
ANALYSIS OF THE HORIZONTAL EFFECTIVE THERMAL 

CONDUCTIVITY OF A FLUIDIZED ALUMINA BED UNDER 

STEADY-STATE CONDITIONS 

L. E. Krigman and A. P. Baskakov UDC 536.2:541.182 

A critical relation is derived for calculating the thermal conductivity of a fluidized 

alumina bed. Based on the solution to the equation, formulas are then derived for eval- 

uting the nonuniformity factor of the temperature field in a fluidization chamber which is 

heated around its walls. 

When heat is supplied from the sidewalls of a fluidizing chamber which are spaced far from the center, 

a nonuniform transverse temperature field will be established in that chamber. The degree of nonuni- 

fortuity, an evaluation of which is necessary for the design of industrial apparatus, depends on the chamber 

dimensions as well as on the effective thermal conductivity of the fluidized bed. The data published so far 

on the horizontal effective thermal conductivity of fluidized beds are of no use in evaluating the nonuni- 

formity of the temperature field in a large chamber, since studies, although most thorough, have been 

made on scaled-down models. At the same time, it is well known that the heat-transfer coefficients in- 
crease drastically as the chamber dimensions become larger (see [I, 2]). For this reason, considering 

that practical problems must be solved which arise in the design of a large furnace with a boiling bed, 
the authors have studied the horizontal effective thermal conductivity of a scaled-up fluidized alumina bed. 

The study was conducted under steady-state conditions. This made it possible to avoid a number of 

shortcomings [2] inherent in the heat-pulse method [3, 4, 5]. 

For the experiment we used a slitted chamber I000 • 70 mm and 1500 mm high, lined with fire- 

clay brick 230 mm thick (113 mm at the top). Ambient air was supplied from underneath through a i% ac- 

tive area in the solidly sintered grate (Fig. i). The heat source was a 2.4 kW electric heater immersed in 

the bed near the endwall. Six Chromel-Alumel control thermocouples and six Chromel-Copel measuring 

thermocouples were installed in the chamber with their hot junctions 80 mm above the grate. 

The horizontal distance between the measuring thermocouples was 130 mm. Their cold junctions 

were connected through a switch to a KP-59 potentiometer. The air rate was checked by means of a flow- 

meter diaphragm and a cup-shaped model MMN micromanometer. The material used in the test was de- 

aerated alumina having a density of 3.65 g/cm 3 and the grain-size distribution (determined by a micro- 

scopic analysis with an MIM-7 instrument) shown in Table I. 

The p o r o s i t y  of the  so l id  (un rammed)  bed was  t 0 ~ 0.7. 

The use  of a s l i t t e d  c h a m b e r  in  the e x p e r i m e n t s  m a d e  i t  p o s s i b l e ,  a c c o r d i n g  to L e h m a n ' s  a n a l y s i s  in  
[6], to ob ta in  the  v a l u e s  of the h e a t - t r a n s f e r  c o e f f i c i e n t s  c l o s e  to t he i r  m a x i m u m  for  a g iven  bed height ,  a s  
long a s  the bed he igh t  was  s m a l l e r  than  the length  of the c h a m b e r  and the s l i t  was  not  w i d e r  than  100 mm.  
In this way, the nonuniformity of the temperature field in an industrial furnace could be evaluated quanti- 
tatively from the test results obtained with a long, siitted chamber. 

The tests were performed with interstitial velocities ranging from 0.14 to 0.38 m/sec. The velocity 

at which fluidization began was determined experimentally and found to be 0.06 m/see at an air tempera- 

ture of II~ The mean temperature of the bed varied between 40 and 190~ depending on the air velocity 
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Fig. 1. Tempera ture  distribution along the test segment in five test runs. 1) 
H 0 = 0.36 m; w = 0.303 m / s e c ;  (0 - t)mean = 44~ aeff = 31.8 cm2/sec ;  2) r e -  
spectively, 0.18; 0.295; 89; 23,8; 3) 0.14; 0.287; 101; 14.1; 4) 0.11; 0.200; 137; 
6.06; 5) 0.07; 0.285; 100; 7.33; a) thermocouples;  b) heater.  

Fig. 2. Hea t - t rans fe r  coefficients (cm2/sec) as a function of interst i t ial  
velocity w (m/sec) :  1-3) aef f (d 4 = 90 p); 4-5) Deff (da = 350 p) sand [7]; 
1) H 0 = 0.37 m; 2) 0.15 m; 3) 0.07-0.1 m; 4) 0.12; 5) 0.06 m. 

and temperature ,  also on the height of the bed. When calculated by the formula w 0 = w0i(Pi/p) [7], the 
velocity at which fluidization begins would va ry  between 0.055 and 0.042 m / s e c  and the fluidization number 
between 2.78 and 8.0. The height of the solid bed varied f rom 0.06 to 0.37 m. 

As the e lectr ic  heater  was energized and air  was supplied f rom underneath the grate,  a definite t em-  
perature  profile became established in the chamber.  At the beginning of the test  the temperature  was 
checked with the control thermocouples once every  hour, later with the measuring thermocoupies every  
half hour. A steady state was assumed to have been reached when the tempera ture  at all six points r e -  
mained the same throughout the last three or four measurements .  This corresponded to a balance be-  
tween the quantity of heat supplied to the bed and the quantity of heat imparted to the air  as it is warmed 
and t ransmit ted through the chamber walls. Owing to the considerable length of the slitted chamber and to 
the ample power of the heat source,  the tempera ture  gradients along the chamber  were high (tens of de-  
grees).  As a result ,  possible e r r o r s  in the determination of tempera ture  values averaged in time at an 
individual point should have had no significant effect on the accuracy  of determining heft. 

Several curves represent ing the tempera ture  distribution along the chamber a re  shown in Fig. 1. 

The calculat ion of aef f is based on the F o u r i e r - K i r c h h o f f  differential equation analogous to 
the equation which descr ibes  the s teady-s ta te  cooling of a beam. It is assumed that the gas a r r ives  
under  the grate at a constant tempera ture  t equal to the ambient a i r  t empera ture ,  that the gas is 
uniformly distributed ac ros s  the chamber section, and that the tempera ture  of the bed var ies  only be-  
tween one sect ion perpendicular to the direct ion of heat flow and another [8], while remaining constant 
a c ro s s  every  section: 

d 2 (0--t)  _ wqG(0--t) .~ 2k(0--t)  , (1) 

dx ~ HZeff bLeff 
where 

1 k = (2) 
llaxq-61~-blla~ 

1028 



T A B L E  1 

Size of 140--160 120--140 100--I20 80--100 60--80 40--60 20--40 10--20 I 10 particles I 

fraction, % 0,13 t 2,2 13,2 37,0 37,2 9,1 0,7 0,4 I 

S ince  oq i s  of the o r d e r  of h u n d r e d s  of W / m  2- deg [9], whi le  o~ 2 i s  much  s m a l l e r  (a2 ~ 10 W / m  2 . deg  
i s  a s s u m e d  in  the c a l c u l a t i o n s ) ,  the f i r s t  t e r m  in the  d e n o m i n a t o r  of (2) m a y  be d i s r e g a r d e d .  

Solv ing  Eq. (1) wi th  the b o u n d a r y  cond i t i ons  

x - - O ;  0 = 0 1 ;  

x = l; (dO) = 0  

( i .e . ,  a s s u m i n g  that  the  h e a t  l o s s e s  th rough  the endwal l  a r e  ne g l i g ib l e ) ,  we a r r i v e  a t  the fo l lowing  r e l a t i o n :  

where 

0 - -  t ch [ml [ 1 - -  XIt 
01 - -  t ch (ml) (3} 

m = r  ( wcG j- 2k) 1 
H -%--J -T~ff (4t 

A t  x = l (X = 1) e q u a l i t y  (3) s i m p l i f i e s ,  to y ie ld  a s o l u t i o n  fo r  m: 

rn = arch 0 2 - t  . l-1. (5) 

In o r d e r  to  r e d u c e  the  e f f ec t  of r a n d o m  e r r o r s ,  m was  c a l c u l a t e d  not only  f o r  the  f i r s t  and the l a s t  
poin t  but  a l s o  fo r  i n t e r m e d i a t e  poin ts .  S ince  the  v a l u e  of m fo r  the i n t e r m e d i a t e  po in ts  could  not  be e x -  
p r e s s e d  in  e x p l i c i t  f o r m ,  the c a l c u l a t i o n s  w e r e  p e r f o r m e d  on a Minsk -22  c o m p u t e r ,  u s ing  e x p r e s s i o n  (3) 
to a p p r o x i m a t e  the  t e m p e r a t u r e  d i s t r i b u t i o n  c u r v e s  c o r r e s p o n d i n g  to the  compu ted  v a l u e s  of m. The c o m -  
pu te r  p r o g r a m  p r o v i d e d  fo r  a cho ice  of m v a l u e s  such  a s  to d i s t r i b u t e  the  t e s t  po in ts  r e l a t i v e  to the  c a l -  
cu l a t ed  c u r v e  (3) a c c o r d i n g  to the  r u l e  of l e a s t  s q u a r e s . *  

In the  f o r m u l a  r e l a t i n g  the h e a t - t r a n s f e r  c o e f f i c i e n t  to the  p r i n c i p a l  f l u id i zed  bed p a r a m e t e r s  i t  was  
m o r e  exped i en t  to  u s e  the  t h e r m a l  d i f f u s i v i t y  ae f f  r a t h e r  than  the t h e r m a l  c o n d u c t i v i t y  Xeff, b e c a u s e  ae f f  
i s  s i m i l a r  to  the  d i f f u s i v i t y  of the  so l id  phase  Deft ,  thus a l l owing  our  e x p e r i m e n t a l  r e s u l t s  to be c o m p a r e d  
wi th  those  ob ta ined  by  o t h e r  a u t h o r s .  F u r t h e r m o r e ,  the  v a l u e s  of ae f f  - un l ike  t hose  of ?'elf - depend v e r y  
l i t t l e  on the  e x p a n s i o n  of the  bed and this  e x p a n s i o n  du r ing  f l u i d i z a t t o n  would have  been  d i f f i cu l t  to d e t e r -  
m i n e  with  su f f i c i en t  a c c u r a c y .  

F r o m  (4), i n s e r t i n g  ae f f  = )teff/CMPM(1 - ~) [9] and p e r f o r m i n g  the n e c e s s a r y  t r a n s f o r m a t i o n s ,  we 
ob ta in  

wcG+ 2kHb-1 (6) 
%ff -= m2c~oMHo (1 - -  %) 

An  a n a l y s i s  of e x p e r i m e n t a l  da t a  has  shown tha t  the  s e c o n d  t e r m  in the n u m e r a t o r  of (6) does  not  
e x c e e d  10% of the  to ta l  and,  t h e r e f o r e ,  a s m a l l  e r r o r  in  the  d e t e r m i n a t i o n  of H should  not  s i g n i f i c a n t l y  

a f f ec t  the  a c c u r a c y  of d e t e r m i n i n g  aeff .  

In F ig .  2 we show the  e f f e c t i v e  t h e r m a l  d i f f u s i v i t y  a s  a func t ion  of w fo r  t h r e e  d i f f e r e n t  bed he igh t s :  
0.08, 0.15, and 0.37 m.  At  the  s a m e  t i m e ,  c u r v e s  have  been  plot ted  h e r e  fo r  the t h e r m a l  d i f f u s i v i t y  of the 
so I id  phase  D e f  t a s  a func t ion  of the  i n t e r s t i t i a l  v e l o c i t y  th rough  s a n d o f  the  0 .2 -0 .5  mm s i z e ,  b a s e d  on the 
s t u d y  by P i p p e l  e t  a l .  [10] in  which they  used  a m o d e l  400 m m  in d i a m e t e r  and m a d e  r a d i o a c t i v e  s o d i u m  
t r a c e r  m e a s u r e m e n t s  in  the  h o r i z o n t a l  d i r e c t i o n  fo r  s o m e  de f in i t e  length  of t i m e  a f t e r  i t  had b e e n  in j ec t ed  
into  the  bed.  As  can  be s e e n  h e r e ,  the  o r d e r  of m a g n i t u d e  of ae f f  and D e f  t a s  we l l  a s  the  c h a r a c t e r  of t h e i r  
d e p e n d e n c e  on w a r e  s i m i l a r .  

* The p r o g r a m  was d e s i g n e d ,  the  m v a l u e s  w e r e  c o m p u t e d ,  and the c r i t i c a l  r e l a t i o n  b a s e d  o n t e s t  poin ts  was 
found by  c o - w o r k e r s  of the YuzhNIIGIPROGaz  A. S. A p t e k a r ,  V. G. Yasenko ,  Z. N. P a n c h e v a ,  and V. I. P i s e h a s o v a .  
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Fig. 3. c o r r e l a t i o n  between the gene ra l i zed  f o r m u l a  ae f f /H0w 0 = 0.0115 (W 
- 1) 1.8 and e xpe r i m e n t a l  r e su l t s .  

Fig. 4. Calcula ted  nonun i fo rmi ty  f ac to r  of the t e m p e r a t u r e  field as  a func -  
t ion of the c h a m b e r  d imens ions  a c c o r d i n g  to design.  Values  of h e f  t and m 
taken f r o m  te s t s  (solid line fo r  a para l le lep iped ,  dashed line fo r  a cyl inder) :  
f o r  t es t  No. 16 [1) H = 0.115 m; w = 0.164 m / s e c ;  heft = 290 W / m .  deg; m 
= 2.53 m - l ;  f o r  tes t  No. 20: 2) r e spec t i ve ly ,  0.175; 0.180; 560; 1.55; fo r  t e s t  
No. 12: 3) 0.420; 0.123; 775; 0.700; fo r  tes t  No. 13: 4) 0.300; 0.276; 2400; 
0.705]. 

In the gene ra l  case  aef  f is a funct ion of s e v e r a l  independent  va r i ab l e s :  

aff=~(~, /-/0, p~, p~,~, alp, g). (7) 

Accord ing  to the 7r - theorem,  the re  should be 8 - 3 = 5 d imens ion l e s s  r a t i o s  he re .  Based on a d i m e n -  
s ional  ana lys i s  and cons ide r ing  the effect  of va r i ous  p a r a m e t e r s  [11] on the value  of aeff ,  we a r r i v e  at  the 
fol lowing re la t ion:  

aeff : N (W--  1) n' Ar n~ ( H o  ~"  
HoWo \ dp ] Fr~ (8) 

The F roude  number  F r  o = w~0/dpg r e m a i n e d  a l m o s t  cons tan t  and equal to 2.66 throughout  the tes t s .  
The o ther  quant i t ies  in Eq. (8) va r i ed  as  fol lows:  (W - 1 )  = (w/w 0 - 1 )  f r o m  1.78 to 7.0; H0/d  p f r o m  670 
to 4100; Ar  = (gd~/vz)(pM/pG) f r o m  29 to 78; ae f f /H0w 0 va r i ed  f r o m  0.038 to 0.42. 

The power exponents  and the coeff ic ient  m w e r e  ca lcula ted  on a Minsk-22 compu te r  a c c o r d i n g  to the 
m u l t i p l e - c o r r e l a t i o n s  p r o g r a m .  As a resu l t ,  the fol lowing equat ion was obtained: 

( H o ~  ~176 aeff = 8.10 -~ (W - -  1) I'8 Ar -~176176 \--~p ] (9)/ 
Holy ~ 

val id  fo r  F r  o = 2.66. With an  e r r o r  not g r e a t e r  than 5% (within the g iven r anges  of the va r i ab les ) ,  it could 
be r ep l aced  by a s i m p l e r  fo rmula :  

aeff = 0.0115 (W - -  1)J '8 . (10) 
HoWo 

In Fig.  3 f o rm u l a  (10) has  been  c o r r e l a t e d  with the exper iment .  The m a x i m u m  devia t ion of tes t  points 
f r o m  curve  (10) was 28%. 

The va lues  of aeff  ca lcu la ted  a c c o r d i n g  to (10) ranged  f r o m  5 to 35 c m 2 / s e c  and the c o r r e s p o n d i n g  
va lues  of Aeff f r o m  290 to 2400 W / r e .  deg. 

With  the Aeff range  known,, it is  poss ib le  to eva lua te  the nonun i fo rmi ty  of the t e m p e r a t u r e  f ields.  
F r o m  Eq. (3), a t  X = 1 and without  l o s ses  th rough  the wai ls ,  we have obtained: 

~P 0 1 - t  = 1 - -  l/ -~eeff : ]  . (11) 
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In i n d u s t r i a l  f u r n a c e s  the  hea t  m a y  be  s u p p l i e d  th rough  the wa i l  of the c y l i n d r i c a l  c h a m b e r .  
t h i s  c a s e  the  s o l u t i o n  to the  F o u r i e r  equa t ion  a t  r = 0 i s  

Jo (mlR) -- 01 - -  t 
0o__ t ' 

w h e r e  J0(mlR) i s  the  s e c o n d - o r d e r  mod i f i ed  B e s s e l  func t ion  of the  f i r s t  kind wi th  

V wCG 
tn I =- H~ef f- 

The B e s s e l  functiOn wi l l  now be r e p l a c e d  by the c o r r e s p o n d i n g  s e r i e s  [12]: 

01 - -  t 
0 o = t + (maR)2 (mlR)~ 

1 +  - - - - + - - - -  + . . .  
2 ~ 2~4 z 

F o r  

(12) 

(13) 

(14) 

R e t a i n i n g  only  the  f i r s t  two t e r m s  of th is  s e r i e s ,  which is  p e r m i s s i b l e  (with an  e r r o r  not e x c e e d i n g  
5%) fo r  mlR _< 1.4, we have  s u b s t i t u t i n g  f o r  m 1 f r o m  (13)" 

~__~fl~ . 0 o - - t  (15) 
~eff = 4H 01 - -  0 0 

An a p p r o p r i a t e  t r a n s f o r m a t i o n  y i e l d s  fo r  a c y l i n d r i c a l  f l u i d i z a t i o n  c h a m b e r :  

 cGR= )-' 

The cond i t ion  ml I t  -~ 1.4 o r  i t s  equ iv a l e n t  Zef f ~ WeGR2/1.96H is  u s u a l l y  s a t i s f i e d  in  l a r g e  e h a m b e r s  
wi th  h e a v y  c i r c u l a t i o n  s y s t e m s  [2]. A c c o r d i n g  to the da ta  in [1, 5, 8], Xef f i s  of the o r d e r  of h u n d r e d s  o r  
even  t housands  of W / m .  deg.  It i s  not d i f f i cu l t  to v e r i f y  tha t  ?~eff -- WCGR2/1-96tt  fo r  any  even qu i te  a r -  
b i t r a r i l y  c h o s e n  v a l u e s  of w and H wi th in  the  r a n g e s  unde r  c o n s i d e r a t i o n  h e r e .  

In F ig .  4 we show how r d e p e n d s  on the r a d i u s  (hal f - length)  of the c h a m b e r  a t  v a r i o u s  v a l u e s  of H, 
w, and Xef f t aken  f r o m  our  t e s t  da ta .  

F o r  i l l u s t r a t i o n ,  we wi l l  now d e t e r m i n e  the n o n u n i f o r m i t y  f a c t o r  in  an  a l u m i n a  d e h y d r a t i o n  c h a m b e r  
w h e r e  the  bed i s  hea t ed  by  m e a n s  of tunne l  b u r n e r s  moun ted  in  the  s i d e w a l l s  2 l  = 5 m a p a r t  a c c o r d i n g  to d e -  
s ign .  If H 0 = 0.8 m,  w = 0.3 m / s e c ,  0 m e a n  = 500~ H / H  0 = 1.3, and Xeff = 2400 W / r e .  deg  ( m a x i m u m  
v a l u e s  ob ta ined  in  our  t e s t s ) ,  then  

V 0,3-1300.273 0.24 m -~ 
m = (500 + 273).0.8.1,3.2400 

At  the s a m e  t i m e ,  r = 0.15. This  m e a n s  tha t  d e v i a t i o n s  f r o m  the m e a n  t e m p e r a t u r e  amoun t  to A0 
/ 2  = 0 m e a n .  r  = 40~ Consequen t ly ,  the l owes t  t e m p e r a t u r e  (at the cen te r )  i s  a p p r o x i m a t e l y  460~ 
and the h i g h e s t  t e m p e r a t u r e  (near  the  wai l)  i s  a p p r o x i m a t e l y  540~ 

H0, H 
w 

w0 i, Wo 

W 
x, r 
X = x / l  
Z = H / H a ;  

CG, c M 
k 

~I ,  ~2 
6 

NOTATION 

is the width of the chamber; 
is the length of the chamber heated from one end, or the half-length of the chamber heated 
from both ends; 
a r e  t h e h e i g h t s  of the  so l id  and the f l u id i zed  bed,  r e s p e c t i v e l y ;  
i s  the  i n t e r s t i t i a l  v e l o c i t y ;  
a r e  the  i n t e r s t i t i a l  v e l o c i t i e s  a t  which f l u i d i z a t i o n  beg ins  a t  i n i t i a l  and a t  o p e r a t i n g  t e m -  
p e r a t u r e ,  r e s p e c t i v e l y ;  
i s  the  f l u i d i z a t i o n  n u m b e r ;  
a r e  the s p a c e  c o o r d i n a t e s ;  
i s  a d i m e n s i o n l e s s  c o o r d i n a t e ;  

a r e  the s p e c i f i c  hea t  of the  gas  and of the  bed m a t e r i a l ,  r e s p e c t i v e l y ;  
i s  the  h e a t - t r a n s f e r  coe f f i c i en t ;  
a r e  the h e a t - t r a n s f e r  c o e f f i c i e n t s  a t  the  i n n e r  and o u t e r  s u r f a c e  of a c h a m b e r ,  r e s p e c t i v e l y ;  
i s  the  c h a m b e r  wa l l  t h i c k n e s s ;  
i s  the t h e r m a l  c o n d u c t i v i t y  of the wa l l  m a t e r i a l ;  
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~eff 
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PG, PM 
u 

Pi, 
dp 

= A 0 / ( e l  - t) 

is the air  temperature under the grate; 
a re  the temperatures of the fluidized bed: mean, at the initial point, at the end of the 
slitted chamber, and at the center of the cylindrical chamber, respectively; 
is the dimensionless excess temperature;  
are  the porosity of the solid and the fluidized bed, respectively; 
is the effective thermal conductivity; 
is the effective thermal diffusivity; 
a re  the densities of the gas and of the bed material,  respectively; 
is the kinematic viscosity; 
are  the dynamic viscosities under initial and operating conditions, respectively; 
is the diameter of the particles; 
is the nonuniformity factor of the temperature field. 
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