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A CALCULATION METHOD FOR TANGENTIAL 

SPRAY DRYERS 

P. S. Kuts and V. A. Dolgushev UDC 533.697:621.532 

A method is presented for  calculating the design p a r a m e t e r s  of a cyl indr ical  spray d r y e r  with 
t a nge n t i a l  h e a t - c a r r i e r  input; the re  lationships are  analyzed. 

Spiral  flows of interact ing phases a re  used in drying equipment because they set  up a centr i fugal  pat tern,  
which allows one to ra i se  the concentrat ion of the d ispersed component,  increase  the relat ive speed of the 
phases ,  and thus acce le ra te  the heat and mass  t rans fe r .  

Here  we examine a mathemat ica l  model for  droplet  interact ion with a sp i ra l  gas flow in order  to define 
the par t ic le  dynamics in re la t ion to chamber  design, with the object of providing basic concepts for  design 
purposes .  

The motion of a droplet  in such a chamber  is a complex curv i l inear  one in a spatial  velocity distribution; 
the motion is affected by numerous  d i f ferent  fo rces  and other effects  [1, 2]. The following externa l  forces  act 
on a par t ic le  in the genera l  case:  gravitat ion,  react ive  evaporat ion,  molecular  a t t ract ion,  e lec t ros ta t ic ,  e l e c -  
t romagnet ic ,  and gasdynamic.  

The la t ter  includes the aerodynamic res i s t ance ,  the coun te rp re s su re ,  the force  due to turbulent mass 
t r ans fe r ,  and the Magnus force ,  the last ar is ing by rotat ion of a par t ic le  around its axis. 

It is impossible to re f lec t  the combined action of all these fo rces  fully in the different ial  equation, so 
various assumptions must  be made. 

We cons ider  the motion of the heat c a r r i e r  along a spi ra l  line whose pitch is uniform along the length 
and radius ,  with the motion taken as s ta t ionary at  an average  velocity and as not involving rapid turbulent ex -  
change. Radial  leakage and secondary eddies are  neglected, as is the loss of small  par t ic les  toward the center  
of the chamber.  It is assumed that the centr i fugal  force is purely radial ,  while the tangential and axial ve loc i -  
t ies of the par t ic le  and c a r r i e r  a re  equal at each instant. In addition, we incorporate  the change in droplet  mass  
as well  as the effects  of the radial  centr i fugal  force and viscous res is tance .  

The Centrifugal force  is defined by 
�9 ~ 2  

Fc.f. = m p 2 �9 (1) 

This  force produces radial  motion of the pa r t i c l e  (separation speed), and the resul t  is a res i s tance  force 
exer ted by the gas: 

= , s  (v  - -  vp~ ~ v l  Fr'f" 2q ' (2) 
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where  the a e r o d y n a m i c - r e s i s t a n c e  coefficient  [2] for  Re(p) _< 1 is g, = 2 4 / R e ( p ) ,  while for  Re(p) _< 1000 it is 

r = t24/Reip)la + 0.167Re (p/ ). 
The cent r i fugal  force  i nc rea se s  the re la t ive  velocity of the par t ic le  f rom z e r o  up to some limiting value 

defined by Fe.f.-< F r . f ;  equi l ibr ium co r r e sponds  to Stokes '  law, in which case  the d i f ferent ia l  equation becomes  

�9 (7") - -  7JP) 2 ~1 d (0  - -  [)p) w~ __ 24_s - = mp  , (3) 
mp - r -  Re(p~ 2q dv 

where  the f i r s t  and second t e r m s  r e p r e s e n t  the cent r i fugal  force  and the viscous r e s i s t ance ,  While the third is 
the iner t ia l  force  in the radia l  direct ion.  

The m a s s  change in the evapora t ing  drople t  gives [3] 52 = 52o - [(62 - 82) /~-x]~-, which goes with the r e l a -  
t ions mp = ~53~2/6q, s = n62/4, and Re(p) = 5 ( V - V p ) / V  to put (3) in the fo rm 

(4) 

F o r  convenience in integrat ion,  the re la t ive  veloci ty in the rad ia l  d i rec t ion  is put in the di f ferent ia l  f o rm 
v - Vp = d r / d r ,  while the coeff icient  to the f i r s t  der iva t ive  for  Re(p) _< 1 is put as 

18vw (5) 

1 
and for  Re(p) _< 1000 as 

18v71 

) 
(1 -F 0.167 R e ~ ) .  (6) 

Then the general differential equation for a particle of variable mass moving in the radial direction 
becomes 

d~r dr_r_ _ _  

d~ 2 ' A(~) d~ o~r = 0 .  (7) 

To de te rmine  the d i sp lacement  of the par t ic le  together  with the flow in the axial  d i rect ion we need to 
know the pitch of the s p i r a l  motion,  which is defined by 

l I = 2~r tg ~, (8) 

where  fi is the ave rage  angle r ep resen ted  by the sp i ra l ,  which is re la ted to the coeff icient  of a n g u l a r - m o m e n -  
tum conserva t ion  by 

We as sume  a l inear  re la t ionship between the axial  component  of the flow speed and the radius throughout 
the chamber ,  and also a re la t ionship  between the per iod of the rotat ional  motion and t ime in t e r m s  of the 
a ngula r v e  loe ity cc = ewWin/R of the flow, in which the flow en t ra ins  the pa r t i c l e ,  which give s us the initial  velocity 
axial  d i rec t ion  as 

U0p= or ( ~  - -1 !  ~ 

We as sume  the motion to be uniformly dece le ra ted  and employ the condition that the axial  component of 
the veloci ty becomes  ze ro  a f t e r  a t ime r x on account  of coll is ion of je ts  with one another  and with the end wall,  
which gives us the acce le ra t ion  as 

and hence the par t ic le  veloci ty as 

Up= O}r (-~. --1) ~ 
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We integrate  the la t te r  express ion  to get  the equation of motion for  the par t i c le  in the axial  d i rec t ion  as  

T 

( )~ S x = o) e-'. ~ 1 r (1 - -  Tl'~x) d<.. (10) 

0 

To analyze  the drying in such a c h a m b e r  in accordance  with (7) and (10) we need to close the s y s t e m  of 
equations via additional re la t ionships  and a l so  initial  and boundary conditions. As an additional condition we 
specify the flow ra te  

Q (il) 
Win = "~1 (abka) 3600 

and a formula  re la t ing  the conserva t ion  of angular  momentum to the g e o m e t r i c a l  and dynamic  p a r a m e t e r s :  

( I - -  kaa ) 

1 +0.027Re~{~ ~ 2 n R L  " R arccos 
abk~ \ / 

together  with the boundary conditions 

d r  
z = 0 ,  r = r  1, - - = 0 .  (13) 

dr 

Equations (7) and (10)-(13) allow one to analyze the dynamic and design fea tu res ,  par t i cu la r ly  any coupling 
between them. However ,  in calculat ing the chambe r  d imensions  and s izes  of components  (par t icular ly  the inlet 
and outlet holes) ,  we need to know the t ime requi red  for  a c ru s t  to fo rm on a drople t ,  which defines the t ime at 
which the par t ic le  will  no longer s t ick  to the s t ruc tu re ,  and we a lso  need to know the t ime required  to dry to a 
given f inal  wa t e r  content. 

The dec is ive  f ac to r  in calculat ing the ch ambe r  radius  is the t ime for  c ru s t  format ion ,  while the drying 
t ime is the re levant  f ac to r  as  r ega rds  the length. These  t imes  can be de te rmined  by exper imen t  or f rom 
theory ,  but there  a re  subs tant ia l  diff icult ies  in the calculat ion [4], so we have employed a method t e rmed  
d i rec t  and inverse  t rea tment .  

In the f i r s t  s tage ,  we a s s um e  that the d imensions  a re  known for  a sp ray  d r y e r  or  a pa r t i cu la r  output, 
togethe r with the s izes  of the inlet and outlet holes,  the radius  of the d i s p e r s a l  zone, and the dynamic p a r a m -  
e t e r s ,  but the c r u s t - f o r m a t i o n  and drying t imes  are  unknown. 

We substi tute these quanti t ies  into (7) and (10) to der ive  the t ime rc for  the par t ic le  to reach  the outer  
radius  of a chambe r ,  and a lso  the t ime ~'x spent  by the par t ic le  in the chamber .  

If an actual  working plant shows no deposit ion,  then r c may be taken as  less  than the t ime needed to 
r each  the wall .  

Also,  rx  (the drying t ime) can be judged f rom the quality of the final product ,  so  one can calcula te  the 
nominal  c r u s t - f o r m a t i o n  and drying t imes  on the bas i s  of the ent i re  set  of definitive p a r a m e t e r s  for  a p a r -  
t icu lar  mode of drying fo r  a pa r t i cu l a r  ma te r i a l .  

In the second s tage ,  we specify the product ivi ty of the s y s t e m  as  r e g a r d s  amount of wa te r  to be evap -  
ora ted ,  the speed of the heat  c a r r i e r  in the tangential  inlets,  the same at  the outlet, the loss of angular  ve loc -  
ity, and the radius  of the spraying zone, which gives us the coordinates  of a par t ic le  at t imes  ~-c and ~'x, which 
a r e  re la ted as follows to the d imensions  of the chamber :  the cu r ren t  radius  of motion of an evaporat ing p a r -  
t ic le  at t ime ~c a t ta ins  the cham be r  radius ,  while a t  t ime T x the coordinate  in the axial  d i rec t ion  at ta ins  the 
length. 

We then solve-the boundary-va lue  p rob lem represen ted  by (7) and (10)-(13) to de te rmine  the s izes  of the 
inlet holes;  the formula t ion  impl ies  that the d imensions  and the s izes  of the holes a re  not unambiguously d e -  
fined for  a c h a m b e r  of a given output, s ince a l l  these a r e  effected by the inlet speed. We thus have a r e l a t ion -  
ship between the p a r a m e t e r s  of the motion of a drople t  and the c h a m b e r  design. 

The actual  hydrodynamics  of the cham be r  and the deta i ls  of the heat  and m a s s  t r a n s f e r  during drying a re  
ref lec ted  in the bulk h e a t - t r a n s f e r  coefficient  [4, 5], which may be der ived by p rocess ing  labora tory  and p r o -  
duction data for  such spray  d r y e r s :  
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4~2 d q7 ?8 

F i g .  1 F i g .  3 

Fig .  1. Drop  c o o r d i n a t e s  in r e l a t i o n  to ~-x and T e wi th  ~-c = 0.6 ~x fo r  e w = 0.5; 1) r l  = 0.1 m,  w = 
17.2 sec -1 ;  2) r l  = 0.5 m,  w = 14 sec  - l .  R ,  m; t x and t c ,  s ee ;  L , m .  

F i g .  2. Drop  c o o r d i n a t e s  in r e l a t i o n  to Win f o r  r l  = 0.1 m,  Te = 0.226 s e c ,  ~-x = 0.35 sec ;  1) ew = 0.5; 

2) e w = 0.7. Win, m / s e c .  

F ig .  3. D r o p  c o o r d i n a t e s  in r e l a t i o n  to r l  (in m) f o r  ~'c = 0.226 s e c ,  TX = 0.35 s e c ,  w = 10 sec  -1, e w = 
0.5 a s  d e r i v e d  f r o m :  1) (10); 2) (10').  

- 1 . 5  

XW(out) A~-0.73, as, = 4.7.10 -6 vS:~ ~ (14) 

w h i c h  a p p l i e s  wi th  an e r r o r  l e s s  than 12% wi th in  the fo l lowing l i m i t s , A ~  = 14-47 ,  

63. 2 = 25. l0 - a -  65.10 -a m, Re(out) = 4.5 - -  32. 

Equa t ion  (14) s e r v e s  to c l o s e  the b o u n d a r y - v a l u e  p r o b l e m  of (7) and (10)-(13),  i . e . ,  f o r  spec i f i ed  work ing  
c o n d i t i o n s ,  c h a m b e r  s i z e ,  and in le t  hole  s i z e .  

In f o r m u l a t i n g  any c a l c u l a t i o n  m e t h o d ,  i t  i s  n e c e s s a r y  to c h e c k  the r e s u l t s  fo r  r e l i a b i l i t y ,  and in this  
connec t ion  we e x a m i n e  the r i g o r  in the f o r m u l a t i o n .  

When the s y s t e m  of (7) and (10)-(14) i s  be ing  so lve d ,  e r r o r s  of v a r i o u s  o r i g i n s  can  c r e e p  in; f i r s t ,  the 
i n i t i a l  da t a  may  not adequa t e ly  d e s c r i b e  the  p h y s i c a [  p r o c e s s  on accoun t  of d e f i c i e n c i e s  in the t heo ry  and e r -  
r o r s  in the  m e a s u r e m e n t s .  Second ly ,  e r r o r s  a r i s e  in so lv ing  the equa t i ons  t h e m s e l v e s .  As  equa t ions  (7), (10), 
and (13) a r e  f a m i l i a r ,  the s y s t e m  was  so lved  by a M i n s k - 3 2  c o m p u t e r ,  wi th  the s e c o n d - o r d e r  d i f f e r e n t i a l  e q u a -  
t ion  of (7) i n t e g r a t e d  by the R u n g e - K u t t a - T a n a k a  method  wi th  the s t a n d a r d  RKTZ p r o g r a m ,  whi le  t r a n s c e n d e n -  
t a l  equa t ion  (12) was  so lved  by d i v i s i o n  of the i n t e r v a l s  into h a l v e s ,  and the s y s t e m  as  a whole  was  so lved  by 
s t e e p e s t  d e s c e n t  [6], in which  c a s e  the c a l c u l a t i o n s  can  be  p e r f o r m e d  wi th  any a c c u r a c y  (in our  c a s e ,  the 
e q u a t i o n s  w e r e  so lved  wi th  an e r r o r  of 0.01),  and so  the  e r r o r s  a r i s i n g  f r o m  the second  c a u s e  a r e  u n i m p o r -  
tant .  The  b a s i c  e r r o r  thus a r i s e s  f r o m  i n e x a c t  f o r m u l a t i o n  of the p r o b l e m .  

I t  is  su f f i c i en t  to say  that  the e m p i r i c a l  f o r m u l a  of (14) a p p l i e s  wi th  a r e l a t i v e  e r r o r  of 12%; to e s t i m a t e  
the p o s s i b l e  e r r o r s  in the f o r m u l a t i o n  we thus a s s u m e  that  the p i tch  in t h e  s p i r a l  mo t ion  is c o n s t a n t  a l o n g  the 
r a d i u s ,  in which  c a s e  (10) b e c o m e s  

1 "05 
X =  , ~w ' cO - ~  - -1  I R ~ ( 1 - -  0.5T/~). (10 v) 

C a l c u l a t i o n s  f r o m  (10) and (109 show tha t  a s y s t e m a t i c  e r r o r  in d e t e r m i n i n g  the d r y i n g  t ime  of up to 29% 
a r i s e s  f r o m  e r r o r  in the f o r m u l a t i o n ,  a s  a g a i n s t  only 14% for  the c h a m b e r  length.  T h e r e f o r e ,  one c o n c l u d e s ,  
f i r s t  of a l l ,  that  the method  is  such  tha t  i t  t ends  to r e d u c e  the e f f e c t s  of e r r o r  in d e t e r m i n i n g  the d r y i n g  t ime  
on the a c c u r a c y  of c h a m b e r  s i ze  de f in i t i on ,  w h i l e ,  s e c o n d l y ,  that  the c a l c u l a t i o n  e r r o r  is  qui te  a c c e p t a b l e  f r o m  
the e n g i n e e r i n g  v iewpoin t .  

T h e s e  r e l a t i o n s h i p s  a l low us to def ine  the  e f f ec t  of the fo l lowing f a c t o r s  on the c h a m b e r  d e s i g n :  c r u s t -  
f o r m a t i o n  and d r y i n g  t i m e s  (Fig.  1), input  speed  (Fig.  2), and s p r a y e r  d e s i g n  (Fig.  3). 

F i g u r e  1 shows  that  the c h a m b e r  d i m e n s i o n s  i n c r e a s e  a l m o s t  p a r a b o U c a i l y  wi th  the c r u s t - f o r m a t i o n  t ime  
and,  c o r r e s p o n d i n g l y ,  the d r y i n g  t i m e ,  w i th  the  r e s u l t  tha t  the  d i m e n s i o n s  beg in  to i n c r e a s e  r a p i d l y  beyond a 
c e r t a i n  po in t ,  which  r e s t r i c t s  the  r e g i o n  of a p p l i c a t i o n  of such  plant .  
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T A B L E  1. S i z e s  of C h a m b e r  and Inlet H o l e s  in R e l a t i o n  to r i  f o r  
w = 1 0 s e c  - l a n d  k a = 2  

, r~ win R L' a b 

0,668 
0,680 
0,692 
0,704 
0,716 
O, 728 
0,740 
0,752 
0,764 
0,776 
0,788 
0,800 
0,812 
0,824 

0,836 
0,848 
0,860 
0,872 
0,884 
0,896 
O, 908 
O, 920 
0,932 
0,944 

14,5 
14,8 
15,1 
15,3 
15,6 
15,9 
16,1 
16,4 
16,6 
16,9 
17,2 
I7,4 
17,7 
17,9 

0,873 
0,889 
0,904 
9,920 
0,936 
0,951 
0,967 
0,983 
0,998 
1,0t 
1,03 
l, 05 
1,06 
1,08 

1,91 
1,95 
1,98 
2,02 
2,05 
2,08 
2,12 
2,15 
2, 19 
2 22 
2,26 
2,29 
2,33 
2,36 

0, I43 �9 0,398 
0,144 0,389 
0,144 0,382 
0 144 0,375 
0,144 0,369 
0,144 0,364 
0,243 0,359 
0,143 0,354 
0,142 0,351 
0,141 0,348 
0,139 0,346 
0,138 [ 0,345 
0,136 , 0,344 
0,134 0,344 

18,2 
18,5 
18,7 
19,0 
19,3 
19,5 
19,8 
20,0 
20,3 
20,6 

1,09 
1,11 
1,12 
1,14 
1,16 
t,17 
1,19 
1,20 
1,22 
1,23 

2,39 
2,43 
2 46 
2,50 
2,53 
2,57 
2,60 
2,63 
2,67 
2,70 

0,132 
0,129 
0,126 
0,122 
0,'119 
0,114 
0,109 
0,103 
0,097 
0,089 

0,345 
0,348 
0,351 
0,356 
0,363 
0,371 
0,383 
0,400 
o, 422 
0,454 

F i g u r e  2 shows  that  the s e p a r a t i o n  e f f ec t  i n c r e a s e s  wi th  the input  speed ,  and the m o r e  so  the h i g h e r  the 
a n g u l a r - m o m e n t u m  c o n s e r v a t i o n  f a c t o r ,  which  c a u s e s  the c h a m b e r  d i a m e t e r  to i n c r e a s e .  At  the s a m e  t i m e ,  
the length a l s o  i n c r e a s e s ,  s i n c e  the a x i a l  speed  i n c r e a s e s .  The  r e l a t i o n s h i p s  a r e  l i ne a r .  F u r t h e r ,  the r a t e  of 
i n c r e a s e  in the  c h a m b e r  d i a m e t e r  i t s e f f  i n c r e a s e s  wi th  ew, w h e r e a s  the length tends  to fa l l .  The  l a t t e r  is due 
to  the f e a t u r e s  g o v e r n i n g  the t a n g e n t i a l  and a x i a l  c o m p o n e n t s  of the ve loc i t y .  

A s  r e g a r d s  the a d h e s i o n  to  the w a l l ,  the p r o p e r  d e s i g n  of the s p r a y e r  p l a y s  an  i m p o r t a n t  p a r t ,  s i nce  th i s  
c o n t r o l s  the d r o p l e t  s i z e  and the s p r a y i n g  ang l e ,  in con junc t i on  with  the n u m b e r  and d i s t r i b u t i o n  of the s p r a y e r s .  
AII of t h e s e  f a c t o r s  a r e  i n c o r p o r a t e d  via  the d i a m e t e r  and speed  of a d r o p l e t  a t  the b o u n d a r y  of the s p r a y i n g  
zone ,  i . e . ,  50, d r / d ~ -  = .Cop and r l~ 

F i g u r e  3 shows  the r e l a t i o n s h i p  of a c h a m b e r  s i z e  to s p r a y e r  zone r a d i u s ;  t h e s e  r e l a t i o n s h i p s  and the 
cond i t i ons  i m p o s e d  on the i n i t i a l  v e l o c i t i e s  and d r o p l e t  d i a m e t e r s  i nd ica t e  tha t  s p r a y i n g  by a l a r g e  n u m b e r  of 
j e t s  p r o v i d i n g  a c o m p a r a t i v e l y  s m a l l  s p r a y  d i v e r g e n c e  angle  (about 45 ~ is n e c e s s a r y  to p r o v i d e  fo r  d r y i n g  
wi thou t  d e p o s i t i o n  on the w a i l  of the  c h a m b e r .  

We now c o n s i d e r  how the d i m e n s i o n s  of the d r y i n g  c h a m b e r  a r e  a f f ec t ed  by hea t  and m a s s  t r a n s f e r  in the 
t w o - p h a s e  s y s t e m  a s  a whole ;  0-4) shows  tha t  a2 i s  d e p e n d e n t  on the speed  of the hea t  c a r r i e r ,  s i n c e  i n c r e a s e  
in the l a t t e r  a c c e l e r a t e s  the hea t  and m a s s  t r a n s f e r  in the bounda ry  l a y e r  and thus i n c r e a s e s  the r a t e  of t r a n s -  
f e r  b e t w e e n  the d r o p l e t s  and the c a r r i e r .  

The  t h e r m a l  conduc t i v i t y  of the g a s  has  a s i m i l a r  e f fec t  on the h e a t - t r a n s f e r  r a t e ;  a l s o ,  the t h e r m a l  
r e s i s t a n c e  of the  b o u n d a r y  l a y e r  is  r e d u c e d  as  the t e m p e r a t u r e  is  r a i s e d .  

The  h e a t - t r a n s f e r  f a c t o r  is  i n v e r s e l y  p r o p o r t i o n a l  to the  d r o p l e t  d i a m e t e r ,  but  the bu lk  h e a t - t r a n s f e r  
0.5 c o e f f i c i e n t  is  i n v e r s e l y  p r o p o r t i o n a l  to  the  s q u a r e  r o o t  of th is  (1/63.2) u n d e r  the  a c t u a l  w o r k i n g  cond i t i ons  of 

a s p i r a l  s p r a y e r  c h a m b e r ,  so  the a c c e l e r a t e d  hea t  t r a n s f e r  p r o v i d e d  by r e d u c i n g  the d r o p l e t  s i z e  is  a t t a ined  
not  only as  a r e s u l t  of i n c r e a s i n g  the h e a t - t r a n s f e r  s u r f a c e  p e r  uni t  we igh t ,  but a l s o  by i n c r e a s e  in 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 c o n c l u s i o n ,  we g ive  an e x a m p l e  of c a l c u l a t i o n s  on such a d r y i n g  c h a m b e r  wi th  c o u n t e r c u r r e n t  s p i r a l  
f lows having  a p r o d u c t i v i t y  of 300 l i t e r s / h  (as e v a p o r a t e d  w a t e r ) ,  the c a l c u l a t i o n  be ing  b a s e d  on the p a r a m -  
e t e r s  of an a c t u a l  s i m i l a r  c h a m b e r  of output  100  l i t e r s / h .  By v i r t u e  of the s y m m e t r y ,  we c o n s i d e r  only one 
ha l f  of the c h a m b e r .  The  g e o m e t r i c a l  p a r a m e t e r s  a r e  a = 0.07 m; k a = 2; b = 0.175 m; aou t = 0.22 m; bout  = 
0.22 m; 1~ = 0.6 m; L = 2.1 m,  whi l e  the a i r  f low r a t e  is  Q = 1350 k g / h ,  and the p h y s i c a l  c o n s t a n t s  f o r  tav  = 
120~ in the hea t  c a r r i e r  a r e  a s  f o l l o w s :  ~ = 2 6 , 2 1 . 1 0  -~ m 2 / s e c ;  T1 = 0.87 k g / m 3 ;  3'2 = 1000 k g / m 3 ;  50 = 10-4 
m; 6c = 10 -5 m; r l  --- 0.25 m.  
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Solution of (7) and (10)-(13) gives 

T c = 0.226 ~ec, T~ ~ 0.35 sec, ea. = 0.545. 

We give the second stage in the calculation, in which the direct problem is solved. The physical setting 
in the chamber remains as before. To evaporate 150 l i ters/h requires 4500 kg/h of air. We specify F w = 
0.6, a: = 10.0 sec -I and vary rl in the range 0.5-0.9 to solve (7) and (10)-(13), which gives the results collected 
in Table I. Then we use (14) to determine the chamber volume and we select the appropriate line of values 
from the table (line denoted by the bar). 

The calculations thus incorporate the dynamics of individual droplets and also those of the two-phase 
system as a whole. 

NOTATION 

R, L, radius  and length of the vor tex chamber ;  a ,  b, k a ,  height, width, and number  of inlet pipes;  t 'out, 
bout, height and width of outlet pipes;  u, v, w, axia l ,  radia l ,  and tangential  velocity components  of heat  c a r -  
r i e r ;  Sw, coefficient  of angular -ve loc i ty  conserva t ion  for  the velocity near  the wall; 5o, 5c, 5, 53. 2, initial,  
c r u s t - f o r m a t i o n ,  cu r ren t ,  and mean vo l um e- su r f ace  ra t io  d i a m e t e r s  of drops;  x, r ,  cu r r en t  coordinates ;  Tc, 
T, ~'x, c r u s t - f o r m a t i o n  t ime,  c u r r e n t  t ime,  and drying t ime,  respec t ive ly ;  r l ,  radius of spraying zone; Win ' 
Wout, h e a t - c a r r i e r  veloci t ies  at the inlet and outlet, r espec t ive ly ;  A v, volume loading fac tor  of chamber ;  A v = 
V . / V c h ,  where  V ,  is the volume of solution evapora ted  in 1 h; Vch, chambe r  volume; Re{p), Re(in), Re(out ), 
Reynolds numbers  based on par t ic le ,  inlet, and outlet ve loci t ies ,  r e spec t ive ly ,  Re(in) = winka a / , , ,  Re(out) = 
Woutaout/v;  mp,  mass  of a par t ic le ;  J, drag;  s ,  a rea  of midsect ion of a par t ic le ;  "n, 72, densi t ies  of heat 
c a r r i e r  and solution; q, acce lera t ion;  v, k inemat ic  v iscosi ty  of heat c a r r i e r ;  ~, t he rma l  conductivity of heat 
c a r r i e r  at the mean t e m p e r a t u r e  in the d rye r .  Indices:  p, par t ic le  p a r a m e t e r .  

i. 

2. 
3. 

4. 
5. 

6. 
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