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R e s u l t s  a r e  g iven  of t e s t s  on the d r a g  of g r a p h i t e  p a r t i c l e s ,  s i z e s  100 and 200 ~, p n e u m a t i -  
c a l l y  t r a n s p o r t e d  th rough  h o r i z o n t a l  and  v e r t i c a l  p i p e s  5.33, 8.16, and 18.8 m m  in d i a m e t e r .  

Many s t u d i e s  have  b e e n  m a d e  c o n c e r n i n g  the d r a g  in p n e u m a t i c  t r a n s p o r t  (e. g. ,  [1-10]).  Owing 
to the c o m p l i c a t e d  m e c h a n i s m  of i n t e r a c t i o n  b e t w e e n  m i x t u r e  c o m p o n e n t s  and i n t e r a c t i o n  with the channe l  
wa l l ,  h o w e v e r ,  the c a l c u l a t i o n  f o r m u l a s  d e r i v e d  by  v a r i o u s  a u t h o r s  a r e  i n c o m p l e t e .  S e v e r a l  p r o b l e m s  r e -  
q u i r e  f u r t h e r  s tudy  and r e f i n e m e n t .  Thus ,  fo r  e x a m p l e ,  t h e r e  a r e  a l m o s t  no da t a  a v a i l a b l e  on the l o s s e s  
of  p r e s s u r e  head  in a d e s c e n d i n g  flow of a s o l i d - i n - a i r  s u s p e n s i o n .  The  a s s u m p t i o n s  m a d e  by  s o m e  a u t h o r s  
f o r  c a l c u l a t i n g  the d r a g  in th i s  c a s e  a r e  b a s e d  on w r o n g  c o n c e p t s .  The  d r a g  of a s u s p e n s i o n  in a i r  f lowing 
th rough  s m a l l - d i a m e t e r  p i p e s  has  not b e e n  s tud ied  t h o r o u g h l y  enough.  It m u s t  be  noted,  f u r t h e r m o r e ,  tha t  
on ly  a l i m i t e d  n u m b e r  of d i f f e r e n t  so l id  s u b s t a n c e s  was  u s e d  in e a r l i e r  e x p e r i m e n t s .  Da ta  a v a i l a b l e  on the 
l o s s  of head  in a p n e u m a t i c  t r a n s p o r t  of g r a p h i t e  a r e  a l t o g e t h e r  few and they  app ly  only  to v e r y  f ine p a r -  
t i c l e s  [6-8]. 

In th i s  s tudy  we have  a n a l y z e d  the d r a g  in an a i r  s t r e a m  c a r r y i n g  p a r t i c l e s  of  s y n t h e t i c  g r a p h i t e  
t h rough  p i p e s  5.33, 8.16, and 18.8 m m  in d i a m e t e r .  The t e s t s  w e r e  p e r f o r m e d  with two n a r r o w - t o l e r a n c e  
f r a c t i o n s  of p a r t i c l e s :  100 and 230 ~ n o m i n a l  s i z e .  The  t e s t  p i p e s  w e r e  p o s i t i o n e d  h o r i z o n t a l l y  and v e r t i -  
c a l l y .  

The  t e s t  a p p a r a t u s  c o n s i s t e d  of an open gas  and s o l i d s  c i r c u l a t i o n  s y s t e m  o p e r a t i n g  on the s a m e  
p r i n c i p l e  a s  in [11]. A i r  was  p u m p e d  in wi th  a r e c i p r o c a t i n g  c o m p r e s s o r .  The  p r e s s u r e  p u l s a t i o n s  w e r e  
s m o o t h e d  out  by  m e a n s  of  an e q u a l i z i n g  c h a m b e r  and f i l t e r s  w e r e  u s e d  fo r  c l e a n i n g  the a i r  of  o i l  and m o i s -  
t u r e .  The  so l id  p a r t i c l e s  w e r e  i n j e c t e d  into the a i r  s t r e a m  f r o m  a s p e c i a l - p u r p o s e  b in  f a r  away  f r o m  the 
t e s t  s e g m e n t .  The  r e s u l t i n g  a i r - g r a p h i t e  m i x t u r e  was  p a s s e d  th rough  a t e s t  s e g m e n t  fo r  p r e s s u r e - d r o p  
m e a s u r e m e n t s  and  then  into a s e p a r a t o r  w h e r e  the s o l i d  p a r t i c l e s  w e r e  a g a i n  e x t r a c t e d ;  the c l e a n  a i r  was  
e x h a u s t e d  into the a t m o s p h e r e .  The  d u r a t i o n  of each  t e s t  was  at  l e a s t  10 rain.  The  r a t e  of a i r  f low was  
m e a s u r e d  wi th  a double  d i a p h r a g m ,  the  r a t e  of  g r a p h i t e  i n j e c t i o n  was  m e a s u r e d  by  we igh ing  the p a r t i c l e s  
r e c o v e r e d  in the  s e p a r a t o r .  The  p r e s s u r e  d r o p  a c r o s s  the t e s t  s e g m e n t  was  m e a s u r e d  with a d i f f e r e n t i a l  
m a n o m e t e r ;  a m i e r o m a n o m e t e r  wi th  a s l a n t e d  s c a l e  was  u s e d  fo r  s m a l l  p r e s s u r e  d r o p s .  

The  t e s t  p i p e s  w e r e  of s t a i n l e s s  s t e e l .  The p r e s s u r e  was  p i c k e d  off at  two p ipe  s e c t i o n s ,  a t  t h r e e  
h o l e s  s p a c e d  a r o u n d  the c i r c u m f e r e n c e  and 0.3 o r  0.5 m m  in d i a m e t e r ,  u n d e r  a 120 ~ ang l e .  The  p r e s s u r e  
p i c k o f f s  a t  e ach  s e c t i o n  w e r e  c o m b i n e d  into a c o m m o n  r e c e p t a c l e .  The p r e s s u r e  d r o p  was  m e a s u r e d  
a c r o s s  p ipe  s e g m e n t s  of r e l a t i v e  l eng th  l / d  = 194 (d = 5.33 m m ) ,  86 (d = 8.16 ram) ,  and 100 (d = 18.8 ram) .  
The  t e s t  s e g m e n t  was  p r e c e d e d  by  a h y d r o d y n a m i c  s t a b i l i z e r  s e g m e n t  l o n g e r  than  100 d fo r  e a c h  p i p e .  In 
the  c a s e  of  the 5.33 m m  p ipe ,  two s e p a r a t e  m e a s u r e m e n t s  w e r e  m a d e  with  d i f f e r e n t  l eng ths  of the p r e -  
s t a b i l i z e r  s e g m e n t :  103 d and 160 d; the a b s e n c e  of  any  d i s c r e p a n c y  b e t w e e n  the r e s u l t s  of both  m e a s u r e -  
m e n t s  h e r e  i n d i c a t e s  that  a l l  t e s t s  have  been  p e r f o r m e d  with  p a r t i c l e s  a l r e a d y  p a s t  the a c c e l e r a t i o n  s t a g e .  

P r e l i m i n a r y  m e a s u r e m e n t s  of the h y d r a u l i c  d r a g  c o e f f i c i e n t  for  p u r e  a i r  wi th  the R e y n o l d s  n u m b e r  
wi th in  the 6000-50,000 r a n g e  a g r e e d  c l o s e l y  (within +3%) with  the B l a s i u s  f o r m u l a .  

Moscow Power Institute, Moscow. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 22, No. 
4, pp. 597-602, April, 1972. Original article submitted July 9, 1971. 

�9 1974 Consultants Bureau, a division of  Plenum Publishing Corporation, 227 West 17th Street, New York, N. Y. 10011. 
No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, 
ele~ctronic, mechanical, photocopying, microfilming, recording or otherwise, without written permission of the publisher. A 
copy of this article is available from the publisher for $15.00. 

407 



, . /  f f !  

0 5 10 15 0 5 fO K 
I 

F i g .  1. E f f ec t s  of c o n c e n t r a t i o n  and of  the R e y n o l d s  n u m b e r  on 
the  d r a g  in an a s c e n d i n g  s t r e a m  of a i r  wi th  p a r t i c l e s  (a) d s = 100 
and (b) d s = 230 ~ t h ro ugh  a p ipe  18.8 m m  in d i a m e t e r ;  fo r  (a): 
1) Re  = 6300; 2) 12,000; 3) 19,000; 4) 32,000; fo r  (b): 1) Re  
= 6400; 2) 7600; 3) 11,500; 4) 19,000; 5) 32,000. 
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F i g .  2. T e s t  da t a  on a d e s c e n d i n g  
s t r e a m  of a i r  wi th  p a r t i c l e s  d s 
= 230 ~ th rough  the d = 18.8 m m  
p ipe :  1) Re = 33,500; 2) 20,000; 
3) 11,500; 4) 6300. 

N ine t een  s e r i e s  of t e s t s  w e r e  p e r f o r m e d  s u b s e q u e n t l y  wi th  a 
s o l i d  s u s p e n s i o n  in a i r .  Each  s e r i e s  was  c h a r a c t e r i z e d  by  a s p e -  
c i f i c  p a r t i c l e  s i z e  o r  R e y n o l d s  n u m b e r  of  the c a r r i e r  m e d i u m .  In 
t e s t s  wi th  the  d = 18.8 m m  p ipe  the R e y n o l d s  n u m b e r  was  v a r i e d  
f r o m  6300 to 33,500, in t e s t s  wi th  the d = 5.33 m m  and the d = 8.16 
m m  p ipe  the R e y n o l d s  n u m b e r  was  m a i n t a i n e d  a l m o s t  c o n s t a n t  (Re 

15,000). A l l  t e s t s  wi th  the 5.33 m m  p ipe  and the 8.16 m m  p ipe  
w e r e  p e r f o r m e d  u n d e r  a l m o s t  i s o t h e r m a l  cond i t i ons .  M e a s u r e -  
m e n t s  in the 18.8 m m  p ipe  w e r e  m a d e  u n d e r  i s o t h e r m a l  cond i t i ons  
a s  we l l  a s  u n d e r  c ond i t i ons  of hea t  t r a n s f e r ,  i . e . ,  whi le  the s t r e a m  
was  h e a t i n g  up.  The  p r e s s u r e  d r o p  a c r o s s  the t e s t  p i p e s  was  m e a -  
s u r e d  wi th in  an  a c c u r a c y  of 1.570. The  r a t e  of a i r  f low and of 
g r a p h i t e  i n j e c t i o n  w e r e  m e a s u r e d  wi th in  an a c c u r a c y  of  2~ and 1%, 
r e s p e c t i v e l y .  

The  e v a l u a t i o n  of t e s t  d a t a  was  r e d u c e d  to f ind ing  the fo l lowing  r e l a t i o n :  

Ap _ f (K}. (1) 
Ap0 

The  v a l u e s  of Ap0 w e r e  c a l c u l a t e d  a c c o r d i n g  to the D a r c y  f o r m u l a .  

The  r e s u l t s  of  t e s t s  wi th  the 18.8 m m  p ipe  in a v e r t i c a l  p o s i t i o n  and with  an a s c e n d i n g  a i r - g r a p h i t e  
s t r e a m  a r e  shown in F i g .  l a ,  b .  F o r  an a n a l y s i s  of t h e s e  da ta ,  r e l a t i o n  (1) can  be  r e w r i t t e n  a s  

hp hpo Ap s A p s j  

Apo apo r ~ +  AP0 (2) 

The  r a t i o  Ap~/AP0 in Eq. (2) i s  g e n e r a l l y  not  equa l  to un i ty ,  s i n c e  the  p r e s e n c e  of  s o l i d  p a r t i c l e s  m a y  
change  the v e l o c i t y  p r o f i l e  of  an  a i r  s t r e a m ,  i t s  t u r b u l e n c e  l e v e l ,  e t c .  

The  p r e s s u r e  head  l o s t  on m a i n t a i n i n g  a c o l u m n  of s u s p e n d e d  p a r t i c l e s  i s  found f r o m  the f o r m u l a :  

hps,l = pgtK wa . (3i 
~9 s 

E x p r e s s i n g  AP0 in t e r m s  of the D a r c y  equa t ion ,  we have  

APs.I 2 gd K wa 
= - -  �9 ~ �9 ( 4 )  

Ap0 ~ w~ w s 

If Ws/W a is  i ndependen t  of  the  R e y n o l d s  n u m b e r ,  then f o r m u l a  (4) y i e l d s  A P s , / / A p  0 ~ Re -1"75. The  m o s t  
l i k e l y  e x p l a n a t i o n  fo r  the s t r o n g  d e p e n d e n c e  on the R e y n o l d s  n u m b e r  in F i g .  l a ,  b would then  be  that ,  a s  
the  R e y n o l d s  n u m b e r  fo r  an a s c e n d i n g  s t r e a m  d e c r e a s e s  wi th  a l l  the  o t h e r  c ond i t i ons  r e m a i n i n g  the s a m e ,  
the  r e l a t i v e  f r a c t i o n  of the  p r e s s u r e  h e a d  l o s t  on m a i n t a i n i n g  the c o l u m n  of s u s p e n d e d  p a r t i c l e s  i n c r e a s e s .  

We wi l l  e s t i m a t e  the  m a g n i t u d e  of Aps /AP0 .  F o r  th i s  we need  da t a  f r o m  which  &p~/Ap 0 and A p s , /  
/AP0 can  be  d e t e r m i n e d .  The  s e c o n d  of  t h e s e  two r a t i o s  can  be  c a l c u l a t e d  by  f o r m u l a  (4) wi th  Ws/W a 
known. F o r  a q u a n t i t a t i v e  e v a l u a t i o n  of  Ws/W a, we m e a s u r e d  the v e l o c i t i e s  of the d s = 230/~ p a r t i c l e s  
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F ig .  3. E x p e r i m e n t a l  data on r e s i s -  
t ance  in tubes  8.16 m m  (a) and 5.33 
m m  in d i a m e t e r  (b): 1, 4)d  s = 100 It 
(hor izon ta l  flow); 2, 5) d s = 230 
(hor izon ta l  flow); 3, 6) d s = 230/~ 
(upward flow). 

during the flow of air with a graphite suspension through the d 

17.1 mm pipe in [12]. On the basis of these tests, we let Ws/W a 

= 0.6; we also assume Ap~ = Ap0. For all data in Fig. ib, then, 

formula (2) yields Aps/AP0 ~ 0. With the same value of Ws/W a 

an analogous calculation for the data in Fig. la (d s = i00/~) yields 

APs/AP0 > 0; for example, Aps/AP0 ~ 1.5 for K = I0. As ds be- 
comes smaller, the ratio Ws/W a should obviously increase and 

result in a higher ratio Aps/Ap0 for d s = 100 #. An analysis of 

the data for the 18.8 mm pipe reveals, indeed, a higher ratio 

Aps/AP0 for smaller particles. 

In Fig. 2 are shown the results of drag measurements with 

d s = 230 ~ particles suspended in a descending air stream through 

the 18.8 mm pipe. Evidently, Ap/Ap0 decreases as the concen- 

tration increases and, in fact, Ap/Ap0 < 0 in our tests when K > 5 

with Re = 6300 or K > 8 with Re = 11,500. These results can be 

explained by a negative Aps '//AP0 in (2) for a descending stream. 

By the way, this has not been recognized in the literature and in 

[2], for example, Aps,/ = 0. Considering the sign of Aps,//Ap0 

and that under the conditions prevailing in our case one may ex- 

pect Ws/W a >- i, formula (2) with Ws/W a = i and Ap~ = Ap0 for Re 

= 33,500 and Re = 20,000 will yield Aps/Ap0 ~ 0 for d s = 230 t~, as 

in the case  of an a s c e n d i n g  s t r e a m ;  F o r  Re = 11,500 and Re = 6300, APs/Ap0 > 0. When K = 10, for  ex-  
amp le ,  Aps/AP0 ~ 1 for  Re = 11,500 and Aps/AP0 ~ 2 for  Re = 6300. The l a s t  r e s u l t  d i f fe r s  a p p r e c i a b l y  
f r o m  those ob ta ined  for  an a s c e n d i n g  s t r e a m .  It can be exp la ined ,  appa ren t ly ,  by the a p p r e c i a b l y  h igher  
loss  of head  on p u m p i n g  the c a r r i e r  a i r  u n d e r  cond i t ions  of nega t ive  p r e s s u r e  g r a d i e n t s ,  i . e . ,  Ap~ > Ap0. 
F u r t h e r m o r e ,  the data  in Fig .  2 r e f e r  to condi t ions  where  the s t r e a m  was hea t ing  up, which r e s u l t e d  in  
add i t iona l  p r e s s u r e  l o s s e s  on the a c c e l e r a t i o n  of both the a i r  and the so l id  p a r t i c l e s .  Since the t e m p e r a -  
tu re  drop in the a i r  du r ing  the heat  t r a n s f e r  t e s t s  did not exceed 20~ hence  the p r e s s u r e  head los t  on ac -  
c e l e r a t i n g  the a i r  r e m a i n e d  a p p r o x i m a t e l y  3-4% of AP0. An exact  c a l c u l a t i on  of the p r e s s u r e  head los t  on 
a c c e l e r a t i n g  the p a r t i c l e s  is di f f icul t ,  b e c a u s e  it is not  known to what ex ten t  the p a r t i c l e s  r e s p o n d  to the 
a c c e l e r a t i o n  of the c a r r i e r  a i r .  If it  is a s s u m e d  that  the ve loc i ty  of sol id  p a r t i c l e s  i n c r e a s e s  by  the s a m e  
a m o u n t  as  the ve loc i t y  of the a i r ,  when the l a t t e r  i s  hea t ing  up, then the p r e s s u r e  head los t  on a c c e l e r a t -  
ing sol id  p a r t i c l e s  wil l  have b e e n  e s t i m a t e d  as  the m a x i m u m  p o s s i b l e .  F o r  our  t e s t  cond i t ions  such an  
e s t i m a t e  wil l  y ie ld  a p r e s s u r e  drop due to a c c e l e r a t i o n  of the so l id  p a r t i c l e s  of the o r d e r  of (0.04-0.05) 
�9 AP0K. C a l c u l a t i o n s  show that the c o r r e c t i o n  accoun t ing  for  th is  a c c e l e r a t i o n  is a p p r e c i a b l e  at l a r ge  va lues  
of the Reyno lds  n u m b e r  bu t  has  a l m o s t  no effect  on the tes t  r e s u l t s  c o r r e s p o n d i n g  to Re = 6300 and Re 
= 11,500. 

In Fig .  3 a r e  shown the r e s u l t s  of d r ag  t e s t s  with the a i r  c a r r y i n g  a g raph i te  s u s p e n s i o n  through the 
5.33 m m  and the 8.16 m m  pipe in a h o r i z o n t a l  and in a v e r t i c a l  pos i t ion .  A c h a r a c t e r i s t i c  f ea tu re  of these  
t e s t s  was  that  the s ize  of p a r t i c l e s  had no effect  on r e l a t i o n  (1). The loss  of p r e s s u r e  head was a l m o s t  the 
s a m e  in an a s c e n d i n g  and in a h o r i z o n t a l  flow of the g r a p h i t e - a i r  m i x t u r e  through the 8.16 m m  pipe and,  
in the ca se  of the 5.33 m m  pipe,  the d rag  was even  somewhat  s m a l l e r  in an a s c e n d i n g  than  in a h o r i z o n t a l  
flow. Tak ing  Aps , / /AP0  a c c o r d i n g  to f o r m u l a  (4) into account  for  both these  p ipes ,  however ,  wil l  r e s u l t  in 
d i f f e r en t  va lues  for  a s c e n d i n g  and for  h o r i z o n t a l  flow r e s p e c t i v e l y  in the 8.16 m m  'as wel l  as  in the 5.33 
m m  pipe.  I n a s m u c h  as  Aps , / /AP0  ~ 0 for  d = 5.33 m m  and APs , / /Ap0  = 0 .06-0.10 for  d = 8.16 ram, our  
r e s u l t s  ind ica te  that  the i n c r e a s e d  d rag  in these  p ipes  is due to a h ighe r  Aps.  The d i v e r g e n c e  be tween  
d rag  t e s t  po in t s  for  h o r i z o n t a l  and for  a s c e n d i n g  flow in  the 5.33 m m  and in  the 8.16 m m  pipe (taking 
APs , / /Ap0 into account)  can be exp la ined  by the d i f f e ren t  f r e q u e n c y  of c o l l i s i o n s  be tween  p a r t i c l e s  and the 
pipe wall ,  th is  f r e q u e n c y  be ing  ev iden t ly  h i g h e r  du r ing  a h o r i z o n t a l  than du r ing  a v e r t i c a l  t r a n s p o r t  on 
accoun t  of the effect  of g r av i t y  f o r c e s .  We note that  an eva lua t ion  in t e r m s  of r e l a t i o n  (1) in  Fig .  3 does 
not r e v e a l  the effect  of the pipe d i a m e t e r  on the abso lu t e  l o s s  of p r e s s u r e  head due to c o l l i s i o n s  be tween  
p a r t i c l e s  and the pipe wall .  The va lue  of Ap~/l is much  h igher  for  the 5.33 m m  pipe than for  the 8.16 m m  
pipe .  F o r  K = 10, then,  A p s / /  = 6 �9 103 N / m  for  the f i r s t  pipe and 1 .8 .103  N / m  3 for  the second  pipe.  
C o n s i d e r i n g  that  the c o n c e n t r a t i o n  of p a r t i c l e s  was the s a m e  and A p s / /  = 7 �9 102 N / m  3 in  a l l  t e s t s  with the 
18.8 m m  pipe,  one may  conclude  that A P s / /  i n c r e a s e d  as the pipe d i a m e t e r  d e c r e a s e d .  Th i s  had, ev i -  
dent ly ,  to do with the h ighe r  n u m b e r  of c o l l i s i o n s  be tween  p a r t i c l e s  and the wall .  It a p p a r e n t l y  a l so  ex-  
p l a i n s  the a p p r e c i a b l e  d i s c r e p a n c y  (by a mul t ip le )  be tween  our  tes t  data  for  s m a l l - d i a m e t e r  p ipes  and the 
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values  ca l cu l a t ed  by the fo rmu la s  in [1], which is evidence of the unique c h a r a c t e r  of the drag  mechan i sm 
in the t r anspo r t  of solid p a r t i c l e s  through s m a l l - d i a m e t e r  pipes  - a mechan i sm requi r ing  fur ther  s tudies .  
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d 
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K = Gs /G  
Re = 4G/~d~ 
g 
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# 

P 
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is  
lS 

IS 

lS  

lS 

l S  

is 
1s 
is 
is 
is 
is 
is 
is 
is 
is 
is 

NOTATION 

the pressure drop in a pipe during the flow of an air-graphite mixture, N/m2; 
the pressure drop for pure air, N/m2; 
the pressure head lost on pumping the air alone of an air-graphite mixture; 
the pressure drop due to the frictional drag of solid particles; 
the pressure head lost on lifting the solid particles; 
the pipe diameter; 
the diameter of the solid particles; 
the mass flow rate of the air; 
the m a s s  ra te  of pa r t i c l e  injection; 
the m a s s  concentra t ion of p a r t i c l e s  in the a i r ;  
the Reynolds number ;  
the acce le ra t ion  of f ree  fall; 
the pipe length; 
the a i r  velocity;  
the pa r t i c l e  velocity;  
the a i r  v iscos i ty ;  
the a i r  density;  
the f r i c t i ona l -d rag  coeff icient  for  pure  a i r .  
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