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V E L O C I T Y  P R O F I L E  I N  T H E  T U R B U L E N T  F L O W  OF A 

SUSPENSION IN A CHANNEL OF ANNULAR CROSS SECTION 

F. E. Spokoinyi UDC 532.529.5 

On the basis  of concepts concerning two dynamically independently acting zones of a s t ream 
in an annular channel and the existence of a universal  veloci ty profile in each zone, the p a r s -  
me te r s  of this profile are  calculated for the ca r ry ing  medium of the gas-suspens ion  s t ream.  

Channels of annular c ross  section find the most extensive distr ibution in different types of heat ex-  
changers ,  including those using a gas-suspens ion  s t ream as the hea t - t r ans fe r  agent .  Such channels are  
of interest  for the hea t - remova l  sys tems  of var ious r eac to r s ,  pneumatic t r anspor t  sys tems ,  and other 
technological devices .  The study of the heat exchange of ga s -d i spe r se  sys tems  having such sur faces  is 
paid undeservedly little attention in compar ison with gas-suspens ion  s t r e ams  in pipes [1]. At the same 
time, the available repor t s  [2-4] have a purely empir ical  na ture .  The reason for the lagging of theore t i -  
cal studies is the total absence of data on the charac te r i s t i cs  of the average  velocity profile of the c a r r y -  
ing medium in the flow of a gas suspension in an annular channel.  In the calculation of the velocity p r o -  
files of homogeneous s t r eams  in such channels [5-8] the s t r eam is divided into two cosxial zones (from r 1 
to r ,  and f rom r .  to r2) r ega rd le s s  of the type of dependence used for the turbulent v iscos i ty  (Deiss le r ' s  
or van D r i e s t ' s  equations or a "centra l  law"). The velocity profi le in each zone is determined by the p rox i -  
mi ty  of only one of the channel walls .  The conditions T=0 and dv/dr  =0 are  usually used to separate the 
zones and determine the value of r , .  An analysis  of the known experimental  data indicates the noncoinci-  
dence of these boundaries and leads the authors of [8], for example,  to the conclusion that there is nega-  
tive turbulent v iscos i ty .  The boundary corresponding to the condition ~-=0 lies s t  the intersection of t h e  
extensions of the velocity profi les calculated for each zone [8]. The method proposed by Maubach [9, 10] 
for homogeneous s t r eams  seems the most  convenient for analysis  and at the same time is accurate  enough. 
The essence  of the method consis ts  in the use of balance equations based on the assumption that a universal  
logar i thmic veloct tydis t r ibut ion exists  in both zones of an annular channel.  The resu l t s  of calculations of 
homogeneous s t reams  by this method [9, 10] agree  well with the experimental  data.  The introduction of 
par t ic les  into the s t r eam leads to a change in the profile of the ca r ry ing  medium.  In this case the turbulent 
mechanism of momentum t ransfer  is retained in the core of the s t r eam while in the boundary zones the 
momentum t ransfer  in the ca r ry ing  medium takes place pr imar i ly  through molecular  v iscosi ty .  Such con-  
s iderat ions allow one to assume that in the movement  of a gas suspension,  just as in the flow of a homo-  
geneous medium, the gas velocity profile in the zones of the channel has a logar i thmic nature in the core 
of the s t ream and a linear nature near the wall.  In this case the p a r a m e t e r s  of these functions vary  con- 
s iderably  in the presence  of par t ic les  in the s t r eam.  A hydrodynamic theory  of the heat exchange of gas -  
suspension s t r eams  in tubes developed in [11] on the basis  of a s imi lar  assumption was confirmed by ex-  
perimental  dat~. Thus, the stabilized s t ream of a gas suspension in an annular channel can be conditionally 
separated into an inner zone (index 1) and an outer zone (index 2). The velocity profile in each of the zones 
can be represen ted  on the bas is  of the two- layer  model in the following fo rm:  

viscous layer 

turbulent core 

v? =-y?; o<y +<6 +, 
(1) 

v +=--~-1 l n y + + a ;  6 + ~ y ~ - ~ y + ( r = r , ) .  (2) 
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In these express ions  v + -  vi /v~;  Yi =vi Ir - - r  i I / v ;  vi* ={rwi /0 ;  X and a a r e  constants  of the logar i thmic  p r o -  
f i le .  For  a continuous s t r e a m  the Karman  constant  is • = 0.4 and the value of a -  (1/• +, de te rmined  
f r o m  the condition of continuity of the veloci ty profi le  at y+ =5 +, is 5 .5 .  In the de terminat ion  of the p a r a -  
m e t e r s  of prof i les  (1) and (2) for  a gas - suspens iou  s t r eam,  it is n e c e s s a r y  to consider  that  this prof i le  c o r -  
r e sponds  to the shear  s t r e s s e s  produced only by the viscous  and turbulent  f r ic t ion of the ca r ry ing  med ium.  
To find the values of these s t r e s s e s  at the channel walls  (rwi) we use  the method proposed in [12] for  ga s -  
suspension s t r e a m s  in round p ipes .  This method is more  re l iab le  than that  developed in [13], since the 
s e r i e s  of insufficiently grounded assumpt ions  adopted in [!3] often leads to physical ly  unjustified r e su l t s  
(for example ,  with/~ > 3 and p s / p -  ~ 103, the thickness  of the boundary l ayer  turns  out to have an imag ina ry  
value according  to [13]). According to [12] the p r e s s u r e  losses  to gas fr ic t ion a re  de te rmined  f r o m  the 
total  lo s ses  af ter  subtract ion of the contribution of the impac t  in teract ion of the pa r t i c l e s  with the wall  (the 
expendi tures  in ra i s ing  the pa r t i c l e s  a re  negligibly smal l  under these condit ions).  For  the impact  f requency,  
the p r e s s u r e  l o s se s ,  and the coefficient  of r e s i s t a n c e  due to the shock interact ion one can obtain 

(r~ - r, ~) N o's 
n i  = 2 r f  2 (Q - -  q )  ' (3) 

d P i m  _ (2~r1~ + 2~r~n~_) msVsw;  _ tnsNvsvs.w~ 

n (d  - r~) r , - q  ' (4) 

; / 2D = 4~Fq~' --7- Vsw , 
~im= po~ \ dx , vo v s (5) 

where  ~ is the coefficient  of veloci ty loss  upon impact ,  ~p' ' ' =Vs/V c h a r a c t e r i z e s  the degree  of en t ra inment  
of the pa r t i c l e s  in the pulsation motion of the gas and can be es t imated  f r o m  [14]; v ' /v~ re f l ec t s  the coun- 
t e re f fec t  of the pa r t i c l e s  on the intensi ty of the pulsat ions of the ca r ry ing  medium [15, 16]. For  pa r t i c les  
with r s >>5 and r s  <<6 the following respec t ive  equations can be obtained (}f =2AlafD/L0~2): 

= ~f- V~;~'  v ~, 
vo (6) 

= ~ f  1--' ~ ' R e  v', ds 1,/ 2~o lX . 
" 8 oo D (7) 

These  functions allow one to calculate the cha r ac t e r i s t i c  f r ic t ional  s t r e s s e s  for the ent i re  s t r e a m  in an 
annular channel .  To de termine  the cor responding  values in the zones one can, as  in [10], use the equali ty 
of the p r e s s u r e  losses  to fr ict ion in the zones and in the ent i re  s t r e a m .  In this case  rw/D =~-wi/Di, where  
D i a r e  the hydraul ic  d i ame te r s  of the zones .  With allowance for  the definitions a-_- r t / r  2 and f~--- r . / r  2 one 
can obta in by analogy w i t h  [9 ] 

. . % 1  = 13= ~ = ~  . ~=~ = I - - I ~ ' .  ~ ,~  . 1~ ~ - = ~  
"% = (1 - -  = )  ' % ,  1 ~ - ~  ' %,= = (1 - -  p=) " (8 )  

Thus, the following values in (1)-(2) a re  unknown: a (or 6+) ,x ,  and r .  (or fl). One of the conditions r e l a -  
ting these p a r a m e t e r s  is the in tersect ion of the veloci ty  prof i les  at  the boundary of separa t ion  of the zones,  

�9 + 
i . e . ,  at  the point r = r , :  Vma x =v~'v~-ma x =v 2 V2max. By de te rmin ing  the ~ for  the gas - suspens ion  s t r e a m  
f r o m  the values of rwi a n d ~  f ro  m (6!7(8), we obtain 

p v p V p L X (9) 

I t  follows f r o m  E q s  (8) and the equali ty r 2 / m f ~ - = R e / 2 ( 1 - -  a) ~v~/8 that  

Vlmax = T In ) = (l --a) Re + a; 

v+~,  = ~ -  In 2 ( 1 - -  ~) ~ ~ Re + a. 

Then Eq .  (9) can be wri t ten in the f o r m  

l l n  [ P - =  ] / /  ~ ' - = ~  

V =(1--[~)  x I 2 ~ i z ; = )  ~ ( 1 - - a )  Re + a  

In ' 2 ( l - - a ) -  1 - - ~  Re + a  

(Io) 

(il) 
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The second  condi t ion is the equa t ion  of m a s s  ba lance  of the gas  s t r e a m  with a l lowance  for  i ts  d ivis ion 
into zones :  

~Fxs x + v~F~e: = v (F~e I -}- Fze=), 

whe re  F i is the c r o s s - s e c t i o n a l  a r ea  of the i - th  zone;  e is the a v e r a g e  p o r o s i t y  in the zone;  ~i is the ve lo -  
c i ty  of the cont inuous  component  of the g a s - s u s p e n s i o n  s t r e a m  a v e r a g e d  over  the c r o s s  sec t ion  of the zone .  
When el =e 2 this  equat ion can be r e p r e s e n t e d  in the fol lowing d i m e n s i o n l e s s  f o r m  with a l lowance  fo r  Eq .  
(8): 

v~ ~ - - ~  1 /  [~0---@ + ;~. 1--[~ ~ | /  1--[~-" _ V~ '~_  
v, 1 - - =  ~ V ( z ( 1 - - ~ )  v,, 1 - - a  ~ - f  �9 * i - -  ~z _ " ( 1 2 )  

In o r d e r  to use  this condit ion we d e t e r m i n e  the values  of the a v e r a g e  d i m e n s i o n l e s s  ve loc i t i e s  in each zone 

( R -  r / r 2 ;  A i ~ 6 i / r 2 ) :  

[ ] v~ _ 2 I v~RdR = I _  in Ill - -  ~ -- v,r~ 2a 3~ @ (J 
v~ [$ : - - a  ~ , Z A----~ v X([p__a.)  A~ 2X(m+~ ) -~ O(A~), (131 

l 

[ 1 ~-2. _ 2 f v~RdR = 1___ In 1 - -  [3 -t- v2ro ~ 2 A.. 3 -+- 
v2 1--[3 ~ . Z Ao. v X ( I - - ~ )  2X(1 + ~ )  -+-O(A~).. (14) 

If  one n e g l e c t s  t e r m s  of o r d e r  A 2 and the second t e r m s  in the b r a c k e t s  of E q s .  (13) and (14) because  of 
the i r  s m a l l n e s s  in c o m p a r i s o n  with the f i r s t  t e r m s  and if one u s e s  the e x p r e s s i o n  for  a th rough  5 +, then 
(13) and (14) can be r educed  to the fol lowing f o r m :  

---~ In ~- a = Ul}nax 
v~ ~ ~, 2x (~z + 13) 2~ (~ + 1~) ' 

v2 ~ 1 v ~ q ( l - - ~ )  3 - + - ~ 1  + 3 + #  
_ ~ ]n @ a = V2max 

v~ X v 2 x ( 1 @ [~) 2Z (1 + [3) 

(1 5) 

(16) 

When X =Xo = 0 . 4  these  e x p r e s s i o n s  coincide with those obtained in [9] for  a cont inuous  s t r e a m  in an a n -  
nular  channel .  The funct ion obtained in [12] f o r  a g a s - s u s p e n s i o n  s t r e a m  in a round tube fol lows f r o m  (16) 
as  fl - * 0 .  If  one subs t i tu tes  the funct ions  (15) and (161 into (121 with a l lowance  for  E q s .  (10), then the e q u a -  
t ion obtained can be solved joint ly  with E q .  (11) to de t e rmine  the p a r a m e t e r s  of the ve loc i ty  p ro f i l e .  The 
dependence  of the K a r m a n  cons tan t  on the pa r t i c l e  concen t ra t ion ,  obtained in [17] for  g a s - s u s p e n s i o n  
s t r e a m s  in round p ipes ,  can be taken as  the th i rd  equat ion in this  s y s t e m .  This  e m p i r i c a l  dependence  is 

well  a p p r o x i m a t e d  by the equat ion [12] 

xl~0 : 1 -~- 0,16 ~0;9. (17) 

Equa t ion  (17) can be used only by  way of a f i r s t  approx imat ion ,  s ince  it is  obtained fo r  a ve loc i ty  prof i le  
which d i f fe r s  f r o m  (11-(21 and does not take into accoun t  the p r o p e r t i e s  of the d i s p e r s i n g  agen t .  By t r a n s -  
f o r m i n g  E q .  (11) with a l lowance  for  (10) one can e x p r e s s  the value V{~max th rough  fl: 

mm~ = -~-  In ~ - - a  ~ - - ~ a  ~ a ( t - - ~ )  " (18) 

Subst i tu t ing this  e x p r e s s i o n  into (15) and (16) and then into (12) we obtain the fol lowing equat ion:  

(19) 
V c~(1_  ~,z)- 2 ( 1 - - a ' )  

The solut ion of (19) a l lows one to e s t ab l i sh  the dependence  of the pos i t ion  of the b o u n d a r y  13 be tween  the 
zones  on the r a t i o  a of the radi i  of the wal ls  of the annular  channel  and on the value of the  complex  • 84-~-, 
which takes  into account  the e f fec t  of the concen t r a t ion  ~ .  The r e s u l t s  of ca l cu la t ions  by (191 p e r f o r m e d  
by G. V.  D e r e v y a n k o  a r e  p r e s e n t e d  in Table  1. As fol lows f r o m  Table  1 , the  va lue s  of  it e s sen t i a l ly  
depend on ~, d e c r e a s i n g  s l ight ly  with an i n c r e a s e  in • and be ing  a l m o s t  independent  of it at l a rge  ~ .  
The r e s u l t s  of the ca lcu la t ions  of [9] fo r  a homogeneous  s t r e a m  a r e  in comple te  a g r e e m e n t  with the data 
of Table  1 on the p a r t  of the dependence  of ~ on a and the Reyno lds  n u m b e r .  [n this  connect ion ,  the 
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TABLE 1. Dependence of the Values of B and a~ +ln(RevT~) (the 
latter are given in parentheses) on the Geometry of the Channel and 
the Complex • 

6 

10 

14 

18 

22 

26 

30 

o,l 

0,3494 
(8,30) 
0,3392 
(12,30) 
0,3338 
(16,30) 
0,3305 
(20,32) 
0,3282 
(24,34) 
0,3265 
(28,33) 
O, 3253 
(32,33) 

0,2 

0,4727 
(8,33) 
0,4651 
(12,35) 
0,4610 
(16,33) 
0,4584 
(20,39 
0,4567 
(24,34) 
0,4554 
(28,33) 
0,4544. 
(32,40) 

0,4 

0,6452 
(8,35) 
0,6414 
(12,40) 
0,6394 
06.36) 
0,6381 
(20,40) 
0,6373 
(24,31) 
0,6366 
(28,42) 
0,6361 
(32,46) 

0.6 

0,7796 
(8,39) 
0,7782 
02,38) 
0,7773 
(16,39) 
0,7768 
(20,31) 
0,7765 
(24,63) 
0,7762 
(28,38) 
0,7760 
(32,83) 

O,S 

.0,8955 
(8,43) 
0.8952 
(12,47) 

0,8950 
(16,42) 
0,8949 
(20,30) 
0,8948 
(25,62) 
0,8948 
(27,78) 
0,8947 
(36,76) 

coefficients of res is tance  were determined in [9, 10] for a homogeneous s t ream since in that case,  in con-  
t r a s t  to the problem under considerat ion,  the values • =• and a =a o are known. Having available �9 the values 
of/3, one can on the basis  of Eqs .  (10) a n d  (18) obtaLn an express ion for calculating a :  

l 0  0,>l,n d ~ 1 7 6  , ]  0, o, ] ,20, 
The resul t s  of calculations of a• +ln{Re ~4~7-8/8), which take into account the effect of the par t ic les  on the 
velocity profile,  a re  also presented in Table 1. It  iS a lmost  independent of the value o f a .  This is evident-  
ly connected with the fact  that a and • a re  universal  pa rame te r s  of the velocity profile and depend only on 
the proper t ies  of the par t ic les  and their concentration in the s t ream.  The data of the calculations by (20) 
a re  approximately described by a linear function of •  

aX + In (Rer  ----- 2~3 + X "~--" (21) 

This function, obtained for channels of annular c ro s s  section, cor responds  to a relat ion brought out ea r l i e r  
for gas-suspension s t reams  Ln pipes [12]. With • =•  and a =ao=5.5  the express ion (21) sat isf ies the 
condition of a limiting process ,  since it agrees  with high accuracy  with the well-known data of [18] on the 
res i s tance  of homogeneous s t reams  (u =0). The function (21) makes it possible,  by est imating beforehand 
the values of ~ and • f rom Eqs .  (6), (7), and (17) for the given Re, a ,  and/~ and with the proper t ies  of the 
par t ic les  and the flow res is tance  i f  being known, to determine the value of a .  The dependence of the 
Karman constant in a gas-suspension s t ream on the concentration and the charac te r i s t i cs  of the par t ic les  
can be refined on the basis  of the expression (21). For  this one must  have available data on the p res su re  
losses  in a gas-suspension s t ream for the same par t ic les  at different values of ~ and the Reynolds number .  
Then, by solving a system of equations of the type of (21) for a fixed value of/~ and different Re, one can 
establish the desired functions for the pa rame te r s  • and a of the profi le .  

If, as in the calculation of the heat-exchange intensity [1], the determination of the thickness of the 
viscous layer in the gas-suspension s t ream is of the grea tes t  interest ,  the value of 5 + can be obtained 
through a numerical  or even a graphic solution of the equation In5+=• + -- a) .  The absolute values of 
8 at both walls of the channel are  calculated using (8) on the basis  of the equation 

2r~ (1 - -  ~)____~ 1 /  ~ 8i 
Re V' ~18 I /  %,i (22) 

Reliable experimental  data on the velocity profile of the ca r ry ing  medium of a gas-suspens ion  s t r eam in 
an annular channel are  absent at present ,  which can be explained by cer tain experimental  difficulties which 
ar i se  in this case.  At the same t ime, the obtaining of this kind of data is very  urgent,  just for the testing 
of the proposed method of calculation through the comparison of experimental  and calculated data on heat 
exchange with such s t r eams .  
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NOTA TION 

D, Equivalent diameter,  m; m s, mass of one particle, kg; N, calculating concentration of part icles,  
l/m3; v, v*, absolute and dynamic velocities, m/sec ;  r 1, r 2, r . ,  radii of walls of annular channel and of 
boundary separating the zones, m; y, distance from wall, m; 5, thickness of viscous layer,  m; 4, coef- 
ficient of res is tance;  #~ flow-rate mass concentration; p, density, kg/m3; % shear s t resses ,  N/m 2. 
Indices: s, solid particles; O, s tream without particles; ', pulsation value; w, value at wall; 1, 2, inner 
and outer walls and zones adjacent to them. 
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