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An equation connecting the Hebinder number with the thermodynamic and t ranspor t  c h a r a c -  
te r i s t ics  of d ispersed mate r i a l s  and the pa rame te r s  of external  heat and mass  t rans fe r  is 
obtained. 

The Rebinder number  Rb and the dimensionless  tempera ture  coefficient of drying B, introduced by 
Lykov in the form of the relat ionships [1] 

Rb cqdt dt (u--.Uo) . . . .  B . . . .  -- Rb Ko, (1) 
rdu  du (t - -  to) 

are  the main cha rac t e r i s t i c s  of the ma te r i a l  in the equation represent ing the drying kinetics of dispersed 
mate r ia l s :  

Kiq =: Ki m (~) kuKo(1 '- Rb) --= Ki~ (T) Lu(Ko- - B). (2) 

The pa rame te r s  Rb and B are charac te r i s t i c s  of the integral  equation of drying kinetics and, hence,  they 
take into account the proper t ies  of the mater ia l  and its interaction with the surrounding medium. It is of 
in teres t  to establish a relationship between the integral  pa rame te r s  Hb and B and the local cha rac te r i s t i c s  
- the c r i t e r i a  of external  and internal  heat and mass  t ransfer .  The present  paper  is devoted to this im-  
portant  cu r r en t  problem. 

Convective drying of a dispersed mater ia l  is represented  by a sys tem of nonlinear equations [1]: 

Ot er Ou 
- V(aqV[) i , (3) 

OT % dr 

with boundary conditions of the third kind: 

Oil 
- V ( a . , v u  - 7  a, ,~6Vl)  ( 4 )  & 

zq (vl)~ : % (lo - -  t ~ !  ! (1 - -  e)r%((uo--.~), (5) 

a,,~7 (V u) s--  am76 (V t) s - cr (u o - -  Us). (6) 

In principle the solution of sys tem (3)-(4), taken in conjunction with (5)-(6), can be used to find ~ and u, and 
then Rb and B can be found as functions of the mate r ia l  charac te r i s t i c s  (aq, am,  5, Cq, r) and drying con- 
ditions (aq, am,  to, u 0) f rom Eqs. (1). Mathematical  difficulties, however,  prevent  a complete analytical 
solution of this problem. The best attempt has been the obtention of a numerical  solution on a computer ,  as 
in [2], for instance,  where all the t ranspor t  coefficients were  assumed constant,  which is a ra ther  coarse  
approximation [1, 3]. Moreover ,  numerica l  solutions are  not suitable for the investigation of Rb and B in 
relat ion to par t icu lar  factors .  Hence, it is bet ter  to choose another approach. 
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By definition: 

t =  ~ C tdV, u =  1 S udV" 
g J  v 

V V 

Applying (7) to (3) and (4) and using the Gauss  t heo rem,  we obtain: 

( 7 )  

f rom which a f t e r  integration:  

d[ 1 ~ er du 
- -  } aq (Vt)sdF + - -  _ _  (85 

d'~ V . Cq dz ' 
F 

du = - - 1  I [am (vu)s + am6 (vt~s] dF, (9) 
d'c V . 

F 

d)- F 8r du 
d'~ -- ~ aq (V/)s -!- --Cq d'c , (105 

du F F ( i i )  
-~-  -~ V am (Vu) s + ~ am6 (Vt)~ 

where  t s and Us a r e  quanti t ies  averaged  over  the sur face .  

We note that in (5) the phase  change number  e, like all  the o ther  c h a r a c t e r i s t i c s  of the m a t e r i a l ,  
r e l a t e s  to the su r face  of the ma te r i a l .  In this case  e for  al l  m a t e r i a l s  is unity, since in convect ive drying 
m a s s  can be r emoved  f rom the su r face  of the m a t e r i a l  only in the fo rm of vapor .  A change in the mean  
(integral) m a s s  content  u of the m a t e r i a l  in convect ive drying can a lso  be effected only by evaporat ion.  
The t r a n s f e r  of m a s s  within the m a t e r i a l  in liquid fo rm,  which co r r e sponds  to e < 1, leads only to a 
red is t r ibu t ion  of the m a s s  content  within the m a t e r i a l  and u r ema ins  constant.  Hence,  in (8) and (10) [but 
not in (3)] e is  a lso  unity. 

F o r  s impl ic i ty  we will  cons ider  the one-d imens iona l  s y m m e t r i c  p rob lem - the drying of an infinite 
plate  of thickness  2l with the coordinate  or igin  at  the cen te r  of the plate.  The ra t io  V / F  in (10) and (11) 
is then equal  to the plate th ickness  I. We a s s u m e  now that the dis t r ibut ions  of t e m p e r a t u r e  and m a s s  con-  
tent in the m a t e r i a l  a re  given by: 

t = t r  % (x)(tr - t~), 

u = u c - -  r (x)(u c -  us), 
(12) 

where  ~q and q~n a re  d imens ion less  functions sa t is fying the conditions: 

(qDq)c = (%*)c = 0, (q~q)s = (q~m)s = 1. 

We then eas i ly  obtain: 

(at)~ = ,  (v%)_~ ( 7 -  t~)_ = k a~ ( F -  t.O, 
1. f %dr  - 1 z 

v j  
v 

(vuh = (v%,,)~ ( ~ -  u~)__ = k__~ ( ~ _  u~), 
I j ' c p ~ d V _  1 l 
V 

V 

( 1 3 5  

(14) 

where  kq and km a re  d imens ion less  coeff ic ients  which depend on the dis t r ibut ion of t and u in the ma te r i a l .  

Substituting (145 in (10) and (11) and using the boundary conditions (5) and (6) we e l iminate  t s and Us 
f rom the equations and obtain: 

d [  r d u  ~ aqkq~Zq ( t  o - -  ?) , (15) 
dT cqdz l (aqkq @ aql) 

du __ arnkmcCm (~.q_k_q + (Zql)(uo - -  u) + amSkqlaqc%n (t o --~) (165 
dT l @,qkq -~ o:ql)(amTk m + a~l) 
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A f t e r  subs t i tu t ing  (15) and (16) in (1) we f inal ly  obtain:  

Rb = 1 + Cqaqkqaq (a,~yk~ + a~l) (17) 
[ tt~ _L k_kq ~)laq] ' 

aqkqaq (am'~k m 2- ar j  ) B =  r ( u - - u  o) @ _ �9 (18) 
Cq~--lo) amkm~m [@qkq +aq[) + 5aq[ kq(Uo---U~ ] 

km (to - -  t) 

Equat ions  (17) and (18) e x p r e s s  Rb and B as  funct ions  of  the m a t e r i a l  c h a r a c t e r i s t i c s  and the p a r a m -  
e t e r s  of  e x t e r n a l  hea t  and m a s s  t r a n s f e r .  It is  i m p o r t a n t  h e r e  that  no a s s u m p t i o n s  r e g a r d i n g  the cons t ancy  
of  the t r a n s p o r t  coe f f i c i en t s  w e r e  made  in the deduct ion  of  (17) and (18). Hence ,  (17) and (18) a r e  valid a l so  
fo r  s ign i f ican t ly  non l inea r  h e a t -  and m a s s - t r a n s f e r  p r o c e s s e s ,  a typ ica l  example  of  which is dry ing .  

The only a s s u m p t i o n  used in the deduct ion  was  the in t roduc t ion  of  coef f ic ien t s  kq and k m c h a r a c t e r '  
i z ing  the d i s t r ibu t ion  of t and u in the m a t e r i a l .  F o r  a pa rabo l i c  d i s t r ibu t ion ,  which fol lows f r o m  the so lu -  
t ion of  Eqs.  (3)-(4) with cons tan t  coef f i c ien t s  [4], and has  a l so  been c o n f i r m e d  e x p e r i m e n t a l l y  [5-7],  we 
e a s i l y  obtain  

x~ ' (19) 
q0q = ~p~ = l 2 

f r o m  which  

kq = k~ = 3. (20) 

F o r  o t h e r  d i s t r ibu t ions  kq and k m a r e  of the s a m e  o r d e r  of magni tude  and a r e  equal  if ~q = g~m. F o r  i n -  
s t ance ,  f o r  a l i nea r  d i s t r ibu t ion  of  t snd u kq = k m = l, fo r  a cubic  d i s t r ibu t ion  kq = k m = 4, and so on. 
In the g e n e r a l  c a s e  kq and km a r e  d i m e n s i o m e s s  c h a r a c t e r i s t i c s  of  the m a t e r i a l ,  s ince  the d i s t r ibu t ion  of  
t and u in the m a t e r i a l  is d e t e r m i n e d  by its t h e r m o d y n a m i c  and t r a n s p o r t  p r o p e r t i e s .  In p a r t i c u l a r ,  the 
d i s t r i bu t ions  of  t and u a r e  affected by the phase  change  n u m b e r  s within the m a t e r i a l  [4], which is not 
conta ined  in expl ic i t  f o r m  in the so lu t ions  of  (17) and (18) for  the r e a s o n s  ment ioned  above.  

F o r m u l a s  (17) and (18) can  be put in ano the r  fo rm.  Using  the Posnov  n u m b e r  Pn ,  given by the r e l a t ion  

we obtain  

P n  = 5 ( t  s - t o )  - , (21 )  
(u~-- uc) 

w h e r e  kqm = 1 when gOq = qSn. 

(Vt)s _ (V(Pq)s Pn _ kqm Pn, (22) 
(VU)s (Vq%)s.5 6 

Then (6) and (11) take the f o r m :  

ar~ g (I kqm Pn) (VU)s = a m (u 0 - -  un) , (23) 

du a,~ (1 @ ka, ~ Pn)(vu)s (24) 
dr l 

P e r f o r m i n g  all  the a l ge b ra  s i m i l a r  to that d e s c r i b e d  above,  but with (6) and (11) r ep l aced  by (23) and 
(24). we obtain e x p r e s s i o n s  fo r  the r a t e  of change  o f~  and u fo r  Rb and B: 

dt rd-u aqkqaq (t o - -  t) (25) 
d'r -- cqdT + l ()~qkq @ aql) ' 

d[t _ a,~kmC~ m (1 & kqm Pn)(u o - -  u) (26) 
dr l [amyk m (1 --  kqm Pn) .,--" aml] ' 

Rb = 1 =- CqaqOCqkq [am~}k m (1 + kqm Pn) + aml ] (t o - - ' t )  (27) 
rar~a~k ~ (1 @ kqm Pn)(aql @ )~qkq) (u o - -  u) ' 

B = _r (~ - -  u , , )  aqkqaq [ar~vk m (I ~- kqr~ Pn) -'- a.~l]__ (28) 
cq (t - -  to) amkma ~ (i --  kqm Prl)@qkq -- aql) 
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In d i m e n s i o n l e s s - n u m b e r  f o r m  (27) and (28) become:  

R b =  1 kqBiq[km(l + kq,~Pn) +Bim] (29) 
k,~ Bi m Lu Ko (1 ~ kq~ Pn) (kq + Biq) 

B = Ko __ .--kqBiq[km(1 + kqmPn ) -~- Bi,,~] (30) 
k,~ Bi,~ Lu (1 q- kqm Pn) (kq -- Biq) ' 

where  the s imi l a r i t y  c r i t e r i a  a r e  se lec ted  f rom the re la t ions  

Lu = a"--i, Biq := -~q-/ Bim -- am[ Ko = r (u - -  Uo) (31) 
a~ ~q ' am~ ' % ( t - -  to) 

F ina l ly ,  fo r  a parabol ic  dis t r ibut ion of t and u in the m a t e r i a l ,  which is  a s sumed  in m o s t  invest igat ions ,  
we obtain: 

R b =  i - : - -  B i q ( 3 + 3 P n ~ '  Bim) (32) 
' Bi.,LuKo(1 + Pn)(3 -+- Biq) ' 

B = Ko + -. Biq (_3 + 3 Pn -:-- Bio, ) (33) 
BimLu (1 + Pn)(3 -::- Biq) 

Equations (17), (18) and (29), (30) e x p r e s s  in explici t  f o r m  Rb and B as functions of the c h a r a c t e r -  
i s t i cs  of the d i spe r sed  m a t e r i a l  (aq, a m ,  Cq, r ,  6, Lu, Pn) and the p a r a m e t e r s  of the ex te rna l  heat  and 
m a s s  t r a n s f e r  (a m ,  aq ,  t 0, u 0, Biq, Bim). In pa r t i cu l a r ,  it is c l e a r  f rom (29) and (30) that the effect  of 
the drying r eg im e  p a r a m e t e r s  on Rb and B is de te rmined  mainly  by the re la t ion  between the in ternal  heat  
and m a s s  t r a n s f e r  (~q and amy)  and the externa l  heat  and m a s s  t r a n s f e r  (am and aq) ,  i .e . ,  by the value of 
the Blot number .  

An ana lys i s  of Eqs. (17), (18) and (29), (30) can provide  an answer  to the two main  quest ions a s -  
socia ted with the p rac t i ca l  appl icat ion of Rb and B. F i r s t l y ,  the obtained solutions indicate the e x p e r i -  
men ta l  conditions in which the measu red  Rb arid B a re  s ingle-valued c h a r a c t e r i s t i c s  of the d i spersed  m a -  
t e r i a I  and a r e  independent of the p r e s c r i b e d  drying conditions. Secondly, a re la t ionship  can be es tabl i shed 
between the Rb and B which a re  c h a r a c t e r i s t i c s  of the m a t e r i a l ,  and the Rb and B which a re  contained in 
the equation of convect ive drying in p a r t i c u l a r  p r e sc r ibed  conditions. To solve these quest ions we cons ider  
the behavior  of Eqs. (17), (18) and (29), (30) in d i f ferent  r eg imes .  

We cons ider  the l imit ing case  of drying of "thick" s amp le s  in a compara t ive ly  rapid drying r eg ime ,  
where  Biq .-.oo, Bim ~ .  In this case  we obtain f r o m  (17), (18) and (29), (30). 

cq%kq (to - -  7) Rb~ 1 + ~ (34) 
ra m [k m (u o - -  u) + kq~(to--t-)] 

o r  

and 

kq 
Rb ~  1 ~ (35) 

km Lu Ko (1 + kq~ Pn) 

BO = f (u o - - u )  , aqkq (t o - 7 )  (36) 
q (to - -  7) a., [k,,, ("o - -  ~) + G '~ (to - -  ~l 

o r  

B ~  K o + - - k q  (37) 
k~Lu(1 + kqm Pn) 

At high values  of the Biot number  ts --" to and Us --" u0. In view of this ,  accord ing  to (14), (21), (22), and 
(31), we can wri te :  

k.~Ko = ,  Fe' (38)  
kq kq.~ Pn ' 
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where  

~r 
Fe' = Ko Pn -- (39) 

Cq 

depends only on the p r o p e r t i e s  of the m a t e r i a l .  In exact ly  the s ame  way Pn in the cons idered  r eg ime  de -  
pends only on the in terna l  heat  and m a s s  t r a n s f e r  in the ma te r i a l .  F r o m  (34) we then obtain 

Rb ~  1 ' kq~Pn (40) 
Lu Fe' (1 + kqm Pn) 

It is apparen t  f rom (40) that tlb ~ depends only on quanti t ies  cha r ac t e r i z i ng  the in ternal  heat  and m a s s  t r a n s -  
f e r  in the m a t e r i a l .  In other  words ,  Rb, m e a s u r e d  in this drying r eg ime ,  is a c h a r a c t e r i s t i c  of the t h e r -  
modynamic  (Cq, r) and t r a n s p o r t  (am,  aq, 5, kq, km,  kqm) p r o p e r t i e s  of the m a t e r i a l  and is comple te ly  
independent of the conditions of ex te rna l  heat  and m a s s  t r ans fe r .  This  c r i t e r ion  can conveniently be de -  
signated Rb ~ 

It  is c l ea r  f rom what has  been said that an invest igat ion of the hea t -  and m a s s - t r a n s f e r  p r o p e r t i e s  
of d i spe r sed  m a t e r i a l s  and the c lass i f ica t ion  of these m a t e r i a l s  according  to the i r  behav ior  in the drying 
p r o c e s s  will  have to be based on Rb ~ and not Rb, m e a s u r e d  in pa r t i cu l a r  condit ions,  since it is  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 m a t e r i a l ,  which a r e  independent of the a r b i t r a r i l y  p r e s c r i b e d  drying 
r e g i m e  p a r a m e t e r s .  

The use  of Rb ~ as  a c h a r a c t e r i s t i c  of the t r anspo r t  p r o p e r t i e s  of d i spe r sed  m a t e r i a l s  is pa r t i cu la r ly  
advantageous in c a s e s  where  the t r a n s p o r t  coeff ic ients  depend s t rongly on the t e m p e r a t u r e  and m a s s  con -  
tent. In fact ,  the overwhelming  ma jo r i ty  of expe r imen ta l  methods  of de te rmin ing  a m and 5 a re  based on 
solut ions of Eqs. (3) and (4) with p iecewise -cons tan t  coeff ic ients ,  which int roduces  a la rge  e r r o r  into the 
theore t i ca l  equations [1, 3J and m a k e s  such methods  fundamental ly nonrigorous .  At the s ame  t ime,  the 
expe r imen ta l  m e a s u r e m e n t  of Rb ~ f rom Eq. (1) is  effected without any assumpt ions  and is compara t ive ly  
easy .  The accu racy  of this m e a s u r e m e n t  is l imited only by the accu racy  of the m e a s u r i n g  ins t ruments .  
Thus,  Rb ~ can be used as  a c h a r a c t e r i s t i c  of the t r a n s p o r t  p r o p e r t i e s  of d i spe r sed  m a t e r i a l s  on a pa r  with 
the usual ly employed c h a r a c t e r i s t i c s  (aq, a m ,  6). I ts  use is often much m o r e  convenient ,  s ince Rb ~ can 
be exper imen ta l ly  m e a s u r e d  m o r e  eas i ly  and m o r e  accura te ly  than the o ther  c h a r a c t e r i s t i c s .  

Equally impor tan t  is the es tab l i shment  of a re la t ionship  between Itb c h a r a c t e r i s t i c  of a p a r t i c u l a r  
d ry ing  r eg ime  and Rb ~ since the basic  drying Eq. (2) contains Rb, and not Rb ~ In the genera l  case  this 
re la t ionship  is given by Eqs. (27), (29) and (34), (40) and is complex.  The introduction of some a s s u m p -  
t ions gives an approx imate  re la t ionship  in a s i m p l e r  form.  

F o r  a r b i t r a r y  Biq and Bi m Pn depends not only on the p r o p e r t i e s  of the m a t e r i a l ,  but a l so  on the 
drying r eg ime .  If, as  a f i r s t  approximat ion ,  we a s s u m e  that Pn depends weakly on the drying r eg ime ,  then 
f rom (29) and (34) we obtain 

Rb t -7 

cqaqkq(to--t ) [ 1 -', k.~(1 ~ kqmPrl ) 

ramknr @ kqm Pn)(Uo-- U) ( 1  ~q ) 
(41) 

f rom which 

k~ (1 + kv, ~ Pn) ' 
~ b - - ~  _ 1 + B G  

Rb ~  1 1 -i- kq 
Biq 

(42) 

In pr inc ip le  the m e a s u r e m e n t  of Biq and Bi m is fa i r ly  complicated:  In convect ive drying,  however ,  
Biq and Bi m usually depend equally on the blowing ra te .  Hence,  we can expect  that Rb and Rb ~ will  be 
approx ima te ly  equal  even in c a s e s  where  the n u m e r a t o r  and denominator  in (42) a r e  fa r  f rom unity. This 
is conf i rmed by the r e su l t s  of [8], where  it  was  shown exper imenta l ly  that Rb is not g rea t ly  affected by the 
drying r e g i m e  p a r a m e t e r s  for  different  values  of Biq, even values  g r e a t e r  than unity. The approx imate  
n u m e r i c a l  calculat ion of t tb made  in [2] a lso  shows that Rb is p rac t i ca l ly  independent of Biq when Biq is 
l a rge .  
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We cons ider  finally the case  where Biq and Bi m are  less  than unity, which cor responds  to gentle 
drying of a thin layer  of mater ia l .  It follows d i rec t ly  f rom (27) that 

aq ( 1 ~ Bin km )(to--7) 
R b = l ~ - - ~  , Bia /(Uo_U) (43) 

ra  m l -F-  kq ] 

If Biq is small ,  then, expanding (1 + B iq /kq )  -1 in a s e r i e s  and taking only the f i r s t  t e rm we can wri te:  

Rb=  1 %(to_--t ) ( Bi n Big ) (44) 
r~z~ (u o - - u )  1 -b - k,~ - -  kq " 

In the l imiting case  where  Biq = Bi m = 0 all  the cha rac t e r i s t i c s  of the ma te r i a l  d isappear  f rom (43) and we 
obtain the t r iv ia l  equality 

Rb= I-~ aq(t o-t) =0, (45) 
r~AUo--U) 

since for  a thin l aye r  

aq (t o --7) ~ r%~ (u 0 --u)  = 0. (46) 

The considered limiting cases  of small  and large values of the Blot number  do not, of course ,  r e p r e -  
sent the whole region of application of the obtained equations. These equations can probably be simplified 
considerably  for  p rac t ica l  calculat ions,  but the solution of this quest ion will requi re  exper imenta l  data, 
which are  sti l l  ve ry  sca rce  at present .  

U 

t 
T 

aq,  a m 
E 

r 

Cq 
5 

7 
O~q 

C~m 
V, F, l 

N O T A T I O N  

is the mass  content,  k g / k g ;  
is the t empera tu re ,  ~ 
is the t ime,  sec; 
a re  the hea t -  and mass-d i f fus ion  coeff ic ients ,  m 2 / s e c ;  
is the phase change number;  
is the specific heat of evaporat ion,  J / k g ;  
is the specific heat ,  J / k g -  degK; 
xs the thermogradien t  coefficient ,  1 / deg K; 
is the the rmal  conductivity,  W / m .  degK; 
is the densi ty,  k g / m 3 ;  
Is the externa l  h e a t - t r a n s f e r  coeff icient ,  W / m  2. degK; 
ts the externa l  m a s s - t r a n s f e r  coeff icient ,  k g / m Z ,  sec; 
a re  the volume, sur face ,  and thickness ,  respec t ive ly ,  of sample.  

S u b s c r i p t s  

c denotes the cen te r  of sample;  
s denotes the surface  of sample;  
0 denotes the equil ibrium state. 
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