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HEAT TRANSFER IN A DENSE MOVING LAYER IN A CYLINDRICAL CHANNEL 

V. A. Kalender'yan UDC 536.241:541.182.3 

Analytical results are presented on the heat transfer to the layer with 
rod-type direct motion of the components in a cylindrical pipe; the so- 
lutions are analyzed and a comparison is made with experiment. 

Our knowledge of heat transfer in moving layers with fluid through flow is in- 
adequate, particularly for the conditions occurring in chemical reactors and other 
plants. A mathematical description has been given [i], together with the general 
dimensionless heat-transfer equation and certain approximate relationships. The 
latter were derived by considering the layer as a pseudocontinuous medium with the 
components equal in temperature. However, in the general case the temperatures of 
the gas and solid components are not the same [1-3]. 

Here we calculate the temperature distribution and heat transfer for a dense 
layer of ~this type moving in a cylindrical pipe, with the layer considered as a dis- 
crete two-component system, with each of the components acting as a pseudocontinuous 
medium. The heat transport in each component is represented by the corresponding 
effective thermal conductivities (~ ~) which incorporate the actual flow struc- g, 
ture. A working cell contains a number of particles sufficient for these effective 
properties to be applicable. The effective thermal conductivity of the solid com- 
ponent incorporates the heat transport by conduction in the particles, as well as by 
contact between the particles and conduction through the immobile gas near the con- 
tacts, in addition to radiative transfer between the surfaces of adjacent particles. 

Odessa Refrigeration Engineering Institute. Translated from Inzhenerno-Fizi- 
cheskii Zhurnal, Vol. 29, No. 4, pp. 647-652, October, 1975. Original article sub- 
mitted May 29, 1974. 

~_his material is protected by  copyright registered in tlle name o f  Plenum Publishing Corporation 227 West 17th Street, New  York, N.Y.  10011. No part [ 
o f  this publication may be 'reproduced stored in a retrieval system or transmitted in any form' or by any means electronic mechanical, photocopying, 

~__cl'ofilming . . . . . .  ding or otherwi . . . . .  i'thout written p . . . .  ission o f  the publisher. A copy  o f  this article is available •om the publisher for  $ 7, 50. I 
1260 



The effective thermal conductivity of the gas component incorporates the conductive 
transport, and also radiation and force convection arising from the turbulent mixing. 
The transport through the solid component occurs in parallel with that through the 
gas one, while there is convective heat transfer between the two components, which 
is represented by the intercomponent heat-transfer coefficient ~i. The heat-trans- 
fer rate for the flow as a whole against the wall is represented by an overall heat- 
transfer coefficient, without separate discussion of the core of the flow and the 
wall region. This approach provides a system of equations that includes the equa- 
tions of motion, continuity, and energy for the components, as well as the heat- 
transfer equation for the boundary. The system is too complex to be solved ana- 
lytically,but the problem can be greatly simplified if it is assumed that the com- 
ponents move in a rod-type fashion, the basis for which has been discussed pre- 
viously [I]. In that case, the equations of motion and continuity are eliminated, 
and the mathematical description involves only the equations for the energies of 
the components and the heat transfer at the boundary: 

OgCpgVg ~ (1 ~) ~ X g '  O~a9 , 1 OzO'g_h 
Ox ' r Or  Ox 2 ) Og)_____q~,g, (1) 

,o c, so  1 ao, 1 = . . . .  i- " - - a a i ( ~ s - - 9 ~ + q v g ,  ( 2 )  
" 8x  s Or'~ r Or 8x  2 , 

(3) 

The solution is considered subject to boundary conditions of the first kind 
and the following assumptions: 

I) the components move in direct-flow fashion; 
2) the physical characteristics of the component are constant; 
3) the heat transport by thermal conduction along the flow direction has been 

neglected by comparison with the convective transport, i.e., 

g ~ < %CpgVg o (1 - -  [3) Ox Ox 2- Ox 

(it is found [4] that the longitudinal thermal conduction in an immobile layer has 
virtually no effect for Re e > 50); 

4) there are no internal heat sources or sinks in the flow; 
5) the component temperatures are uniformly distributed in the inlet section; 
6) the solid component moves as a close-packed layer, but the motion is un- 

hindered (it is found [I] that these assumptions apply for Fr = v 2 /gD < (0.15 - 
s0 

0.5) and D/d > 30); 
7) the relative flow does not affect the mode of motion or the layer packing 

density; and 
8) the packing density does not vary over the cross section. 

The boundary conditions take the form 

x ~ 0 : t const, 
W 

x> /O,  O . ~ r ~ r o : v  s = v s o  - -  const; Vg= Vgo= const, 

x = O, 0 ~ r ~<. r o : ~s = 9S0 = consI; ~g = Ogo= const, 

x > O ,  r ro:O s = % = 0 ,  

O~ s O~g = r = O :  _ O. 
& Or 

(4a) 

(4b) 

(4c) 

(4d) 

(4e) 

Hankel integral transformation with respect to r and Laplace transformation 
with respect to x have been used in solving (i) and (2) with the boundary conditions 
of (4a)-(4d), which reduce the system of (i) and (2) to a system of algebraic equa- 
tions; the following expressions are obtained for the temperatures of the components: 
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Og= 2 2 
~=i P,,J1 (Pm)(Pl - -  P.-) 

Jo ( ~-t,~ - -  [(P~ -+- Mn) exp (&x) - -  (p., + M,~) exp (&x)l, 
\ FO , 

2B2 
Os = %' .  

.= ,  ~,~J~ (~.) (A - -  &) Pz + Dn 
exp (&x) P-2 + M~ exp (&x) ] 

P2 ,a_ D,~ .t 
q 

(5) 

(6) 

Here 

ro J-1flgn .] ~ " . 

g 
D n ,k; -+ Bo; N,~ = (A~k~ -:- B 0 (A2k; =- B2) B~B2" 

- -E~- i - I /Y:- -4N,~ . - - E , - - ] / E ~ - - 4 N S .  
P~ = - - ,  P2 = , 

2 2 

A, = ~ & -  ~? �9 
pgCpfJgo(1 - -  1$) ' pscsoVgo[3 ' 

B~ = czia % a 
PsCpgVso( 1 ~) ; B~ = - -  " P s Cs Vso,~  

(7 )  

The summation in (5) and (6) is over all positive roots of the characteristic equa- 
tion J0(~n) = 0. 

The following expressions define the component temperatures as averaged over 
the cross section: 

4 1 Og= --~" [(p~ ._ M,Oexp(plx)_(p.,  " =; M,Oexp(p~x)) ' (8 )  
~=1 P; P l - -  P.,_ 

7 ~ - , W -  exp(p~x) exp(&x) . (9 )  
, P2 @ D~ 

Equation (3) with (5)-(9) gives the following expression for the local heat- 
transfer coefficient: 

oo 

a = -- 2 Pl -- Pe [(Pl -r- M,~) exp (plx) - -  (& -I- M~) exp (p~x)] 

_, ~,~ ~v B 2~- [ P l + M ~  &v-M,~' ]} 
Px ~ & Pt 6- D,~ exp (p~x) & T D~ exp (&x) x 

• [ K- a ~ Wg . [(Pl -- M,) exp (plx) - -  (P2 + M,~) exp (p-,x)l -'~- 

-'.- '~li)~ 2 - -  [*,,(Pl - -  &) P~ ; - ~  exp (plx) - -  P, @ n,~ (lO) 

This is referred to the temperature difference between the wall and the mean inte- 
gral flow temperature at a given section: 

w~B+ ws~s 
(ll) 

~d mg@ m s 

It is clear from (5), (6), and (I0) that the component temperatures and heat-transfer 
rate are dependent on the speeds and physical characteristics of the component, as 
well as on the intercomponent heat-transfer coefficient, the geometrical character- 
istics of the pipe, and so on. 
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Fig. i. Variations along the channel in component temperatures aver- 
aged over the cross section: I) Vg 0 ~ I m/see; Vs0 = 0.01 m/see; 
2) Vg 0 = i m/sec; Vs0 = 0.001 m/sec; ) Vg 0 = 0.I m/see; Vs0 = 0.001 
m/see, x, m. 

Fig. 2. Variation in heat-transfer rate along channel: 1-3) bed 
blown (symbols as in Fig. i); 4) very low speed (Vg 0 = Vs0 = 0.001 m/sec). 

Fig. 3. Acceleration of heat transfer by blowing in relation to rel- 
ative speed of components (the points are from experiment [i] for 
hindered motion in annular channels). 

These equations have been used in calculations for an air-ceramic system with 
the packing moving at speeds between 0.001 and 0.05 m/sec, air speeds from 0.i to 
3 m/see, pipe diameters from 0.i to 0.2 m, and particle diameters from 0.003 to 0.01 
m. The effective thermal conductivities of the solid and gaseous components were 
calculated from the formulas of [5], which agree satisfactorily with experiment [6, 
7], as does the linear dependence of the effective thermal conductivity of the layer 
on the Reynolds number. The intercomponent heat-transfer coefficient was calculated 
from Timofeev's formulas, which apply for a moving layer with a uniform distribution 
of the components. 

We see from (5), (6), (8), and (9) that the variation in component temperature 
along the pipe is determined by the first term exp(plx) in the brackets, since the 
value of the second term exp(p2x) is negligibly small. Figure I shows the tempera- 
tures averaged over the cross section as functions of position along the pipe; there 
is only a slight difference in temperature between the components. Even if the tem- 
peratures at the inlet are identical, they become very similar in the initial sec- 
tion (x ~ 0.I m) on account of the intercomponent heat transfer. Under these condi- 
tions, the temperature distribution is determined by that of the solid material, 
whose water equivalent is higher than that of the gas. Figure 2 shows the local 
heat-transfer coefficient as a function of position for various gas and solid speeds. 
The thermal stabilization in the initial section causes the heat-transfer coefficient 
to fall, the value approaching a constant value asymptotically. The heat-transfer 
rate increases with the speed of either of the components, which agrees with the 
conclusions of [I]. The length of the stabilization section then increases also. 
Figure 2 shows also data for a close-packed layer without a difference in flow speed, 
i.e., the linear speeds of the components are identical, while convective heat trans- 
port in the gas component is virtually absent. For identical speeds in the solid, 
the heat transfer is higher when the gas filters through. The extent of the accel- 
eration in the heat transfer due to this through flow increases with the relative 
speed of the gas. Figure 3 compares the calculated acceleration factor with the ob- 
served values [I]. The qualitative agreement is satisfactory, while the quantita- 
tive discrepancies may occur because the experiments were made under conditions dif- 
ferent from those assumed in the calculation, particularly with hindered flow of the 
layer in an annular channel in a countercurrent system. 

If one uses modified similarity criteria, which incorporate the characteristics 
of both components [I], the results from (I0) may be approximated almost exactly by 
the Graetz-Nusselt solution for heat transfer from a homogeneous medium in rod flow, 
which indicates that the thermal resistance due to the intercomponent heat transfer 
is negligible in this range of the parameters and has no effect on the heat transfer 
by the moving mixed layer. 
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Although various assumptions are involved in deriving this solution, it does 
provide a quantitative evaluation of the heat-transfer rate for such a layer, as 
well as the effects of the individual parameters. Subsequently, it will be neces- 
sary to consider the process for other boundary conditions, and also to incorporate 
the actual setting, in particular, the lower effective layer density at the wall 
and the nonuniformcomponent velocity distributions. 

NOTATION 

a, surface area of particles in unit volume; c, specific heat; d, particle 
size; r, current radius; r0, channel radius; v, velocity; w, water equivalent; B, 
volume concentration of solid component; l~, effective thermal conductivity in bed; 

~n, root of characteristic equation; 0= t - t w, local excess temperature; e = 
0/~0, local dimensionless excess temperature. Indices: g, gas component; f, flow; 
w, ~all; s, solid component; 0, inlet section (x = 0); mb, moving blown; mu, moving 
unblown. 

LITERATURE CITED 

i. V. A. Kalender'yan and V. V. Kornaraki, Methods of Increasing Heat Transfer in 
a Dense Moving Layer [in Russian], Vishcha Shkola, Kiev (1973). 

2. G. S. Beveridge and D. P. Haughey, Int. J. Heat Mass Transfer, 15, No. 5 (1972). 
3. J. Radestock and R. Jeschar, Chem. Ing. Tech., 24, No. 12 (1972~-~. 
4. M. ~. A4rov and O. M. Todes, Hydraulic and Therm-al Principles of Equipments with 

Stationary and Fluidized Granular Beds [in Russian], Khimiya, Leningrad (1968). 
5. D. Kunii and J. M. A. I. Smith, Chem. Eng. J., 6, No. i (1960). 
6. W. E. Olbrich and O. E. Potter, Chem. Eng. Sci.~ 27, No. 9 (1972). 
7. A. S. Pushnov, I. I. Gel'perin, and A. M. Kagan, T-rudy NIPI Azot. Prom. i Prod. 

Org. Sint., 14, 139 (1972). 

PARTICLE MIXING IN A FLUIDIZED BED CONTAINING BAFFLES 

N. V. Kuzichkin, I. P. Mukhlenov, A. T. Bartov, 
and A. N. Prokopenko 

UDC 536.244: 
532.546 

Results are given on the mixing of the solid phase in a fluidized bed con- 
taining baffles; it is shown that a diffusion model can be used to advan- 
tage in analyzing longitudinal particle transport. 

Mixing in the solid phase in a fluidized bed is a major aspect of fluidization 
theory, since it provides information on the heat-transfer mechanism and data on 
the interaction between the gas and solid. Information has been published [I, 2] on 
the particle mixing in a fluidized bed containing baffles (a structured bed), but 
the data relate in the main to small laboratory columns and are unrelated to the bed 
structure. The longitudinal-mixing coefficient correlated with the hydrodynamic 
factors serving as the basic definitive parameter contains the fluidization num- 
ber, which unfortunately does not adequately characterize the hydrodynamic setting 
in a fluidized bed [3, II]. Here we present results on the solid mixing in larger 
models of diameters 0.15 and 0.55 m. 

The baffles were, as in [I0], bent pieces of mesh forming blocks. The specific 
volume of the baffles was about 2% of the total fluidized-bed volume. The cell size 
in the mesh was 5 x 5 mm and the wire diameter I mm. 

Qualitative experiments were made with a planar model with the packing described 
in [4] to establish the general mode of particle mixing in such beds; stained parti- 
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