
NOTATION 

c, concentrat ion;  h, D, 7, ~, coefficients of t he rma l  conductivity,  diffusion, dynamic viscosi ty ,  and 
volume expansion; p, density;  ~, thermodiffus ion constant; T, mean t e m p e r a t u r e  in operat ional  gap; AT, 
t em pe r a tu r e  difference;  ~ = ~/H; or, column pe r fo rmance  {extraction); V(ce, co), value function, see (16 a); q = Ce (1 - 
c 0 ) / c 0 ( 1 -  Ce); H =o~gp2f163(AT)2B/6h?T, H*, see  (4); Ye = 504~DL/pgfl54~-,  Y~, see  (4); 5, gap; L, 
column length; a ,  t he rma l  diffusivity. Indices: 0, initial state; e, value n ea r  the refining end of column. 
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Dynamic charac te r i s t i c s  have been der ived for par t ic les  falling under gravi ty  in a sp i ra l  heat-  
c a r r i e r  flow. 

Many theore t ica l  studies have been made on the motion of smal l  par t ic les  in turbulent  flows, of which 
Chen's papers [1 ] form an important  par t .  

Here  we use Chen's equations [1] to de te rmine  the dynamic cha rac te r i s t i c s  of a par t ic le  falling under 
gravi ty  in a sp i ra l  flow within a rotat ing drying drum.  The calculations a r e  compared with exper iment  for 
par t ic les  falling in a homogeneous flow. 

The equation of motion for a smal l  spher ica l  par t ic le  falling under gravi ty  in a turbulent  sp i ra l  gas flow 
within a rotating cyl indr ical  drying d rum takes the fo rm  

n d S p ~ =  ~ d 3 p ~ +  c= ~d ~ 

Equation (1) is derived from Chen's equation [I] by neglecting forces related to the acceleration of the 
fluid, as well as those due to the adjoint mass and the Basset force, which incorporates the history of the 
particle acceleration; this is done because these forces are small if the fluid is of low speed (3-7 m/see) and 
the circumferential velocity is small (v~p = 1 m/sec)~ Also, an assumption different from Chen's is that the 
viscous resistance is proportional to the square of the relative velocity v~1 --~) [2], with this force directed 
against the flow direction if the particle moves faster than the liquid, and vice versa. 

We solve (1) for w on the basis that Ox = 0.5 [2], which gives 

~v : g  ~ 3 pl l ~ _ _ ~ ! ( ~ _ _ ~ .  (2) 
8 p d 
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Fig .  I~ Motion of p a r t i c l e s  wi th in  a ro t a t i ng  d r u m .  

Equa t ion  (2) has been  w r i t t e n  in t e r m s  of p ro j ec t ions  on the  axes  of the  c y l i n d r i c a l  c o o r d i n a t e  s y s t e m  (x, r ,  qg) 
(Fig.  1); we have  used  e x p r e s s i o n s  fo r  the  p ro j ec t i ons  of the  a c c e l e r a t i o n  and ve loc i ty  v e c t o r s  in t e r m s  of 

t he  r a d i a l  componen t  ~0 and the  t r a n s v e r s e  one ~0 [3]. 

Le t  the  d r u m  r o t a t e  with a n g u l a r  ve loc i ty  w; the  fol lowing ve loc i ty  d i s t r i bu t i on  is obta ined for  the  fluid 
wi thin  the  d r u m :  

v~.~ = v~ = cons~, ~,~ = 0, vl~ = o)r. (3) 

T h e  fol lowing d i m e n s i o n l e s s  quant i t ies  a r e  now in t roduced :  

; _  x , ? = .  ~ , ~-_ ,~ , ~  = v~ , ~ _  ~ .  

Dd D d 2.n vi Vi (4) 

-- , D d 
v~ -- (~ , - D d ' D d 

T h e n  (2) t a k e s  the  fol lowing f o r m  in t e r m s  of p ro i ec t ions  on the  d i r e c t i o n s  ~-0, r 0, and ~0 (Fig.  1) on the  

b a s i s  of (3)and (4): 

atdV~ _ 83 Pip dt l "  (1 - -~x)  ~ --' :,2.~, v- -~~ ( r - -  vr ~ (1 - -  v~), 
vT 

dr, 3 ,%. 1 V -o co 2 D~ (r - -  v~) 2 v~ ~ Dd v~ g cos (2n ~), 
d t  -- 8 P d ( 1 - - ~ ) 2 - ~  v; f v~ v~ - r 

dVq,d_t -- 83 91p dl 1 '  (i --v.0% 2,=_ v; + (~ ( r - -  v~) 2 ( r - -  v~)- -  -r + -  gsin(ODd (2n~), dXdt -- - vx' 

dr - - d~ (ODd - 
d t  = v .  i d-t 2nvi v~. (5) 

T h e  las t  t h r e e  equat ions  have  been  w r i t t e n  in a c c o r d a n c e  with the  def in i t ions  of the  ve loc i ty  componen t s  
Vx, Vr, and v~o; a l so ,  the  in i t ia l  condi t ions  a r e  as  fol lows : 

X ~ X0, r --- to,  q~ ~ ~0,  
t = 0: (6) 

Vx-~Vxo, Vr=Vro, v ~ o .  

T h e  so lu t ion  to  (5) wi th  the  boundary  condi t ions  of (6) s e r v e s  to  def ine  the  pos i t ion  of the  p a r t i c l e  within 
t he  d r u m  in the  s p i r a l  fluid flow, t o g e t h e r  with the  componen t s  of the  p a r t i c l e  ve loc i ty ,  the  pa th  t r a v e l e d ,  and 
the  t i m e  of fa l l .  T i m e  t is t a k e n  as  the  p a r a m e t e r .  

T h e  a s s u m p t i o n s  made  in de r i v ing  (6) have  been  t e s t ed  by ca l cu la t ing  the  c h a r a c t e r i s t i c s  of a p a r t i c l e  
fa l l ing under  g r a v i t y  in a u n i f o r m  fluid flow, and the  r e s u l t s  have b e e n  c o m p a r e d  with e x p e r i m e n t .  In tha t  
c a s e ,  the  equat ions of mo t ion  t a k e  the  f o r m  

u ~ X  
d t  d t  d t  8 d  p 
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Fig. 2. Range of a part icle  of density p (kg/m z) of 
67.3 (a) and 72.9 (b) in t e rms  of the speed v 1 (m/see) 
fo r  a homogeneous flow; the experimental  values 
for the boundaries of the d i spersa l  zone a re  as fol-  
lows : a )  e Xmin, the. minimum range;  2) Xmax , e  the 
maximum range.  The solid lines have been derived 
by numerical  solution of (7). 

vx,~,r,v+ i i 

' "  I 
02. 0,4 .0,55 

b 

o o,e o,~ 
-2 

0 t 

Fig. 3. Distributions of the dynamic pa ramete r s  for a 
par t ic le  in a spi ra l  flow (model No. 5) in re la t ion to 
t ime t (see): a) velocity distributions (axial v x, radia l  
Vr, and c i rcumferent ia l  vg); b) distance moved x, d i s -  
tance f rom drum axis r ,  and angle of rotat ion ~ around 
the x axis,  r a d / 2 r .  

x(l-%), d% 3 o , ] / 0 _ - ~ ) , + ~ "  (7) 
d7 8~ e 

T h e  i n i t i a l  c o n d i t i o n s  ( for  ~" = O) a r e  as f o l l o w s  : 

x = ~  = ~ = v , = o ,  ~ = 1 .  (8) 

An M-220 computer  was used to integrate (7) with the initial conditions of (8) by the Runge- -  Kutta method 
*o the fourth order  of accu racy  [4]; the t ime step in the integration was H = 0.005 see .  We per form calcula-  
tions on 10 different models for a constant density Pl = 1.225 kg/m 3 for the fluid, two part icle densities p of 
67.3 and 72.9 kg /m 3, and five fluid speeds of v t = 3, 4, 5, 6, 7 m / s e e .  The diameter  of a part icle  in all cases 
was d = 3 mm.  

Figure  2a and b shows the calculated resul ts  for the projection of the distance t raveled on the x axis,  
i .e . ,  the range t raveled,  in re lat ion to the speed v I of the fluid and the par t ic le  density p. 

Measurements  were  made on the distances t raveled by the par t ic le  in re la t ion  to flow speed; we used 
sunflower seeds of effective d iameter  d = 3 mm [5] and densit ies p of 67.3 and 72.9 kg /m 3. The working part  
of the wind tunnel had a horizontal sur face  at the lower part  of the injection nozzle,  which was paral lel  to the 
axis and which was covered with a layer of g rease  of thickness 3 ram, which served to define the points of in- 
cidence of the par t ic les .  The upper part  of the nozzle had a device for supplying the seeds ,  and when the seeds 
emerged f rom tMs they fell under gravi ty  in the working part  of the tube onto the above plane. We used v t of 
3, 5, and 7 m / s e e .  In each case  we measured the distances t raveled for 100 seeds ,  the range of distances 
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F i g .  4 .  P a r t i c l e  r a n g e  x in r e l a t i o n  to  
p h y s i c a l  p r o p e r t i e s ,  f lu id  s p e e d  (the n u m -  
b e r s  a r e  t h o s e  of the  m o d e l s  f r o m  T a b l e  1), 
and t i m e  t .  

T A B L E  1. P h y s i c a l  P r o p e r t i e s  of P a r t i c l e s  

Model 
number 

Axial 
velocity vl, 
m/sec 

4 
4 
4 
5 

5 
6 
6 
7 
7 

Fluid den- 
sity p_~, kg/  
m3 

9,45 
9,45 
6,14 
9,45 
6,14 
9,45 
6,14 
9,45 
6,14 

Fluid tem- 
perature, *C 

200 
200 
300 
200 
300 
200 
300 
200 
300 

Density p of 
particles, kg/  
m ~ 

72,9 
67,3 
72,9 
72,9 
72,9 
72,9 
72,9 
72,9 
72,9 

b e i n g  s p e c i f i e d  as  t h e  m a x i m u m  v a l u e  x~m x and the  m i n i m u m  v a l u e  x e i n  . T h e  d i a m e t e r  of t h e  n o z z l e  was 
Dd = 1 m .  F i g u r e  2a and b shows  the  r e s u l t s ,  w h i c h  a g r e e  s a t i s f a c t o r i l y  wi th  c a l c u l a t i o n s  f r o m  (7). 

C o n s e q u e n t l y ,  (7) c o r r e c t l y  r e f l e c t s  t h e  b e h a v i o r  of p a r t i c l e s  in  a u n i f o r m  f low.  

T h e  a s s u m p t i o n s  involved  in  d e r i v i n g  (5) a r e  t he  s a m e  as  t h o s e  for  (7), but  (5) is  m o r e  g e n e r a l  t han  (7), 
s i n c e  i t  d e s c r i b e s  t he  mo t ion  in t h r e e - d i m e n s i o n a l  s p a c e ,  w h e r e  (5) and (6) a l s o  c o r r e c t l y  r e f l e c t  the  m o t i o n  
in a s p i r a l  f low.  

We i n t e g r a t e d  (5) n u m e r i c a l l y  by  the  R u n g e -  Kutta method  wi th  an  M-220  c o m p u t e r  for  t he  fo l lowing 
c a s e s  s u b j e c t  to  t h e  i n i t i a l  cond i t i on  t = 0: 

x - - -0 ,  7 = 1 ,  ~p=0,  ~ = - ~ r = 0 ,  ~ = l .  (9) 

T h e  d i a m e t e r  of a s p h e r i c a l  p a r t i c l e  was d = 3 m m ;  the  d r u m  d i a m e t e r  Dd = 2 m,  and t h e  s p e e d  of r o t a t i o n  
n = 9 r p m .  T a b l e  1 g i v e s  t he  n u m b e r s  of t h e  m o d e l s  and the  v a r i o u s  c h a r a c t e r i s t i c s .  

F i g u r e  3a and b shows  the  r e s u l t s  for  m o d e l  No. 5 in  t e r m s  of t he  a x i a l  v e l o c i t y  Vx, r a d i a l  v e l o c i t y  Vr, 
and c i r c u m f e r e n t i a l  v e l o c i t y  v~ in r e l a t i o n  to  t i m e  t (F ig .  3a), and a l s o  t h e  d i s t a n c e  t r a v e l e d  x, t he  d i s t a n c e  
r f r o m  the  ax i s  of t h e  d r u m ,  and the  ang le  of c i r c u m f e r e n t i a l  d i s p l a c e m e n t  ~ ( r a d / 2 ~ )  in  each  c a s e  a round  the  
x a x i s ,  in r e l a t i o n  to  t i m e  t (F ig .  3). 

F i g u r e  4 shows  the  d i s t a n c e  t r a v e l e d  as  a func t ion  of t i m e  t ,  t h e  p h y s i c a l  p a r a m e t e r s  of t he  f luid Pl, t he  
a x i a l  v e l o c i t y  v i ,  and the  p a r t i c l e  d e n s i t y  p .  It is  c l e a r  t ha t  fo r  a cons t an t  f luid s p e e d  and f luid d e n s i t y  ( c a s e s  
1 and 2) the  r a n g e  i n c r e a s e s  as  t he  p a r t i c l e  d e n s i t y  f a i l s .  At  a c o n s t a n t  s p e e d  and c o n s t a n t  p a r t i c l e  d e n s i t y ,  
t h e  r a n g e  i n c r e a s e s  as  t h e  t e m p e r a t u r e  f a l l s  (models  1 and 3).  Ana logous  c o n c l u s i o n s  fol low f r o m  the  r e s u l t s  
fo r  t h e  o the r  m o d e l s .  If  t he  f luid s p e e d  is i n c r e a s e d  whi le  a l l  t he  p h y s i c a l  p a r a m e t e r s  of the  p a r t i c l e s  and 
f luid o t h e r w i s e  r e m a i n  unchanged ,  t he  r a n g e  i n c r e a s e s ,  which  c o r r e s p o n d s  to  t he  p h y s i c a l  p i c t u r e  of t h e  b e -  
h a v i o r  of a p a r t i c l e  in  r e s p o n s e  to  a s p i r a l  f low and g r a v i t y .  

NOTATION 

d,  s p h e r e _ d i a m e t e r ;  p ,  p a r t i c l e  d e n s i t y ;  v_ p a r t i c l e  v e l o c i t y  v e c t o r ;  v i ,  v e c t o r  for  m e a n  v e l o c i t y  of 
hea t  c a r r i e r ;  w, p a r t i c l e  a c c e l e r a t i o n  v e c t o r ;  g_ a c c e l e r a t i o n  due  to  g r a v i t y ;  Cx, r e s i s t a n c e  coe f f i c i en t  for  
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a sphere ;  x, dis tance along the drum axis;  r ,  distance f rom part icle  to drum axis;  go, angle between ver t ica l  
axis and current  r ad ius -vec to r  ~; ~-0, unit r ad ius -vec to r  in the ~ direct ion;  ~0, t r a n s v e r s e  direct ion;  Dd, 
d rum diameter ;  Vx, project ion of part icle  velocity in x direction;  Vr, radia l  velocity component; vgo, angular 
velocity of part icle;  t,  t ime;  ~,  angular velocity of d rum.  
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1 ) R E S S U R E  D I S T R I B U T I O N  IN GAS F L O W  I N  T H E  

1 ) R E S E N C E  O F  A F I B R O U S  F I L T E R  IN  T H E  C H A N N E L  

B .  I .  O g o r o d n i k o v ,  V.  I .  S k i t o v i c h ,  
a n d  V .  I .  K h a b a r o v  

UDC 536.24:532.526 

The charac te r i s t i cs  of gas flow through a fibrous fi l ter  in the presence  of supercr i t i ea l  p r e s su re  
drops a re  investigated. 

Modern aeroso l  fi l ters present  porous sys tems  of very  long cyl indrical  fibers a r ranged in parallel  
planes randomly [1]. Thei r  hydrodynamics ,  in par t icular  of F1) fi l ters [2], has been well studied for r e l a -  
t ively smal l  velocities of the gas flows and smal l  p re s su re  drops at the f i l ter  [3-6]. For  superc r i t i ca l  p r e s -  
sure  drops when the ra t io  of s tat ic  p r e s su re  behind the fil ter 1) 2 to the total p r e s su re  in front of the fil ter 1) l 
becomes sma l l e r  than 0.528 and the l inear ra tes  of f i l t rat ion r each  tens of meters  per  second, the gas flow in 
fibrous fi l ters has net been investigated.  

Isentropic gas flow in cyl indrical  channel [7] is known, which is a limiting case  of gas flow through a 
filter whose res i s t ance  is equal to zero.  The resul ts  of a computation of p re s su re  distributions f rom the equa- 
t ion 1) 1 = f(1) 2, G) for different re la t ive  flow rates  a re  given in Fig.  1 for the condition that the d iameter  of the 
channel is much la rger  than the mean free path of the gas molecules .  Two charac te r i s t i c  zones can be sepa-  
rated out. In zone A, lying between s t ra ight  lines I and II corresponding to equations 1) 2 = 0.528Pt and 1)2 = 1)1, 
a dec rea se  of 1) 2 for G -- eonst resul ts  in a dec rease  of 1)1. In zone B, lying between the s t ra ight  line I and the 
ordinate, a change of 1) 2 for constant G does not effect 1) 1. 

We introduce a quantity X that is equal to the ra t io  of 1)1 at any point on the curve 1)1 = f(1)2, G = const) to 
the cr i t ical  p r e s su re  1) 1 . at the in tersect ion of this curve with line 1. Then zone A would be charac ter ized  by 
the values X > 1 while in zone B, • = 1. 

Gas flow in multipath channels, i . e . ,  labyrinths which a re  used, for example, in tube-machine  cons t ruc-  
t ion [8], is a lso known. If the number of stages in the labyrinth is large,  then in spite of the superer i t iea l  
p re s su re  drop between the input and the output of the labyrinth, the cr i t ica l  p r e s s u r e  drop at the last s tage may 
not be reached.  As seen f rom Fig. 1, the flow in the labyrinth differs substantial ly f rom the flow in a cylin-  
d r ica l  channel discussed above; in zone B, • is smal le r  than one. Thus, in spite of the superc r i t i ca l  p r e s su re  
drop i n t h e  labyrinth as a whole, the dec rease  for 1)2 for G = const leads to a dec rease  of 1) t everywhere .  
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