
For  typical organic  synthesis  p r o c e s s e s ,  where bubbling is used, t reg  ~ 0.02 see  and the condition of ap-  
pl icabi l i ty  is sa t is f ied for  tdiem > 0.03 sec.  

F r o m  an analysis  of the p rob lem (13), i t  follows that for  slow react ions ,  when only the l inear  t e r m  in the 
expansion with r e s p e c t  to k is taken into account,  Eq. (19) has the s a m e  fo rm for  a f i r s t - o r d e r  react ion.  It is 
only n e c e s s a r y  to c a r r y  out the fo rmal  substitution for  the quantity • set t ing Bk ~ k '  and u ~ k 'd2/4~).  

N O T A T I O N  

Here  a is a constant;  A, concentrat ion of substance  1 on the bubble surface;  B, concentra t ion of sub-  
s tance 2 fa r  away f rom the bubble; C, concentrat ion of substance  1; C',  concentra t ion of subs tance  2; Dr, sym - 
bol for  f ract ional  differentiation; d, d i am e t e r  of the bubble; F, total  m a s s  flux through the bubble  surface;  f, 
a r b i t r a r y  function; I, J, functions of the angles of sepa ra t ion  of the flow, enter ing into the solution; k, r a t e  con-  
s tant  of the s econd -o rde r  react ion;  k ' ,  r a te  constant  of the f i r s t - o r d e r  react ion;  Q, sou rce  function of the sub-  
stance; qs, gradient  of the d imensionless  concentrat ion at  the boundary of the region; R, bubble radius ;  r ,  
radial  coordinate;  fchem, cha rac t e r i s t i c  t ime  of the chemical  react ion;  t reg,  cha r ac t e r i s t i c  t ime  for  r e g e n e r -  
ating the bubble surface;  u r ,  u 0, radia l  and angular  components of the fluid velocity;  z, an in tegra t ion var iable ;  
~, /~,  constants;  5, va r iab le  re la ted  l inear ly  to the coordinate;  ~, in tegrat ion var iable ;  0,,~, po la r  coordinates;  
~, d imensionless  ra te  constant  of the chemical  react ion;  a ,  o-', d imens ion less  concentra t ions  of components  1 
and 2; ~, 7, d imens ionless  coordinates;  go, angle of separa t ion  of the flow; Pe,  Pec le t  number;  Sh, Sherwood 
number;  Re, Reynolds number .  Indices:  s, sur face .  
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D E T E R M I N A T I O N  O F  C O E F F I C I E N T  O F  

E X T E R N A L  M A S S  T R A N S F E R  IN D R Y I N G  

PROCESSES 

E. N. Prozorov UDC 66.015.23.936.8 

A method is p roposed  for  determining the coefficient  of external  m a s s  t r a n s f e r  f r o m  expe r i -  
mental  curves  of drying kinet ics  in porous  m a t e r i a l s .  A compar i son  of r e su l t s  obtained by this 
method and by the method of moi s tu re  content m e a s u r e m e n t s  indicates  a c lose  ag reemen t .  

Impor tan t  a spec t s  of studying the m a s s  t r an s f e r  in s y s t e m s  with a solid phase  a r e  ga ther ing  of ex p e r i -  
mental  data on the m a s s  t r a n s f e r  coefficients ,  and re la ted  with it, development  of methods of de te rmin ing  the i r  
dependence on the concentrat ion of fluid substance in the porous  body. The coeff icient  of ex terna l  m a s s  t r a n s -  
fer ,  r e f e r r e d  to the mot ive  force  in the solid phase,  de t e rmines  the intensi ty of t r a n s f e r  of the bounded sub-  
s tance f r o m  the sur face  of a cap i l l a ry -porous  body to the ambient  medium during a drying p r o c e s s ,  and can be 
calculated f r o m  the re la t ion  

i = 13~- (u~ - -  u~),  ( 1 ) 
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where j is the mois ture  flux. The quantity flu in this equation is found f rom the drying intensity by the t r ans i -  
ent method. The main difficulty here  is determining the surface mois ture  content u s in the material �9 The mois -  
ture content in the surface  layer  appears  in that equation and it is indeed the thickness of this layer,  the gov- 
erning quantity in this method, which can be selected a rb i t ra r i ly  by each r e s e a r c h e r  depending on the proper -  
ties of the dried mater ia l  as well as on the conditions of the experiment.  This a rb i t ra r iness  introduces an ap- 
preciable inaccuracy into the determinat ion of mass  t ransfer  coefficients and is the main cause of the d iscrep-  
ancy between data obtained by various authors.  The proposed method of determining fl~ = f(~) belongs in the 
class of t ransient  methods,  but it does not require  an experimental  determination of the local mois ture  concen- 
tration at the sur face  of the solid body and can be used for determining the external mass  t ransfer  of f ine- layer  
or  granular  mater ia l s  in study of drying, adsorption, and extraction p rocesses .  It is based on a zonal t reatment  
of the drying process ,  with use of an analytical solution to the sys tem of l inear equations of heat and mass  
t rans fe r  [1]. The zonal method of calculation assumes  that the kinetic coefficients remain  constant over a 
nar row range of var ia t ion of the integral  mois ture  content. The solutions to the equations of mass  t ransfer  in 
te rms  of mean-volume concentrat ion in bodies of c lass ical  shapes with boundary conditions of the third kind, 
often encountered in pract ice ,  a re  written as 

for a plate, 

for a cylinder,  and 

----- ~ 2 N 2NBi, m exp (--F~NFo), 
~tn ( Bi2,m "~NBi,rn~- ~ )  (2) i r t~I  

E 4 NBi 2 ,rn 
E= 2 2 (3) 

n = l  ~tn(~tn q- NBi2,m )exp (--~2n NF~ 

~%.j 6 NBi2,rn exp (--~i NFo ). (4) 
2 2 

n=l ~n(~n ~- NBi2.m-~-NBi,m) 

for a sphere. An analysis of the transient preceding the regular process mode in terms of mean-volume con- 
centration [2] has revealed that the first term of Eqs. (2)-(4) suffices for calculation of the kinetics. The de- 
gree of regularization will then be characterized by the error due to disregarding all other terms of the series, 
this error being estimated for various values of the Biot number as 

= 100%. (5)  

We will now demonst ra te  how the coefficient of externaI mass  t ransfer  ~K can be found from the equa- 
tions of the regula r  mode, when the relat ions E = f(NFo) and a~ m = f(~) a re  known. The corresponding char -  
ac ter i s t ic  equations for Eqs. (2)-(4) are  

c tg~q= N ; --- , tg~ , - -  (6) 
Ui,m Ji (~i) NBi,rn NBi, m-- 1 

It is possible [3] to establish the relation #i = f(NBi,m) in various ranges of the Biot number NBi,m. For 
NBi,m ~- 0.1 and an infinitely large plate we have 

~ ---- NBi,m (7) 

Inserting this into Eq. (2) and letting h = I, we obtain the expression 

NBi,m~- 2 

For  NBi,m > 0.1 the function ~ = f(NBi,m ) becomes 

(~2)~ l - -  A 

~iI NBi k m 

When NBi,m ~oo, then tt n = (2n-  1) ~/2, tt~ = ~2/4. Then 

~2 .4 

- ' - NB m 

The values A = 2.24 and k = 1.02 for a plate are found from the graph of the relation [3] 

2 
- -  exp (--.NBi,mNFo), ( 8 ) 

( 9 )  

(lO) 
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lg k[(/~2)~q 1 J = fog  NBi,m) 

Insert ing express ion (11) into Eq. (2), including these found values of A and k, we obtain the express ion  

(11) 

2 NBi2m ~2 
" " ~2 ---~ [. 1 ]NFo / . (12) 

4 J / -~2.24/NB~ ~ [ lq-2.24/BNB~2 ]} ( - - 4  ~lq-2,24/NBi:~2 
for  calculating NBi,m and fl~. F o r  an infinitely long cyl inder  and for  a sphere  with NBi,m - 0.1 we have, r e -  
spect ively 

~ ,  N ~ . ( 1 3 )  = Bi,m,! ILt~ " : 3NBi,m 

On the basis of relations (13), the equations for calculating NBi,m in the regular mode become 

~, _ 2 exp (--2 NBi,mNFo ) (14) 
2 -~ NBi,m 

for  a cyl inder  and 

~ 2 exp (--3 NBi,mNFo) 
2 q-NBi,m 

for  a sphere.  

Calculations reveal  that in the NBi,m > 0.1 range for  a cyl inder  A 2.45 and k = 1.04, for  a sphere  
A = 2.70 and k = 1.07, and the roots  of the cha rac te r i s t i c  equations a re  

1 

~ = ~ 2 (  lq-2"7/NBii,~ 7 ) .  

On the basis of express ions  (16) and (17), the equations for  NBi,m in the NBi,m > 0.1 range become 

(15) 

(16) 

(17) 

4 NBi2,m 

1 + 2.45/N~. �9 (2"405)~ exp --2.405 ~ - (18) " , + 2.45/ d,g , + 2.45/ d 2 , 
ill ~ 13fl 

for  a cyl inder  

6. N B i 2 , m  

for  a sphere.  

With the aid of the thus obtained Eqs. (10), (12), (14), (15), (17), and (18) it  is possible to de te rmine  
f rom experimental  drying curves  the values of the Blot m a s s - t r a n s f e r  number  and thus also of flu in var ious  
ranges of mois ture  concentrat ion.  The proposed method of determining fl~ assumes  that the dependence of the 
molecular  diffusivity a m on the concentrat ion and the t empera tu re  is known. 

For  making the calculations more  convenient, in Fig. 1 have been plotted graphs of the re la t ion E = 
f(NBi,m ) on the basis of these equations. 

The sequence of determining the mass t r ans fe r  coefficients is as follows. F r o m  the exper imenta l  curve  
of mean-volume concentrat ion one se lects  the range of concentrat ions E i ( u f - ~ e ) / ~ i  - ~ e )  within the t ime in- 
terval  AT i in which the kinetic coefficients a re  assumed to remain  constant. F o r  this selected concentra t ion 
range one determines ,  f rom the available a m = f(~) curve,  the mean value of the molecular  diffusivity. In- 
ser t ion of Ei  and NFo = amATi /R  2 into the corresponding equation yields the m a s s - t r a n s f e r  number  
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Fig.  I .  Dependence of N B i , m  on NFo fo r  (a) i n f i n i t e l y  l a rge  p late,  
(b) cy l i nde r ,  and (c) sphere; numbers  at the curves ind ica te  the 
values of E. 

.--a 

x--b 

qoa o,/8 u 

Fig. 2. External mass transfer coef. fi~(m/sec) as a 
function of the moisture content ~ (kg/kg) according to 
the method of moisture content measurement (a) and 
according to the proposed method (b). 

-- ~--~--~ R, (20) NBi< m -- am 

and thus  the  c o e f f i c i e n t  of e x t e r n a l  m a s s  t r a n s f e r .  Then,  f r o m  the e = f ( E , N B i , m )  g r a p h  [2] ,  one e s t i m a t e s  the 
error of NBi,m calculation by the zonal method. Assuming a constant fl~ within the E interval, one plots the 
calculated flu in ~u- ~ coordinates (Fig. 2). Successive calculations by precisely the procedure for next inter- 
v~Is of ~ and ~, yieldthe concentration dependence of the external mass transfer coefficient. A comparison of 
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flu values in Fig. 2 for  drying of s tea t i te  c e r a m i c  de te rmined  f rom the drying intensi ty  according  to Eq. (1) and 
according to our method re spec t ive ly  indicate a c lose  ag reemen t .  

The question as to which equation has to be used for  de termining  the Blot number  in a given range  of 
mo i s tu re  content var ia t ion  can be answered  uniquely in each specif ic  case .  When Eq. (10) yields  a Blot number  
NBi,m = 0.1, for  instance,  then Eq. (12) mus t  be used for  calculat ions,  and so on in the case  of other  bodies.  
In the case  of drying in a fluidized d i spe r se  coolant, the Blot number  will exceed 0.1 ve ry  soon a f t e r  the begin-  
ning of the p r o c e s s  [4]. The m a s s  t r an s f e r  coeff icients  mus t  then be calcula ted according  to Eqs. (12), (14), 
and (15). 

N O T A T I O N  

fi~, external  m a s s  t r a n s f e r  coefficient  r e f e r r e d  to the mot ive  fo rce  in the solid phase;  u s, u e, r e s p e c -  
tively, the su r face  mo i s tu re  content and the equi l ibr ium moi s tu re  content in the porous  body; NBi,m = 
fiuR/am, Blot m a s s - t r a n s f e r  number;  NFo = a m T / R  2, Fou r i e r  number;  am,  mo lecu l a r  diffusivity; 7, t ime; R, 
cha rac t e r i s t i c  dimension of the body; #n, roots  of the cha r ac t e r i s t i c  equations; and u, mean -vo lume  moi s tu re  
content. 

1. 
2. 

31 
4. 

LITERATURE CITED 

A. V. Lykov, Theory  of Drying [in Russ ian] ,  Energiya,  Moscow (1968). 
A. N. Planovskii ,  S. P. Rudobashta,  and G. N. Kormi l ' t s in ,  " D e t e r m i n i n g  the ranges  of r egu la r  mode in 
molecu la r  diffusion p r o b l e m s , "  Teor .  Osn. Khim. Tekhnol. ,  6, No. 3, 459-462 (]972).  
A. V. Lykov, Theory  of Heat Conduction [in Russ ian] ,  Vysshaya Shkola, Moscow (1967). 
E. N. P rozorov ,  "Dura t ion  of heat  t r ea tmen t  of products  made of eng ineer ing-grade  c e r a m i c  in fluidized 
bed ,"  Elektrotekh.  P romysh l . ,  No. 7, 14-16 (1975). 

H E A T I N G  O F  C E R A M I C  A N D  S I L I C A T E  M A T E R I A L  

S U R F A C E S  BY A N  A R C  P L A S M A  F I L A M E N T  

A.  I .  Z o l o t o v s k i i ,  V.  D.  S h i m a n o v i c h ,  a n d  A.  K.  S h i p  a i  UDC 533.924 

The heating of c e r a m i c  and s i l ica te  ma te r i a l  su r faces  by a heavy cu r r en t  a r c  p l a s m a  f i lament  
is invest igated in an a i r  a tmosphere .  The poss ib i l i ty  of using optical  p y r o m e t r y  methods for  
highly heated su r faces  is studied for  T > 2000~ 

A r i s e  in the eff iciency of many h igh - t empera tu re  technological  p r o c e s s e s  r equ i re s  a detai led Study of 
the in terac t ion  between high-enthalpy p l a s m a  fluxes and the su r face  of a solid. Despi te  the cons iderab le  amount 
of invest igat ions,  there  a r e  many unsolved questions in this a r e a  [ 1]. Espec ia l ly  few a re  the confident r e su l t s  
in studying p l a sma  in terac t ion  with a su r face  with ablation taken into account. Theore t ica l  methods do not p e r -  
mi t  the confident solution of this p rob lem at  this t ime  because  of the complexi ty  of taking account of the whole 
se t  of e l emen ta ry  p r o c e s s e s  occurr ing  here ,  as well as the lack of informat ion about the p rope r t i e s  of a p l a s m a  
that a r e  rea l i zed  in the boundary zone during interact ion.  Difficult ies in the exper imenta l  invest igat ions a r e  
due p r i m a r i l y  to the lack of re l iab le  methods and appara tus  for  body t e m p e r a t u r e  and p l a s m a  p a r a m e t e r  diag-  
nost ics  during its action on the body surface .  

The behavior  of c e r a m i c  and s i l ica te  m a t e r i a l s  subjected to p l a s m a  fluxes is inves t igated in this paper ,  
and the poss ib i l i ty  of using optical  p y r o m e t r y  methods for  a heated su r face  is examined.  The schemat ic  d ia-  
g r a m  is p resen ted  in Fig. la, and is descr ibed  par t i a l ly  in [2].  In o rde r  to a s s u r e  high densi ty  of the energy  
del ivered s ta t ionar i ly  to the i t em sur face  and to obtain reproducib le  resu l t s ,  a c u r r e n t - c a r r y i n g  p l a s m a  f i la-  
ment  placed between two spec imens  being invest igated which were  mounted in pa ra l l e l  at a 6 - r am spacing and 
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