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The technique and resu l t s  of computation of the radia l  d is t r ibut ion of the concentra t ion of solid 
par t ic les  suspended in an ax i symmet r i c  stabil ized turbulent  flow a r e  discussed for  different  
types of in teract ion of the par t ic le  flux with the walls of the channel.  

The intensi ty of the t r an s f e r  p rocesses  by gaseous suspension flows is to  a large extent de termined by 
~he radia l  d is t r ibut ion of the par t ic les  in the flow. A subsonic ax i symmet r i c  flow of gaseous suspension with 
Stokes par t ic les  is invest igated.  The longitudinal dis t r ibut ion of the concentra t ion has been investigated quite 
extensively [1]. The resu l t s  of theore t i ca l  investigations of the t r a n s v e r s e  dis tr ibut ion of the par t ic les  a r e  
ve ry  incomplete ,  and in a number of cases  they a r e  cont radic tory  (for example,  see  [2, 3]). This is apparent ly 
accounted for by the following factors  : a) the use of any one mechanism of t r an s f e r  of par t ic les  without suf-  
f icient just if icat ion (convective or diffusion) and also the investigation of only the core  or the region of the 
flow near  the walls;  b) the absence  of sufficiently re l iab le  information for determining the diffusion coeff i -  
cient of par t ic les  in the ent i re  flow field (for example,  see  [4]); c) the lack or inadequate accuracy  of compu-  
tat ions of the field of the radia l  veloci t ies  of the par t ic les  as d iscussed in [5]; d) a r b i t r a r y  choice of boundary 
conditions (for example,  in [2, 6, 7]). 

In the p re sen t  work an at tempt  is made to  evaluate the par t ic le  concentra t ion field taking into considera-"  
t ion  the above-mentioned pecu l ia r i t i e s .  

The  concentra t ion field is formed as a resu l t  of joint act ion of t h ree  par t ic le  fluxes : convective flux jc, 
diffusion flux JD' and the flux of par t ic les  at the flow boundary Jw: 

Jc~Us~'  JD : --Dsgrad~, ]w = c]*. (1) 

In o rder  to  es t imate  the convect ive componer~ of the radia l  mass flux it is necessa ry  to know the local t r a n s -  
v e r s e  t ime-ave raged  veloci ty  of the par t ic les  v s . It must be de termined only f rom the sys t em of equations of 
motion [5] with complete  considerat ion of the basic fo rce  effects leading to the t r a n s v e r s e  displacement  of the 
par t ic les  ( thermophores is ,  e lec t ros ta t ic  charge ,  iner t ia ,  Saffman force ,  e t c . ) .  The  numer ica l  solution of 
this sys t em,  ca r r i ed  out by the authors ,  made it possible to obtain typical  curves  of the radia l  distr ibution of 
Vs [5]. 

The  coefficient  of diffusion of par t ic les  Ds can be found f rom the formula  

Sc -1 = Sc~ l + Sc71. (2) 

Here  S e ~  = 2kT/3~pv2ds i s the  maximum value of the Schmidt number determining the Brownian diffusion; Sc~ l 
~(R, rr)U * / u  is determined  by the turbulent  diffusion of par t i c les .  The turbulent  viscosi ty  coefficient v * is 
computed for the core  of the flow and for the layer  adjacent to  the walls by the following formulas  [8, 9]- 

v*/v = 6-10-'y 3 (0 ~<y ~<7.8); (3) 

v*/v = 0.39 (y - -  7.07)(0.03 + 0.97R) (y > 7.8), (4) 

while the coefficient  ~ (R, r r ) ,  which takes into considerat ion the inert ia  of the pulsating motion of the par t ic les ,  
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is a function of the  r ad ia l  coordinate  and the  re laxa t ion  t i m e  of the  par t ic les  [10]. The  need for  introducing a 
co r r ec t ion  function ~, is due to  the  passage  of the pa r t i c l e s  f rom one vor tex  to the other ,  which leads  to a ce r ta in  
d e c r e a s e  of Dst  compared  to  v * in the co re  of the flow and poss ib ly  to  an i nc r ea se  in the reg ion  adjacent  to  
the  wall ,  For  this  @ is different  f r o m  1. Quanti tat ive es t imates  made  for  the  cases  @ = 0,5 and @ = 2 show 
that  the par t ic le  concentra t ion prof i le  re ta ins  its c h a r a c t e r  and changes only quanti tat ively,  other conditions 
remain ing  unchanged. In view of ~his, and a lso  due to  the  absence  of d i rec t  =data for  ca r ry ing  out quanti tat ive 
e s t i m a t e s ,  in the f i r s t  approximat ion  �9 is: t a k e n  equat to  1 for  the invest igated fine pa r t i c l e s .  

The  est imate:  of the pa r t i c l e  s ~ons t i tu tes . the  ma in  p rob lem in differens l~heoretical d iscuss ions  [11, 
12]::(absnlutely:absorbing wall)~ A~ecording to  [2]; the :de te rmina t ion  of jw according: to  ~w = 0 is not c o r r e c t .  
The  choice of flw = const ~ 0 [7] is highly a r b i t r a r y ,  s ince  in the gene ra l  case  this quantity mus t  be  d e t e r -  
mined f r o m  the solut ion of the  concentra t ion  p rob lem.  It is be t t e r  to  use the coefficient  c introduced in [13] as 
the  probabi l i ty  of capture  of the par t ic les  by the wall,  giving an es t imate  of the r a t io  of Jw to  the par t ic le  flux 
} * a r r iv ing  at  the  wall .  In the  m o r e  gene ra l  ca se ,  the  coefficient  c must  be t aken  as the r a t io  of jw to  the 
rad ia l  par t ic le  flux j* having the  s a m e  s ign as jw. If the  wall  is a s o u r c e  for  pa r t i c le  m a s s ,  then  jw < 0 and 
j* is the par t ic le  flux coming out of the  wall .  With this definit ion 0 -< c - 1, and speci f ic  values of  this coef -  
ficient can be var ied  suff icient ly a r b i t r a r i l y ,  s ince  they can be ensured by a sui table  choice of the  p roper t i e s  
of the wall  (adhesiveness ,  ideal e las t ic i ty ,  penet rabi l i ty ,  roughness ,  etc .) .  In this s ense ,  for  a d i spe r sed  
flow the coefficient c is essent ia l ly  a quantity occurr ing  in the boundary condit ions.  However,  for  the ease  
of a comple te ly  pene t rab le  (by par t ic les )  wall ,  the  condition c = 1 is not sufficient  and must  be supplemented 
by informat ion regard ing  one of the  quantities Jw or flw- It is obvious that  the  invest igat ion of the p r o c e s s e s  
occurr ing  immedia te ly  at the wall  (adhesion, cohesion,  denudization, blowing, sucking,  and s o  forth),  n e c e s -  
s a r y  for  de te rmin ing  c, is an independent complex  p rob lem which so  fa r  has net been  adequately studied [14]. 

According to  the  law of conserva t ion  of mass  of pa r t i c l e s ,  in the s t a t iona ry  conditions we have 

R OR OR ~ - -~ReBU,- -Sc  -~, =0,  (5) 
�9 OX 

where  B -/~//~0, Vs - Vs/U0, 1~ - r / r w ,  and X --- x / r  w. A w a y f r o m  the en t rance  to  the  channel the concen t r a -  
t ion  profi les  may be a s sumed  to  be s i m i l a r ,  i . e . ,  aB/0X - dB/dX = --2jw/~0u s . Neglecting the diffusion 
t r a n s f e r  along the  axis compared  to  the  convect ive t r a n s f e r  we have 

dR U,, 

For  B(r  = 0) = 1 the solut ion of this equation is of the  fo rm 

�9 ~ 

Jw, J ~  Irw �9 (6) 

R R R *  

B(R) = exp[.[ a: ( R) dR l {1-- Jw . f b ( R') exp [ bl a ( R) dR ] dR'}, (7) 
0 0 

R 

Sc .[ u, RdR 
a(R) _~1 ReVsSc, b ( R ) =  0 ---- l ( 8 )  

2 R ,i' UsRdR 
0 

If c= 0 (Jw = 0), fo rmula  (7) pe rmi t s  d i r ec t  computat ion of the concentra t ion field.  For  0 < c < 1 the convec-  
t ive  and diffusive fluxes have differer~ d i rec t ions .  If J *  = Jc,  then Jw = CJe; for  J* = JD, f r o m  Jc(1) + JD(1) = 
Jw it follows that  JD = Jc/(C - -  1). Then  i n t h e  gene ra l  case  we have 

= k t l ,  Jw l kcReB(1)Vs(1), 
2 ' ~-[(c 1)-1, Vs (1) < 0 .  (9) 

Using this express ion  for  Jw in formula  (7), wr i t ten  for  I1 = 1, we de t e rmine  the  quantity 13(1) -= Bw" 

1 1 R "  

' r - ]  

0 0" 0 

Expres s ion  (10) pe rmi t s  one to  de t e rmine  the  par t ic le  concentra t ion  at the wall;  then the quantity Jw and the 
concentra t ion f ield can- be computed f r o m  (9) and (7), r e spec t ive ly .  

If the  na ture  of the  in te rac t ion  of the  par t ic les  with the  wall  is de te rmined  by the condition c -- 1 (absolutely 

6 2 2  



absorbing or penetrable wall), then Jw = J* = Jc + JD. In th i s  case ,  whenthe  quantity Jw is given di rec t ly ,  
the computation of the field B(R) is done using express ion (7). If in supplementing the condition c = 1 the value 
of Bw is given, then the solution of Eq. (6) has the form 

R R ! 1 R 

B~ i'b . . . .  exp (-- !" adR')dR + exp([ adR).!'b exp ( - - ' t  adR'l]dR 
B (R) = b o o R o (11) 

1 1 R 

exp (.[ adR).i' b exp (-- .f  adR')dR 
R 0 0 

1 ! R 

+o : 11- Booxp ( -  t adR)] / i oxp ( - f  adR) dR 
0 0 0 

(7)-(12) with the corresponding specification of the boundary conditions permit  one to Thus,  formulas 
compute the concentrat ion field and the quantity Jw for all  basic cases  of interact ion of par t ic le  flux with the 
wall. For  example, s ince  according to  [15] the condition c = 1 is sat isfied only for a special ly prepared wall 
and under r ea l  conditions 0 - c - 1 is more  typical ,  in the subsequent analysis  we shall  consider  only the 
c a s e  c < 1 .  

For  the computation of the concentrat ion field we use formulas (7)-{10). However, for determining the 
field Vs the sy s t em of equations of motion a re  solved beforehand under the assumption that B = 1 [5]. The 
obtained values of Vs(R) were used for numer ica l  evaluation of the integrals occurr ing in (7), (8), and (10). 
The dependence Bgl)  thus determined was next used in the i terat ion ref inement  of the velocity field and the 
part icle  concentra t ion field. 

This procedure  of computations was real ized on an M-220 computer .  The computations were  car r ied  
out for the s a m e  conditions as in [5]: D = 0.1-1 m; u 0 = 1-10 m / s e c ;  ds = 0.1-1 ~; /30Os/p = 10-2-10~ q = 
10-6-10 -4 C/kg .  In the numer ica l  analysis  the air  flow for P = 1 bar ,  T = 300~ Tw/T 0 = 0.8-1.2, and Jw - 
0 was taken into considerat ion.  The specif ic  difficulties in the computation of the concentrat ion fields a r e  r e -  
hated to the nature of the behavior of the diffusion coefficient D s near the wall. As R -* 1, D s dec reases  
sharp ly  and the number Sc correspondingly inc reases .  This leads to an increase  of the absolute values of a 

r 
and f adR in the given zone. For  cer ta in  variants  of the initial data this leads to an overcrowding of the corn- 

0 
purer grid in the computation of the exponent of the integral,  s tar t ing  from a cer ta in  R * very  close to unity. 

If the value of the integral  is la rge  in absolute magnitude and negative, then in the region R * - R -< 1 
we can put B = 0, s ince  bcth t e rms  in express ion (10) a re  positive and increase  sharply.  If the value of the 
integral  is positive and large,  then for c = 0 formula (10) shows that the par t ic le  concentrat ion at the wall 
tends to infinity. Physical ly,  this means that a dense hayer s t ruc tu re  is produced at the wail, in which the 
limiting re la t ive  concentrat ion is B ~ 0.6flo 1. For  c ~ 0 the  f i rs t  t e r m  in (10) is much smal le r  than the second, 
and in determining B w this t e r m  can be neglected.  The values of B(R) for R < R * a re  computed f rom (7) 
using the value of B w a l ready determined,  while in the region R * -< 1~ < 1 the values of B ~R) a r e  computed by 
interpolation. Est imates  show that for all  investigated var iants  the e r r o r s  caused by the above approximations 
a r e  negligibly smal l .  Fu r the rmore ,  i n t h e  major i ty  of cases R * is very  close to unity and the interpolation 
intended for c ~ 0 is necessa ry  only for distances smal le r  than 5% of the thickness of the viscous sublayer .  

The resul ts  of the computations enable us to elucidate the typical  concentrat ion fields for the investigated 
conditions (Fig. 1) formed under the influence of cer ta in  combinations of reg ime and boundary conditions. 
_According to Fig. l a  the concentrat ion field in the core  of the flow is prac t ica l ly  nongradient with a sharp  in- 
c r ea se  of B in the zone adjacent to the wall. At the wall, the Bw may attain the limiting value, approaching 
the par t ic le  concentrat ion in the dense hayer. Such distributions of B a re  typical  for conditions when there  is 
no deposit ion of part icles at the walls (c = 0, Jw = 0) and when the value of average  t r a n s v e r s e  velocity of pa r -  
t ic les  near the wall is positive and sufficiently large.  ForVs  the conditions a re  satisfied i n those  (investigated 
in [5]) cases  when the force  of the positive thermophores i s  (curve 1), the e lec t ros ta t ic  force andthe positive 
the rmophores i s  {curve 2), and the effect of migrat ion and Saffman force (3) a r e  predominant .  In all  these 
cases the concentrat ion distr ibution has the same  nature as shown in Fig.  l a .  This is accounted for by the 
fact that the resul tant  of al l  the forces acting on the part icles and directed along the radius leads to a convec-  
t ive  t r anspor t  of part icles to the wall. In view of Jw -- 0, this flux must be compensated for by the diffusion 
t r anspo r t  f rom the wall.  This nature of the concentrat ion field agrees  with experimental  data,  for example, 
t6]. 

For  Vs < 0 and c = 0 the d i rec t ion of the diffusion t r ans fe r  changes, and in the presence  of a nongradient 
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Fig.  1. Typ ica l  rad ia l  d is t r ibut ions  of concentra t ion  B = f l /  
fl0 (continuous lines) and the  cor responding  curves  of the a v e r -  
age t r a n s v e r s e  veloci ty  of the par t i c les  V s = Vs/U 0 (dashed 
curves  1), which a r e  valid for  the  following values [5]: a -d)  
Be --- 6.2.104; Scm = 3.3.105; K E -- 3.25 "10-4; a , b , c )  F r  -- 
9.8; D/d  s =10s;  S t k =  0.465-10-5; d , e ) F r  = 9.8,10-31 D /  
ds = 105; Stk = 0 .465.10-s ;  a) T w / T  0 = 0.9, c = 0 ; b )  r e s p e c -  
t ive ly ,  1.1 and 0; c) 1,0 and 0.99;  d) i . 0 a n d  0.99; e) 0.8 and 
0.99; dashed-dot  lines (curves 2 and 3) show other  types  of 
curves  of Vs (R) for  which the  s a m e  r ad i a l  d is t r ibut ion  of con-  
centra t ion occu r s .  

nature  of the  field a s h a r p  d e c r e a s e  of the  concentra t ion is observed in the co re  of the flow i n t h e  r eg ion  nea r  
the  wall  (Fig. lb) .  In the immedia te  neighborhood of the  wall  an  a lmos t  comple te  absence  of par t ic les  may be 
observed (]3 w -~ 0). The  veloci ty  of the  par t ic les  Vs is fo rmed  due to  the predominant  effect  of the  negat ive 
fo rce  of t he rmophore s i s  (curve 1) o r  by the joint act ion of this fo rce  and the e l ec t ros t a t i c  fo rce  (curve 2) [5]. 
The  r e su l t s ,  for which the nonvariabi l i ty  of the  concentra t ion along the en t i re  sec t ion  is typica l ,  a r e  g iven in 
Fig .  l c .  This  na ture  of the  curves  is obtained for  0 < c < 1, when the  r ad ia l  veloci ty  of the par t ic les  is ve ry  
s m a l l  i r r e s p e c t i v e  of the nature  of the  fac tors  de te rmin ing  it .  If  the  wall  is absorb ing  (c > 0, Jw > 0)and the  
r e g i m e  conditions of the  gas suspens ion  flow a r e  s i m i l a r  to  those  in Fig.  l a ,  then  the p rocess  of deposi t ion of 
par t ic les  at the  wail  leads to  a d e c r e a s e  of the concentra t ion gradient  near  the  wall  (Fig. ld) .  

For  the conditions i l lus t ra ted  in Fig.  l e  for  c c lose  to  unity and for  apprec iab le  Vs > 0 i n t h e  reg ion  nea r  
the  wall  the abrupt  change in Vs in t r ans i t ion  f r o m  the c o r e  of the flow to  the viscous sub layer  (for e ~ m p l e ,  
due to  the  t h e r m o p h o r e s i s  force)  leads to  the  appea rance  of a m i n i m u m  of B ~ )  in this  reg ion .  The  common 
fea ture  in Fig. l a - e  is  that the  concentra t ion  field in the co re  of the  flow changes ve ry  sl ightly (in the  r ange  
5% of the  values  of fl0)- This  r e su l t  is in good ag reemen t  with the data of [17, 18]. At the  s a m e t i m e ,  in a thin 
reg ion  adjacent  t o t h e  wall  (excluding the  case  shown in Fig.  l c )  a not iceable change i n B  occu r s .  This  is ex-  
plained,  on the  one hand, by the s h a r p  d e c r e a s e  of the  concent ra t ion  of the  coefficients  of turbulent  diffusion 
as  the  ~mrticles approach  the wall  and,  on the other hand, by the s ignif icant  i nc r ea se  of the  contr ibution of the  
rad ia l  convect ive t r a n s p o r t  i n t h e  reg ion  near  the  wall .  It should be  noted that  the intensi ty of the  p r o c e s s e s  
of t r a n s p o r t  of momentum,  heat,  and m a s s  to  the  wall  is t o  a la rge  extent l imited by the  phenomena occurr ing  
near  the  wall .  T h e r e f o r e ,  i n t h e  computat ion of t hese  p r o c e s s e s  it is neces sa ry  to  cons ider  the s ignif icant  
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changes of the particle concentration in the zone of the flow adjacent to the wall, although it occupies only a 
small  part of the cross section. Estimates of the thickness of this zone showed that the most significant var ia-  
tions of the field B(R) occur in a unique concentrated boundary layer whose thickness is smaller  than the thick- 
ness of the viscous sublayer; a smoother variation of the concentration occurs also in the transition zone of 
the flow. 

Only some results of the computation are  presented in Fig. 1. However, these distributions of B(R) a re  
�9 quite typical for the motion of finely dispersed particles in an ascending turbulent gas flow. The formulas de- 
ri~ed here for the  computation of concentration fields in the segment of stabilized B profile can be used also 
fo r  other conditions in which mechanisms determining Vs and �9 differ significantly from those investigated 
here (for example, a significant effect of the inertia of the particles,  their  collisions, polydispersive nature, 
etc. ). The study of the distribution of particle concentration in suspension flows in the initial segment of the 
flow is also of definite interest ,  but this is an independent problem. 

NOTATION 

c, coefficient s imilar  to the probability of capture of particles by the wall; ds, D, diameters of the 
particles and channel, m; D s, diffusion coefficient of particles,  m2/sec; q, rat io of charge of the particle to 
its mass,  C/kg; r ,  x, radial and longitudinal coordinates, m; T, temperature ,  ~ u, v, longitudinal and 
t ransverse  velocities,  m/sec ;  ], mass flux density normalized to particle density, m/sec;  y, dimensionless 
distance from the wall, determined from the "wall law"; fl, volume concentration of the particles in the flow; 
So, dielectric constant in vacuum; v, v*,  molecular and molar viscosity coefficients, m2/sec; r r ,  relaxation 
t ime of the part icles,  sec; p, density, kg/m3; Reynolds number, Re = u o D / v ;  Froude number Fr  = gD/u02; 
0~okes number Stk -- R e psds z/18 pD2; Schmidt number Sc = v/D s ; complex KE = qD 2 Ps ~ o/SoUo 2" Indices : 0, 
the value at the axis of the flow; s, solid particles; t ,  turbulent analog; w, value at the wall of the channel; 
--, averaged over the cross section of the channel. 
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