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Investigation of the resistance of bodies in a fluidized bed is of great practical 
interest. The factors influencing the motion of macroscopic bodies of different shapes in 
gas-fluidizedfree-flowingmaterials are examined in detail in [1-3] and a number of other 
works. Thus the methods and results of an experimental investigation of free fall of bodies 
in a fluidized bed are presented in [I]. The forces acting on a body submerged in a fluidized 
bed are estimated in [2]. In most works, however, the free fall of bodies with different 
shapes was studied, and in view of the limitation of the density of the material of the 
bodies this made it impossible to obtain high relative velocities. In addition, data on the 
resistance of solids under cramped conditions in the piston regime of fluidization of a free- 
flowing material are inadequate. 

In the present paper we present experimentally determined characteristics of a gas-fluid- 
ized bed of sand with average grain size and height to diameter ratio of the bed equal to 4.5. 
We determine the dependence of the resistance of a cylindrical body in a fluidized free-flowing 
material on the i fluidization regime and the conditions of flow around the cylindrical body 
with body-to-channelldiameter ratio equal to 0.15, 0.225, and 0.3. 

The investigation was conducted with the help of the experimental apparatus displayed 
schematically in Fig. i. The apparatus consists of a 0.2 m in diameter and i.i m high 
cylindrical channel 4 and the bottom 1 to which is attached a combined-type gas-dispensing 
apparatus 8 with a useful cross section of 0.61%. A connecting rod with a plate I0 for posi- 
tioning removable weights 9 and a dielectric measuring rod with ferrite markers 6, which 
served simultaneously as a controlling rod, was attached to the experimental body 5. The 
free-flowing material 3 consisted of quartz sand with characteristic grain size of 0.4 mm 
and initial porosity of 0.42. The fluidization regime was formed by the gas-supply system 
2. In order to record the velocity of the body the graduated rod with the ferrite markers 
was passed through a measuring inductance coil 7, which is connected in the electric circuit 
of an ID-2I indicator and an N145 light-beam oscillograph. The average velocity was deter- 
mined from the time interval between passage of the coil through two neighboring markers. 

The variable parameters in the investigation of the resistance force acting on the body 
were as follows: the motive force N, the porosity s of the fluidized bed, and the diameter d 
and the length s of the body. The output parameter was the velocity of the body w. The 
motive force was determined by the removable weights. The ranges of the geometric parameters 
were d = 0.03-0.06 m and s = 0.1-0.2 m. 

In order to determine the resistance force F~ acting on the body in the fluidized bed 
and the resistance coefficient ~ we studied the parameters of only an established regime of 
flow around the body. In practice, the steady-state regime is achieved when the body sinks 
under gravity to 1-2 of its diameter from the free surface of the fluidized bed and remains 
up to a distance of 2-3 diameters from the bottom of the apparatus. The quite long measuring 
section ensured stability of the data obtained. 

The results of the experimental determination of the hydraulic characteristics of a 
0.9 m high fluidized bed of a free-flowing material are presented in Table i. It follows 
from analysis that for beds with H0/D > 1 the structure of the beds changes sharply and 
becomes nonuniform already for small degrees of expansion. In the process there arise pul- 
sations of the pressure and concentration of free-flowing material, and these pulsations 
lead to a change in the vertical force acting on the body. Thus, according to [2], the 
vertical force can be 7-15 times greater than the time-averaged value. 
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TABLE i 

~y, m/sec* 

0,080 

0,i53 
0,239 
0.308 
0,380 

i Degree of 
Visible expansion 
height, m i = H/H0 

0,900 

0,905 
0,980 
1,040 
1,100 

1,000 

1.006 
t ,090 
t,t60 
1,220 

J 

Behavior of the bed 

Appearance of separate eddies 
on the surface of the bed 
Start of boiling 
Bubble-boiling regime 
Appearance of the piston effect 
The final height of the bed is 
difficult to measure~ piston 
effect intensifies 

*The velocity of the fluidizing gas is calculated from 
the data of [7]. 
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Fig. 1 

In practice the determination of the porosity of the fluidized bed is a quite complica- 
ted problem. According to [4-6], the particle concentration in the bed varies exponentially 
along the axis, and it was established that it is nonuniform in the radial direction. For 
degree of expansion of the bed X < 2, however, the porosity of the bed can be assumed to be 
constant over the height and can be determined from the equation [5] 

s = ~-(I- so)/L ( i )  

where I = H/H 0 is the degree of expansion of the fluidized bed. 

The motion of the body in the fluidized bed is associated with breakdown in the struc- 
ture of the bed in the vicinity of the moving body, namely, in the stern region. Here particles 
of the free-flowing material which are not supported by the flow precipitate onto the surface 
of the body. A stagnant zone consisting of particles which are pressed against the body and 
move with the velocity of the body also forms in front of the body, where the compressive 
stresses are highest. 

In the general case the equation of motion of the body in a fluidized bed has the form 

dw 
m d w  __ N + G - -  F ~ - -  F B - - F f r - - ,  dt  
at " ( 2 )  

Here w is the velocity of the body (in m/sec); G is the weight of the experimental body (in 
N); F~ is the resistance force acting on the body (in N); FB = pVg is the buoyancy force 
(in N); V is the volume of the body (in mS); g is the acceleration of gravity (in m/sec2); 
Ffr is the friction force in the mobile sites of the apparatus (in N); and, ~ is the appa- 
rent-mass coefficient. 
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Under conditions of steady motion of the body Eq. (2) assumes the form 

F, = N + G -- F B - Ffr �9 

The density of the fluidized bed is determined from the equation 

p =,o,(I - ~ ) +  p ie ,  

(3) 

where Ps is the density of the crystal lattice of the free-flowing material (in kg/m 3) and 
pf is the density of the fluidizing gas (in kg/mZ). 

Since the degree of expansion of the bed did not exceed 1.22, it was assumed that the 
porosity is constant on the measuring section of the bed, and the numerical value of the 
porosity was determined from Eq. (i). 

The experimentally measured resistance force acting on the body in the fluidized free- 
flowing material versus the velocity of the body is displayed in Fig. 2, where the points 
1-3 correspond to e = 0.47, 0.50, and 0.53 with d = 0.03 m; 4-6 to e = 0.47, 0.50, and 0.53 
with d = 0.045 m; and, 7-9 to E = 0.47, 0.50, and 0.53 with d = 0.06 m. Analysis of the data 
obtained shows that for w < 2 m/see the resistance force is virtually a linear function of 
the velocity. This agrees with the results of [i]. For higher velocities this relation be- 
comes nonlinear. 

Figure 3 displays the experimental data on the resistance force versus the area of the 
maximum midsection of an experimental body moving with fixed velocity. It is evident that 
the resistance force is a nonlinear function of the cross section of the fluidization channel 
covered by the body. As the cross section of the body increases, the resistance force in- 
creases. This indicates that the constriction affects the resistance for d/D = 0.15. 

Figure 4 illustrates the dimensionless resistance force versus the porosity. This 
dependence reflects the degree of expansion or t~e regime of fluidization of the bed of free- 
flowing material. The dimensionless resistance force is lowest for numerical porosity 0.49- 
0.50. This dependence is explained by the manifestation of two opposing factors. Expansion 
of the bed leads to a general reduction of the particle concentration of the free-flowing 
material, improving the conditions of particle flow around the body. As the flow velocity 
of the fluidizing gas increases, however, the structure of the fluidized bed becomes signi- 
ficantly nonuniform, and this leads to a jump-like change in the particle concentration, 
as is characteristic for the piston regime of fluidization. The instantaneous value of the 
resistance force changes in a jumplike manner analogously, and the average value increases 
with the volume-averaged porosity of the bed. 
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Thus it is evident that for fluidization channels with H0/D = 4.5 the dimensionless 
resistance F~/~w2d 2, of the body decreases as the fluidization number increases from 1 to 
2.18, and as the fluidization number increases further, the resistance increases. 

The resistance coefficient is determined from the well-known expression 

where ws is the velocity of the particles of the free-flowing material, as determined from 
[2]; F~ fs found from Eq. (3); and, Sm is the area of the maximum midsection of the experi- 
mental body (in m2). 

It should be noted that in order to determine a relation of the form ~ = ~(Re) it is 
necessary to define the concept of viscosity for a fluidized bed of free-flowing material, 
as it appears in the Reynolds number. At the present time there exist different approaches 
to finding the viscosity. These approaches are examined in detail in [i]. The application of 
different approaches and the conditions under which the investigations were performed gave 
significantly different numerical values of the viscosity. We adopted the approach recommended 
in [i], where the concept of an effective viscosity of a fluidized bed of a free-flowing 
material was employed. 

Figure 5 displays the experimental data on ~ as a function of Re for cylindrical ex- 
perimental bodies. It was established that the length of the body in the range ~ = 0.I-0.2 
m has virtually no effect on the value of ~. This is due to the fact that the lateral fric- 
tion force of the body and the medium makes an insignificant contribution to the resistance 
force; this contribution did not exceed 10% in magnitude. Least-squares analysis of the 
experimental data gave the following relations: 

= 53,5Re -~ (did = 0,15) ; 

= 17,2Re -~176 (d/D = 0,225) ; 

l p =  t6,5Re -~ (d/D = 0,30). 

(4)' 

(6) 

The curves 1-3 in Fig. 5 were constructed according to Eqs. (4)-(6), respectively. We 
conjecture that the difference in the values of the coefficients and exponents is due to the 
influence of the degree of constriction. 

Thus the relations obtained make it possible to determine the resistance force acting 
on a cylindrical body in a fluidized bed of free-flowing material as well as the optimal 
regime of fluidization, in which the resistance is minimized for the range of variable para- 
meters presented in this work. Thus the maximum rms deviation of the dimensionless resistance 
force F~/(pw2d 2) for the experimental bodies was equal to 0.48; similar results were also 
obtained in [i]. 

According to [8], the behavior of a fluidized bed depends mainly on the variation in the 
particle size, the particle density, the height of the layer, the velocity of the gas, and 
the construction of the gas-dispensing apparatus. On this basis it can be concluded that 
extrapolation of the results to apparatus with different scales is approximate, and as the 
scale changes, more accurate data must be obtained using apparatus with closer or equal scale. 

As far as the empirical relation ~ = ~(Re) is concerned, the validity of the results 
depends mainly on how accurately the effective viscosity ~* of the fluidized bed is determined 
for large beds with larger particles in the free-flowing medium. 
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