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The authors present results of a theoretical and experimental investigation 
of heat transfer between a fluid of a fluidized bed and the solid surface 
under conditions where air is bubbling through the bed. 

For a number of chemical technology processes, such as solution, extraction, etc. It 
is efficient to use a fluidized bed. In a case where one has exhausted the possibilities 
of heterogeneous heat-transfer processes in a two-phase system it is expedient to apply 
additional perturbations to the system to intensify the heat and mass transfer processes. 
These perturbations can be obtained by bubbling gas through the fluid of the bed. 

Such three-phase fluidization is also usedin a number of heat-transfer facilities 
with two-phase heat-transfer agents - vapor and liquid-gas, which allowsnot only intensi- 
fication of heat transfer, but also the added technological effect of self cleaning of the 
surfaces due to the action of the fluidized particles. 

The laws of three-phase fluidization have not been studied sufficiently as yet, and the 
available sparse experimental data are contradictory. Since the presence of the gas phase 
appreciably complicates the behavior of the system, only semiempirical methods are appli- 
cable for a quantitative description of the transfer processes under these conditions. 

At a low volumetric gas content one can have a stable bubble regime of fluidization 
in which the bubbles are almost uniformly distributed over the bed volume and behave prac- 
tically independently. For this situation one can make some theoretical estimates of the 
influence of the gas phase motion on the intensity of heat transfer between the bed and 
the surface due to the special features of the behavior of an individual bubble. 

The continuous oscillations of the volume and shape of a rising bubble leads to the 
generation of wave motions of the surrounding medium [I]. The ensemble of rising gas bub- 
bles leads to a random superposition of these wave motions, thereby causing added convec- 
tive dispersion in the bed. This intensifies the transfer processes of the passive mixture, 
which is dictated by temperature in the case of heat transfer. The appropriate phenomeno- 
logical coefficient is analogous to the turbulent diffusion coefficient (or the thermal dif- 
fusivity). 

The self oscillations of the bubbles are described by a set of spherical harmonics 
with frequency spectrum~K, defined by the Rayleigh formula [2]: 

o~=K(K+ 1)(K-- I)(K -}- 2) ~R-3 , ( i )  
(K + 1) ~ -{- Kpt 

where the second harmonic (K = 2) makes an appreciable contribution to deformation of the 
bubble. 

The velocity fluctuations of the liquid caused by the bubbles are on the order 

V ' ~  o3P (2) 

or, taking account of Eq. (I) and with K = 2, 

V'~( 24~ )~/2R_1/2 (3) 
3pg+ 2p:~ , 
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As is true of pure turbulence, the random velocity fluctuations V' make an added contribu- 
tion to the transfer of the mixture, which, in analogy with turbulent diffusion [3], can be 
described by a diffusion coefficient 

D* = L (R) V', (4)  

where L(R) is the characteristic scale length of the perturbations caused by a bubble of 
radius R. To a first approximation one can assume that L = kiR , and it follows, therefore, 
from Eqs. (3) and (4) that 

k, ( 74~ )'/2 R,/2" (5) D* 
~3pg ~ 2p./ 

The first such analysis of the influence of bubble fluctuations on convective diffu- 
sion in the gas fluidized bed was made in [4]. The estimates made there showed that D* ~ 
R 3/u. Such a substantial difference from Eq. (5) is explained by the action of quite dif- 
ferent causes, generating oscillations of bubbles in the liquid and gas of fluidized beds. 
In the first case capillary forces play an appreciable role, and in the second case it is 
fluctuations of the dynamic head of the gas stream washing the bubble. Expressing the bub- 
ble radius in Eq. (5) as 

: 3 ~/3 p )~/3, (6) 

where ~ is the volume gas content 

_ Vg = 4/3nR3n , ( 7 )  

Vg .4,- V! 1 + 4/3nRSn 

and i n t r o d u c i n g  the  c o e f f i c i e n t  of  p r o p o r t i o n a l i t y  k2,  we o b t a i n  

In the heat-transfer case the quantity D* is analogous to the turbulent diffusivity. 
Therefore, following [5], we can write the effective thermal conductivity of the liquid of 
the fluidized bed in the form 

%el-- cDef = c (D + D*) = L + cD*. ( 9 )  

The the rmal  c o n d u c t i v i t y  ~ = cD of  t he  l i q u i d  can be computed us ing  e m p i r i c a l  c o r r e l a t i o n s  
[6] as a f u n c t i o n  of  t h e  Archimedes and Reynolds numbers. 

To de te rmine  the  h e a t - t r a n s f e r  c o e f f i c i e n t  in a t h r e e - p h a s e  bed one can use  t h e  r e s u l t s  
of [7] : 

[ /2  ~ef (i0) 
~z,~ 9 x 

This expression is analogous in structure to the well-known relations following from the 
packet heat-transfer model in the fluidized bed [8, 9]. However, Eq. (i0) contains not 
the surface contact time of the packet of particles, but the characteristic damping time x 
of correlations of the heat-transfer coefficient fluctuations, which, as has been shown 
theoretically and experimentally in [7], can be described by the correlation function 

(t) = < 8~ (0) 8~ (t) > = exp (-- itl/2~) cos ~t. (11) 

Here ~a is the deviation of the heat-transfer coefficient from the mean value a defined by 
Eq. (i0), and the <> denotes the operation of statistical averaging. 

Using in Eq. (i0) the effective thermal conductivity of the bed, Eq. (9), which ac- 
counts for convective dispersion of the heat initiated by the moving bubbles, we obtain 

r  ~ ( ~ )~/t2 (12) 
-C -~-- K ~--0 ' 
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Fig. i Fig. 2 

Fig. i. Schematic diagram of the experimental facility: 
i) autotransformer; 2) type K-50 measuring unit; 3) thermom- 
eter; 4) type F-30 measuring unit; 5) electrical calorimeter; 
6) compressor; 7) differential manometer; 8) working chan- 
nel; 9) mixer; i0) cooler; ii) pump; 12) tank. 

Fig. 2. Correlation of the test data on stabilized heat trans- 
fer: water-air-glass: i) d = 3.61 mm; 2) 2.72; 3) 2.36; 
water-air-Alundum: 4) 2.97; 5) 2.33; 20% solution of glycer- 
ine-air-glass: 6) 3.61; 7) 2.72; 20% solution of glycerine- 
air-Alundum: 8) 2.97; 35% solution of glycerine-air-glass: 
9) 4.10; i0) 3.61; the line is Eq. (14). 

( 3 hI/3 ~i/2 K " klk2 ( 24c1 D-k 
3pg + 2Ot } 

E q u a t i o n  (12)  i n d i c a t e s  t h a t  f o r  i n t e n s e  mo t ion  o f  b u b b l e s  t h e  t h e r m a l  c o n d u c t i v i t y  o f  t h e  
bed i t s e l f  i s  l e s s  than  t h e  a d d i t i o n  d u e  t o  c o n v e c t i v e  d i s p e r s i o n ,  i . e . ,  D*/D > 1. 

Thus,  f o r  a n a l y s i s  o f  t h e  p r o c e s s  o f  h e a t  t r a n s f e r  be tween  t h e  s o l i d  s u r f a c e  and t h e  
t h r e e - p h a s e  f l u i d i z e d  bed u s i n g  Eq. (12)  we need  i n f o r m a t i o n  bo th  on t h e  t r a n s f e r  c o e f f i -  
c i e n t s  (~,  D),  and on t h e  n a t u r e  o f  t h e  damping o f  c o r r e l a t i o n s  o f  f l u c t u a t i o n s  ~ ( t ) ,  Ob- 
t a i n e d  under the same conditions. At present there are no such data. Nevertheless, the 
model ideas developed have a known practical interest, since Eq. (12) determines explicitly 
the influence of the volume gas content ~ on the heat transfer. The nature of this depen- 
dence can be checked experimentally, if the data on heat transfer in the bed is represented 
in the traditional form 

N u = A R e ~ p ; .  ( [3 )'/'2 ARemprn~o,osa" 
i (13) 

The experiments were conducted in a facility (Fig. i) which includes the following 
basic elements: the circuit of the fluidizing medium (liquid phase), the gas circuit, the 
supply circuit for the electrical calorimeter, and the low-voltage thermometer circuit. 
The working section of the facility is a vertical annular channel, the external cylinder 
of which is made of lucite to allow visual observation of the behavior of the system, and 
the internal coaxial electrical calorimeter is mounted on a distribution grid. 

To determine the coefficients of heat transfer to the three-phase bed we used the 
method of a steady heat flux generated by the heater of the electrical calorimeter. The 
wall temperatures as a function of height were measured with the aid of copper-constantan 
thermocouples, and that of the gas-liquid mixture was measured by mercury thermometers. 
At the working section inlet the mixture temperature was held constant by varying the flow 
rate of cooling water in the cooler. In the tests we used narrow fractions of Alundum and 
glass particles (d = 0.91-4.10 mm), water and aqueous solutions of glycerine (20% and 35% 
by weight), and also air. 
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The liquid and gas velocities, reckoned to the total cross section of the equipment, 
were varied in the range 0.07-0.25 m/sec, with which we could identify the range of exis- 
tence of the bubble regime of fluidization of the three-phase bed for the above-mentioned 
test conditions. 

The experiments established that the heat-transfer coefficients stabilize with height 
of the heat-transfer surface, which can probably be explained by dynamic equilibrium between 
the perturbing motion of the solid particles and the gas bubbles in the wall zone, promoting 
removal of heat from the wall, and heat generation of the surface of the electrical calorime- 
ter. By correlating the test data on stabilized heat transfer we obtain the relation 

N L ~ f  . . . .  0 7 8 8 ~  0 6 2 5 ~ 0 0 9 7  
: =  u.uo ~%~ e r  " P ' , ( 1 4 )  

which is valid in the following range of variation of the governing similarity numbers: 
Reef = 200-6200; Pr = 5.4-19.9; 8 = 0.05-0.35. The test data are approximated by Eq. (14) 
with an rms error of 9.6% (Fig. 2). As governing parameters we used the equivalent diameter 
of the channel, and the actual liquid velocity and temperature. 

Comparison of Eqs. (13) and (14) shows that the theoretical and experimental results 
agree, if we allow for the approximate nature of the estimates of = and the accuracy of the 
empirical formulas (14). From this we can hope that the developed model ideas on the influ- 
ence on the heat transfer of convective dispersion initiated by the gas bubble fluctuations 
are basically adequate to describe the processes occurring in the three-phase fluidized bed. 

NOTATION 

w, frequency; K, harmonic number; o, surface tension; R, bubble radius; p, density; 
V', velocity of propagation of perturbations in the liquid; D, coefficient of turbulent 
diffusion; L, scale length of perturbations; k, K, A, coefficients of proportionality; n, 
concentration of gas bubbles per unit volume; 8, volume gas content; V, volume flow rate; 
c, volume heat capacity; I, thermal conductivity; =, heat-transfer coefficient; ~, time; 
~(t), correlation function; d, particle diameter; Nu, Nusselt number; Re, Reynolds number; 
Pr, Prandtl number. Subscripts: g, gas; s liquid; el, effective; *, fluctuating quan- 
tity. 

LITERATURE CITED 

i. I.G. Malenkov, Zh. Prikl. Mekh. Tekh. Fiz., No. 2, 130-134 (1968). 
2. H. Lamb, Hydrodynamics, Prentice-Hall (1945). 
3. J.O. Hinze, Turbulence, McGraw-Hill (1960). 
4. V.A. Borodulya, Yu. A. Buevich, and V. I. Dikalenko, Inzh.-Fiz. Zh., 41, No. 4, 678- 

689 (1981). 
5. Yu. A. Buevich and E. B. Perminov, Inzh.-Fiz. Zh., 40, No. 2, 254-263 (1981). 
6. A.I. Karpenko, "Investigation of some heat-transfer processes in a liquid fluidized 

bed," Candidate's Dissertation, Technical Sciences, Sverdlovsk (1974). 
7. G.P. Yasnikov and F. A. Kuminov, Inzh.-Fiz. Zh., 47, No. i, 116-124 (1984). 
8. A.P. Baskakov, High-Speed Nonoxidizing Heating and Thermal Processing in a Fluidized 

Bed [in Russian], Moscow (1968). 
9. H.S. Mickley and D. F. Fairbanks, AIChE J., i, 374-386 (1955). 

1262 


