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Horizontal  pneumat ic  t r anspo r t  in a dense medium is t rea ted  as the flow of a two-phase  
s y s t e m  with var iab le  poros i ty .  With the aid of Chisholm's  theore t ica l  model,  it is p o s -  
s ible  to der ive  fundamental  design equations.  A coefficient is introduced which accotmts  
for  the pneumat ic  t r anspor t ab i l i t y  of  a m a t e r i a l .  

In se lec t ing the input data for the op t imum design of a pneumatic  t r a n s p o r t  p r o c e s s ,  one a s s u m e s  the 
avai labi l i ty  of a sound design method which takes  into accotmt the cha r ac t e r i s t i c s  of the route as well as 
the phys icomeehaniea l  p r o p e r t i e s  of the ma te r i a l  to be t r ans f e r r ed .  

A method is p roposed  he re  for  calculat ing the basic  p a r a m e t e r s  of pneumatic  tran_sport, with one of 
the hydrodynamic  models of two-phase  flow taken as the tentative design scheme .  The applicat ion of such 
schemes  is founded on the specif ic  c h a r a c t e r i s t i c s  of pneumatic  t r anspo r t  in a dense medium [1, 2] as 
well  as on the fact  that  ce r ta in  empi r i ca l  re la t ions  hold for the flow of a w a t e r - a i r  mix ture  as much as for 
pneumatic  t r a n s p o r t  in a dense medium [3]. 

We will a s s u m e t h a t  at the ent rance  sect ion of a t r anspo r t  duct the f ine-d i spers ion  ma te r i a l  is in a 
fluidized s ta te  close to the s tabi l i ty  l imi t  (a ---- es.1.) but that f a r the r  along the route there  occurs  a s t r a t i f i -  
cation of the ae roso l  with the solid pa r t i c les  prec ip i ta t ing  in the lower  par t  of the duct. The length of duct 
where  this s t ra t i f ica t ion  occurs  will depend on the physicomechanica l  p r o p e r t i e s  of the mate r i a l  and can 
be cha rac t e r i zed  by a coeff icient  ~. By analogy with the rec ip roca l  of the re laxat ion t ime  in the theory  of 
re laxat ion  p r o c e s s e s ,  ~ may  be called the r ec ip roca l  of the s t ra t i f ica t ion  length and may s e r v e  as a tmi- 
v e r s a l  c r i t e r ion  of pneumat ic  t r anspor tab i l i ty  for a given mate r ia l .  

On this p r e m i s e ,  then, horizontal  pneumat ic  t r anspo r t  in a dense medium r e p r e s e n t s  a flow of a 
two-phase  s t r e a m  through a duct, with the pa r t i c l e s  in a low,concent ra t ion  mix ture  moving along the top 
(conventional p r e s s u r i z e d  pneumatic  t r anspor t )  and with the ae roso l  of a lengthwise var iab le  po ros i ty  
moving along the bottom: 

where  

= %.1.{ 1 - -  ~c [i - -  exp (-- ~ts.1.)] }, (1) 

E ref -~ g<o 
~o - -  (2) 

8S.1. 

The s m a l l e r  the coeff icient  ~ is ,  t he re fo re ,  the longer  is the dis tance along the route where  the 
f ine -d i spers ion  ma te r i a l  r e m a i n s  in a quasif luidtzed s ta te ,  the higher is its mobil i ty ,  and the bet ter  a r e  
the t r anspo r t  conditions. 

We w ill now use Ch i sho lm ' s  theore t i ca l  model  and examine the equation in [4]: 
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Fig .  1. S c h e m a t i c  d i a g r a m  
for  ca l cu la t ions .  

In a duc t  sec t ion  we r e p l a c e  the a r e a  c o v e r e d  wi th  a e r o s o l  by  a 
f ic t i t ious  s e c t o r  with the v e r t e x  angle  0 (Fig.  I ) .  In such  a conf igura t ion ,  
then,  the ra t ios  ~ and ~ of the hydrau l i c  d i a m e t e r  of  the m a t e r i a l  ( r e -  
g a r d e d  as  the l iquid phase)  to the hydrau l i c  d i a m e t e r  of  the a e r o s o l  in a 
t w o - p h a s e  s t r e a m  or  in a o n e - p h a s e  s t r e a m ,  r e s p e c t i v e l y ,  a r e :  

2a 

(4) 

1 3 -  2:~q) (4a)  
CZ 1 

F r o m  the g e o m e t r y  of  this a r r a n g e m e n t  foi lows 

4 a2 ~ 12cz~ ~ 24% = 24 [1 + 2a (q~ - -  0.25)], 

w h e r e  a 2 = [ ( ~ / 2 ) - a t ] .  

A solut ion of  Eq. (5) on a digi ta l  c o m p u t e r  y ie lds  a funct ional  re la t ion  a t = f(~o) for  the en t i r e  r ange  
of  f r ac t ion  ~0 (0 -< q0 -< 1). Then 

_ I - -  �9 f (F) (6) 
~ 2a -- f (~) 

We next examine the expression which describes the interaction between phases at their boundary: 

w h e r e  

=E s 
I -I- ( 1 _  q~) Ap- 

Z S ' 
I 

(pAP _ 

(7) 

S = br , ,  (S) 

- L - - ~ - j  -. 

(9) 

The  fol lowing r e l a t ion  has been  p r o p o s e d  in [5] fo r  the ca lcu la t ion  o f  tangent ia l  s h e a r i n g  s t r e s s e s  dur ing  
p n e u m a t i c  t r a n s p o r t  in a dense  med ium:  

�9 , . ~  o~, }. (10)  % =/,A,bPA(VA)- (t  - -  
/ 

A s s u m i n g ,  as  in [6] 

we have a f t e r  a few t r a n s f o r m a t i o n s  

v;, = 2~,, (11) 

S=4~sn~_tD PA 1--k~ G~,[1--exp(--Z:Lref)] sin I f ~ ]  
g k~ p~,~ (1 - -  q~)~ A ~ _ ' 

(12) 

! y 

w h e r e  k 1 = VM/V A and n = p b / p .  

The  dens i ty  of  a e r o s o l  in the l ower  p a r t  of the duct  is 

~,~ = d~ {! - ~s:l.[1 - ~0 (1 - exp  ( : -  ~Lr~f , ) ) l l  

and the r a t i o  of  dens i t i es  of  the p h a s e s ,  dur ing  i s o t h e r m a l  expans ion  of  a i r  is 

PA OA(Po ~-Ap) "1 - -  eref [1 - -  D~ (I - -  exp ( -  ~Psa))!l" 

(~3)  

(14) 
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Based  on this  model  of two-phase  flow, the f r ic t ion  coeff ic ien t  fo r  pa r t i c l e s  of the m a t e r i a l  in the 
' ~ 0.005. upper  pa r t  of the duct  is ~Z 

The  f r ic t ion  coe f f i c i en t  for  the m a t e r i a l  in the lower  par t  of the duct  is 

Zz = Lz [1 - -  exp (--  ~L_ref,) ] -r- s (15) 

We will also use the relation in [2] for calculating the tbtal pressure drop AP: 

. , o ~  __LL~e_f ( d ~o.r 
aP  -- z -~-  p,~ (1 - -  qOo)(1 - -  ~') _ _  ,, -]9-/ ' (1,6) 

Subst i tu t ing  fo r  the quant i t ies  in (3) t he i r  va lues  f r o m  (6), (12), (14), (15), and (16), we f inal ly  obtain 
the fol lowing t r a n s c e n d e n t a l  equat ion:  

I - t=  ~,k~(o,.~sv.,(l__e)cO(1,~,,, _ ,i..)O(l__%)o..}.Z~. . . . .  32 l l _ e x p ( _ g L r e f ) l n ~ z 3 ( l _ k j ) ( p ; )  a 1 ! A P  a 
at: , p,), 

r f ~.),ll._ ....... ] (_~__)o.r ~--~Pq' 1 / [  ' "*k~ (P:'):'V'a" ( ' --  ~') (P (1 - -  (P"(' "-- ~ P ~ 1 7 6  -< s i n  

- -Z ,  232 [1 .... exp (-- ~Ltef)] nlZ (1- -  k,) (@:' (' t AP )a (17) 
' ~ , ', P 0  

(Po + a p )  PA 

. X f ~  [ l __ exp (__ aLref)] _t_ l }-~ f ( c p ) ] ~  

w he re  V = 1 - a s .1. { 1 -/3 0 [1 - exp (-~ Lref)]}.  

Equat ion (17) was so lved  on a digi tal  c o m p u t e r ,  to  find the r e l a t i ve  weight concen t ra t ion  u at  va r ious  
lengths  of the t r a n s p o r t  rou te  L r e  f and va r ious  coef f i c ien t s  of f r i c t ion  between p a r t i c l e s  and the duet  wall  
X~, a l so  the un ive r sa l  pneumat ic  t r a n s p o r t a b i l i t y  ~ was d e t e r m i n e d  f i r s t  for  one of the e x p e r i m e n t s  with a 
known concen t ra t ion  t~. 

The  g = f (Lre  f) c u r v e s  shown in Fig.  2 have been ca lcu la ted  fo r  va r ious  va lues  of coe f f i c i en t  ~. In 
Fig.  3 a r e  shown u = f ( L r e  f) c u r v e s  which have been obtained by solv ing Eq.  (17) fo r  ~ = 0.1 and cp0 = 0.2 
as  wel l  as t e s t  cu rve s  f r o m  [9]. 

Based  on the s a t i s f a c t o r y  a g r e e m e n t  found h e r e ,  one may  conclude that  t hese  r e l a t i ons  a r e  sui table  
fo r  the ana lys i s  and the des ign  of  ho r i zon ta l  pneumat ic  t r a n s p o r t  in a dense  medium.  F u r t h e r m o r e ,  we 
can d e t e r m i n e  the s l ip  coef f ic ien t  a t  the en t r ance  sec t ion  of a duct: 

k = 1 - -  ~p.. o 'M (1 - -  ~s.1)P,, 

~0 p~(Po-',- AP) g 

The  actual  weight  concen t ra t ion  of the mix tu r e ,  taking into account  the e x t r a  a i r  d i s c h a r g e  into the 
a i r  c h a m b e r  to r e p l a c e  the m a t e r i a l  [3], is d e t e r m i n e d  acco rd ing  to the f o r m u l a  

F 
~lac:: ' ( , AP 

1 -I--Lu.P~ - 1 .-,--~;- ] 

It is to be noted  that  the fill f ac to r  a t  the e n t r a n c e  (~o 0) depends  on the design of the a i r  c h a m b e r  and on 
the method of feeding the a i r  for  t r a n s p o r t  [10]. When the r e f e r r e d  a i r  ve loc i ty  (w0) is g iven,  then the 
unloading r a t e  will be 

G~ : p:, (1 - -%)( I  --es.1.)%k-*A 

and the a i r - f l o w  r a t e  

G~ = G~/,ttac. 
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Fig. 2. Weight concentrat ion of the mixture p (kg/kg) as a function of the 
r e f e r r ed  duct length L re  f (m), at various values of coefficient ~: 1) 0,01; 
2) 0.05; 3) 0.1; 4) 1.0; 5) 2.0; fr ict ion coefficient h~ = 0.6, r e f e r r ed  air  
velocity w 0 = 3 m / s e c .  

Fig. 3. Comparison between calculated g = f(Lref) curves :  1) w 0 = 3 m 
/ s e c ;  2) ~0 = 5 m / s e c ;  3) cc 0 = 7 m / s e c ,  with ~.~ = 0.5 and ~ = 0.01, and 
tested relat ions (curves 4 and 5) accord ing  to [9]. 

With the aid of these formulas ,  one can design an optimum pneumatic t r anspor t  p rocess  and ensure  
operation of the apparatus with a minimum waste of energy.  
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N O T A T I O N  

the d iameter  of a par t ic le ,  m; 
the duct d iameter ,  m; 
the duct area ,  m2; 
the r e f e r r e d  duct length, m; 
the duct length equivalent to local r e s i s t ances ,  m; 
a coeffic lent; 
the poros ity of the bed; 
the poros i ty  at the stabili ty limit; 

instantaneous porosi ty;  
r ec ip roca l  of the s t rat i f icat ion coefficient; 
t r anspor t  productivi ty,  k g / s e c ;  
a i r  flow ra te ,  k g / s e c ;  
concentrat ion in the mixture ,  kg /kg ;  
boundary concentrat ion in the upper zone of a duct, kg /kg ;  
friction coefficient for aerosol  flow in the upper par t  of a duct; 
friction coefficient for aerosol  flow in the lower  par t  of a duct; 
fr ict ion coefficient for flow of solid par t ic les  in a duct; 
r e f e r r e d  frict ion coefficient for flow along the interphase boundary; 
r e f e r r e d  friction coefficient for calculating the total p r e s s u r e  drop AP; 
dens ity of the mater ia l  at the interphase boundary, k g / m  3; 
densi ty of a i r  at the interphase boundary under a tmospher ic  p r e s su re  P0, kg 

veloci ty of the mater ia l  at the interphase boundary, m / s e c ;  
a i r  velocity at the in terphase  boundary, m / s e c ;  
mean veloci ty of the mater ia l ,  m / s e c ;  
fraction of the duct c ross  section covered with aerosol ;  
tangential shear ing  s t r e s s  at  the interphase boundary,  k g / c m  2. 
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