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The effect of solid par t ic les  on the thickness of the viscous sublayer  in a s t r eam of a gaseous 
suspension is analyzed on the basis  of the two- layer  flow model. The charac te r i s t i c s  of the 
velocity profi le of the c a r r i e r  gas are determined,  with collision interaction between solid 
par t ic les  and channel walls taken into account, 

Studying the effect of solid par t ic les  on the average flow cha rac te r i s t i c s  of a c a r r i e r  fluid is very  
n e c e s s a r y  not only for  the solution of problems in pneumatic t ranspor t  (for example, determination of the 
cr i t ica l  velocity) but also for  calculating the ra tes  of various t ranspor t  p rocesses  which occur  in s t r eams  
of gaseous suspensions.  Thus, knowing the effect of solid par t ic les  on the viscous sublayer  thickness 5 is 
of fundamental importance in an analysis  of the mechanism by which the rate of heat t ransfer  in the gas -  
eous suspension increases .  Although it has been postulated by some [1] that the increase in the Nus/Nu 
ratio ref lects  p r imar i ly  a decrease  in 5 during an injection of solid part icles ,  in most studies [2-5] this 
effect is d isregarded.  The reason for this is, above all, an a lmost  complete lack of test  data on the thickness 
of boundary layers  in gaseous suspension s t r eams .  

Let us assume that, as a solid part icle  enters  the s t ream,  the radial profile of velocity in a continu- 
um (the l inear and the logari thmic profi les respect ive ly  in the viscous sublayer  and [n the mainstream) is 
retained. Using the two- layer  model as a basts  and considering that the coefficients in these equations 
genera l ly  are not identical to the corresponding coefficients in the equations for a s t r eam of pure fluid, we 
will r epresen t  the flow cha rac t e r i s t i c s  as follows. 

1) for  the turbulent mains t ream with a molal mass  t ransfer  mechanism 

(1) 

2) for the viscous sublayer  with a molecular  mechanism 

q . ~  r ~ ro; v*, << v; 

v*' (r o - -  r) (2) 

"V 

For  a calculation of the veloci ty profile according to (1) and (2), we need data on the effective value 
of the Karman constant ~(, on the dynamic charac te r i s t i c s  of the c a r r i e r  medium (v*) in the gaseous sus-  
pension, and on the thickness of the viscous sublayer.  For  an est imate of ~( we will use the relations sug- 
gested in [6]. 

: 0.36 (1 -1- ~)o.25; I ~  12; 

~=0.11(1  ,-4-~t)o,s; 9 ~ 1 2 .  (3) 

It is difficult, however, to interpret  the physical  causes  of an abrupt change in the X/Xo cha rac t e r i s -  
tic at # = 12. Apparently, the data presentat ion in t e rms  of formulas  (3) implies that the mass  rate of gas 

Engineering Institute of the Refr igerat ion Industry, Odessa. Translated f rom Inzhenerno-Fizicheski[  
Zhurna[, Vol. 22, No. 6, pp. 976-980, June, 1972. Original ar t ic le  submitted September 23, 1971. 

�9 Consultants Bureau, a division o f  Plenum Publishing Corporation, 227 r(Jest ]7th Street, New York, N. Y. lOOll. 
No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, 
electronic, 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. 

670 



and the m a s s  ra te  of sol id p a r t i c l e s  con t r ibu te  equal ly  to the eddy v i s c o s i t y  and the r e su l t ing  turbulen t  
s h e a r i n g  s t r e s s .  It would be i n t e r e s t i ng  to evaluate  the data  in the f o r m  X/X0 = I + mp n with the p o s s i b i l -  
i ty of account ing  fo r  unequal  con t r ibu t ions  by the two componen t s .  Such an evaluat ion will  yield 

XIxo = 1 + O,16~t ~ . (4) 

The d i scont inu i ty  at U = 12 and thus the e s sen t i a l  incongru i ty  between the two re l a t ions  in (3) will  have d i s -  
appea red .  

F o r  e s t i m a t i n g  the t r a n s i e n t  ve loc i ty  of the c a r r i e r  medium,  it is n e c e s s a r y  to d e t e r m i n e  the net 
quant i ty  ~ c h a r a c t e r i z i n g  the f r i c t iona l  s t r e s s  in the fluid due to suspended  p a r t i c l e s  wi thout  the exp[tei t  
con t r ibu t ion  made by d i r e c t  co l l i s ion  in t e rac t ion  with the wal l :  ~ = ~ s - ~ c ,  w h e r e  ~e = 2APcD/pv2L- As-  
suming  a co l l i s ion  of e v e r y  pa r t i c l e  with the wall  equal ly  p robab le ,  such an a s s u m p t i o n  be ing  e spec i a l l y  
val id  in the c a s e  of a v e r t i c a l  s t r e a m ,  we can obtain fo r  the co l l i s ion  f r equency  

1 r~D2L nVp+ n ~vp4- 
n = aD----L- 4Vp [~ 2D =--8-" Vp"  (5) 

The p r e s s u r e  loss  pe r  co l l i s ion  is then 

APe = nnDLmpvp,o~ ~4D. ~ 
L 

2 D PPvpwVp~-~' (6) 

w h e r e  ~ deno tes  an e m p i r i c a l  loss  f a c t o r  of longitudinal  ve loc i t y  and Vpw denotes  the ve loc i ty  of sol id p a r -  
t i t l e s  at the ins tant  of co l l i s ion .  

Unlike in [7], the m e c h a n i s m  of co l l i s ion  in t e rac t ion  with the wal l  a c c o r d i n g  to (6) is not  conve r t ed  
' should be d e t e r m i n e d  a c c o r d i n g  to the p r o c e d u r e  in [8], the into quas i f r i c t i on .  M o r e o v e r ,  the quant i ty  Vp+ 

l a t t e r  be ing  m o r e  r i g o r o u s  than that in [7]. Since for  a pure  fluid one m a y  a s s u m e  that  v0+' ~ v~ = v,/~0~, 
hence  

Vp 

! 
H e r e  q)+ takes  into account  the s l id ing of the componen t s  at the f luctuat ion ra te  and is d e t e r m i n e d  a c c o r d i n g  
to the f o r m u l a s  in [8], whi le  ' ' v+/v0+ accounts  fo r  the effeet  of sol id  p a r t i c l e s  on the tu rbu lence  of the e a r -  
r i e r  m e d i u m  as d e s c r i b e d  in [9]. 

An e s sen t i a l  f e a t u r e  of the e x p r e s s i o n  de r ived  he re  is that  the longitudinal  ve loc i ty  of sol id  p a r t i c l e s  
at the ins tan t  of co l l i s ion  a p p e a r s  in it. We will  evaluate  this quant i ty  (Vpw) on the b a s i s  of the ve loc i ty  of 
the fluid at a d i s t ance  f r o m  the wai l  equal to the d i a m e t e r  of one pa r t i c l e  and on the bas i s  of the r e l a t ive  
ve loc i ty  of the solid p a r t i c l e s .  F o r  c o a r s e  p a r t i c l e s  (dp > 5) one may  let Vpw = Vp, m o r e o v e r ,  on account  
of the s t e e p n e s s  of the l oga r i t hm i c  prof i le  and the high ine r t i a  of these  p a r t i c l e s .  F o r  fine p a r t i c l e s  (dp 
< 5), with a low iner t ia ,  

v*" dp__ dp 
Vp~ ~ = v Re " - - ,  (8) 

v D 8 

b e c a u s e  the ve loc i ty  of ascen t  is known to be lower  than that. 

and fo r  fine p a r t i c l e s  

w h e r e f r o m  

Then,  we have fo r  c o a r s e  p a r t i c l e s  

~o L ~o 1/S~o v0+ 
(9) 

~--$ = ~o ]/8~ o vo+ D b, (i0) 

r@p+Re v'._ dp ,  / -~0 ]-1 

~0 ~o 8 v0+ 

F o r m u l a s  (9) and (11) make i t p o s s i b l e  t o e o n v e r t  total  p r e s s u r e  t o s se s  to p a r a m e t e r s  ~ and v*. 

We wilt  now d e t e r m i n e ,  without  any addit ional  a s sumpt ions ,  the th ickness  of the v i s cous  sub l aye r  tn 
a suspens ion  s t r e a m .  We take (1) and (2) into c o n s i d e r a t i o n  as welt  as  the fol lowing in teg ra l  ident i t ies :  

671 



k .  {}0 
i 

&o 

2 V" 
3 

o 5 1o 

/ 
/ 

/ 

/ 

/ 

5 

"-"V" 
5 

20 ~ 
Fig. 1. Coefficients of hydraulic drag  and 
of viscous sublayer  thickness under test  
conditions in [10] (1, 2, 3) and under test  
conditions in [11] (4, 5, 6): ~s/~0 (1, 4), 
/~o (2, 5), 50/5 (3, 6). 

ro rD 

F* ro v,  ro ~oG " 

ro--5 

q- r-~o ;t 6 
0 

(12) 

Integrat ing (12) and collecting like terms in powers 
of 6/r o will yield 

d -8- 
T = T  - T T + ~T + 

, 6  ~/~,~o ~ 

The f i rs t  three t e rms  on the right-hand side of 
equality (13) are  much la rger  than the remaining ones. 
Thus, for  apure  s t reamwi th  aReynolds  number l~e = 10,000 

the f i rs t  three t e rms  constitute 97% of the total value. With a higher Reynolds number  and a solid phase 
dispersed in the gas s t ream,  the decrease  in 5 justif ies it even more to d is regard  the remaining te rms.  
In this way, 

In T z + - -  X Re 1fl~3-2 ro 

The solution to this t ranscendental  equation, which can be obtained ra ther  easi ly by the graphical  

method, yields a formula  for  6. 

As an example, we have calculated the hydrodynamic cha rac te r i s t i c s  of a c a r r i e r  medium flowing 
under the test conditions in [10, 11]: a gaseous suspension of graphite with dp = 1-5 p and Re = 25,000. 
The test  data in [10] cover  mass  flow concentrat ions p < 12 and the test  data in [11] cover  mass  flow con-  
centrat tons p = 10-30. Some discrepancy between both test data within the 10 < A{ < 15 range can, appar-  
ently, be explained by a definite var iance in the d iameters  of the par t ic les  and by the difference in test  
p rocedures .  An analysis of calculated resul ts  shown in Fig. 1 indicates an appreciable difference between 

and ~s as well as }0. This means that the approximations ~ = }0 in [4] and ~ = }s in [1] may lead to large 
e r r o r s  in the determinat ion of the heat t ransfer  rate. 

Knowing the values of }, o n e  can co r rec t ly  determine the thickness of the viscous sublayer  and the 
transient  velocity in a fluid containing solid par t ic les .  For  this, an equation like (14) is set up and solved 
with the quantities } and X found for a given s t r eam with a given concentrat ion.  

Of special  interest  is a compar ison of 50/6 and ~/~0- According to Fig. 1, the inequality ~/~0 > 50/5 
> 1 is satisfied and this is ent i re ly in agreement  with our concepts about the mechanism by which the heat 
t r ans fe r  rate increases ,  namely by the decrease  of the boundary- l aye r  thickness as a resul t  of solid pa r -  
t icles entering the s t ream.  Here the value of 50/5 is somewhat c lo se r  to the value in [1]: 

60 _ 
6 ~0 (15) 

than to the value 1.0 (6 = 60) suggested in [2-5]. 

In view of this, for  a quantitative est imate of the boundary layer,  one may use relation (15) with a 
reasonable  e r r o r  (up to 30%). We must emphasize that it is ext remely  important  here  to use expressions 
(9) and (11) for a c o r r e c t  determinat ion of ~, because ~s/~0 is severa l  t imes l a rge r  than 6o/6. 

It has been shown, then, that the additivity rule commonly applied to p r e s su re  losses  in a gaseous 
suspension s t ream,  according to the original suggestion by Gasterstadt ,  does not fit the true nature of the 
p rocess :  the presence  of solid par t ic les  in the s t r eam affects the s t r e s se s  at the wall, both direct ly  (in 

t e rms  of }c)and indirect ly( through the c a r r i e r  medium, ~ ~ 40). 

A proper  inclusion of this effect makes it possible to evaluate the thickness of the viscous sublayer  
and each component of the total p r e s s u r e  loss in a gaseous suspension s t ream.  
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NOTATION 

is the absolute velocity;  
is the t rans ien t  velocity;  
is the k inemat ic  v iscosi ty ;  
is the radia l  coordinate;  
is the par t i c le  d iamete r ;  
is the channel d iameter ;  
a re  the t rue volume concentra t ion and m a s s  flow concentra t ion respect ive iy ;  
is the hydraulic  d r ag  coefficient;  
is the thickness  of v iscous  subiayer ;  
is the density; 
is the pa r t i c l e  mass ;  
is the turbulent  analog of v iscosi ty ;  
is the Nusse l t  number .  

Subscripts 

s refers 

p refers 

0 refers 

1 refers 

c refers 

pw refers 

to gas s t r eam;  
to solid par t ic le ;  
to pure  s t r e a m ,  without solid par t ic les ;  
to the edge of the v iscous  sublayer ;  
to collision; 
to pa r t i c l e -wa i l  col l is ion.  
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