 0. 

In the present study, we can approximate the drying rate by evaporation from the surface at a constant rate in a horizontal segment and a falling rate in the internal diffusion limitation.  A critical moisture content appears at xc= 0.22 kg-H2O/kg-dry solid.  Then, the drying rate is given by the following expression
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where
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Fig. 1. Variations of bed temperature (A), outlet gas humidity (B), and free moisture content (C) with drying time in the fluidized bed. 

(Ug = 0.54 m/s; Tin=60oC).
MODEL TEST
The overall heat and mass transfer coefficients between interstitial gas and solids can be determined from the "surface stripping model" based on the data of starch drying in an inert medium fluidized bed at different air velocities and temperature levels[2].

The surface stripping model based on the drying mechanism in an inert medium fluidized bed considers the moisture content profile in the radial direction since the water vapor is depleted from the drying surface. The Biot number (BiM) is used as a parameter to determine the mass transfer coefficient between interparticle and external gas film. The variations of bed temperature, humidity of outlet gas and free moisture content of solids as function of drying time are shown in Fig. 1. The predicted and measured bed temperatures at the gas velocity of 0.54 m/s and an inlet gas temperature of 60(C in the inert medium fluidized bed of 0.4 mm glass beads are shown in Fig. 1(A).   As can be seen, the bed temperature initially decreases by evaporation but, it increases later due to microdiffusion of moisture into the pores of powder during the falling rate period with time.  The predicted bed temperature agrees well with the experimental value at BiM = 1.0 which may indicate the internal resistance of mass transfer at the particle is identical to the external resistance. 
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