
5. 

6 .  

7 .  

8. 
9. 

1 0 .  

11. 

12. 

13. 
14. 
15. 

16. 

Zh. Zheenbaev,  G. A. Kobtsev, R.  I. Konavko, and V. S. l~ngel 'sht,  Izv.  S ib i rsk .  Otd. Akad.  Nauk 
SSSR, Ser .  Tekh.  Nauk, No. 3, Par t  1 (1973). 
D. I .  Vainboim, V. M. Gol 'dfarb ,  and A. D. Yurk,  in: L o w - T e m p e r a t u r e  P l a sma  Genera to rs  [in Rus -  
s ian] ,  ff:nergiya, Moscow (1969), p. 558. 
A. S. Koroteev and O. I. Yas 'ko ,  I n z h . - F i z .  Zh., 10, No. 1 (1966). 
A. I.  Zhidovich and O. I.  Yas 'ko ,  I n z h . - F i z .  Zh., 16, No. 3 (1969). 
A. G. Shashkov, L. Kreichi ,  V. I .  Krylovich,  V . L .  Sergeev ,  F, B . :Yurev ich ,  and  O. I .  Yas 'ko ,  
Heat Exchange in  an E l e c t r i c - A r c  G a s : H e a t e r : ~ n R u s s i a n ] ,  Energiya ,  Moscow (1974). 
M. F.  Zhukov, A. S. Koroteev,  and B.  A. Uryukov,  Applied Dynamics  of a T h e r m a l  P l a sma  [in Rus -  
s ian] ,  Nauka, Novos ib i rsk  (1975). 
M. F.  Zhukov and Yu. I. Sukhinin, Izv.  S ib i rsk .  Otd. Akad. Nauk SSSR, Ser .  Tekh .  Nauk, No. 3, Par t  
1 (1969). 
A. S. An 'shakov,  M. F. Zhukov, M. I .  Sazonov, and A. N. T imoshevsk i i ,  Izv.  S ib i r sk .  Otd. Akad. 
Nauk SSSR, Se t .  Tekh.  Nauk, No. 8, Par t  2 (1970). 
G. Yu. Dautov and M. F.  Zhukov; Zh. Pr ik l .  Mekh. Tekh .  Fiz . ,  No. 6 (1965). 
S . S .  Kutateladze and O. I .  Yas 'ko ,  I n z h . - F i z .  Zh., 7, No. 4 (1964). 
A. G. Shashkov, V. L. Sergeev,  G. M. Bezladnov, and V. P. T e r e n t ' e v ,  I n z h . - F i z .  Zh., 25, No. 3 
(1973). 
W. Finkel*nburg and H. Mekker ,  E lec t r i c  A r c s  and T h e r m a l  P l a s m a  [Russian t ranslat ion] ,  Inos t r ,  Lit . ,  
Moscow (1961). 

S O M E  P R O B L E M S  O F  C O N V E C T I V E  D I F F U S I O N  T O  

A S P H E R I C A L  P A R T I C L E  W I T H  P e  -< 1 0 0 0  

B .  M .  A b r a m z o n  a n d  G .  A .  F i s h b e i n  UDC 532.72 

The problem of convective heat and mass  exchange during the slow motion of a s ingle  d rop  in a 
uni form and a shea r  s t r e a m ,  as well  as during the motion of a gas bubble in a power- law liquid, 
is solved using f in i te -d i f ference  methods .  

, oc) 
r ~"' Or r2 

with the following boundary conditions : 

The  de te rmina t ion  of the intensity of ex te rna l  heat and mass  exchange of a sphe r i ca l  par t ic le  under the 
conditions of a x i s y m m e t r i c  s t r e a m l i n e  flow is connected with the solut ion of the equation of convect ive diffu-  
s ion 

1 0 s i n O  OCt_ Pe Vr' " ~ 0 
r2sin 0 0(9 06).! -2- Or r - ~  (i) 

Crr=i = 1; c l r_ .  = o. (2) 

In Eq. (1) the components Vr and V| of the liquid velocity a r e  expressed  through the s t r e a m  function by 
the  equations 

1 0~I ' 1 0 ~  
V~ - - ;  Vo 

r 2sinO dO rsinO Or 

In the presen t  r epo r t  Eq. (1) is analyzed for s e v e r a l  model flows pertaining to eases  of slow s t r e a m l i n e  
flow over  a par t ic le .  Since the Schmidt numbers  for r ea l  liquids have the order  of 103, the  values of the Peclet  
number  lie in the range  of 1 --- Pe <- 1000 even for s m a l l  Reynolds numbers  (Re ~ 1). 
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Fig. i. Concentration field around a spherical particle 
with Pe = I00 for different models of streamline flow: a) 
a solid particle in a Stokes stream; b) a gas bubble with 
Re<< 1; c,d) asol id  particle in a shear stream (c - ~ > 0; 
d -  ce <0). 

Analyt ical  solutions of this p rob lem a r e  known in the l i t e ra tu re ,  obtained f o r  the l imiting cases  of sma l l  
Pecle t  numbers  by the method of ~oining of asympto t ic  expansions [1, 2] and for very  large Pe by the method of 

%he diffusional  boundary layer  [3-9]. A compar i son  of these  approx imate  solutions with the resu l t s  of n u mer i -  
cal  calcula t ions  c a r r i ed  out in [10] on the example  of the p rob lem of diffusion to  a par t ic le  ir~ a Stokes flow 
showed that  the method of joining of asympto t ic  expansions can be used only for Pe ~ 0.5. As for l a rger  Peclet  
number s ,  the method of the diffusional  boundary layer  gives acceptable  r e su l t s  beginning with Pe ~ 1000. 

The  app rox ima te  analyt ica l  methods prove to be unacceptable  in the in te rmedia te  r eg ionof  Peclet  number s .  
We studied this r e g i o n o f  Peclet  numbers  using the  f in i te -d i f ference  method used ea r l i e r  in ~0].  

The  cases  of the mass  exchange of a d rop  during slow mot ion in  a uniform and a shea r  s t r e a m  a re  ana-  
lyzed.  The effect  of the  non-Newtonian p roper t i e s  of the liquid on the process  of mass  exchange of a gas bubble 
ks a l so  s tudied.  

The  effect of the flow model  on the nature  of the diffusional in teract ion of a par t ic le  with a s t r e a m  can be 
analyzed qual i ta t ively by cons ider ing  the concentra t ion fields nea r  the sphe re  (Fig. 1). The process  of mass  
exchange is cha r ac t e r i z ed  quanti tat ively by the values of the local and average  Sherwood numbers  

0 

The  r e su l t s  of the calculat ions for  the types  of flow under  considerat ion a r e  presented  in F igs .  2 and 3 in 
the  f o r m  of dependences of Sh@ and Sh on Pe and other p a r a m e t e r s  of the p rob lem.  

1 .  M a s s  T r a n s f e r  t o  a D r o p  w i t h  R e  << 1 

In this case  the liquid flow is desc r ibed  by the H a d a m a r d - - R y b c h i n s k i i  s t r e a m  function 

1 ( 3~t+2 /x 1 )  
~ 2 r 2 - - r +  - sin20 

2~t q- 2 2~t+2 r 

and the solut ion of the diffusional p rob lem depends on two p a r a m e t e r s  : the Peeler number  and the v iscos i ty  
ra t io  #. 

(4) 
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Fig .  2. Local  values  of Sherwood number  with Pe = 100: a) 
flow over  a d rop  by a un i form s t r e a m ;  b) flow over  a d rop  by a 
s h e a r  s t r e a m  with ~ > 0. 
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Fig .  3. Dependence of ave rage  Sherwood number  on Pecle t  
number :  a) slow s t r e a m l i n e  flow over  a d rop ;  b) flow over  a 
gas bubble by a s t r e a m  of power - law l iquid.  

The dependence Sh@(@) for Pe = 100 with d i f ferent  t~ is p resen ted  in F ig .  2a.  With the t r a n s i t i o n  f rom a 
sol id  sphe re  (# = m) to  a gas bubble (p = 0) one obse rves  a cons ide rab l e  i n c r e a s e  in the  in tensi ty  of mass  ex-  
change at the f ronta l  pa r t  of the sphe re  and a s imul taneous  d e c r e a s e  in this  value  in the r e a r  reg ion .  In th is  
case ,  as s een  f rom F ig .  l a ,  b, the  zone of the main concent ra t ion  d rop  na r rows  in the  front  par t  of the  s p h e r e  
and the c a r r y i n g  away of m a t e r i a l  in the back sec t ion  is s t r eng thened .  This  is due to  the i n c r e a s e  in the  ro l e  of 
the  convect ive component of the  diffusional  flux owing to  an i n c r e a s e  in the liquid veloci ty  near  the  s u r f a c e  of 
the  pa r t i c l e  with a d e c r e a s e  in ~. 

The dependence of the ave r age  values  of the Sherwood number  on the Pecle t  number  for d i f ferent  ~ is 
given in F ig .  3a. The dashed curves  a r e  cons t ruc ted  for  a sol id  s p h e r e  and a gas bubble f rom the following 
equations of b o u n d a r y - l a y e r  theory  [3] 

Sh = 0.991Pe 1/3 ( for }t = co), (5) 

0,65 pel/~. (6) 
sh V1 + ~  

We note that  the solut ions (5) and (6) give somewhat  unders ta ted  r e s u l t s  for the Sherwood number .  This  
is connected with the fact that  the method of l i nea r i za t ion  of the s t r e a m  function used in [3] leads to  unders ta ted  
values of the  tangent ia l  ve loci ty  component near  the s u r f a c e  of the  p a r t i c l e .  The  use  of a m o r e  exact  exp res s ion  
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for  the s t r e a m  function nea r  the s u r f ace  of a solid s p h e r e  [4] gives the dependence 

Sh = 0.992 + 0.991 Pe ~/3, (7) 

which is found to be in good a g r e e m e n t  with the r e su l t s  of a numer i ca l  solut ion for Pe > 10. 

�9 Another defect  of t h e b o u n d a r y - l a y e r  solut ion (6) for a d rop  is t h e  imposs ib i l i ty  of using it for  large 
[5, 6] (a :limiting t rans i t ion : to  (5) as p - -  ~ is absent ) .  To  find Sh for  in te rmedia te  values of/~ one can use the 
following approx ima te  equation: 

ShOt ) Sh(0) + p Sh(c~) (8) 
1 + ~  

Here  Sh(O) and Sh(oo) a r e  the values  of the Sherwood number  with a given Pe for  a bubble and a solid sphe re .  

2 .  M a s s  T r a n s f e r  t o  a D r o p  i n  a S h e a r  S t r e a m  

An example  of un i form a x i s y m m e t r i e  shea r  flow is the  motion of a liquid near  a par t ic le  which, being 
fully entrained by the s t r e a m ,  moves  along the axis of a convergent  {divergent) channel.  The  s t r e a m  function 
for  this type of flow around a liquid d rop  was obtained in T a y l o r ' s  r epo r t  [9]: 

( ) = r S _  51~§ ~_ 3~ 1 sin 20cosO. (9) 
�9 2~ + 2 2~ + 2 r 2 

In this exp res s ion  the s t r e a m  function is wr i t ten  in d imens ion less  fo rm,  with the quantity U ,  = c~a being 
used as the c h a r a c t e r i s t i c  s c a l e  of the hydrodynamic  ve loc i ty .  The p a r a m e t e r  c~ de t e rmines  the intensity and 
d i rec t ion  of s h e a r .  For  Pe = ota2/D >> 1 the diffusion p rob lem was solved in [7] by the bounda ry - l aye r  method.  
The  functions 

S h = 2 . 4 4 P e  1/3 ( for ~ = o o ) ,  (10) 

1.95 
Sh = Pe ~/~ (11) 

l / l+~  
obtained for  the  Sherwood number  a r e  analogous in s t r u c t u r e  to Eqs .  (5) and (6). 

The  concent ra t ion  fields around a solid sphe re  in a s h e a r  s t r e a m  with Pe = 100 and oe of different  signs 
a r e  shown in Fig.  l c , d .  F igure  l c  co r r e sponds  to the case  of ~ > 0 (motion of the par t ic le  along the axis of 
a convergent  channel).  Notwithstanding such an important  d i f fe rence  in the pa t te rn  of the diffusional  i n t e rac -  
t ion,  the a v e r a g e  Sherwood numbers  prove  to be independent of the sign of e .  This  fact was establ ished e a r -  
l ier  in [7] for  Pe >> 1. The  d is t r ibut ion  of local coefficients of m a s s  exchange with Pe = 100 and ~ > 0 is p r e -  
sented in Fig.  2b for  di f ferent  p. The  s y m m e t r y  of the curves  of Sh|174 re la t ive  to the plane | = rr/2 follows 
f rom Eq. (9) for  the s t r e a m  function. 

3 .  M a s s  T r a n s f e r  t o  a G a s  B u b b l e  M o v i n g  in  a 

P o w e r - L a w  L i q u i d  

The  s t r e a m  function for  this case  

1 { 6n(n--1) [rlnr+ 
i F =  -~- (r ~ - r )  2 n + l  1 r ]}sin2 0 (12) 

6r 6 

was obtained in [8] by the per turba t ion  method and is valid for  values of the theologica l  p a r a m e t e r  n not too 
dif ferent  f rom unity.  As follows f rom this express ion ,  the tangent ia l  component of the liquid veloci ty  near  the 
sur face  of the bubble i n c r e a s e s  with a d e c r e a s e  in n. This  leads to the fact that the coefficient  of m a s s  ex-  
change proves  to be higher for  pseudoplas t ic  liquids and lower for  dilatant liquids than for Newtonian liquids 
(see Fig.  3b). 

(Pe ~ 100-1000) our calculat ions a r e  in s a t i s f ac to ry  ag reemen t  with the de-  Fo r  l a rge r  Peclet  numbers  
pendenee 

(13) Sh = 0.65 [1 4n(n--1) l l /2- - -  VPe.  2n-T- 1 
obtained in the approx imat ion  of the theory  of a diffusional boundary layer  [8]. 

685 



NOTATION 

Pe = 2Ua/D,  Peclet  number;  Sh@, local value of Sherwood number;  Sh, average  value of Sherwood 
number;  Re = 2 U a / , ,  Reynolds number;  C ,  re la t ive  mass  concentrat ion of t ranspor ted  component;  r ,  rad ia l  
coordinate  (normalized to radius of sphere) ;  @, angular coordinate;  a ,  radius of sphere ;  D, coefficient of 
diffusion; v, coefficient  of kinematic viscosi ty;  U, veloci ty of impinging s t r e am ;  U , ,  sca le  of velocity in 
shea r  s t r e a m;  Vr,  V@, radia l  and tangential  velocity componen t s ;  ~ ,  s t r e a m  function; ~ ra t io  of coeff i-  
cients of dynamic viscosi ty  of liquid in drop and of continuous medium; ~ ,  pa rame te r  charac te r iz ing  shea r  
intensity; n, theological  pa rame te r  of power ' law liquid. 
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EFFECT OF COMPRESSIBILITY ON THE HYDRODYNAMICS 

OF TWO-PHASE FLOWS 

V. V. F i senko  and V. I. Sychikov UDC 621 .i .013;541.12.012 

It is shown that the r e s i s t ance  coefficient  of a two-phase one-component mix ture  depends on the 
Mach number over a wide range of p a r a m e t e r s .  

It is known that in geometr ica l ly  s imi l a r  sys tems the hydrodynamics of s ingle-phase s t r e am s  is de t e r -  
mined by the i r  compress ib i l i ty  and viscosi ty .  

It has been justified theore t ica l ly  and confirmed exper imental ly  that the velocity of sound in a two-phase 
medium with a definite ra t io  of the phases can be two orders  of magnitude sma l l e r  than in the liquid phase and 
more  than an order  of magnitude sma l l e r  than the velocity of sound in the gas .  Yet, unt i l recent ly ,  calculational 
models for  est imating fr ic t ion loss in two-phase flow have taken account of the Reynolds number but not the 
Mach number .  

It is shown [1] that a one-component two-phase mixture  has the g rea tes t  compress ib i l i ty .  Exper iments  
with high-velocity gas flows in long horizontal  tubes [2, 3] showed that for  Mach numbers  g rea t e r  than 0.75-0.85 
the r e s i s t ance  coefficient dec r ea se s  with increasing Mach number and approaches ze ro  as M approaches unity. 

In the present  paper we present  the dependence of the r e s i s t ance  coefficient on the Mach number  for  the 
flow of a two-phase one-component  mixture  in tubes of constant d iamete r .  We have processed  the resul ts  of 
our experiments  on the cr i t ica l  outflow of boiling water  through long horizontal  tubes with a sharp  entrance 
edge. The  p r e s s u r e  at the entrance to  the exper imental  sec t ion  var ied f rom 106 to  9.3 �9 106 N/m2; the tube 
~iameters  were  14.2 - 10 -3, 9.8 �9 10 -3, and 5.8 �9 10 -3 m; the re la t ive  length was 141 -< L/D - 612; and the mass  
flux density var ied f rom 0.567.104 to 2.983 �9 104 kg/ (m 2 �9  
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