
It is evident f r o m  Eqs. (23), (29), (33}, and (38) that  the tangential  s t r e s s  at the plate  i n c r e a s e s  with 
r i s e  in r and Gr and d e c r e a s e s  with r i s e  in a.  It  is a lso  seen  that in the f i r s t ,  second,  and fourth ca se s  the 
flux b r e a k s  away ~fter  a ce r t a in  t ime  which depends on the Prandt l  and Grashof  numbers .  

NOTATION 

Gr, Grashof  number  gflTwv/u~; g, acce le ra t ion  due to gravi ty ;  T, fluid t empe ra tu r e ;  To, plate t e m p e r a -  
tu re  for  t < 0; Tw, change in plate  t e m p e r a t u r e  for  t = 0; t, t ime;  u, fluid veloci ty  in the x direct ion;  u 0, 
change in pla te  ve loci ty  fo r  t = 0; u 1, d imens ion less  veloci ty  (u/u0); y, no rma l  coordinate;  ~,  t he rma l  con-  
ductivity; /3, t he rm a l  expansion coefficient;  7, d imens ion less  coordinate  (YU0/U); 0, d imens ion less  t e m p e r a -  
tu re  (T - T 0 ) / T w ;  v, k inemat ic  v iscos i ty ;  a ,  Prandt l  number  (v/c~); T, d imens ion less  t ime (u~t/v). 
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CALCULATION OF THE HEATING OF 

POLYDISPERSE PARTICLES IN A GAS 

Y u .  A.  P o p o v  UDC 536.24'~4 

The p r o b l e m  of the heating of po lyd i spe r se  pa r t i c l e s  in a gas  is solved with al lowance for  the 
t e m p e r a t u r e  field inside a pa r t i c l e  and the var ia t ion  of the gas t empera tu re .  

At the t ime  t = 0 le t  an adiabat ica l ly  c losed volume of gas  with a t e m p e r a t u r e  T(0) be uni formly  filled 
with homogeneous ,  po lyd i spe r se ,  sphe r i ca l  p a r t i c l e s  having a t e m p e r a t u r e  T 0. The p rob l em cons is t s  in de -  
t e rmin ing  the a v e r a g e  t e m p e r a t u r e s  of the p a r t i c l e s  and the gas  at any t ime.  The energy  equation is wri t ten 
in the f o r m  

dT i ~' OTp dr] dr, O. (1) cp~ -+- 4~cpppn o f (r,)[.f r2 --- = 
o o Ot 

The t e m p e r a t u r e  of the pa r t i c l e s  is de te rmined  f rom the heat-conduct ion equation 

OTp = av~Tp. (2) 
Ot 

We choose the init ial  t e m p e r a t u r e  of the pa r t i c l e s  as the or igin of the t e m p e r a t u r e  f r ame ,  and then the initial 
and boundary conditions take the f o r m  

OTp r -- 0; 
T~(t = o ) =  O, ~ ]~=o- 
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OTp t Bi 
Or r=rf ~-r ,  [T--Tp(r,,  t)]. (3) 

With allowance for  (3), the solution of (2) with T = const  is known [1]: 

_ _ _  " [ ~ at l Tp = 1-- X A~ qsin(ix,:/rO exp/ - - IXn--T[  = ~0 (t), (4) 
T n=,  rix,= . L r ,  d 

A,, - -  2 (sin Ix. - -  IXn cos IX.) 
- -  ) 

IX,= - -  sin Ixn COS IX,= 

where /z n a re  the roots  of the equation tan/~ = -/~/(Bi - 1). We assume that the Blot number is independent of 
t ime. If T depends on time, then we find the solution with the help of Duhamel 's  theorem [1] 

t a T  (t - -  t ' )  
Tp= T(O)q~(t) + J" at -~(t')dt'. (5) 

0 

Using (4) and (5), the integral  in (1) is conver ted to the fo rm 

~' 3 [  ~ t  i dT (t') Oqh{t--t') dt' ] ' y rZ OTp d r = - - -  T(O) + 
o Or dr' Ot 

where 

- -  = Ixnat / r l ] , 
Ol r{ n=1 

Sn = BiV(IX~ + Bi 2 - -  Bi). 

Using these express ions ,  f rom (1) we obtain 

dT ~ r~ [ (ri) i Bn [ T(O) exp[--ix2nat/r~] + 1 ~ dT(t') ] d~- + 6u~z ~ 7 o  .=, r~ r--~ Jo dt-- exp [-- Ix]a (t - t')/r~l dt' dr,, (6) 

where x = e'p'/cp is the ra t io  of  the heat capaci ty  of the par t ic les  to the heat capaci ty of the gas per  unit 
volume of the gas suspension. This quantity depends weakly on temperature .  We will neglect  its t empera ture  
dependence. In (6) r 0 is the m a s s - a v e r a g e  radius of the par t ic les ,  

= i ralf(ri) dri. (7) 
0 

F r o m  the condition of adiabatieity we write 

c'p' < Tp > + cpT (t) = (c'p' + co) Ta, (8) 

where (Tp> is the average  par t ic le  t empera tu re  at the t ime t. 

We introduce the dimensionless  var iables  T = fl2at/r~ x = r t / r  0, where fl is a scaling pa rame te r  in t ro-  
duced for  convenience. We rewri te  (6) in the fo rm 

-d--~dT + -~6• i x  f (r,) i~=,B~ IT (0)exp [--IX~/[~x 2] + bC dTdr 

We find the Laplace t r a n s f o r m  of this equation: 

(s) = {s t I + ~y (s) l } -L 
T (0) 

where 

and z = sfl~x2/Tr 2. 

y (s) = -~- xS[ (r,) "z2 + IX~/~2" dr1 

exp l-- p](x - -  x')/p~x~l d~' ]dr, = O. (9) 

(1o) 

(11) 

The sma l l e r  the Biot number,  the fas ter  the se r i e s  in (11) converges;  as Bi --  =~ the ser ies  
is summed in closed fo rm [2]: 

n=l za + n~ 2z 

Thus, the problem comes  down to the Calculation of the function y ( s )  and the inversion of the Laplace 
t ransformat ion.  A convenient method of inverting the Laplace t ransformat ion  was suggested by Salzer  [3 ]: 
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T A B L E  1. T a b l e  of  F u n c t i o n s  y (s)  

~=1o, 13=a, ~=1, t~=n, I = l ,  
s B i = ~  B i = ~  B i : ~  Bi=0 ,4  ~ i=0 ,4  i 

0,1897 
0,1383 
0,1144 
0,09~88 
0,08981 
0,08231 
0,07644 
0,07167 

0,4815 
0,3752 
0,3199 
0,2843 
0,2588 
0,2393 
0,2238 
0,2tt0 

0,8316 
0,7404 
0,6781 
0,6313 
0,5943 
0,5638 
0,5380 
0,5159 

0,I549 
0,08452 
0,05850 
0,04484 
0,03640 
0,03066 

r 
0,8094 
0,5272 
0,3973 
0,3209 
o,2701 
0,2337 
0,2063 
0,1847 

6+i~ m 1 y m A~ (t) F (k). (13) 
2ai  6--i~ k=l 

In th i s  m e t h o d  one m u s t  know the v a l u e s  of the  t r a n s f o r m  at  the  n a t u r a l  v a l u e s  s = 1, 2, . . . .  m.  The func t ions  
A ~ ( t )  a r e  t a b u l a t e d  in [3] fo r  v a l u e s  of  t f r o m  0 to 10 wi th  a s t e p  of  0 .1 -1  f o r  m f r o m  1 to 10. The l a r g e r  
m i s  the  m o r e  p r e c i s e  the  i n v e r s i o n .  The  c o n v e n i e n c e  of the  s e a l i n g  p a r a m e t e r  fi c o n s i s t s  in the fac t  tha t  
t h rough  i t s  a p p r o p r i a t e  c h o i c e  one can  f ind the  t r a n s f o r m  by  S a l z e r ' s  m e t h o d  f o r  an a r b i t r a r y  t i m e  and not  
on ly  fo r  t h o s e  c a s e s  f o r  wh ich  the  t a b l e  was  c o m p i l e d .  

The  c a l c u l a t i o n s  w e r e  m a d e  f o r  a r a d i a l  d e n s i t y  d i s t r i b u t i o n  of  the p a r t i c l e s  in  the  f o r m  

[ (ri) = Ar~/4 e - w '  (14) 

f o r  r 0 = 105/~m. ha th i s  way  a s p e c i f i c  t e c h n i c a l  p r o b l e m  was  so lve d ,  whi le  the  d i s t r i b u t i o n  (14) d e s c r i b e s  
the  e x p e r i m e n t a l  d a t a  wi th  s a t i s f a c t o r y  a c c u r a c y .  The func t ion  y (s)  was  c a l c u l a t e d  on a M i r - 2  c o m p u t e r ,  
wh i l e  the  i n v e r s i o n  b y  S a l z e r ' s  m e t h o d  w a s  c a r r i e d  out  on an  E l e c t r o n i k a  S-50.  

F r o m  (8) we f ind 

( Tp >/Ta --  1 + •  + T/TO). (15) 
~5 

F r o m  th i s ,  u s i n g  (10) fo r  the  L a p l a c e  t r a n s f o r m ,  we ob t a in  

< Tv(s )  ) _ ( l + •  (16) 
T~ s [ 1 + zy (s)] 

The r e s u l t s  of the  c a l c u l a t i o n s  a r e  p r e s e n t e d  in F i g s .  1 and 2. The c a s e  of x = 0 c o r r e s p o n d s  to  hea t ing  of  
the  p a r t i c l e s  a t  a c o n s t a n t  g a s  t e m p e r a t u r e .  We no te  tha t  wi thout  the  i n t r o d u c t i o n  of the  s c a l i n g  f a c t o r  f12 the 
i n v e r s i o n  of  the  L a p l a c e  t r a n s f o r m a t i o n  b y  S a l z e r ' s  me thod  would  have  been  i m p o s s i b l e  in a wide  r a n g e  of 
Fo .  The m e t h o d  was  u s e d  f o r  m = 6 and,  a s  a c o n t r o l  on the  a c c u r a c y ,  f o r  m = 8 wi th  a f i xed  fi in  s o m e  
r a n g e  of  Fo ,  F u r t h e r ,  b y  chang ing  f12 b y  an o r d e r  of  m a g n i t u d e  we m a d e  a c a l c u l a t i o n  a t  the  p r e c e d i n g  end 
po in t  and a d v a n c e d  f a r t h e r  a long  Fo.  The v a l u e s  of  the  func t ions  y ( s )  a r e  p r e s e n t e d  in Tab le  1. 

The r e s u l t s  o b t a i n e d  c a n  be  u s e d  to c a l c u l a t e  p a r t i c l e  h e a t i n g  in  a t u y e r e  in a s t r e a m  of  hot  ga s .  To 
c a l c u l a t e  the  B io t  n u m b e r  i t  i s  s o m e t i m e s  n e c e s s a r y  to a l low for  r a d i a n t  h e a t  exchange .  The fine p a r t i c l e s  
r a p i d l y  a c q u i r e  the  t e m p e r a t u r e  of  the  g a s  and i r r a d i a t e  the  l a r g e  p a r t i c l e s .  In th i s  c a s e  the  e f f ec t i ve  c o e f -  
f i c i e n t  of  r a d i a n t  h e a t  t r a n s f e r  i s  )~r ~ 4(r(T + To) ar 1. In add i t ion ,  one m u s t  a l low fo r  the d i f f e r e n c e  in the  
g a s  and p a r t i c l e  v e l o c i t i e s  in d e t e r m i n i n g  the N u s s e l t  n u m b e r .  A l l  th i s  l e a d s  to the  f ac t  tha t  Bi ,  and hence  
gn,  w i l l  d e p e n d  on the p a r t i c l e  r a d i u s ,  and  the c a l c u l a t i o n  of  the  funct ion  y ( s )  i s  s o m e w h a t  c o m p l i c a t e d .  In 
a s p e c i f i c  e n g i n e e r i n g  p r o b l e m  a c a l c u l a t i o n  b y  th is  m e t h o d  gave  a r e s u l t  d i a m e t r i c a l l y  o p p o s i t e  to tha t  of  a 
c a l c u l a t i o n  u s i n g  the t w o - t e m p e r a t u r e  a p p r o x i m a t i o n .  F o r  e x a m p l e ,  l i m e s t o n e  p a r t i c l e s  wi th  a d i s t r i b u t i o n  
(14) a r e  h a r d l y  h e a t e d  in a t i m e  of  5" 10 -3 s e e  when • = 0. A c a l c u l a t i o n  u n d e r  the a s s u m p t i o n  tha t  the  c o e f -  
f i c i e n t  of  t h e r m a l  c o n d u c t i v i t y  of  the  p a r t i c l e  m a t e r i a l  i s  i n f i n i t e l y  h igh  l e a d s  to a l m o s t  c o m p l e t e  h e a t i n g  in 
th i s  c a s e  f o r  p a r t i c l e s  wi th  a r a d i u s  of  10  -4 m .  

The s t a t e d  p r o b l e m  can  b e  s o l v e d  by  the n u m e r i c a l  m e t h o d s  d e v e l o p e d  in [4, 5] in a m o r e  g e n e r a l  
s t a t e m e n t  wi th  a l l o w a n c e  f o r  the  t e m p e r a t u r e  d e p e n d e n c e  of  the  t h e r m o p h y s i c a l  p r o p e r t i e s  and f o r  the  t i m e  
d e p e n d e n c e  of  the  B lo t  n u m b e r .  Al though  the  p r o p o s e d  m e t h o d  has  l e s s  g e n e r a l i t y ,  i t  r e q u i r e s  l e s s  c o m p u t a -  
t i o n a l  work ,  and  in s o m e  c a s e s  i t  p r o v i d e s  the  p o s s i b i l i t y  of  ob ta in ing  a d o s e d  a n a l y t i c a l  r e s u l t .  F o r  e x a m -  
p le ,  wi th  a c o n s t a n t  g a s  t e m p e r a t u r e  and Bi  ~ ~ we ob ta in  

T - -  - ~ -  ,,'~= - 7  exp [ - -  a2anZt/r~] dr,. (17) 
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Fig. 1. Average  pa r t i c l e  t e m p e r a t u r e  as a function of d imens ion-  
l ess  heat ing t ime  at d i f ferent  values  of the p a r a m e t e r  n.* a) Bi = 
0.4; b) Bi = ~ .  

0,2- ' ' ' ' 
~oz ~o~ oA~ ~o8 Fo 

Fig. 2. Dependence of d imens ion less  gas  
t e m p e r a t u r e  T /T(0)  on Fou r i e r  number  at 

= 3.6 and Bi = ~ .  

Let  the rad ia l  d is t r ibut ion of the pa r t i c l e s  have the f o r m  

= r,lrm 1, (18) f (rt) Ar21 exp [--  2 

where  r m is the radius  co r respond ing  to the m a x i m u m  of f; A = 4/ram~-~. P e r f o r m i n g  the in tegra t ion and 
summat ion  in (17), with al lowance for  (18) we obtain 

( T p >  _ 12 ~' dT (19) 
T a2 J0e 2V~--  1 ' 

where  

If  T 1 << 1, 

When T 1 >> 1, 

then f r o m ( 1 9 )  we have 

-q = :~2atlr~. 
(20) 

< T p > / T =  12 nz | /~, .  (21) 

<Tp> 1 6__6_ (1 _4_ 2 V-~) e--2 r  (22) 
T g2 

N O T A T I O N  

c, Cp, specif ic  heats  a t  constant  p r e s s u r e  for  gas  and par t i c le  ma te r i a l ,  r espec t ive ly ;  p, pp, d e n s i t i e s  
of gas  and pa r t i c l e  ma te r i a l ;  c ' p ' ,  heat  capac i ty  of pa r t i c l e s  pe r  unit volume of gas  suspension;  T, T p ( r ) ,  gas  
t e m p e r a t u r e  and pa r t i c l e  t e m p e r a t u r e  reckoned f r o m  init ial  pa r t i c le  t e m p e r a t u r e  To; ~ = c ' p ' / d p ,  ra t io  of 
heat  capac i ty  of pa r t i c l e s  to heat  capac i ty  of gas;  f ( r l )  , d is t r ibut ion densi ty  of pa r t i c l e s  by radi i  r l ,  n o r m a l -  
ized to one; a = kp/Cppp,  coeff ic ient  of t h e r m a l  diffusivity;  Bi, Blot number ;  Fo = a t / r ~ ,  F o u r i e r  number;  
r0, m a s s - a v e r a g e  radius  of pa r t i c l e s ;  s,  p a r a m e t e r  of Laplace  t r ans fo rmat ion ;  < >, symbol  for  ave r ag e  value; 
fl, scal ing p a r a m e t e r ;  Ta,  t e m p e r a t u r e  of gas  and pa r t i c l e s  as t ~ ~ ;  t, t ime;  no, number  of pa r t i c l e s  pe r  
unit volume.  
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KINETICS OF THE NEUTRALIZATION OF STATIC 

ELECTRICITY IN APPARATUS CONTAINING TWO- 

PHASE SYSTEMS OF GAS AND SOLID PARTICLES 

V. K. Abramyan, N. N. Kastal'skaya, 
and G. I. Pichakhchi 

UDC 541.182:537.226 

The m e c h a n i s m s  of neut ra l iza t ion  of s ta t ic  e l ec t r i c i ty  of d i spe r s e  s y s t e m s  when ions of the 
opposi te  sign a r e  p r e s e n t  in the gaseous  medium a re  d iscussed.  

In the design of neutralizers of static electricity for industrial apparatus containing two--phase systems 
of gas and solid particles the calculation of the performance of these neutralizers acquires great importance. 
The value of this parameter can be determined by analyzing the process of neutralization of the charges of 
particles of the product being treated in the presence of ions of the opposite sign in the gas- air medium of 
the working volume of the apparatus. Let us consider a charged spherical particle over which a stream of 
ions of the opposite sign flows (Fig. I). 

Under these conditions the variation of the charge of a particle is described by the equation 

dq/dt ~- e .( ]~dS. (1) 
S 

The flux densi ty  is defined as [1] 

]~ ~- - -  n k E z +  D grad n. (2) 

The neut ra l iza t ion  of the cha rges  of a pa r t i c l e  takes  place  in accordance  with Eq. (2) as a single p r o -  
c e s s ,  but to s impl i fy  the solution we will cons ider  two m e c h a n i s m s  separa te ly :  a) ion motion d i rec ted  toward 
the sur face  of the pa r t i c l e  due to the e lec t r i c  field; b) ion motion due to diffusion. 

Let  us cons ider  the f i r s t  mechan i sm.  The following forces  act  on an ion which is nea r  a charged  p a r t i -  
cle:  

E~ = Ee + Epol + Eo + End+ Eequ. (3) 

Let  us find the components  of these vol tages  on the vec to r  dS: 

l) E e l E e 1" cos 0 qNr,  = = c o s O .  ( 4 )  
2co 

To simplify the calculations we assume that Ee is the same at different points 
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