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ABSTRACT 

A technique was developed for uniform, 

reproducible deposition of coating mateials on 

light-weight cylindrical particles, using the Wurster 

air-suspension coater. The particles used in this 

study had a length-to-diameter ratio of approximately 

f o u r .  Fluidization and coating characteristics were 

optimized by mixing the cylindrical particles with 

more symmetrical filler particle of greater density. 

The mixed particles produced sufficient bulk density 

and voidage to optimize fluidization parameters and 

hence uniform coating. Key variables related to the 

coating equipment and process were identified and 
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28 YUM AND ECKHENOFF 

were used  for  process s c a l e - u p .  The c a l c u l a t e d  r a t e s  

of  m i x e d - p a r t i c l e  c i r c u l a t i o n  and c o a t i n g  on  t h e  

p a r t i c l e s  were a p p r o x i m a t e l y  t h e  same a s  e x p e r i m e n t a l  

d a t a  o b t a i n e d  from t h r e e  s i z e s  of c o a t i n g  e q u i p m e n t .  

INTRODUCTION 

The Wurster a i r - s u s p e n s i o n  c o a t i n g  DroceSS was 

i n t r o d u c e d  i n  1959 a s  a r e p r o d u c i b l e  and  r e l i a b l e  

means of e n c a p s u l a t i n g  macro-  and m i c r o - s i z e  p a r t i c l e s .  

The p r o c e s s  s u s p e n d s  p a r t i c l e s  i n  a c y c l i n g  a i r  

s t r e a m  i n  which a c o a t i n g  m a t e r i a l  i s  s p r a y - a p p l i e d  

t o  t h e  movine, p a r t i c l e s  i n  i n c r e m e n t s  e a c h  t i m e  t h e  

p a r t i c l e s  p a s s  t h r o u g h  t h e  c o a t i n g  z o n e .  T h i s  

p r o c e s s ,  combined  w i t h  i n  s i t u  d r y i n g ,  o c c u r s  numerous  

t i m e s  d u r i n g  t h e  p r o c e s s ,  u n t i l  t h e  d e s i r e d  c o a t i n g  

t h i c k n e s s  i s  b u i l t  u p .  

-- 

The Wurster c o a t e r  h a s  a r e l a t i v e l y  low maximum 

a l l o w a b l e  s o l u t i o n  i n j e c t i o n  r a t e  and s o l i d  c o n -  

c e n t r a t i o n  i n  t h e  s o l u t i o n s ,  and p a r t i c l e s  h a v e  t o  go 

t h r o u g h  t h e  c o a t i n g  zone  a r e l a t i v e l y  l a r g e r  number 

of  t imes t h a n  w i t h  o t h e r  c o a t e r s ;  a s  a r e s u l t ,  c o a t i n g  

u n i f o r m i t y  and t h e  r e p r o d u c i b i l i t y  of p a r t i c l e s  

p r o c e s s e d  by Wurster c o a t e r s  mav be  s u p e r i o r  t o  t h a t  

p roduced  by o t h e r  e q u i p m e n t ,  p a r t i c u l a r l y  when a 

t h i c k e r  c o a t i n g  i s  d e s i r e d .  
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FLUIDIZED-BED SPRAY COATING 29 

In this paper we generate workable fluid 

dynamic and mass transfer models that are predictive 

of the intrinsic performance characteristics of the 

coating equipment used for mixed particles of varying 

bulk density. Furthermore, we also present experi- 

mental mass transfer and fluid dynamics data for 

initial validation of the process and identification 

of t h e  operating limits of the equipment. Three 

different sizes of coating equipment were used in the 

evaluation: 6", 12" (truncated column), and 18" air 

suspension coaters. The mixed-particle systems dealt 

with in this study consisted of different proportions 

of two different sizes of flat disks and cylindrical 

rods. 

OPERATION OF THE WURSTER AIR-SUSPENSION COATER 

The qualitative characteristics of the Wurster 

coatet process (Figure 1) are described below. 

REGIONS 1 AND 2 

Solid particles are sucked from region 1 into 

region 2 because of a pressure differential that 

exists between the two regions: the pressure in 

region 2 ( p 2 )  is normally lower than that at region 

1 ( P I ) .  
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30 YUM AND ECKHENOFF 

PLATE 

F i g .  1 - Diagram of t h e  W u r s t e r  c o a t i n q  chamber. 

Reverse f low of a i r  w i l l  o c c u r ,  however,  i f  

T h i s  s i t u a t i o n ,  which may p 2  i s  g r e a t e r  t h a n  P i .  

c r e a t e  a s l u g g i s h  f low of p a r t i c l e s  i n  both  c o a t i n g  

p a r t i t i o n  and f l u i d i z e d  a n n u l a r  s p a c e  ( F A S ) ,  o c c u r s  

when t h e  e q u i p m e n t  i s  o p e r a t e d  wi th  t o o  l a r g e  a 

gap  b e t w e e n  t h e  bottom of t h e  p a r t i t i o n  and t h e  a i r  
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FLUIDIZED-BED SPRAY COATING 31 

d i s t r i b u t i o n  p l a t e  for  a g i v e n  p a r t i c l e  s i z e ,  b u l k  

d e n s i t y  and a i r  f l o w - r a t e .  

R E G I O N S  2 A N D  3 (COATING PARTITION) 

The phenomena o c c u r r i n g  be tween r e g i o n s  2 and 

3 ,  t h e  c o a t i n g  p a r t i t i o n ,  a r e  a n a l a g o u s  t o  t h o s e  o f  a 

v e r t i c a l  pneumat i c  c o n v e y o r .  The t o t a l  a i r  f l ow i s  

t h e  sum of t h e  a i r  i n j e c t e d  t h r o u g h  t h e  s p r a y  n o z z l e ,  

t h e  a i r  b y - p a s s i n g  from r e g i o n  1 t o  2 ,  and t h e  a i r  

s u p p l i e d  t h r o u g h  t h e  o p e n i n g s  o f  t h e  a i r  d i s t r i b u t i o n  

p l a t e  d i r e c t l y  under  t h e  c o a t i n g  p a r t i t i o n .  

C o n c u r r e n t  w i t h  t h e  c o n v e y i n g  a c t i o n ,  l i q u i d  

s p r a y  i s  g e n e r a t e d  from t h e  nozzle and d e p o s i t e d  o n t o  

t h e  s o l i d  p a r t i c l e s .  E v a p o r a t i o n  of v o l a t i l e  s o l v e n t s  

i n  t h e  l i q u i d  t h a t  is d e p o s i t e d  on t h e  s o l i d  p a r t i c l e  

s u r f a c e s  s t a r t s  i n  t h e  c o a t i n g  p a r t i t i o n .  

P a r t i c l e - p a r t i c l e  and p a r t i c l e - p a r t i t i o n  

i n t e r a c t i o n s  may l e a d  t o  a t t r i t i o n  o f  s o l i d  p a r t i c l e s .  

The e f f e c t s  o f  c o l l i s i o n s  may v a r y ,  d e p e n d i n g  on t h e  

m a g n i t u d e  o f  k i n e t i c  e n e r g y  o f  t h e  p a r t i c l e s ,  t h e  

s p e c i f i c  s u r f a c e  a r e a  of t h e  s o l i d  p a r t i c l e s ,  the 

s p e c i f i c  l o a d i n g ,  p r o p e r t i e s  o f  t h e  c o a t i n g  m a t e r i a l  

d e p o s i t e d  on  t h e  p a r t i c l e  s u r f a c e s ,  and g e o m e t r i c  

f a c t o r s  o f  t h e  s o l i d  p a r t i c l e s .  
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32 Y C ?  AND ECKHENOFF 

REGIONS 3 A N D  4 (EXPANSION CHAMBER) 

The v e l o c i t y  of a i r  flow b e g i n s  t o  d e c r e a s e  i n  

r e g i o n  3 .  Between r e g i o n s  3 and 4 - - c a l l e d  t h e  

e x p a n s i o n  c h a m b e r - - t h e  a i r  v e l o c i t y  d e c r e a s e s  below 

t h a t  n e c e s s a r y  t o  s u p p o r t  s o l i d  p a r t i c l e s .  When t h e  

a i r  v e l o c i t y  becomes l e s s  t h a n  t h e  s u p p o r t i n g  v e l o c i t y  

o f  t h e  p a r t i c l e s  i n  t h e  e x p a n s i o n  chamber ,  t h e  

p a r t i c l e s  f a l l  i n t o  r e g i o n  4 .  

C o n v e c t i v e  d r y i n g  of t h e  s o l v e n t  from t h e  w e t  

c o a t i n g  c o n t i n u e s  i n  t h e  e x p a n s i o n  chamber .  P a r t i c l e -  

p a r t i c l e  and  p a r t i c l e - w a l l  i n t e r a c t i o n s  o n c e  a g a i n  

c a n  l e a d  t o  a t t r i t i o n  i n  t h i s  r e g i o n .  A g a i n ,  t h e  

e f f e c t s  o f  c o l l i s i o n s  depend  on t h e  s e v e r a l  f a c t o r s  

l i s t e d  p r e v i o u s l y .  

REGIONS 4 A N D  1 (FLUIDIZED ANNULAR SPACE) 

The s o l i d  p a r t i c l e s  in t h i s  r e g i o n  d e s c e n d ,  

t h e r e b y  forminp, a downward-moving f l u i d i z e d  bed .  A t  

s t e a d y  s t a t e ,  t h e  r a t e  a t  which t h e  s o l i d  p a r t i c l e s  

r e c i r c u l a t e d  t h r o u g h  r e g i o n  4 t o  r e g i o n  1 i s  t h e  same 

a s  t h a t  of t h e  s o l i d  c o n v e y i n g  r a t e  i n  t h e  c o a t i n g  

p a r t i t i o n  or  t h e  f e e d i n g  r a t e  f rom r e g i o n  1 t o  r e g i o n  

2 .  

S i g n i f i c a n t  e v a p o r a t  i o n  of s o l v e n t  i n  t h e  wet 

c o a t i n g  on  t h e  s o l i d  p a r t i c l e s  o c c u r s  be tween  r e g i o n s  
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FLUIDIZED-BED SPRAY COATING 33 

4 and 1 ,  though t h e  r a t e  o f  d r y i n g  depends on v o i d a g e ,  

a i r  f low r a t e ,  p a r t i c l e  geomet ry ,  and o t h e r  t r a n s p o r t  

p r o p e r t i e s ,  such a s  f l u i d  d e n s i t y ,  v i s c o s i t y ,  and 

d i f f u s i v i t y  o f  s o l v e n t  t h rough  c o a t i n g .  

EQUATIONS APPLICABLE TO THE WURSTER AIR SUSPENSION 
COATING PROCESS 

T h e  two-phase f low p r o c e s s  i n  t h e  p a r t i t i o n  and 

FAS,  and t h e  mass t r a n s f e r  f o r  t h e  c o a t i n g  on t h e  

p a r t i c l e  s u r f a c e s ,  a r e  assumed t o  be a t  s t e a d y  s t a t e  

f o r  pu rposes  of a n a l y s i s .  T h e  bed of p a r t i c l e s  i n  

t h e  FAS is a l s o  assumed t o  be m i n i m a l l y  f l u i d i z e d  

( i . e . ,  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  h e i g h t  of t h e  bed 

i s  t h e  same a s  t h e  p a r t i c l e  weight  per  u n i t  c r o s s  

s e c t i o n  of t h e  b e d ) .  The m i x e d - p a r t i c l e  sys t em d e a l t  

w i t h  i n  t h i s  s t u d y  c o n s i s t  of d i f f e r e n t  p r o p o r t i o n s  

( b o t h  number and we igh t )  of two d i f f e r e n t  s i z e s  of 

f l a t  d i s k s  ( t a b l e t s )  and c y l i n d r i c a l  rods ,  b u t  

a v e r a g e  v a l u e s  of  p a r t i c l e  p a r a m e t e r s  were used 

f o r  t h e  a n a l y s i s .  

M I X E D  PARTICLE CIRCULATION RATE 

For a g i v e n  gap  between t h e  bot tom of t h e  

p a r t i t i o n  and t h e  a i r  d i s t r i b u t i o n  p l a t e ,  t h e  s o l i d  

c i r c u l a t i o n  r a t e s  i n  t h e  FAS and c o a t i n g  p a r t i t i o n  

a r e :  
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34 YUM AND ECKHENOFF 

W1 = V1 A 1  (1 - e l )  n s  

W2 = V 2  A 2  ( 1  - e , , )  L ns 

S e v e r a l  e m p i r i c a l  e q u a t i o n s  r e l a t e  t h e  a b o v e  p a r a -  

meters. For e x a m p l e ,  H i n k l e  d e r i v e d  a n  e m p i r i c a l  

e q u a t i o n  f o r  V 2  t h a t  h a s  b r o a d  a p p l i c a t i o n s :  

0 . 3  .0.5) 
V 2  = V3 ( 1  - 0.179 d s  

S 
( 3 )  

3 where  d, and ns a re  measu red  i n  f t  and  l b / f t  , 

r e s p e c t i v e l y .  

B e l d e n  and  K a s s e l  d e r i v e d  a n  empirical  corre- 

l a t i o n  s i m i l a r  t o  E q u a t i o n  ( 3 ) ,  b u t  t h e  e q u a t i o n  

uses t h e  d i f f e r e n c e  be tween  V3 and V 2  

i n s t e a d  of t h e i r  r a t i o :  

F r o m  E q u a t i o n s  ( 3 )  and ( 3 a )  , we c a n  o b t a i n  V and 

V €or g i v e n  v a l u e s  o f  d s ,  n s ,  and  na .  

2 

3 

2 Using  E q u a t i o n s  (1) and ( 2 ) ,  w e  c a n  estimate e 

a t  a s t e a d y  s t a t e  f rom 

A , V  (1 - e l )  
e 2 ' 1 -  

A 2 V 2  
( 4 )  

I f  A l ,  A2, e l ,  V1 and  V 2  a r e  known, t h e n  e2  i n  

E q u a t i o n  ( 4 )  c a n  be  c a l c u l a t e d .  E q u a t i o n s  f o r  e 

and V1 are  g i v e n  i n  a l a t e r  p a r t  of t h i s  s e c t i o n .  
1' 
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FLUIDIZED-BED SPRAY COATING 35 

The number of particle recirculations between 

the FAS and the partition can be estimated for a 

given solid particle loading and circulation rate. 

The recycling frequency is 

f = -  w1 
w 

The total number of circulations for a given time 

period is then 

( 5 )  

Babu et al. obtained an empirical equation for the 

superficial air velocity at which given particulate 

matters begin to fluidize. Their empirical correlation 

can be used for an order-of-magnitude estimate of air 

velocity in the FAS. 

( 7 )  
v4 = ( [ ( 2 5 . 2 5 ) 2  + 0.065 Gal 1'2 - 25.25 1 

"a ds 

V can be estimated, at appropriate conditions, 

from the experimentally obtained values of ds and 

ns, and published data for Ua and "a. 

4 
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36 YLJM AND ECKHENOFF 

Yoon and K u n i i  d e r i v e d  a n  e q u a t i o n  for  t h e  

p r e s s u r e  d r o p  i n  t h e  f l u i d i z e d  b e d s  by f u r t h e r  

e x t e n d i n g  t h e  b a s i c  e q u a t i o n s  d e r i v e d  by Erqun.  I f  

we assume t h a t  t h e  p r e s s u r e  d r o p  i n  t h e  m i n i m a l l y  

f l u i d i z e d  b e d s  i s  a p p r o x i m a t e l y  e q u a l  t o  t h e  p a r t i c l e  

we igh t  per u n i t  c r o s s  s e c t i o n a l  a r e a  o f  t h e  b e d ,  t h e n  

t h e  Yoon and K u n i i  e q u a t i o n  c a n  be r e w r i t t e n  as 

1 1 . 7 5  na (V4  + Vl)’ (1 - 
+ 

ds el 

o r  

2 150ua  (V4 + V1) (1 - e,) 
-t 

L n (1 - el) = - L2 
g 2 2 2  1 s  

( 9 a )  1 1.7511~ (V4 + V1I2 (1 - 
i- 

ds 

A n o t e  of i n t e r e s t  h e r e  is t h a t  (V4 + V,) i s  t h e  

s l i p  v e l o c i t y  of a s c e n d i n g  a i r  r e l a t i v e  t o  t h e  

d e s c e n d i n g  s o l i d  p a r t i c l e s ,  a major cause of t h e  
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FLUIDIZED-BED SPRAY COATING 37 

pressure drop in the FAS. 

signs; that is, if the positive direction is defined 

as vertical-upwards, V1 will have a negative value 

and V4 a positive sign. 

V1 and V4 have opposite 

From Equations ( 7 )  and ( 9 )  or (gal, we can 

estimate V1. 

calculation, however, is the particle shape factor, 

y ,  which is a complex function of the geometrical 

One key parameter required for the 

factors of particles, degree of regularity of particles, 

particle orientation to suspending air stream, nature 

of air flow around the particles (laminar or turbulent), 

and voidage. 

According to Zenz, one practical definition of y 
is : 

( 1 0 )  0.5 
Lmax 
Lmin 

Y = -  

According to Equation ( l o ) ,  y = 0.5 for spheres. 

From the superficial air velocities of V3 

and V4 in Equations ( 3 1 ,  (3a), and ( 7 1 ,  and the 

cross sectional areas A1 and A2 of the 

equipment, we can now estimate the volumetric air 

flow rates: D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

0/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



38 YUM AND ECKHENOFF 

ESTIMATION OF DENSITY AND VOIDAGE OF N I X E D  SOLIDS 
PART I C L E S 

The approximate mean d e n s i t y  o f  t h e  mixed 

p a r t i c l e  bed c a n  b e  c a l c u l a t e d  f rom t h e  s i n g l e  

p a r t i c l e  volume o f  e a c h  t y p e ,  t h e  number of e a c h  

p a r t i c l e ,  and  t h e  mass of e a c h  p a r t i c l e .  

NI'l + N2M2 ns = 
N I V l  + N 2 V 2  

( 1 3 )  

The v o i d a g e  i n  t h e  FAS, o n  t h e  o t h e r  h a n d ,  i s  more 

d i f f i c u l t  t o  d e t e r m i n e .  For  a r o u g h  es t imate ,  

however ,  w e  c a n  assume t h a t  t h e  p a r t i c l e  bed  is 

s t a t i c  and  t h e n  c a l c u l a t e  t h e  v o i d a q z  f rom t h e  b u l k  

volume o f  t h e  p a r t i c l e  bed and  t h e  mean p a r t i c l e  

d e n s i t y .  Vo idage  i n  t h e  FAS may be a p p r o x i m a t e d  b y  

E q u a t i o n  (14): 

-1 - 
Vb - n 

S 1 =  - e ( 1 4 )  
"b 

The b u l k  volume per u n i t  mass of mixed  pa r t i c l e s  can 

be c a l c u l a t e d  f rom t h e  b u l k  vo lumes  and  numbers  o f  

i n d i v i d u a l  p a r t i c l e  t y p e s ,  or 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  m e a s u r i n g  t h e  t o t a l  volume o f  t h e  p a r t i c l e  

column,  mass and  volume o f  t h e  s i n g l e  p a r t i c l e s ,  and  

t h e  number o f  p a r t i c l e s  per  g i v e n  p a r t i c l e  t y p e .  
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FLUIDIZED-BED SPRAY COATING 39 

SOLUTION COATING AND SOLVENT REMOVAL 

I f  w e  assume t h a t  a l l  of t h e  f i l m  mater ia l  

a p p l i e d  i n  d i l u t e  s o l u t i o n  is  d e p o s i t e d  on  t h e  

p a r t i c l e s  w i t h o u t  l o s s ,  t h e n  t h e  f o l l o w i n g  e q u a t i o n  

h o l d s  : 

d 
QICl = N dt ( A  t n ) m m 

I n t e g r a t i o n  of E q u a t i o n  ( 1 5 )  be tween t = 0 and 

t = t y i e l d s  

E q u a t i o n  ( 1 6 )  c a n  be r e w r i t t e n  a s  

Q I C l t  Atmnm 
NM VnS 

- _ - -  - - x1 - 

I t  is i n t e r e s t i n g  t o  n o t e  t h a t  X1 i n c r e a s e s  w i t h  

A/V . 
From E q u a t i o n  ( 2 )  w e  a l so  o b t a i n  

x1w2 = A V (1 - e2)nSX1 = QICl 2 2  

E q u a t i o n  (18) i s  t h e  we igh t  i n c r e a s e  of f i l m  m a t e r i a l  

on t h e  p a r t i c l e s  per u n i t  time d u e  t o  t h e  s o l u t i o n  

i n j e c t i o n  r a t e  Q1, whose s o l i d  c o n c e n t r a t i o n  i s  

c1 * 
E q u a t i o n  (18) c a n  be r e a r r a n g e d  t o  g i v e  
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40 YLJM AND ECKHENOFF 

E q u a t i o n  (19 )  s h o w s  t h a t  XI i n c r e a s e s  w i t h  

A/T a n d  ( I IC1 ,  b u t  d e c r e a s e s  a s  W2 (= w1 id s t e a d y  

s t a t e )  i n c r e a s e s .  

T h e  curnula t  i v e  w e i g h t  f r a c t i o n  o f  p u r e  s o l v e n t  

d e p o s i t e d  w i t h  film m a t e r i a l  o n  t h e  p a r t i c l e s  p r i o r  

t o  e v a p o r a t i o n  c a n  be d e t e r m i n e d  f rom E q u a t i o n  

(20)  : 

I f  w e  assume t h a t  t h e  s o l v e n t  r e m o v a l  r a t e  i s  c o n -  

t r o l l e d  by d i f f u s i o n  i n  t h e  f i l m  and  by t h e  b o u n d a r y  

l a y e r  n e x t  t o  t h e  f i l m ,  t h e  amount of s o l v e n t  removed 

i n  a d i f f e r e n t i a l  t i m e  A t  may b e  w r i t t e n  as  

Hence ,  t h e  t o t a l  w e i g h t  f r a c t i o n  of p u r e  s o l v e n t  

e v a p o r a t e d  w i t h  respect t o  t h e  u n c o a t e d  pa r t i c l e s  

is 

u - - K A A C A t  - = x4 ( 2 1 )  
M VnS 

X4 may be t e r m e d  a s o l v e n t  r e m o v a l  e f f e c t i v e n e s s  
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FLUIDIZED-BED SPRAY COATING 41 

f ac to r ,  which is l i n e a r l y  p r o p o r t i o n a l  t o  A / v .  The 

d i f f e r e n c e  between X and X4 i s  t h e  weight  f r a c t i o n  

of s o l v e n t  l e f t  i n  c o a t e d  p a r t i c l e s  compared t o  

uncoated o n e s .  (X2 - X4) is  a l s o  l i n e a r l y  propor-  

t i o n a l  to  A/V. 

2 

E X P E K I M E N T A L PRO C E D LIKE 

The b a s i c  d a t a  of t h e  c o a t i n q  e q u i m e n t  and 

p a r t i c l e s  a r e  l i s t e d  i n  Tables  1 and 2 .  The v a l u e s  

of  t h e  i n d i v i d u a l  equipment parameters  a r e  approximate 

and were o b t a i n e d  e i t h e r  d i r e c t l y  or i n d i r e c t l y  by 

e x p e r i m e n t .  The composi t ion  and amounts of t h e  

m i x e d - p a r t i c l e  systerns a r e  t h o s e  t h a t  were found t o  

be o p t i m a l  i n  t e r m  of  f l u i d i z a t i o n  p a t t e r n  and 

p a r t i c l e  a t t r i t i o n  and agglomera t ion .  The mixed- 

p a r t i c l e  parameters  a r e  t h e  number average  v a l u e s .  

Three m i x e d - p a r t i c l e  systems were t e s t e d  ( i  . e . ,  one 

for  each s i z e  of t h e  c o a t i n g  equipment) .  The com- 

p o s i t i o n  and r e l e v a n t  parameters  fo r  t h e  t h r e e  

s y s t e m s  a r e  g i v e n  i n  Tables  1 and 2 .  

The procedure  u s e d  f o r  each e x p e r i m e n t a l  s t u d y  

was t h e  same. The c o a t i n g  s o l u t i o n  was prepared  a 

minimum of 2 h o u r s  p r i o r  t o  each s tudy  i n  o r d e r  t o  

d i s s o l v e  t h e  c o a t i n g  m a t e r i a l s  and degas s o l u t i o n s .  
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42 YUM AND ECKHENOFF 

TABLE 1. EWIPMENT DESCRIPTION 

Designation (inch) 

6 12 (truncated) 18 

1. Air distribution plate 

a. area under partition (ad) 25.3 106.9 371.2 

b. are under FAS (an2) 141.3 635.2 1185.6 

c. opening area under partition 8.3 37.4 121.7 
(a& 

d. opening area under FAS (an2) 17.0 116.4 212.2 

2. Diameter/Height (an) 

a. partition 

b. FAS 

7.6/23.0 15.2/28.0 23/33 

15/30 30/34 46/55 

3. Actual loading (naninal) 

a. cylindrical particles (kg) 0.34 2.72 5.1 

b. tablets (kg) 1.3 11.0 20.0 
(3/8" tab) (5/16" tab) (5/16" tab) 

c. cylindrical particles (no.) 1000 8000 15000 

d. tablets (no.) 3600 44000 80000 

Ten sainples each of t h e  uncoated particles were 

numbered and separately weighed on an anaytical 

balance. The indicator samples were added to the 

mixed-particle system for determination of  X i  and m. 
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FLUIDIZED-BED SPRAY COATING 4 3  

TABLE 2. PFOPEKTIES OF PARTICLES 

1. Density of particles* 5. Mean densi ty  of mixed 
(dm3 1 particlest (g/cm3) 

a. = 0.7 
b. = 1.4 
c. = 1.3 

a. = 1.20 
b. = 1.13 
c. = 1.13 

2. Surface area and volume 6. Bulk volume per uni t  weight 
per particle* (an2 & cm3) of mixed particlest (an3/g 

a. = 4.0 & 0.47 
b. = 2.24 & 0.25 
c. = 1.75 & 0.19 

a. = 1.58 
b. = 1.63 
c. = 1.63 

3. Surface area to volume ratio 7. S t a t i c  voidage of mixed 
of particles* (an-1) particle bedst 

a. = 8.5 
b. = 9.0 
c. = 9.2 

a. 0.47 
b. 0.46 
c. 0.46 

4. Equivalent diameter of 8. C r i t i c a l  dimensions of 
particles* (an) par t ic les*  (an) 

a. = 0.71 
b. = 0.67 
c. = 0.65 

a. = 2.5 (length x 0.6 (d ia . )  
b. = 0.97 (dia . )  x 0.46 ( th ick)  
c. = 0.79 (dia . )  x 0.46 ( th ick)  

* a. cylindrical particles (a) 
b. 3/8" diameter tablets 
c. 5/16" diameter t ab le t s  

t a. 1000 (0) + 3600 (3/8" tablet) 
b. 8000 (CP) + 44000 (5/16" tablets) 
c. 15000 (0) + 80000 (5/16" tablets) 
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44 YUM AND ECKHENOFF 

The m i x e d - p a r t  i c l e  s y s t e m s  were t h e n  f l u i d i z e d  and 

t h e  c o a t i n g  s o l u t i o n  was i n j e c t e d  i n t o  t h e  e q u i p m e n t .  

A f t e r  i n j e c t i n g  a p r e d e t e r l n i n e d  volume o f  s o l u t i o n  

i n t o  t h e  c o l u q n ,  t h e  c o a t i n g  p r o c e s s  was s t o p p e d ,  and 

t h e  i n d i c a t o r s  were rewe ighed  for d e t e r r n i n a t  i o n  of 

XI. Also,  t h r e e  s a m p l e s  e a c h  of t h e  c o a t e d  

p a r t i c l e s  were weighed  and p l a c e d  i n  s e a l e d  v i a l s  

w i t h  i n e r t  s i l i c o n e  s e p t a  f o r  d e t e r m i n a t i o n  o f  t h e  

c o n c e n t r a t i o n  of s o l v e n t  i n  t h e  c o a t i n g .  The rnixed- 

p a r t i c l e  svsterns, e x c l u d i n 3  t h o s e  sys t ems  sampled  f o r  

s o l v e n t  a n a l y s i s ,  were  r e t u r n e d  t o  t h e  c o a t i n g  

e q u i - m e n t  a l o n e  w i t h  t h e  i n d i c a t o r s  i n  o r d e r  t o  be  

c o a t e d  w i t n  t h e  r e m a i n d e r  of t h e  s o l u t i o n .  After  t h e  

e n t i r e  s o l u t i o n  had been  a p p l i e d  t o  the s y s t e m s ,  t h e  

equ ipmen t  was s h u t  down and t h e  i n d i c a t o r  s a m p l e s  

r ewe ighed  for  Xi. Again  t h r e e  s a m p l e s  e a c h  of the 

t h r e e  t y p e s  of p a r t i c l e s  were weiqhed  and p l a c e d  i n  

s e a l e d  v i a l s  f o r  d e t e r n i n a t i o n  of t h e  s o l v e n t  con- 

c e n t r a t i o n  i n  t h e  c o a t i n g .  

P r i o r  t o  e a c h  s t u d y ,  t h e  g a p  be tween  t h e  bo t tom 

o f  t h e  p a r t i t i o n  and t h e  a i r  d i s t r i b u t i o n  p l a t e  and 

t h e  t o t a l  a i r  i n p u t  r a t e  t o  t h e  c o a t i n g  equ ipmen t  

were a d j u s t e d ;  t h e  t i m e  fo r  randomly  s e l e c t e d  p a r -  
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FLU ID I2 ED-B ED SPRAY COAT ING 45 

t i c l e s  t o  descend t h e  h e i g h t  of t h e  FAS was a l s o  

r e c o r d e d .  

T h e  p a r t i c u l a r  composi t ions  of m i x e d - p a r t i c l e  

systems l i s t e d  i n  Tables  1 and 2 were o b t a i n e d  by a 

t r i a l  and e r r o r .  The c r i t e r i a  f o r  de te rmininE t h e  

o p t i m a l  composi t ion  were: 1) good f l u i d i z a t i o n  

D a t t e r n s  in t h e  FAS and above t h e  c o a t i n g  p a r t i t i o n ;  

2 )  minimal o r  no  p a r t i c l e  a t t r i t i o n ;  3 )  minimal or 

no p a r t i c l e - D a r t i c l e  a g g l o m e r a t i o n ;  and 4 )  t h e  gap  

between t h e  p a r t i t i o n  and a i r  d i s t r i b u t i o n  p l a t e ,  t h e  

t o t a l  a i r  input  t o  t h e  equipment ,  and o t h e r  p r o c e s s  

parameters  were w i t h i n  normal o p e r a t i n g  l i m i t s .  

In a s e p a r a t e  se t  of t e s t s  with t h e  t h r e e  

Wurster  c o a t e r s ,  a smal l  number of t a b l e t s  of d i f -  

f e r e n t  s i z e s  were added t o  t h e  o t h e r w i s e  o p t i m a l  

m i x t u r e  of c y l i n d r i c a l  p a r t i c l e s  and r e g u l a r  s i z e  

t a b l e t s ,  a s  d e s c r i b e d  i n  Table  1. In t h e s e  s e p a r a t e  

t e s t s ,  t h e  e f f e c t s  o f  t h e  A/T r a t i o  and p a r t i c l e  

c i r c u l a t i o n  r a t e  on t h e  r a t e  of c o a t i n g  and s o l v e n t  

c o n c e n t r a t  ion i n  t h e  c o a t i n g  were e v a l u a t e d .  

For a l l  t h e  t e s t  r u n s ,  t h e  c o a t i n g  s o l u t i o n  had 

a s o l i d  c o n t e n t s  o f  approximate ly  6% (w/w); t h e  i n l e t  

a i r  t e m p e r a t u r e  t o  t h e  c o a t i n g  equipment was about 
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46 YUM AND ECKHENOFF 

9 0 ° F ;  different s i z e s  of atomizing liquid nozzles 

were used for three sizes of coaters; and the inlet 

a i r  was monitored continuously with a Magnehelic@ 

gaup,e.  

RESULTS AND DISCUSSION 

MIXED PARTICLE CIRCULATION RATE 

Figure 2 shows the mixed-particle circulation 

rate for the 6" coater as a function of total air 

flow rate supplied to the air distribution plate. 

The family of lines represents the recirculation 

rates at the different gap settings. Similar 

relationships between the circulation rate and total 

air flow were obtained for the 12" and 18" equipment. 

As the gap increased from 1" (line a) to 3" 

(line f), the slope of the lines increases gradually 

but definitely. The slopes of lines d to f are very 

similar while those of lines a and b are only slightly 

different from each other and much smaller than those 

o f  lines d to f. Therefore, the rate controlling 

mechanism for particle circulation may change when 

the gap approximates 1.5" (line c). 

Figure 3 is the plot of a normalized particle 

circulation rate as a function of the gap at a fixed 
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FLUIDIZED-BED SPRAY COATING 47 

Fig .  2 
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T O T A L  A I R  FLOW RATE (CFM) 

- Mixed p a r t i c l e  c i r c u l a t i o n  ra te  i n  a 6"  
coater as a f u n c t i o n  of  t o t a l  a i r  f l o w  
r a t e  a t  d i f f e r e n t  p a r t i t i o n - a i r  d i s t r i b u t o r  
p l a t e  d i s t a n c e s .  
Tables  1 and 2 p l u s  60  gm of 5/16" t a b l e t s ]  
(Copyright  1 9 8 0  ALZA Corp.) 

[Loading - a s  l i s t e d  i n  

total air input rate. At a gap of approximately 1.5" ,  

the normalized circulation rate reaches a plateau, 

indicating that the particle conveying through the 

coating partititon is the rate-determining step. At 
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48 YUM AND ECKHENOFF 

u1 
J 
0 

0 

2.0 

1 2 
PARTITION GAP ( in)  

3 

Fig. 3 - Normalized mixed-particle circulation rate 
as a function of partition gap. [Total 
air flow - 75 CFM; loading - as listed in 
Tables 1 and 21 (Copyright 1980 ALZA Corp.) 

gaps smaller than 1.5" ,  the particle discharge from 

the FAS may be the rate-controlling step. In fact, 

optimal fluidization and circulation patterns were 

achieved at gaps of approximately 1.25 to 2.0". 

Similar results were obtained from 12" and 18" 

Wurster coaters. 

From Equations ( l ) ,  (3), ( 4 ) ,  ( 7 ) ,  and (9)-(12), 

and the parameters of the mixed particles and the 

equipment listed in Tables 1 and 2 ,  we can estimate 

the total air flow rate required fo r  particle cir- 
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FLUIDIZED-BED SPRAY COATING 49  

culation and the corresponding particle circulation 

rates. We can also calculate the descending velocity 

of particles in the FAS from Equations ( 7 )  and ( 9 ) ,  

using the appropriate values of the shape factor 

(Equation 10 and Table 2) .  The calculated values 

(Table 3) are compared against actual data obtained 

experimentally. The properties of air used in the 

calculations were determined at 90°F. 

The calculated values, though larger than the 

actual data, are of the same orders of magnitude. - 
The discrepancies may be a result of 1) neglect of 

the by-passing air from the FAS to the coating 

partition; 2) under-estimate of the voidage in the 

FAS particle beds; 3) inaccurate estimate of the 

particle shape factor; or 4 )  over-estimate of the 

pressure drop in the FAS. For these calculations, 

no consideration was given to the effects of gap 

(between the partition and the air distribution 

plate) on the particle circulation rate and the fluid 

and particle velocities. We assumed that the gap 

size was large enough not to disturb steady state 

circulation of the mixed particles between the 

FAS and partition. As mentioned previously, we 

tested three mixed-particle systems and an equal 
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50 YUM AND ECKHENOFF 

( a r b )  TABLE 3.  COMPARISON BmWEEN ACTUAL AND CALCUMTED VALUES 

Calculated Actual 

mtal a i r  flow rate (CFM) a. 150 
@ 90°F and 1 atm (abs) b. 650 

c. 1830 

a .  81 
b. 640 
c. - 

kscending  v e l o c i t y f c )  of a. 10 
particles i n  FAS (&see) b. 10 

c. 10 

a .  8 
b. 3 
c. 3 

P a r t i c l e  c i r cu la t ion  
r a t e ( d )  (g/sec) 

a. 900 
b. 3800 
c. 7100 

a .  700 
b. 1200 
c .  2300 

Coating time to obta in  a. 4 
(XI  = 0.50) ( h r ) ( e )  b. 8 

c. 10 

a. 7 
b. 9 
c. 9 

Dry coating weight a t  
50% weight increase 
t X 1  = 0.5) (9) 

a ' .  0.28 a ' .  0.17 
b ' .  0.15 b ' .  0.18 
c ' .  0.11 c ' .  0.13 

Coating Thickness at 
50% weight increase 
(X1 = 0.5) (an) 

a'. 0.07 
b'. 0.07 
c ' .  0.06 

a ' .  0.04 
b ' .  0.08 
c ' .  0.07 

(a) a. = 6" equiprent ,  b. = 12" equipnent,  c. = 18" equipment. 
( b )  a ' .  = cy l ind r i ca l  particle, b' . = 3/8" tab., c' . = 5/16" tab.  
(c)  gap between p a r t i t i o n  and air  d i s t r i b u t i o n  plate = 2-4" 

(depeding  on equipment s i z e ) .  
(d )  gap = 2-4" depending on equipment s i z e ,  and a t  descending 

particle speeds as indicated above. 
( e )  ac tua l  tests were done with 6% (w/w) so lu t ion ,  which w a s  

injected a t  55-400 (cm3/min) depending on equipment s i ze .  
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FLUIDIZED-BED SPRAY COATING 51 

number of equipment sizes. In order to simplify the 

calculations, mean values for ds, ns, el, X ,  
- 

and L / L  were used for all particle mixtures vb , 1 2  
and equipment. 

COATING RATE AND RESIDUAL SOLVENT 

Figure 4 shows the typical fractional weight of 

the coating and residual solvent as a function of the 

cumulative volume of solution injected in a 6"  

coater. Both X 1  and X 2 - X 4  are approximately a linear 

0.2 

- 
X 

0.1 

0 

0 CYLINDRICAL PARTICLES 
5 5 / 1 6 "  TABLETS 
A 318" TABLETS 

- 0.2 
x 

hl 

0.1 2 
X 

0 
A 

I 0  

0 5 10 
TOTAL VOLUME OF SOLUTION INJECTED ( 1 )  

Fig. 4 - Fractional weight of coating and residual 
solvent as a function of solution volume 
injected 16% w] in a 6" coater. [Solution 
injection rate - 55 cc/min; partition gap - 
2"; total air - 70 CFM; loading - as listed 
in Tables 1 and 2 plus 60 gm of 5/16" tablets] 
(Copyright 1980 ALZA Corp.) 
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52 YUM AND ECKHENOFF 

f u n c t i o n  of t h e  s o l u t i o n  volume up  t o  10  l i t e r s ,  and 

are  a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  t h e  A/V r a t i o  of 

t h e  p a r t i c l e s .  These  f i n d i n g s  are c o n s i s t a n t  w i t h  t h e  

dependance  of X1 o n  Q 

E q u a t i o n  ( 1 9 ) ,  and t h a t  o f  X2-X4 on  X3 and A/V,  

as shown i n  E q u a t i o n s  ( 2 0 )  and ( 2 1 ) .  The v a l u e s  of 

t h e  A/G r a t i o  are  8 . 5  ( c m - 1 )  €or c y l i n d r i c a l  p a r t i c l e s ,  

9 . 2  for 5/16" t a b l e t s ,  and 9.0 f o r  3 /8"  t a b l e t s .  

Thus ,  accorrtirtp, t o  p r e d i c t i o n s ,  a l l  t h r e e  t y p e s  of 

p a r t i c l e s  s h o u l d  h a v e  a p p r o x i m a t e l y  t h e  s a n e  f r a c t i o n a l  

r. p a i n  of c o a t i n p  we igh t  and f r a c t i o n a l  r e s i d u a l  s o l v e n t  

l e v e l .  These  p r e d i c t i o n s  a r e  c o n f i r m e d  by t h e  e x p e r i -  

men t s  ( F i g u r e  4 ) .  

C and  A/V,  as g i v e n  i n  1 1  

As a l s o  p r e d i c t e d  by F q u a t i o n s  ( 1 9 ) - ( 2 1 ) ,  bo th  

X1 and  X X a r e  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  

p a r t i c l e  c i r c u l a t i o n  r a t e .  

X 2 - X 4  a r e  p l o t t e d  a g a i n s t  !J1 a t  a f i x e d  s o l u t i o n  

i n j e c t i o n  r a t e  and t h e  c u r n u l a t i v e  volume o f  s o l u t i o n  

i n j e c t e d  f o r  t h e  c y l i n d r i c a l  p a r t i c l e s  i n  t h e  6" c o a t e r .  

k l t 5 o u z h  b o t h  XI and X2-Y4 f o r  t h e  c y l i n d r i c a l  

p a r t i c l e s  d e c r e a s e  a s  id1 i n c r e a s e s ,  t h e  t r e n d s  a r e  

n o t  e x a c t l y  t h e  i n v e r s e  D r o p o r t i o n a l i t y  a s  p r e d i c t e d .  

S i m i l a r  c u r v e s  were o b t a i n e d  f o r  o t h e r  p a r t i c l e s  and 

2 -  4 
In  F i q u r e  5 ,  X1 and 
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FLUIDIZED-BED SPRAY COATING 
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F i g .  5 - F r a c t i o n a l  w e i g h t  of c o a t i n g  and r e s i d u a l  s o l v e n t  
as a f u n c t i o n  of m i x e d - p a r t i c l e  c i r c u l a t i o n  r a t e  
( c y l i n d r i c a l  p a r t i c l e s  o n l y )  [ P a r t i t i o n  gap  - 2 " ;  
s o l u t i o n  i n j e c t i o n  ra te  - 55 cc/min; s o l u t i o n  
c o n c e n t r a t i o n  - 6 %  w; l o a d i n g  - as l i s t e d  i n  
T a b l e s  1 and 2 p l u s  6 0  gm of 5/16" t a b l e t s ]  
(Copyr ight  1 9 8 0  ALZA Corp.) 

a l s o  from t h e  two o t h e r  Wurster c o a t e r s  of l a r g e r  

c a p a c i t i e s  . 
A s  mentioned p r e v i o u s l y ,  and shown in  F i g u r e  3 ,  

t h e  p a r t i c l e  c i r c u l a t i o n  r a t e  is  c o n t r o l l e d  e i t h e r  by 

t h e  d i s c h a r % e  r a t e  from t h e  FAS i n t o  t h e  p a r t i t i o n  o r  

by t h e  conveying r a t e  through t h e  p a r t i t i o n ,  depending 

on t h e  t o t a l  a i r  input  t o  t h e  c o a t e r s  and t h e  D a r t i -  
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54 YUM AND ECKHENOFF 

t i o n  t o  t h e  a i r  d i s t r i b u t i o n  p l a t e  d i s t a n c e .  LJhenever 

t h e  d i s c h a r y e  from FAS or  conveyin. .  o f  p a r t i c l e s  

t h r o u g h  t h e  p a r t  i t  i o n  s e v e r e l y  c o n t r o l  ed t h e  p a r t i c l e  

c i r c u l a t i o n ,  and c o a t i n g  s o l u t i o n  was n j e c t e d  a t  t h e  

same t i m e ,  t h e  mixed p a r t i c l e s  u s u a l l y  a g g l o m e r a t e d  

i n s i d e  t h e  c o a t i n %  p a r t i t i o n ,  and h e n c e ,  t h e  c o a t i n g  

o p e r a t i o n s  had t o  be t e r m i n a t e d .  These  k i n d s  of 

u r o b l e n s  were n o t  o b s e r v e d  when t h e  d i s c h a r g e  and 

c o n v e y i n g  r a t e s  were b a l a n c e d .  The mixed p a r t i c l e s  

i n  t h e  F'AS d e s c e n d e d  smoo th ly  w i t h o u t  s i g n i f i c a n t  

o s c i l l a t i o n s  and i n t z r r n i t t a n t  upward movements .  

Fivcrre 6 shows an  e x p e r i m e n t a l l y  d e t e r m i n e d  

r e q i o n  o f  o p t  imal  p r o c e s s  c o n d i t i o n s .  T h i s  g r a p h  

p e r t a i n s  t o  t h e  6" c o a t e r ,  b u t  s i m i l a r  t r i a n g u l a r  

r e g i o n s  were a l s o  o b t a i n e d  for  t h e  o t h e r  COateKS. 

The v e r t i c a l  s i d e  of t h e  t r i a n g e  i n d i c a t e s  t h e  

maximum equ ipmen t  c a p a b i l i t y  i n  t e r m s  of t h e  t o t a l  

a i r  f l o w  r a t e  of a b o u t  9 0  CFM. Tne o t h e r  two s i d e s  

of t h e  t r i a n g u l a r  r e g i o n  a r e  p a r t i a l l y  d u e  t o  t h e  

e q u i p n e n t  l i m i t a t i o n s  and t h e  p a r t i c l e - p a r t i c l e  

a g g l o m e r a r i o n  a s  d e s c r i b e d  a b o v e .  b J i t h i n  t h e  o p t i m a l  

p r o c e s s  window f o r  t h e  5" c o a t e r ,  t h e  p a r t i t i o n  g a p  

r a n g e s  from 1 . 2 5  t o  2.5" and t h e  t o t a l  a i r  f l o w  from 
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Fig. 6 - Optimal region of process conditions in the 
6" coater. [Loading - as listed in Tables 1 
and 2 plus 60 gm of 5/16" tablets] (Copyright 
1980 ALZA Corp.) 

70 t o  91) CFN; the r e s u l t i n g  p a r t i c l e  c i r c u l a t i o n  r a t e  

r a n g e s  from 600 t o  950  g / s e c .  

The lower  h a l f  of Table 3 shows t h e  c a l c u l a t e d  

and a c t u a l  e x p e r i m e n t a l  v a l u e s  of t h e  r e q u i r e d  
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56 YUM AND ECKHENOFF 

c o a t i n g  t i n e ,  c o a t i n g  t h i c k n e s s ,  and  c o a t i n g  we igh t  

For t h e  s i t u a t i o n  when t h e  c o a t i n q  w e i g h t  i s  502 of 

t h e  i n i t i a l  p a r t i c l e  w e i g h t .  For t h e s e  c a l c u l a t i o n s ,  

F q u a t i o n s  ( 5 ) ,  ( 6 ) ,  and (19 )  were used  i n  c o n j u n c t i o n  

w i t h  r e l e v a n t  p a r a n e t e r s  i n  T a b l e s  1 and 2 .  

Excep t  €or  t h e  c o a t i n g  t h i c k n e s s  on t h e  c y l i n -  

d r i c a l  p a r t i c l e s  and c o a t i n p ,  d u r a t i o n  for  6" and 1 2 "  

c o a t e r s ,  ag reemen t  be tween t h e  a c t u a l  and c a l c u l a t e d  

v a l u e s  a r e  r a t h e r  good c o n s i d e r i n g  t h e  rough a p p r o x i -  

m a t i o n s  used  for  t h e  e q u a t i o n s .  The r e l a t i v e l y  l a r g e  

d i s c r e p a n c i e s  be tween t h e  c a l c u l a t e d  and a c t u a l  

n a s s - t r a n s f e r  d a t a  f o r  t h e  c y l i n d r i c a l  p a r t i c l e s  

may r e s u l t  f rom t h e  use of t h e  s a a e  mean p a r t i c l e  

d e n s i t i e s  ( T a b l e  2 )  a s  u s e d  fo r  t h e  m i x e d - p a r t i c l e  

svstems. In  r e a l i t y ,  t h e  d e n s i t y  of c y l i n d r i c a l  

p a r t i c l e s  i s  t h e  l o w e s t  of t h e  t h r e e  p a r t i c l e s ,  and 

h e n c e ,  t h e  c a l c u l a t i o n s  y i e l d  o v e r - e s t i m a t e d  v a l u e s .  

CONCLUSIONS 

1. L i g h t  c y l i n d r i c a l  p a r t i c l e s  o f  r e l a t i v e l y  l a r g e  

a s p e c t  r a t i o  d o  n o t  l e n d  t h e m s e l v e s  t o  r o u t i n e  

s p r a y  c o a t i n g  i n  an  a i r - s u s p e n s i o n  c o a t e r ,  s u c h  

a s  t h e  Wurster c o a t e r .  Due t o  t h e  s m a l l  v o i d a g e  

and b u l k  d e n s i t y  of t h e  p a r t i c l e  b e d ,  p a r t i c l e  
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circulation (conveying and fluidization) patterns 

are sluggish at best and usually result in 

intermittent bursts. 

2. Addition of more symmetrical and denser particles, 

such as disk-like tablets, to the cylindrical 

particle beds yields a particle mixture that i s  

more processable by the coating equipment. The 

particle circulation pattern becomes smoother, 

attrition of cylindrical particles is  minimized, 

and particle-particle agglomeration is negligible 

compared to the pure cylindrical particle beds. 

3. The above conclusions hold in the three coaters 

tested. An optimal ratio of tablets to cylindrical 

particles is approximately 4 to 1 by weight. 

4 .  The empirical equations evaluated in this paper 

are useful for obtaining at least an order of 

magnitude estimate of total required air flow 

rate, particle circulation rate, and coatinq 

duration and thickness. The equations are also 

useful for scale-up procedures. 

5 .  The fractional weight of residual solvent in 

coating is negligible compared with the fractional 

weight of coating on the particles. These 

experiments have demonstrated that -- in situ 
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drying in the coating equipment is efficient. 

80th residual solvent and coating levels are 

nearly proportional to the A/V ratio of 

the part icles. 

NOTATION 

A = surface area of particle 

A1 = cross sectional area of FAS 

A2 = cross sectional area of partition 

C = concentration of solvent in coating 

C1 = concentration of solid material in solution 

ds = mean equivalent diameter of mixed particles 

e = void fraction in FAS 

e = void fraction in partition 
1 

2 
f = frequency of particle circulation 

g = gravitational acceleration 

Ga = Galileo number 

K = solvent removal rate constant for the coating 

L1 = height Of FAS 

L2 = height of partition 

= maximum dimension of particle 

= minimum dimension of particle 
Lmax 

Lrnin 
m = X 2 -  X4: residual solvent in coating 

bd = mass of solvent evaporated 
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FLUIDIZED-BED SPRAY COATING 59 

M = mean mass of a single particle in mixed-particle 

system 

M1 = mass of a single particle (Type 1) 

M2 = mass of a single particle (Type 2) 

n = density of air 

n = density of dry membrane 

"s = mean particle density 

a 

m 

N = total number of particle circulation 

N1 = number of particles (Type 1) 

N2 = number of particles (Type 2) 

Q1 = solution injection rate 

Qal = actual air flow rate into the FAS 

Qa2 = actual air flow rate into the partition 

t = time 

tm = thickness of dry membrane 

u = viscosity of air 

V1 = mean particle velocity in FAS 

V2 = mean particle velocity in partition 

V3 = superficial velocity of suspending medium in 

a 

partition 

V4 = superficial air velocity in FAS 
- 
V = volume of a particle 

- 
vb = bulk volume of mixed particles per 

unit mass 
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- 
V1 = volume of a particle (Type 1) 

V2 = volume of a particle (Type 2) 
- 

W = total weight of mixed particles 

W1 = mixed particle circulation rate from FAS 

W 2  = mixed particle circulation rate from partition 

X1 = weight fraction of coating with respect to the 

initial uncoated particles 

X2 = weight fraction of solvent deposited with 

coating 

X 3  = weight fraction of solid material in coating 

solution 

X4 = solvent removal effectiveness factor 
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