
In Fig. 1 the resul ts  of the calculations a re  Shown of the relative t empera tu re  at the boundary of the porous 
medium in accordance with (20). To compute the t empera tu re  of the porous and impenetrable media a pro-- 
g ram was prepared  for  the evaluation of the integrals (16)-(17) on the Bt~SM-4M electronic computer .  In 
Fig. 2 the resul ts  of these calculations are  shown verif ied for  the par t icu lar  case (Fig. 1). 

It can be seen f rom the graphs that the time of reaching steady tempera ture  at the boundary of the porous 
medium depends s t rongly on the relat ion between the thermophysical  proper t ies  of the porous (with a filler) 
medium and the impenetrable medium. The highest possible value of X~-~ should be chosen to reduce the time. 

N O T A T I O N  

t, t ime; x , z ,  coordinates;  T1, T2, al ,  a2, kl, k2, t empera tu res ,  thermal  diffusivities,  and thermal  con- 
ductivities in penetrable and impenetrable ha l f -spaces ;  u, ra te  of convective heat t r ans fe r  by fluid; e, Joule--  

l ,  -x > 0; 
Thomson coefficient; P(~), p r e s s u r e  distr ibution in porous medium; R, charac te r i s t i c  length; •(x) = { 0, x < 0. 
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M O I S T  D I S P E R S E D  S O L I D S  
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The resul ts  of an analytical and experimental  determination of the local Rebinder number 
of moist  d ispersed solids are  presented.  The manner  in which the number varies with the 
proper t ies  of the d ispersed solids to which it applies is established. 

Many experimental  and analytical investigations have been applied to the determination of the Rebinder 
number,  a quantity which is employed in calculating ra tes  of drying by the Lykov equation [1] and is defined 
by the expression 

Rb = c-z. d~ 
r d~ (1) 

[1-5]. In all the investigations of which we are  aware,  however,  the Rb number which has been studied has 
been that charac te r iz ing  the behavior  of the dispersed solid as a whole (the so-cal led integrated Rb 
number).  In a number  of problems relating to the theory of drying it is nevertheless  important  to know the 
"local" Rebinder number  Rb* relating to an e lementary  volume of the drying mater ia l .  A knowledge of the 
local Rb number is required in the drying of mult i layered porous mater ia ls  and also when calculating heat and 
mass  flows inside the mater ia l ,  which determine the quality of drying (in respect  of cracking,  shrinkage,  local 
overheating,  etc.  ). 

This paper  will be devoted to certain proper t ies  of the local Rb* number and its relationship to the in- 
tegrated Rb number.  
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Fig. 1, Relationship between the Rebinder 
number Rb and the mois ture  content u (%) 
(A) and kinetics of the hydrothermal  field 
in si l ica gel (B) [a) tempera ture  field t, ~ 
b) mois ture-content  field u,%; r ,  t ime 
f rom onset of drying,  sec].  

Let us f i rs t  of all ,  obtain an analytical expression for  Rb*. By definition 

Rb* = -ca---. d u  
r dt  " (2) 

where u and t represent  the average values of the mass  content and tempera ture  in the selected elementary 
volume AV. 

The differential equations with variable coefficients represent ing the drying process  take the form [1] 

Ot = V (aqv t) -~ er Ou (3) - -  ) 

O~ cq O~ 

Ou 
0--~" = V (a,~v u + a,~SVt) �9 (4) 

The boundary conditions for  the selected e lementary  volume may be written in the form 

zq (v0s = iq (% (5) 

a ~ 0  (vu) s § amy08 (vt) s = - -  ]m (% (6) 

where j~(T) and j~n(r), respect ively,  represent  the heat and mass flows absorbed in the volume AV. We note 
incidentMly that the volume under considerat ion is regarded as smal l  in the sense that all the charac te r i s t i cs  
of the mater ia l  at each point of the volume are  the same,  but  the tempera ture  and mass  content at the sur face  
of the volume differ f rom the values of these quantities inside the volume AV, i . e . ,  the e lementary volume 
possesses  a perfect ly  specific heat and mass  capacity.  

Integrating (3) and (4) within the volume AV and applying the Gauss theorem,  we obtain 

d t  ~ a ~ v t +  e~r. du (7) 
d r  �9 R a y  cq d r  ~ 

du arn V u +  am 6 t 
dT Ray Ra~-v- V, (8) 

where RAV = AV/AF is the hydraulic radius of the e lementary volume, the quantities t and u and the coeffi- 
cients e, r ,  Cq are  averaged over  the e lementary volume AV, while the gradients Vt, Vu and the coefficients 
aq, am,  6 are  averaged over  the surface  of the volume AV. 
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TABLE 1. 
Studied 
Z, 

Material 

D i f f e r en t i a l  W a t e r - R e t a i n i n g  P r o p e r t i e s  of the M a t e r i a l s  

Adsorbed 
: wate.____r___r 

in mono = in mul-. 
I layer, % Itilay er, J/, 

MSM Silica gel 5,1 10,8 
Ce lluhYse 2,6 6,0 

Maximum 
~mount of water 
in hygroscopic 
state, % 

23,2 
27,2 

State of water in Amountoi - 
micropores water in case 
menis . . . .  --?--I of complete 
cu,,o/o 

I ' " '  t ' " i  [ '~176 - -  o,o 

In o r d e r  to d e t e r m i n e  the a v e r a g e  g r a d i e n t s  Vt and Vu in the  bounda ry  condi t ions  (5) and (6), we c a r r y  
out an i n t e g r a t i o n  ove r  the s u r f a c e  of the e l e m e n t a r y  vo lume .  Af t e r  subs t i t u t i ng  the r e s u l t a n t  Vt and Vu into 

dt 
dr 

(7) and (8), we f ind that  

1 ]q (x) 1 j~  (x), (9) 
Cq~loRaV cq%Rav 

du 1 
- -  - -  1,. (x), (10) 

dr 7oR~v 

where  the flows j~*(T) and j* (~ )  a r e  ave raged  o v e r  the s u r f a c e  of the vo lume  AV. In d e r i v i n g  Eqs .  (9) and (10) 
t ]  ~ . x  

we a s s u m e d  (as i nd i ca t ed  e a r l i e r )  tha t  the coef f ic ien t s  ave raged  ove r  the vo lume were  equal  to the c o r r e s p o n d -  
ing coef f ic ien t s  a v e r a g e d  o v e r  the s u r f a c e  of the e l e m e n t a r y  vo lume .  

S ta r t ing  f r o m  the def in i t ion  of the loca l  Rb* n u m b e r  (2) and a l lowing for  Eqs .  (9) and (10), we obta in  

Rb* = e ]~ (T) " r]~ (r). (11) 

Equation (ii)  is very s imi lar  in form to the basic e0uation of drying kinetics derived by Lykov [I]: 

Rb = i - -  _]]q_(r) (12) 
rim (r) 

A c o m p a r i s o n  be tween these  equa t ions  shows that  Rb and Rb* d i f fer  f r o m  one ano the r  by a quant i ty  
(1--8) for  spec i f i ed  r a t e s  of flow: 

Rb = Rb* -}- (1 --e). (13) 

This  r e l a t i o n s h i p  a lso  c o r r e s p o n d s  to the phys i ca l  p i c t u r e  of the p r o c e s s ,  s ince  in convec t ive  d ry ing  
m a s s  can only be r e m o v e d  f r o m  the m a t e r i a l  as a whole in  the f o r m  of vapor ,  whereas  the r e d i s t r i b u t i o n  of 
m o i s t u r e  between l a y e r s  may  take p lace  in the f o r m  of both l iquid  and vapor ;  the n u m b e r  e takes  due account  
of th i s .  

F u r t h e r m o r e ,  Eq. (12) may  be r e g a r d e d  as a p a r t i c u l a r  ca se  of Eq.  (11), s i nc e  in  convec t ive  d ry ing  (in" 
which a l l  the m o i s t u r e  p a s s e s  out of the so l id  in the f o r m  of vapor  alone) the value of e at the su r f a c e  is equal  
to 1. Equat ion  (11) thus cons t i t u t e s  the bas ic  equat ion for  the k ine t i cs  of loca l  d ry ing  in  an e l e m e n t a r y  vo lume 
in  the i n t e r i o r  of the m a t e r i a l .  

Let us now c o n s i d e r  the r e l a t i o n s h i p  be tween  the local  Rb* and the p r o p e r t i e s  of the m a t e r i a l .  To this  
end we use  the method of c a l c u l a t i o n  given in [5]. A s s u m i n g  that  o n e - d i m e n s i o n a l  heat  and m a s s  t r a n s f e r  is  
t ak ing  p l ace ,  and taking  the po ten t i a l  d i s t r i b u t i o n  ove r  the th i ckness  of the m a t e r i a l  in the f o r m  

t (x) --= tcc a -- q~q (x) (tee n -  t s ), (14) 

U (X) = U ten - -  q0m (x) (Ucen-- us), (15) 

a f t e r  a p p r o p r i a t e  t r a n s f o r m a t i o n s  we obta in  

where 

_~cr [c%l .a_ K*m (l) )~ml [K*q (x) - -  K~ (x + Ax)l (1 + Pn) 
Rb* = e -- 

amra m [aql + K*q (l) kq] [K*~ (x) - -  K*~ (x + ax)l 

(v%).~ (t - (J 
r ; (x ) -  I ' - -  ' 

! ~ , . (x)dx-1 

(16) 

(17) 
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Fig.  2. Relat ionship between the Rebinder  
number  Rb and the mo i s tu re  content u (%) 
(A) and kinet ics  of the hydro the rma l  field 
in cel lulose  (B) [a) t e m p e r a t u r e  field,  t ,~ 
b) moi s tu re -con ten t  f ield,  u, %; T ,  t ime 
f rom onset  of drying,  sec] .  

K:, (x) = (WDx (u- -  us) 
1 z ; ( 1 8 )  

~[ ~., (x) dx-- 1 -{ 

~q and a m a re  the heat-  and m a s s - t r a n s f e r  coeff icients  at the su r face  of the solid,  and not that of the se l ec t -  
eel l ayer .  

Equation (16) r e l a t e s  Rb* to the thermodynamic  and t r a n s f e r  c h a r a c t e r i s t i c s  of the ma te r i a l  and the 
specif ied ex te rna l  drying p a r a m e t e r s .  

The following express ion  was der ived for  Rb in [5]: 

Rb = 1 + .. aq%c*qKq (l) [amYoK m (l) (1 + Kqm Pn) + o~ml] (tam - ~) (19) 
amrctmK m (l) (1 + Kq,~ Pn) [CZql + ~qKq (l)] (ue~-- u) 

Compar i son  between (16) and (19) enables us to es tab l i sh  a re la t ionship  between Rb* and Rb. The f i r s t  
t e r m s  in (16) and (19) d i f fer  by an amount  (1 --e)  as a l ready  indicated.  The second t e r m s  indicate that Rb* 
and Rb va ry  in the s ame  way with the thermodynamic  and t r a n s f e r  p rope r t i e s  of the m a t e r i a l  and the externa l  
heat-  and m a s s - t r a n s f e r  condit ions,  only differing as r ega rds  the coeff icients  Kq and Kin. In genera l  f o r m  
the dis t r ibut ions of t(x) and u(x) encountered in the cour se  of drying may  be quite a r b i t r a r y .  However ,  if the 
f o r m  of the dis tr ibut ion functions is the s a m e  (gq = q~m), we obtain 

aqcq~zq [a~l + K~ (1) ~,~ (1 + Pn)] (tam - ~) 
Rb* = e - -  - - ,  

amra.~ [~ql + K*q (l) ~ql (ue4-- u) (20) 

Rb = 1 - -  aqcqaq [aml + K m  (l) ~.~ (1 + Pn)] (tam - i) 
amra~ [~ql -~ Kq (l) Xql (%4-- u) ' (21) 

whence 

Rb = Rb* + (1 - -  e) (22) 

for  specif ied ex te rna l  drying conditions ( am,  C~q, t a m ,  Ueq), and not only for  specif ied flows as in (13). It 
would appea r  that  the distr ibution functions ~0q and q~m a r e ,  in fact ,  ve ry  often equal.  One example  is the 
parabol ic  t e m p e r a t u r e  and moi s tu re -con ten t  d is t r ibut ions ,  which have been noted by many  authors  [6-8]. 

It follows f rom the foregoing cons idera t ions  that the drying of d i spe r sed  solids is de te rmined  by the two 
Rebinder  numbers :  local  and in tegra ted;  these  a r e  not equal to one another ,  although they a re  c lose ly  re la ted .  
The number  Rb de te rmines  the consumption of heat in drying the d i spe r sed  solid as a whole, while Rb* enables 
us to ca lcula te  the redis t r ibut ion of the heat and hence the t h e r m a l  flows inside the solid (i. e . ,  the kinetic 
c h a r a c t e r i s t i c s  of the drying of individual pa r t s  of the ma te r i a l ) .  
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The e x p e r i m e n t a l  m e a s u r e m e n t  of Rb and Rb* involves a number  of spec i a l  f ea tu re s .  In o r d e r  to ca l -  
cula te  Rb f rom the d ry ing  data i t  is  suff ic ient  s imply  to know the in t eg ra t ed  m a s s  content ,  which g r e a t l y  s i m -  
p l i f ies  the e x p e r i m e n t a l  technique.  In o r d e r  to de t e rmine  Rb ~ which c h a r a c t e r i z e s  the p r o p e r t i e s  of the d i s -  
p e r s e d  m a t e r i a l  only [5], however ,  i t  is  e s s e n t i a l  to work with very  l a rge  s amples  under  r igorous  dry ing  
condi t ions ,  so t h a t  l a r g e  values  of Biq and Bi m a r e  obtained.  The resu l t an t  values  of Rb ~ have to be r e f e r r e d  
to the ave rage  t and u in the m a t e r i a l ,  and these  may  di f fer  cons ide rab ly  f rom the t and u of individual  l a y e r s .  
This tends to "smooth" the cou r se  of Rb( t ,  u) and impedes  ana lys i s  of the r e s u l t s .  

The number  Rb* i s  f ree  f rom these  d i sadvan tages ,  but in o r d e r  to m e a s u r e  it we must  know the loca l  
mass  content ,  and this  g r ea t l y  compl i ca t e s  the e x p e r i m e n t s .  In addit ion to th i s ,  in o r d e r  to ca lcu la te  the 
p r o p e r t i e s  of the d i s p e r s e d  m a t e r i a l  on the bas i s  of Rb* by means  of Eq. (16) i t  is e s sen t i a l  to know the value 
of e, which has to be m e a s u r e d  s e p a r a t e l y .  However ,  e may be m e a s u r e d  d i r ec t l y  by sa l t  o r  r ad ioac t ive  
t r a c e r  techniques [9]. Despi te  the c o m p a r a t i v e l y  compl ica ted  appara tus  r e q u i r e m e n t s ,  the method of [9] is  
f r ee  f rom any assumpt ions  as  to the t r a n s f e r  m e c ha n i s m ,  and hence gives pe r f ec t ly  r e l i a b l e  r e s u l t s .  The 
s imul taneous  m e a s u r e m e n t  of Rb* and e for  the same m a t e r i a l  in p r inc ip le  enables  us to ca lcu la te  the second 
t e r m  in (16), which de t e rmines  the the rmodynamic  and t r a n s f e r  p r o p e r t i e s  of the d i s p e r s e d  sol id .  

In o r d e r  to i l l u s t r a t e  the foregoing,  we ca lcu la ted  Rb and Rb* for  the convect ive dry ing  (under s y m m e t -  
r i c a l  h e a t -  and m a s s - t r a n s f e r  condit ions) of 3 0 - m m - t h i c k  samples  of uni formly  porous  MSM s i l i c a  ge l  at 
tam = 131.4~ and ce l lu lose  s amples  in the fo rm of p i les  of a sh l e s s  f i l t e r  shee ts  at tam = 100.5~ for  this  
ca lcula t ion  we used expe r imen t a l  cu rves  r e p r e s e n t i n g  the kinetic  c h a r a c t e r i s t i c s  of the t e m p e r a t u r e  and 
m o i s t u r e - c o n t e n t  f ields in s i l i c a  gel  and ce l lu lose  in the cour se  of dry ing .  

The local  m o i s t u r e  content was m e a s u r e d  in s e v e r a l  I - r a m - t h i c k  l a y e r s  of the dry ing  sample ,  using 
the gammascop ic  technique [10]. The r e su l t s  of our  ca lcu la t ions  of the Rebinder  number s  a r e  given in F igs .  
1A and 2A in the fo rm of Rb(u) cu rve s .  F igu re s  1B and 2B r e p r e s e n t  the kinet ic  curves  of the t e m p e r a t u r e  
and m o i s t u r e - c o n t e n t  f ields in the t e s t  m a t e r i a l s ;  these  e n a b l e u s  to cons ide r  the Rb(t) r e l a t ionsh ip  as  wel l .  
Curves  1-3 in F igs .  1B and 2B i l l u s t r a t e  the t ime change in the t e m p e r a t u r e  (a) and mo i s tu re  content (b) of the 
s i l i ca  gel  and ce l lu lose  l a y e r s ,  r e s p e c t i v e l y .  The d i spos i t ion  of the l a y e r s  in the m a t e r i a l s  is  ident ica l  and 
c o r r e s p o n d s  to the following coord ina tes :  1) cen te r  of the plate;  2) 5 ram; 3) 10 mm f rom the cen te r .  Curves  
4 r e f l ec t  changes in the ave rage  values of t and u within the volume of the m a t e r i a l .  Cor respond ing ly ,  the 
local  numbers  Rb*(u) a r e  i l l u s t r a t e d  for  the co r re spond ing  l aye r s  by curves  2 and 3, and the in tegra ted  
numbers  Rb(u), by cu rves  4 in F igs .  1A and 2A. F o r  the c e n t r a l  l aye r  the local  Rebinder  number  was not 
ca l cu la t ed ,  in view of the fact  that the t e m p e r a t u r e  and m o i s t u r e - c o n t e n t  g rad ien t s  vanished in the cen te r  of 
the p la te .  

We see  f rom F i g s .  1A and 2A that  the local  and in tegra ted  Rb numbers  of s i l i c a  gel  and ce l lu lose  de-  
pend in a compl ica ted  manner  on the m o i s t u r e  content .  This r e l a t ionsh ip  indica tes  that  the fo rm in which 
the m o i s t u r e  is a t tached to the m a t e r i a l s  under  cons ide ra t ion  exe r t s  a m a j o r  influence on in te rna l  heat and 
mass  t r a n s f e r .  Table  1 gives the moi s tu re  content  (broken l ines  in F igs .  1A and 2A) co r r e spond ing  to the 
boundar ies  between the d i f ferent  fo rms  of a t tachment  of the m o i s t u r e  to the s i l i c a  gel  and ce l lu lose  s amp le s  
under  cons ide ra t ion ,  obtained by the d r y i n g - t h e r m o g r a p h  technique [11]. 

F o r  low m o i s t u r e  contents  the values  of the in tegra ted  and local  Rb numbers  in the region of adso rbed  
m o i s t u r e  a r e  iden t ica l .  There  a r e ,  neve r the l e s s ,  c ons i de r a b l e  d i f fe rences  between these  quanti t ies  in the 
region co r re spond ing  to the cap i l l a ry  s ta te  of the m o i s t u r e  in the m i c r o -  and m a c r o s c o p i c  po re s  of the m a t e -  
r i a l .  The in t eg ra ted  Rb of s i l i c a  gel  (Fig. 1A) exceeds  the loca l  Rb* for  mo i s tu re  contents  co r respond ing  to 
the hygroscopic  and meniscus  s ta tes  of the wate r  in the p o r e s .  In the region of the mois t  s ta te  of s i l i ca  ge l  
(u > 25%), Rb fa l ls  below Rb*. F o r  ce l lu lose  (Fig. 2A) the in tegra ted  Rb never  fa l ls  below the loca l  Rb* num- 
be r ,  r ight  up to the comple te ly  soaked condit ion.  In addition to th i s ,  the values of the loca l  Rb* numbers  a r e  
iden t ica l  in the two l a y e r s  of s i l i c a  gel  (Fig. 1A, cu rves  2 and 3) fo r  equal m o i s t u r e  contents  over  the whole 
range of m o i s t u r e  contents ,  whereas  for  ce l lu lose  (Fig. 2A, cu rves  2 and 3) they di f fer  in value for  u > 5%. 

These  expe r imen t a l  r e su l t s  a g r e e  with the foregoing ana ly t i ca l  conclus ions .  Removal  of the adso rbed  
m o i s t u r e  f rom the m a t e r i a l  as a whole and f rom the e l e m e n t a r y  l a y e r  under  cons ide ra t ion  takes  p lace  in the 
fo rm of vapor  only (e = 1), and the values  of Rb and Rb* thus coincide.  The m o i s t u r e  occu r r i ng  in the cap i l -  
l a r y  s ta te  in the m i c r o -  and m a c r o s c o p i c  pores  leaves  the dry ing  e l e m e n t a r y  l a y e r  in the fo rm of both l iquid 
and vapor  (e < 1). The re  should accord ing ly  be a d i f ference  of 1 - - e  between the values  of Rb and Rb*, as 
a l r eady  indica ted .  
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In those pa r t s  of curves  4 in Figs .  1A and 2A in which Rb < Rb* it would appear  that  there  is a t rans ien t  
dis t r ibut ion of t and u with r e spec t  to the coordinates ;  this exe r t s  a m a j o r  influence on the values of the co-  
eff icients  Kq and K m.  

Thus the local  Rb num ber  may  be r ega rded  as a quantity cha rac t e r i z ing  the kinetic c h a r a c t e r i s t i c s  of 
the local  drying of an e lementa ry  l aye r  in the solid m a t e r i a l  and also the t r a n s f e r  p rope r t i e s  of the la t t e r .  

N O T A T I O N  

Rb, Rb*, in tegra l  and local  Rebinder  nu mber s ,  respec t ive ly ;  u, u, local  and v o l u m e - a v e r a g e  moi s tu re  
contents;  t ,  t ,  local  and v o l u m e - a v e r a g e  t e m p e r a t u r e s ;  t am , ambient  (air) t e m p e r a t u r e ;  Jm (r), j~n(r), in te-  
g ra ted  and local mo i s tu re  flow densi t ies ;  jq(T) , jq(T), in tegra ted  and local  hea t  flow densi t ies;  r ,  spe -  
cific heat  of vapor iza t ion;  e,  phase  t r ans fo rma t ion  number ;  aq,  a m ,  heat and mo i s tu re  diffusion coeff ic ients ;  
Cq, specif ic  heat of mo i s t  ma te r i a l ;  70, densi ty of dry  ma te r i a l ;  ~q ,  a m ,  h e a t - a n d m a s s - t r a n s f e r e o e f f i e i e n t s ;  
6 ~ t h e r m a l - g r a d i e n t  m a s s - t r a n s f e r  coefficient;  Ueq, equi l ibr ium mo i s tu r e  content of the ma te r i a l ;  Pn, Posnov 
number ;  ~tq, Xm, t h e r m a l  and m a s s  conductivi t ies of the ma te r i a l ;  x,  coordinate  reckoned f r o m  the cen te r  of 
the plate;  r ,  t ime  f r o m  the onset  of drying.  Indices:  s ,  su r face  of the solid m a t e r i a l  as a whole o r  that  of the 
e l emen ta ry  volume;  cen,  cen te r  of the solid.  

1~ 
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