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Results are given of an experimental investigation of the thermal re- 
laxation time of particles in a fluidized bed. Values of the coeffi- 
cient of heat transfer from particles to gas are determined. 

The t h e r m a l  r e l a x a t i o n  t ime  for  p a r t i c l e s  in a f lu id-  
ized  bed has been  d e t e r m i n e d  e x p e r i m e n t a l l y  by d i r e c t  
m e a s u r e m e n t  of the t e m p e r a t u r e  of the p a r t i c l e s  f rom 
the m o m e n t  of i m m e r s i o n  in the bed. The t e m p e r a t u r e  
d i f f e rence  be tween  the bed  and the p a r t i c l e  under  in -  
ves t i ga t ion  was m e a s u r e d  with the a id  of a d i f f e r en t i a l  
e o p p e r / c o n s t a n t a n  t h e r m o e o u p l e  (wire  d i a m e t e r  0 .2  
ram) ,  whose junc t ion  was embedded  in g r a n u l e s  of the 
t e s t  m a t e r i a l .  To r educe  the conduct ion of hea t  to the 
g ranu le  along the t h e r m o c o u p l e  l e a d s ,  the l a t t e r  we re  
shea thed  with f i b e r g l a s s  o v e r  a length of 200 m m  f rom 
the junct ion.  One of the junc t ions  was loca ted  in the 
f lu id ized  bed ,  which was heated unt i l  s teady  condi t ions  
w e r e  e s t a b l i s h e d ;  the o the r  junct ion was  quickly  i n t r o -  
duced into the bed  along with the g ranu le .  The t h e r m o -  
couple  r ead ings  we re  fed into an o s c i l l o g r a p h  and r e -  
co rded  on pho tograph ic  p a p e r .  The v a r i a t i o n  of t e rn-  
p e r a t u r e  d i f f e r ence  a s  a funct ion of the r e s i d e n c e  t ime  
of the g r anu l e  in the bed  was s i m u l t a n e o u s l y  o b s e r v e d  
on the o s e i I l o g r a p h  s c r e e n ,  and the r e l a x a t i o n  t i m e  
was  r e g i s t e r e d  with a t w o - n e e d l e  t i m e r .  F o r  conven-  
i ence  of c a l cu l a t i on ,  b e f o r e  beginning the e x p e r i m e n t  
the  " spo t s"  of the  two m i r r o r  g a l v a n o m e t e r s  (working 
and null  g a l v a n o m e t e r s )  w e r e  m a d e  to co inc ide  (when 

t h e  t h e r m o c o u p l e  emf  was ze ro ) .  

Tab le  1 
T h e r m a l  Re laxa t ion  T i m e  of P a r t i c l e s  a t  

Material 

Silica-gel 
MSN copolymer 
MSN copolymer 
MSN copolymer 

At o = 30 ~ C 

1: .0,12. 2 
t .5  i3.5213.14 
2.45 12.5813.61 
1.73 11 9613.79 

Relaxation 
time, see 

accora- --Z 
tng tO I-~ 

__ X___ ~L~_e- 

16.41 - - I10 .5  
172299110.28 
53 18.9 14.52 
96 8.7 I0  1 

The e x p e r i m e n t s  w e r e  conduc ted  with a s ing le  s i l i c a -  
ge l  f r a c t i o n  ( p a r t i c l e  s i z e  3 .3  ram) and t h r e e  p o l y s t y -  
r ene  c 0 p o l y m e r  f r a c t i o n s  (1.73 r am,  2 .45  r am,  4. 5 
mm) at  v a r i o u s  v a l u e s  of the  in i t i a l  t e m p e r a t u r e  d i f -  
f e r e n c e ,  Each  m e a s u r e m e n t  was  r e p e a t e d  3 5 - 4 0  t i m e s .  
The t h e r m o c o u p l e  l e a d s  undoubtedly  inf luenced  the m o -  
t ion of the g r anu l e  with the  junc t ion ,  and hence  i t s  r a t e  
of hea t  t r a n s f e r  to the  m e d i u m .  H o w e v e r ,  no s ign i f i -  
cant  inhib i t ion  of  the  mo t ion  of  the  g r anu l e  was ob-  

s e r v e d  in the e x p e r i m e n t s .  The r e s u l t s  of the e x p e r i -  
men ta l  d e t e r m i n a t i o n  of the p a r t i c l e  t h e r m a l  r e l axa t i on  
t i m e  a r e  given in T a b l e s  1 and 2. 

Tab le  2 
T h e r m a l  Re laxa t ion  t i m e  
for  Var ious  In i t i a l  T e m -  

p e r a t u r e  D i f f e r ences  

Relaxation time____~, see  

In~ial temp. _[for MSN poly- [for MSN poly- 
inherence, ~ strene copolymerlstrene eopolymer 

l{1, 73 mm) 1(2.45 mm) 

30 
25 
20 
15 
10 

10.46 
12.2 
11.08 
10.24 
9.2 

16,76 
20.0 
17.88 
12.24 
i1.62 

The v a r i a t i o n  of mean  p a r t i c l e  t e m p e r a t u r e  m a y  be 
obta ined  by  cons ide r ing '  the p a r t i c l e  a s  a s p h e r e  l o -  
ca ted  at  t i m e  z e r o  in a m e d i u m  with cons t an t  t e m p e r a -  
t u r e  t c. The so lu t ion  of th is  p r o b l e m  has  been  g iven  
in [1]. 

~ ) _  tr _~B~exp(__6n2Fo)" 
t c --- t o 

n ~ l  

(1) 

Confining ou r  a t ten t ion  to the  f i r s t  coe f f i c i en t s  # 
and B 1 and a s s i g n i n g  va lue s  of e ,  we m a y  d e t e r m i n e ,  
f r om the Fo n u m b e r ,  the  t i m e  r c o r r e s p o n d i n g  to a 
given -~: We subs t i tu te  in the Bi  n u m b e r  the  va lue  of 
the  heat  t r a n s f e r  coef f i c ien t  c a l c u l a t e d  f r o m  the equa-  
t ion ob ta ined  in [2]. The e x p e r i m e n t a l  and c a l c u l a t e d  
r e l a t i o n s  be tween  t e m p e r a t u r e  d i f f e r e nc e  and t i m e  a r e  
c o m p a r a t i v e l y  c l o s e  (see  f igure) .  

The r e s u l t s  of c a l c u l a t i o n s  of the  r e l a x a t i o n  t i m e  
f r o m  Eq. (1), with the  t e m p e r a t u r e  d i f f e r e n c e  r e -  
duced to 10% of i ts  i n i t i a l  v a l u e ,  and the r e s u l t s  of 
c a l c u l a t i o n s  f r o m  the a p p r o x i m a t e  equa t ion  of Dow and 
Jakob  [3] with the  s a m e  r educ t i on  in t e m p e r a t u r e  d i f -  
f e r e n c e  a r e  p r e s e n t e d  in Tab le  1. I t  can be  s een  f r o m  
the t ab l e  tha t  the e x p e r i m e n t a l  da t a  a g r e e  b e t t e r  with 
the  r e s u l t s  of c a l c u l a t i ons  b a s e d  on Eq. (1). 

F r o m  the da ta  on the  hea t ing  of a p a r t i c l e  in the  
f lu id i zed  bed  we can  c a l c u l a t e  the  coe f f i c i en t  of hea t  
t r a n s f e r  f r o m  p a r t i c l e  to gas .  We w r i t e  the hea t  b a l -  
ance  equat ion fo r  the  p a r t i c l e :  

c M .% d t  = a n  d "2 (/c - -  l) d T. (2) 
6 

S e p a r a t i n g  the v a r i a b l e s  and i n t e g r a t i n g  both s i d e s  
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of the equation over  the corresponding l imi t s ,  we ob- 
tain 

t n  T n 

6a t~ - -  t ., 
t o  0 

(3) 

From (3), a f te r  integrat ion,  we obtain an exp res -  
sion for the heat t r ans f e r  coefficient: 

c~ u d tr - -  t o a - In (4) 
6 t n t c ~ l n 

Values of heat  t r a n s f e r  coefficient during the heat-  
ing p roce s s  were  calculated f rom (4) at var ious  t imes  
in the range f rom 1 to 7 sec (Table 3). In a l l  the ex- 
per iments  lower values of ~ were  observed in the ini-  
t ia l  heating per iod ,  a f te r  which the value of the heat 
t r a n s f e r  coefficient remained  p rac t i ca l ly  constant. 

00 %. 
~0 

o - -  a 

�9 - -  b 

m c 

"--L' 

0 ~ a 12 /a T 

Variat ion of re la t ive  t empera tu re  difference with 
t ime for  MSN pa r t i c l e s :  1,2,3) calculat ion based  
on Eq. (1) with d = 4. 5, 2.45,  and 1.73 ram, r e -  
spect ively;  a , b ,  c) exper iment  at  the same pa r t i c l e  

d i amete r s .  

The lower values  of the heat t r a n s f e r  coefficient 
in the ini t ia l  heating per iod  a re  evidently due to the 
influence of heat t r a n s m i s s i o n  along the leads of the 
thermocouple  embedded in the granule.  As shown in 
[4], in the ini t ia l  per iod ,  in the p resence  of conduct- 
ing thermoeouple  leads ,  the ra te  of change of t em-  
pe ra tu re  of the body (and hence the heat t r a n s f e r  co-  
efficient} i nc r ea se s  t i m e .  The durat ion of this ini t ia l  
per iod ,  .which depends  on the r a t e  of heat t r a n s f e r  
between the thermocouple  leads and the bed,  has been 
calcula ted f r o m a n  equation obtained in [4]. For  o u r  
exper iments  this  t ime was 1. 89 -2 .14  sec,  As may  

be seen from Table 3, a constant value of the heat 
t r ans fe r  coefficient was establ ished 3 -4  sec af ter  the 
beginning of heating. It is also possible  that in the 
ini t ia l  per iod the slowing down of heating of the p a r -  
t ic le  is caused by the thermal  r es i s t ance  of the cold 
gas f i lm adjacent  to the pa r t i c l e ,  which endures for 
some t ime af ter  immers ion  in the bed. 

Comparat ive calculat ions of the heat t r ans fe r  co- 
efficients were made on the bas is  of the equation ob- 
tained in [5] and an express ion for  the "true" heat 
t r ans f e r  coefficient obtained by the authors of [2]. The 
resu l t s  of the calculat ions are  given in Table 3. The 
exper imenta l  values of the heat t r ans f e r  coefficient 
a re  of the same o rde r  as those calculated from the 
equations. 

The e r r o r  in measurement  of the heat t r ans f e r  co- 
efficient a r i s ing  from t r ansmiss ion  of heat along the 
thermocouple leads was determined approximately  by 
the method descr ibed  in [4]. The mean value of the 
e r r o r  was 22.2%; the maximum value  (for the s m a l l -  
est  pa r t i c le  diameter)  was 40.1%. 

Exper iments  were also pe r fo rmed  to de termine  the 
t ime to heat mois t  pa r t i c l e s  of s i l i c a -ge l  3.3 mm in 
d iamete r  to the t empera tu re  of the bed. In this case  
the granule with the embedded junction of the d i f feren-  
t i a l  thermocouple was premois tened.  In these exper i -  
ments  var ia t ion  of the t empera tu re  difference was de-  
t e rmined  not only by the osc i l lograph,  but also by a 
potent iometr ic  r e c o r d e r ,  five points of which were 
connected to the different ia l  thermocouple,  while one 
point showed the t empera tu re  of the bed. 

The duration of the f i r s t  per iod of drying of the 
pa r t i c l e  was 44.15 sec;  the durat ion of the second 
per iod  was 32.48 sec. It is cha rac t e r i s t i c  that the sec -  
ond per iod  is considerably  g r e a t e r  than the re laxat ion 
t ime  of a dry pa r t i c l e  of s i l i ca -ge l  (Table 1). 

The heat t r a n s f e r  coefficient for  a mois t  pa r t i c l e  
was de termined as follows. Since the second per iod  is 
r a the r  long, i t  may be assumed that the mean t em-  
pe ra tu re  difference in this per iod  is equal to the a r i t h -  
met ic  mean of the ini t ia l  and final t empera tu re  dif-  
f e rences ,  i . e . ,  At m = At0/2. 

The mois tu re  content of the pa r t i c l e  in the second 
per iod  is smal l ,  and so we may assume approximate ly  
that the heat t r a n s f e r  coefficient  in this  per iod  is equal 
to the heat t r a n s f e r  coeff ic ient  for  a dry  par t i c le .  The 
heat supplied to the pa r t i c l e  in the second per iod  is 
expended in heating the pa r t i c l e  and vaporizing the 
mois tu re .  Taking into account the above assumpt ions ,  

Table 3 
Values of Coefficient of Heat T r a n s f e r  f rom P a r t i c l e s  to Gas 

Materia l  

m 

Heat transfer coefficienL W/m 2 . deg. ~o 

mean'  according to after heating for, sec ~ = 
Value _ _  __ '5 

l - I . . I ~ v I v l w l , ' . l  t t51 (2j ~ 
/ 

Silica-gel, dry I 3.3 
I 

Silica-gel, moist / 3.3 
MSN copolymer ] 4.5 
MSN copolymer 2.45 
MSN copolymer 1.73 

98.2110311'05110'61111111O11O8 

Average value in first period 
4')4 500 489 504 511 514 500 
210 12471235 239125312631280  82.5]1731222 263[267 2571262 

108.1 298 

169 I 
~o3 13E 
252 126 
262 67.4 

480 12 6 

- -  196 
510 80.1 
448 22 .3  
386 16.3 
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the amount  of heat  supplied to the pa r t i c l e  in the s e e - -  
ond per iod  may be wr i t t en  as 

Q~ a ~ d  2 :At~ = T~. (5) 
2 

The heat going into heating the particle is 

z~ d 3 
Q~h = cM ~r - - ~  (to - -  to). ( 6 )  

Then  the heat expended in vapor iz ing  the m o i s t u r e  in 
the second per iod  is 

Q~w= Q~ --q~h (7) 

The m e a n  m o i s t u r e  content  of the pa r t i c l e  was de-  
t e r m i n e d  f rom weighing data for  the individual  g r a n -  
ule  of s i l i c a - g e l  (dry and mois t ) .  Thus ,  when the 
weight of the dry  pa r t i c l e  was de t e rmined ,  the tota l  
amount  of evapora ted  m o i s t u r e  was known. Then the 
amount  of heat going into vapor i za t ion  of m o i s t u r e  in 
the f i r s t  per iod  may  be wr i t t en  as 

Q1 = Qlh ~- Qv-- Q2v = 

= G w (2490 § 1.97 t c -  4.19to). 103 --Q~v. (8) 

Hence the heat  t r a n s f e r  coeff ic ient  for  a mo i s t  p a r -  
t ic le  is g iven by 

= Qx/~  d ~" (to - -  t0) T 1  (9 )  

Thus the expe r imen ta l  r e su l t s  show that the r e l a x -  
at ion t ime  for  l a rge  p a r t i c l e s  and the heat ing t i m e  for  
mo i s t  pa r t i c l e s  in the f luidized bed a re  cons ide rab le .  
The re fo re  in ca lcu la t ing  heat t r a n s f e r  in the bed we 
m u s t  take account  of heat t r a n s f e r  be tween the p a r t i -  
c le  and the gas.  

NOTATION 

to) temperature of bed; to and t) initial and variable temperature 
of particle; tn) temperature of particle during time interval rn; At0 
and Atm) initial and mean temperature differences; | relative tem- 
perature difference; d) particle diameter; CM) heat capacity of patti' 
cle material; IM) density of particle; Q) heat transmitted to particIe; 
GW) amount of moisture contained in one particle; ~n) roots of the 
characteristic equation tg p = --(Bi - 1) "l p; Bn = 6BiZ/Pn 2 (Pn 2 + 
+ Bi 2 - Bi), Subscripts: i and 2) first and second drying periods; v) 
vaporation; h) heating. 
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The value of ~ obtained is shown in Table 3. The 

heat transfer coefficient fora moist particle is greater 
than that for a dry particle by a factor of i. 56. 
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