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A description is given of a new method of designing drying equipment 
for thin materials. It allows calculation of the size of the equipment, 
as well as of the kinetics of variation of temperature and humidity of 
the material, with the aid of a single empirical coefficient. 

Des ign  of p e r i o d i c  o r  con t inuous ly  o p e r a t i n g  d r y i n g  
equ ipment  m u s t  include d e t e r m i n a t i o n  of the t i m e  r e -  
q u i r e d  to r e m o v e  the m o i s t u r e  f r o m  the m a t e r i a l ,  f r o m  
an in i t ia l  mean  m o i s t u r e  content  ~i to a f inal  m e a n  
m o i s t u r e  content  fir, under  a s s i g n e d  va lue s  of the p r o -  
c e s s  p a r a m e t e r s  (one of the m o s t  impor t an t  of which 
is the m a t e r i a l  t e m p e r a t u r e ) .  

The ove rwhe lming  m a j o r i t y  of m a t e r i a l s  of o rgan ic  
o r ig in  cannot  be hea ted ,  in the  p r o c e s s  of r e m o v i n g  
t h e i r  m o i s t u r e ,  above  some  t e m p e r a t u r e  o r  o t h e r  tha t  
is  c h a r a c t e r i s t i c  for  each  spec i f i c  d ry ing  ob jec t ive ,  
without  an a p p r e c i a b l e  d e g r a d a t i o n  in the  qual i ty  of 
the f inal  p roduc t .  I m p o r t a n t  e x a m p l e s  a r e  c e r e a l s  [1], 
y e a s t  [2], b io log i ca l  p r e p a r a t i o n s ,  and even pea t  [3]. 

It should be  noted tha t  in p r e v i o u s l y  pub l i shed  p a -  
p e r s  th i s  a s p e c t  of the ques t ion  has  not  been  g iven  the 
n e c e s s a r y  a t tent ion ,  and tha t  the  e f fo r t s  of i n v e s t i g a -  
t o r s  have been  d i r e c t e d  only t oward  a d e s c r i p t i o n  of 
the  k ine t i c s  of r e m o v a l  of m o i s t u r e  f r o m  the m a t e r i a l  
[1, 4 - 6 ] .  

T h e r e  has  been  v e r y  l i t t l e  s tudy of the inf luence in 
convec t ive  d ry ing  of the  r e l a t i v e  d i r e c t i o n  of mot ion  
of the hea t  t r a n s f e r  agents  (a i r  and m a t e r i a l ) .  The r e -  
su l t s  of s o m e  p a p e r s  dea l ing  with th i s  a s p e c t  of the 
p r o b l e m  [8-11]  do not p e r m i t  ca l cu l a t i on  of the t e m -  
p e r a t u r e  of the  m a t e r i a l  a t  the  end of d ry ing .  

An excep t ion  is [7], in which an account  is  g iven  
of a method  which p e r m i t s  c a l cu l a t i on  of the t e m p e r a -  
t u r e  of the  m a t e r i a l  under  v a r y i n g  condi t ions ,  but  only 
fo r  d ry ing  p r o c e s s e s  in which the hea t  expended in 
hea t ing  the m a t e r i a l  i s  s m a l l  in c o m p a r i s o n  with the 
to ta l  amount  of hea t  t r a n s m i t t e d  to the  m o i s t  m a t e r i a l  
by the  d r y i n g  agent .  

The r i g o r o u s  ana ly t i c a l  t heo ry  deve loped  in [12-14] 
a l lows  one to obta in  the  t e m p e r a t u r e  and m o i s t u r e  
f i e lds  in bod ies  of c l a s s i c a l  shape  a t  any ins tan t  of 
t i m e  f r o m  the so lu t ion  of a s y s t e m  of d i f f e r en t i a l  equa-  
t ions  d e s c r i b i n g  the  hea t  and m a s s  t r a n s f e r  p r o c e s s e s  
in the  m a t e r i a l  be ing  d r i e d  with the a p p r o p r i a t e  bound-  
a r y  condi t ions .  However ,  the  use  of t h e s e  r e s u l t s  in 
des ign  p r a c t i c e  at  p r e s e n t  f aces  d i f f i cu l t i e s  connec ted  
with the  inadequate  amount  of t e s t  da t a  on the n u m e r i -  
ca l  va lues  of the coe f f i c i en t s  of m a s s  t r a n s f e r  and 
t h e i r  dependence  on the m o i s t u r e  content  and t e m p e r a -  
tu re .  

F o r  th i s  r e a s o n  t h e r e  is  a need for  new a p p r o x i -  
m a t e  me thods  of ca lcu la t ion ,  with the  a id  of which one 

might  d e t e r m i n e  the t e m p e r a t u r e  and the humid i ty  of 
bod i e s  of a r b i t r a r y  shape  a t  any ins tan t  of t i m e  in any 
s e c t i o n  of the d ry ing  equipment .  

The e s t a b l i s h m e n t  of an a na ly t i c a l  r e l a t i o n  be tween  
the t e m p e r a t u r e  of a m a t e r i a l  and i ts  humid i ty  i s  a l so  
v e r y  i m p o r t a n t  for  a r r a n g i n g  for  the  au toma t i c  con t ro l  
of d r y i n g  p r o c e s s e s  with r e s p e c t  to one p a r a m e t e r  
o n l y - - t e m p e r a t u r e ,  for  which t h e r e  a r e  c o m m e r c i a l l y  
ava i l ab l e  s e n s o r s  and r e g u l a t o r s ,  w h e r e a s  con t ro l  of 
the  humid i ty  of a m a t e r i a l  has  not a s  ye t  gone beyond 
the l eve l  of l a b o r a t o r y  t e s t i n g  [20]. 

By c o n s i d e r i n g  a d r y i n g  equipment  to be a mod i f i ed  
r e g e n e r a t i v e  equipment ,  one m a y  not only d e t e r m i n e  
what  the humid i ty  and t e m p e r a t u r e  of the  m a t e r i a l  wi l l  
be at  v a r i o u s  s t ages  of d ry ing ,  as  wel l  a s  the du ra t i on  
of t h e s e  s t a ge s ,  but  a l so  c a l c u l a t e  the magni tude  of 
the  a r e a  which mus t  t a k e p a r t  in the  hea t  and m a s s  
t r a n s f e r ,  and t h e r e f o r e  the  s i ze  of the  d ry ing  i n s t a l l a -  
t ion.  

In d i s t inc t ion  f r o m  the o r d i n a r y  r e g e n e r a t o r ,  the  
hea t  t r a n s f e r  p r o c e s s  in a d r i e r  is  a c c o m p a n i e d  by 
m a s s  t r a n s f e r ,  i . e . ,  b y  t r a n s f e r  of m o i s t u r e  f r o m  
the m a t e r i a l  be ing  d r i e d  to the  s u r r o u n d i n g  space .  
E v a p o r a t i o n  of the  m o i s t u r e  f r o m  the  m a t e r i a l  r e -  
q u i r e s  the  expend i tu re  of heat ,  which may  be t r a n s -  
m i t t ed  to the  m a t e r i a l  by  v a r i o u s  means .  

The hea t  of phase  t r a n s f o r m a t i o n  may  be  r e g a r d e d  
as  going to a hea t  s ink,  or ,  which is  the  s a m e  thing, 
a s  coming  f r o m  a nega t ive  i n t e r n a l  hea t  s o u r c e .  

If the  m a t e r i a l  be ing  d r i e d  p o s s e s s e s  c h a r a c t e r i s -  
t i c s  such tha t  under  the  chosen  o r  a s s i g n e d  e n v i r o n -  
men ta l  p a r a m e t e r s  the  Bi number  is  s m a l l  enough, 
t h e r e  wi l l  be  c o n s i d e r a b l e  nonun i fo rmi ty  in the  t e m -  
p e r a t u r e  f ie ld  (due both to t h e r m a l  r e s i s t a n c e  of the  
body,  and to d i s p l a c e m e n t  of the hea t  s ink  ins ide  the  
body owing to p e n e t r a t i o n  of the  e v a p o r a t i o n  zone). 

It should  be noted,  however ,  that  when t h e r e  a r e  
hea t  s o u r c e s  in the  body,  the va lue  of Bi does  not 
uniquely d e t e r m i n e  the t e m p e r a t u r e  g rad i en t ,  an e x -  
a m p l e  be ing  hea t ing  of an inf ini te  p la te  with un i fo rmly  
d i s t r i b u t e d  i n t e rna l  hea t  s o u r c e s  of s t r eng th  q. 

Using the r e l a t i o n s  g iven  in [15], i t  m a y  be  shown 
tha t  the  v a r i a t i o n  in t e m p e r a t u r e  at  the  c e n t e r  of the  
p la te  wi l l  be  10% l e s s  than the v a r i a t i o n  of i t s  mean  
t e m p e r a t u r e ,  when the  condi t ion  

I / ~ 0.1 
[ql---- 0. l ~ , ( t ' - - t " ) [ 1 - - e x p ( - - ~ F o ) ]  R210.2q-- X 

t Bi 

1 - -  - - - - 7  exp ( - -  ~ Fo) (i) 



JOURNAL OF ENGINEERING PHYSICS 99 

holds .  Given the hea t  t r a n s f e r  cond i t ions  and 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  of a body, t h e r e  is  no d i f f icu l ty  
in c a l c u l a t i n g  the r igh t  s ide  of the  inequal i ty  (1) and in 
d e t e r m i n i n g  trm m a x i m u m  va lue  of the in tens i ty  of evap -  
o ra t ion ,  in doing which i t  m a y  be c o n s i d e r e d  that  the  
p r o c e s s  of hea t ing  the m o i s t  m a t e r i a l  o c c u r s  with 
s m a l l  t e m p e r a t u r e  g r a d i e n t s ,  the  m a t e r i a l  be ing  thin. 

It has  been  shown [12-14] tha t  the  hea t  expended  in 
e v a p o r a t i n g  m o i s t u r e  f r o m  unit  a r e a  of a p l a t e  is  

qF=a(t' -- t") / i +  EBi+ l ). (2) 

When condi t ion  (1) ho lds ,  th i s  hea t  m a y  be  c o n s i d e r e d  
to be  un i fo rmly  d i s t r i b u t e d  ove r  the whole vo lume  of 
the body,  and, t h e r e f o r e ,  

q=qvF/V =cLcrp(t' --t") / ( +  EBi + l ). (3) 

On the o t h e r  hand,  the  hea t  a b s o r b e d  by  the m a t e r i a l  
dur ing  convec t ive  d ry ing  is  

Q = a F (t' - -  t"). (4) 

We wi l l  in t roduce  a coe f f i c i en t  of e f f ic iency  of ex -  
t e r n a l  m a s s  t r a n s f e r  

%-~dQe /dQ, (5) 

which r e l a t e s  to tha t  f r ac t i on  of the  hea t  supp l i ed  to  
the  m a t e r i a l  going into e v a p o r a t i o n  of m o i s t u r e  f r o m  
the m a t e r i a l .  The l a r g e r  th is  coef f ic ien t ,  the m o r e  
e f fec t ive  the  d r y i n g  p r o c e s s .  

It is  ev ident  tha t  the  va lue  of th is  coef f i c ien t  is  
d e t e r m i n e d  both by the i n t e rna l  and by the e x t e r n a l  
condi t ions  of hea t  and m a s s  t r a n s f e r ,  i . e . ,  it  i s  a 
g e n e r a l i z e d  coef f ic ien t ,  combin ing  both the s t r u c t u r a l  
f e a t u r e s  of the  m a t e r i a l ,  which a r e  t aken  into account  
by the  t r a n s f e r  coe f f i c i en t s  a ' ,  ~m, 5, a, X, and the 
c a p a c i t y  of the m e d i u m  s u r r o u n d i n g  the m a t e r i a l  to 
a b s o r b  m o i s t u r e .  

F r o m  (5), t ak ing  account  of (4), and a s s u m i n g  e0 to 
be cons tant ,  we obta in  

Qe = eoQ = eoa F (t' - -  f'). 

R e l a t i n g  Qe to unit  vo lume  of the  m a t e r i a l  we ob ta in  an 
e x p r e s s i o n  fo r  the  s t r eng th  of the  i n t e r n a l  s o u r c e  s o 

Qe /V = q = apace (t' -- ('), (6) 

w h e r e  e 0 is  a lways  nega t ive ,  s i nce  the e v a p o r a t i o n  p r o -  
e e s s  is  a s s o c i a t e d  with r e m o v a l  of hea t  f r o m  the m a -  
t e r i a l .  

C o m p a r i n g  (3) and (6), we obta in  

Zo=-- l / ( + E B i  + l ). (7) 

Thus,  the  coe f f i c i en t  of e f f i c i ency  of e x t e r n a l  m a s s  
t r a n s f e r  is  connec ted  by a s i m p l e  r e l a t i o n  with the  
phase  t r a n s f o r m a t i o n  p a r a m e t e r  and the Bi number .  

It fol lows f r o m  (7) tha t  the  hea t  supp l i ed  to the 
m o i s t  m a t e r i a l  wi l l  be c o m p l e t e l y  expended in evapo-  
r a t i o n  only in the  i so l a t ed  c a s e  when d i s p l a c e m e n t  of 
m o i s t u r e  in the  m a t e r i a l  t a k e s  p l ace  only in the l iquid  
phase  (e = 0). It is  ev ident  tha t  e0 wi l l  then r e a c h  i t s  

g r e a t e s t  abso lu t e  va lue ,  equal  to uni ty,  th is  o c c u r r i n g  
in the  cons t an t  d r y i n g  r a t e  pe r iod .  

1.t5 
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Fig .  1. Graph i ca l  i l l u s t r a t i o n  of r e l a t i o n  (10) 
f o r  a thin shee t  of c e l l u l o s e  a c c o r d i n g  to the  
da ta  of [171 ( A  = l n [ ( e  d + e/f i ) / (c  d + Clfi l)]): 
1) fo r  r = 1 .2 .103 sec ;  2) 2 .7 .  103; 3) 3 . 6 . 1 0  a. 

F o r m u l a  (6) m a y  be put in ano the r  f o r m ,  

q/a(rP2 = ~o (t' -- t"), 

or ,  going ove r  to d i m e n s i o n l e s s  v a r i a b l e s ,  

e = e0 (1 - -  0' - -  0% (8) 

Re tu rn ing  to r e l a t i o n  (5) and b e a r i n g  in mind  tha t  
dQe = - r d u ,  and dQ = (c d + c /~)dT" + rdfi, we obta in  

~o = - -  r d ~ / [ ( c ~  + c z - d  ) t i T "  + r d ~ ,  

or ,  b r i n g i n g  in the  in i t ia l  va lue s  of t e m p e r a t u r e  and 
m o i s t u r e  content ,  

% = - - [ 1 +  clT'ir d(T"/Ti)/dln, c~+Cd+CZUclu i ] -2 .  (9) 

Thus,  to c a l c u l a t e  the  coe f f i c i en t  of e f f i c i ency  of ex-  
t e r n a l  m a s s  t r a n s f e r  i t  i s  n e c e s s a r y  to know the  f o r m  
of the  funct ional  r e l a t i o n  

Y'  ( l n  c d + c z u  / T I  - r  (lO) 

which m a y  be  ob ta ined  f r o m  e x p e r i m e n t a l l y  d e t e r -  
mined  t h e r m o h y g r o g r a m s  of d ry ing ,  c u r v e s  of  v a r i a -  
t ion  of m o i s t u r e  content  and t e m p e r a t u r e  of the  m a -  
t e r i a l  with t i m e .  

A n u m b e r  of i nves t iga t ions  in th i s  d i r e c t i o n  have  
been  p e r f o r m e d  by  the au tho r s  of r e f e r e n c e s  [16, 17] 
under  mi ld  d r y i n g  cond i t ions ,  and it s e e m s  to us  that  
t h e s e  inves t iga t ions  ought to be  ex tended  in the  d i r e c -  
t ion of a c c u m u l a t i o n  of a p p r o p r i a t e  e x p e r i m e n t a l  da ta  
fo r  v a r i o u s  m a t e r i a l s  under  the  ac tua l  condi t ions  p r e -  
va i l i ng  in d r i e r s ,  t h i s  be ing  a b a s i s  upon which an 
a p p r o x i m a t e  d e s i g n  t h e o r y  could  be c o n s t r u c t e d .  

The d r y i n g  p r o c e s s  p r o c e e d s  in such a way that  
the p e r i o d  of cons t an t  d r y i n g  r a t e  o c c u r s  up to ~ c r  = 
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= 0.45 kg /kg ,  i . e . ,  e0i = - -  I. The next  pe r iod ,  which 
i s  c h a r a c t e r i z e d  by a r i s e  in the t e m p e r a t u r e  of the 
m a t e r i a l ,  m a y  be  d iv ided  into two s t ages ,  a s  ind ica ted  
by the s t r a i g h t  l i ne s  OB and BC in Fig .  1. The s lope  
of each s e g m e n t  is  n u m e r i c a l l y  equal  to the va lue  of 
the  d e r i v a t i v e  in (9). Thus,  fo r  the  next  two s t a g e s  
of d ry ing  we obta in  e0n ~ - -  0.963 and e0m = - -  0.777, 
r e s p e c t i v e l y .  Within each  p e r i o d  e 0 is  a cons tant ,  
which c o n s i d e r a b l y  f a c i l i t a t e s  the  subsequen t  ana ly -  
t i c a l  c a l cu l a t i ons .  

% 

/ 

S ,2; o~ 

at  
qz as  5 i 

Fig .  2. Dependence  of the  coef f ic ien t  of e f f i -  
c i ency  of e x t e r n a l  m a s s  t r a n s f e r  s0 on the 
in i t i a l  m o i s t u r e  content  ui for  g r a i n  d ry ing  
in a pneumat i c  pipe  acco rd ing  to the da ta  of 
[18] (sol id  l ines)  with Gi = 0.146 k g / s e c ,  and 
fo r  g r a i n  cool ing  in a bed  a c c o r d i n g  to the 
da t a  of [19] ~ r o k e n  l ines) :  1) with G2 = 0.148 
k g / s e c  and t i = 190 ~ C; 2) 0.437 k g / s e c  and 

190 ~ C; 3) 0.148 and 270. 

F i g u r e  1 shows the r e l a t i o n  ob ta ined  fo r  a cons tan t  
d r y i n g  r e g i m e ,  i . e . ,  f o r  cons t an t  t e m p e r a t u r e  and 
m o i s t u r e  content  of the  su r round ing  a i r .  I t  may  be  
showli f r o m  s i m p l e  c o n s i d e r a t i o n s  tha t  in the v a r i a b l e  
r e g i m e  the m a t e r i a l  t e m p e r a t u r e  wi l l  a lways  be  l e s s  
than in the  cons t an t  r e g i m e  involving a t e m p e r a t u r e  
equal  to the  in i t ia l  t e m p e r a t u r e  for  con t inuous ly  op-  
e r a t i n g  equipment .  M o r e o v e r ,  in the  cons t an t  r e g i m e ,  
which is  m o r e  s t ab le ,  the  f inal  m o i s t u r e  content  wi l l  

b e  a t t a ined  a t  a h i g h e r  m a t e r i a l  t e m p e r a t u r e  and in a 
s h o r t e r  t i m e  than in the  c a s e  of a v a r i a b l e  r e g i m e .  
T h e r e f o r e ,  a s m a l l e r  f r a c t i o n  of the  hea t  suppl ied  to 
the  m a t e r i a l  wi l l  be  expended in evapora t ion .  In c e r -  
t a in  c a s e s ,  however ,  the  inf luence of env i ronmen ta l  
f a c t o r s  on the va lue  of s 0 is  c o n s i d e r a b l e ,  a s  may  be 
s e e n  f r o m  Fig .  2, which shows c u r v e s  of the depen-  
dences  of s0 and ui under  d i f f e ren t  condi t ions  of d r y -  
ing of g ra in .  I t  i s  no tewor thy  tha t  v a l u e s  of e 0 fo r  
h i g h - i n t e n s i t y  d ry ing  p r o c e s s e s  in the  w e i g h t l e s s  
s t a t e  a r e  not  much d i f f e r en t  f r o m  those  fo r  a m i ld  
r e g i m e  of g r a i n  cool ing  in a dense  bed.  

Thus ,  the  e x p e r i m e n t a l  da ta  on the va lue  of the  
coe f f i c i en t  e 0 obta ined  in the  l a b o r a t o r y  d r i e r  u n d e r  
c o n s t a n t  cond i t ions  m a y  s e r v e  as  a b a s i s  for  des ign  
in the  f i r s t  a p p r o x i m a t i o n ,  thus  e n s u r i n g  a def in i te  
m a r g i n  of r e l i a b i l i t y .  

We wi l l  e xa mine  the d ry ing  p r o c e s s  in s o m e  con-  
t inuous ly  o p e r a t i n g  equ ipment  a s  be ing  a hea t  t r a n s f e r  
p r o c e s s  be tween  two hea t  c a r r i e r s - - t h e  d ry ing  agent  
and the m a t e r i a l  be ing  d r i e d  in the p r e s e n c e  in the 
l a t t e r  (denoted f r o m  now on by  the  s u b s c r i p t  2 o r  by 
two p r i m e s )  of a nega t ive  i n t e r n a l  hea t  sou rce .  The 
m a t h e m a t i c a l  d e s c r i p t i o n  of the p r o b l e m  is g iven  by 
the s y s t e m  of equat ions  d e r i v e d  in [19], which, t ak -  
ing (8) into account ,  has  the  d i m e n s i o n l e s s  f o r m  

O' = 1 - - 0 " ~ .  R~I dO" 
1 + eo dvx 

dO' 
O" = 1 -- O' -- - - - ,  ( n )  

dv~ 

w h e r e  the  l o w e r  sign r e f e r s  to the  c a s e  of eounter f low 
mot ion  of the hea t  c a r r i e r .  

The va lue  a p p e a r i n g  in (11) of the  r a t i o  of w a t e r  
equ iva len t s  of the  two hea t  c a r r i e r s ,  R21, is a v a r i -  
ab le  quant i ty  in the d r y i n g  p r o c e s s .  V a r i a t i o n  of R21 
i s  due to two f ac to r s .  F i r s t l y ,  r e m o v a l  of m o i s t u r e  
f r o m  the m a t e r i a l  o c c u r s ,  which c a u s e s  the  spec i f i c  
hea t  c a p a c i t y  to v a r y  downwards .  In addi t ion,  the 
m a s s  of the  m a t e r i a l  be ing  d r i e d  changes  in the  s a m e  
d i r ec t ion .  The r e s u l t  i s  that  the  w a t e r  equiva len t  W z 
of the  m a t e r i a l  may  d e c r e a s e  v e r y  c ons ide r ab ly .  Sec-  
ondly,  some  change in the  hea t  c apac i ty  and in the  
m a s s  of the  d ry ing  agent  o c c u r s  due to a b s o r p t i o n  of 
w a t e r  vapor .  As  a ru le ,  t h e s e  changes  a r e  sma l l ,  and 
we wi l l  a s s u m e  W 1 = cons t  in what  fo l lows.  

Since the  w a t e r  equiva len t  of the  m o i s t  m a t e r i a l  is  
d d Wz = G~ (c2 + c/~), 

P,21 = w # %  = o~6~/~'1 + o z ~ / u %  = ~ ,  + R ; ,  ~ ,  ( 1 2 )  

w h e r e  the  s u p e r s c r i p t  "d" r e f e r s  to abso lu t e ly  d ry  m a -  
t e r i a l .  

The amount  of m o i s t u r e  e v a p o r a t e d  f r o m  the  m a -  
t e r i a l  may  be  e x p r e s s e d  as  fol lows:  

x 

= - E 

r .) 
o 

or ,  going o v e r  to d i m e n s i o n l e s s  v a r i a b l e s ,  

V X  

~ (0" + O' 1)dv~. io =0 - = = - ~ - 

Rep lac ing  the e x p r e s s i o n  in p a r e n t h e s e s  a c c o r d i n g  to 
the  second  of Eqs.  (11) and in tegra t ing ,  we obta in  

~ I ~ = o - ~ =  c l s o ( d - - t i )  o ' .  ( 1 3 )  
rR~l 

Af t e r  r e p l a c i n g  ~ in (12) by i t s  va lue  f r o m  (13), we 
find an e x p r e s s i o n  fo r  

d * u  - -  R21= R~*+R21 ]vx=o c z % ( t l - - t i ) O ' / r ,  

subs t i tu t ion  of which in the  f i r s t  equat ion of (n) and 
so lu t ion  of that  with r e s p e c t  to 0' g ives  

O' = 1 - -  0" - -  ~, (d O"/dvx), (14) 
1 - -  • (d O"/dv~) 
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/ 

f 

/ ~t i ~i 
,f 

t 2 3 

Fig. 3. Graph of the integral ~d~/[1 + B~Texp(-~)] for  
0 

var ious  values of the p a r a m e t e r  B (the f igures 0n' the 
curves) .  
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where  

~ = +  ~ + R ~ , ~ L = 0  ~ = ~  ~v%(t '~-d)  (15) 
1 +% r(1 +%) 

a r e  constants ,  the actual  p a r a m e t e r s  of the drying p ro -  
cess .  

Replacing 0' in the second equation of (11) by its 
value f r o m  (14), we obtain, a f ter  t r ans fo rmat ion ,  

1+• + L) dv~ 

\ dv~ ] dv~ = O. (16) 

The nonl inear  s e c o n d - o r d e r  different ial  equation ob- 
tained de sc r ibe s  the heat ing p r o c e s s  fo r  a moist ,  thin 
(in the sense  of (1)) ma te r i a l  in a d r i e r  with para l le l  
mot ion of the ma te r i a l  and ' the  dry ing  agent,  under  the 
assumpt ion  of constant  %. If t he re  is apprec iab le  va r i -  
at ion of e 0 dur ing drying,  then Eq. (16) mus t  be used 
for  a zonal calculat ion,  the value of s 0 being taken as 
constant  in each zone, equal to its mean  value for  the 
given zone. 

The solution of (16) mus t  sa t isfy  the fol lowingbound- 
a ry  condit ions:  

fo r  d i r ec t  flow 

d 0" ] _ 1 
O" o,=o = o, ~ . o ~ = o  - --~-'  (17) 

for  counterf low 

~=o ~ ~=0-- ~ (18) 

Making the solution of (16) confo rm to boundary con-  
dit ions (17) and (18), we obtain 

v = / i - - I f - -  1 + B ~ e - ~  I + B ~ e - ~ '  
0 0 

where  ~ = x(1 - 0") - X and in the case  of d i rec t  flow 

h = u - x ,  ~f  = ~ ( l  - 0 ~ ) - ) , ,  (20) 

in the counterf low case  

~ i =  • - -  Of)-- Z,, ~k = •  (21) 

while 

Bdi r=~- -exp(~- -~) ,  Bctr = + e x p [ •  �9 (22) 

We compi led  a table of the integral  I, the r e su l t s  being 
shown graphica l ly  in Fig. 3, by using which, for  known 
x ,  k and 0~ r, we may  de te rmine  the value of the d imen-  
s ion less  coord ina te  v (negative values  of B in Fig. 3 
r e f e r  to the counterf low case) .  

F r o m  the re la t ions  given above we may  find the con-  
nect ion between the d imens ion less  t e m p e r a t u r e s  of the 
dry ing  agent and of the mate r i a l ;  because  of l imi ta t ions  
of space  we omit  the in te rmedia te  calculat ions ,  and 
give only the final resul t :  

fo r  d i r ec t  flow 

O' = ~ [1 -- exp (--  ~O")], (23) 

for  counterf low 

0" ---- k { 1 - -  exp [~ (0'~-- 0")l}. (24) 

Thus,  in eons t r a s t  with the usual  r egene ra to r s ,  which 
a re  c h a r a c t e r i z e d  by a l inear  re la t ion  between the 
t e m p e r a t u r e s  of the heat  c a r r i e r s ,  this  re la t ionship  
is exponential  fo r  drying.  

Whereas  the ma te r i a l  t empe ra tu r e  in counterf low 
may  attain, in the l imit ,  the t e m p e r a t u r e  of the d r y -  
ing agent,  the highest  t e m p e r a t u r e  of the ma te r i a l  in 

? I? 

d i rec t  flow is t~' -< tf  o r  1 - Of >_ Of. 
Substituting 0~ f r o m  (23) in the las t  express ion ,  we 

obtain the inequality 

1 - -  e~ > ~  [1 - -  exp (-- ~0~)], (25) 

f r o m  which, fo r  known constant  values  of ~ and ~r we 
may  find the l imit ing pe rmi s s ib l e  t e m p e r a t u r e  for  
d i r ec t  flow of the heat  c a r r i e r s .  

If the water  equivalent  of the dry ing  agent  is infin- 
itely l a rge  (W l ~oo),  which co r r e sponds  to the con-  
dition that  its t e m p e r a t u r e  r ema ins  constant ,  then, 
a f te r  introducing the new independent va r i ab le  u x = 
= O~Fx/Wd = Rdzvx, and rep lac ing  Vx in (16), we ob- 
tain, accord ing  to this relat ion,  lett ing Rzl tend to 
ze ro  and a s suming  X = 0, as  may  be seen  f r o m  (15) 

1 ] d20" x ( dO" ~ =  O. (26) 
l + x ( l _ 0 . ) _ l j  du~ -- \ dux ] 

The solution of (26), sa t i s fy ing  the boundary  con-  
di t ions 

I dO" I -b% 
0" ---- 0, (27) 

ux=o dUx Ux=O 1 + c l / ~  ' 

will be 

where  

u = i + eo [Ei.(~ i) - -  Ei (~f)], (28) 

(29) 

Replacing 0' in (13) by its value f r o m  (23), we obtain 
an express ion  for  the r emova l  of mo i s tu re  f r o m  the 
ma te r i a l  with d i r ec t  flow of the heat  c a r r i e r s  

u i - - u  ~ (c~/c I +ui) [1  - -  exp(-- • (30) 

and with counterf low, taking into account  that  R~I 
changes  its s ign in (13), 

d 
u - - u f = ( c ~ / c  z + uf) { 1 - -  exp[-- • (Of-- O")I}, (31) 

i. e . ,  the d e c r e a s e  of mo i s tu re  content  dur ing drying 
is an exponential  function of t empera tu re .  

It is of in te res t  to c o m p a r e  the d i r ec t  and the coun-  
terf low dr ie r .  We will  make  the c o m p a r i s o n  in t e r m s  
of the amount  of m o i s t u r e  evapora ted  at equal values  
of wa te r  equivalents,  coeff ic ients  of eff ic iency of ex- 
t e rna l  m a s s  t r ans fe r ,  and d imens ion less  t e m p e r a t u r e  
of the mate r ia l .  
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If we examine  the d r i e r  as  a whole (8" = 0), e x -  
p r e s s i o n  (31) may  be t r a n s f o r m e d  into 

- [ c~ - \ 1 --exp(uOf) (31a) + " 

Thus,  for  equal  va lues  of the in i t ia l  m o i s t u r e  conten ts  

(AU)di r / ( 5 U ) c t r  - - 2 - - e x p ( •  r 0f). (32) 

It may  be s een  f r o m  (32), that  the lef t  s ide  of th is  
r e l a t i o n  is a lways  g r e a t e r  than unity,  i. e . ,  the d e -  
c r e a s e  in m o i s t u r e  content  in d i r e c t  flow is g r e a t e r  
than in counter f low,  if  the t e m p e r a t u r e  to which the 
m a t e r i a l  is hea ted  in the d r i e r  is  i den t i ca l  in both 
ca se s ,  and the va lues  of e0, which d e t e r m i n e  the v a l -  
ues of ~ (see  (15)), a r e  a l so  equal .  As r e g a r d s  con-  
d i t ions  of cons tan t  e 0 in the  two v a r i a n t s  of mutua l  
d i r e c t i o n  of mot ion  of d r y i n g  agent  and m a t e r i a l ,  the  
p i c tu r e  is not quite c l e a r ,  s ince  t r a n s i t i o n  f r o m  one 
v a r i a n t  to the  o t h e r  is  a s s o c i a t e d  with a change in 
d ry ing  r e g i m e ,  o the r  condi t ions  be ing  equal .  Thus,  
in a t r a n s i t i o n  to counter f low in the  f i r s t  s t age  of d r y -  
ing, the p r o c e s s  wi l l  p r o c e e d  under  m i l d e r  condi t ions  
(high humid i ty  of the d ry ing  agent ,  low t e m p e r a t u r e ,  
and a l a r g e  va lue  of the  c r i t i c a l  humidi ty)  than in the 
f inal  s tage ,  which is c h a r a c t e r i z e d  by m o r e  r i g o r o u s  
d ry ing  r e g i m e s .  The to ta l  ef fec t  o v e r  the whole  p r o -  
c e s s  may  be  d i f fe ren t ,  but,  b e a r i n g  in mind  what  has  
been  sa id  about the inf luence of the  r e g i m e  f a c t o r s  on 
e0, we may  a s s u m e  tha i  no s u b s t a n t i a l  d i f f e r en c e  in 
the va lue s  of a 0 wi l l  be o b s e r v e d  in counte r f low as  
c o m p a r e d  with d i r e c t  flow. 

At low va lues  of m a t e r i a l  m o i s t u r e  content ,  fo r  
which the va lue s  of e 0 and (co r respond ing ly )  the va lue  
of ~ is s m a l l ,  the  exponent  on the r igh t  s ide  of (32) 
wi l l  d i f fe r  l i t t l e  f r o m  unity.  The h i g h e r  the humid i ty  
of the m a t e r i a l ,  the g r e a t e r  the advan tage  of d i r e c t  
flow d ry ing  equipment .  

T h e s e  advan tages  a r e  e s p e c i a l l y  no tewor thy  when, 
f r o m  techno log ica l  c o n s i d e r a t i o n s ,  the  m a t e r i a l  c an -  
not be  hea ted  above s o m e  m a x i m u m  t e m p e r a t u r e  o r  
o ther .  

If t h e r e  is no such l imi t ,  then the e f f ec t i vene s s  of 
eounte r f low may  be a p p r e c i a b l y  i n c r e a s e d  by mak ing  
use  of the b a s i c  advan tage  of th is  v a r i a n t - - t h e  p o s s i -  
b i l i t y  of hea t ing  the m a t e r i a l  to a h ighe r  t e m p e r a t u r e .  

The des ign  method  d e s c r i b e d  has  been  v e r i f i e d  
e x p e r i m e n t a l l y  by a n u m b e r  of au tho r s  who have in-  
v e s t i g a t e d  the d ry ing  of d i s p e r s e  m a t e r i a l s  in the 
w e i g h t l e s s  s t a t e ,  as  wel l  as  of thin p i e c e s  and s h e e t s  
of m a t e r i a l s  in convec t ive  d r i e r s  of  the o r d i n a r y  type.  
The r e s u l t s  of th is  ve r i f i c a t i on ,  which a r e  the  sub -  
]ect  of a fo r thcoming  publ ica t ion ,  have p roved  the ef -  
f e c t i v e n e s s  of the above method  of ca l cu la t ion ,  the  
s p e c i a l  f e a t u r e  of which is the d e s c r i p t i o n  of the e n t i r e  
p r o c e s s  by only two e m p i r i c a l  coe f f i c i en t s ,  s 0 and ~. 

In conclus ion ,  it  should  be pointed out that  the hea t  
t r a n s f e r  coef f ic ien t  e n t e r i n g  into the d i m e n s i o n l e s s  
c o o r d i n a t e  v x (or  Ux) in the d r y i n g  p r o c e s s  m a y  change  
qui te  c o n s i d e r a b l y .  One should t h e r e f o r e  in t roduce  
m e a n  va lues  of th is  coef f i c ien t  fo r  each computa t iona l  

zone,  d e t e r m i n e d  f r o m  the a p p r o p r i a t e  e r i t e r i a l  r e l a -  
t ions  fo r  the  m o i s t  m a t e r i a l ,  a s  g iven  in [12]. If we 
a s s u m e  the va lue  of ~ fo r  a l l  the  d ry ing  s t a g e s  to be 
that  fo r  "d ry"  hea t  t r a n s f e r ,  then  the r e s u l t  obta ined  
f r o m  such a ca l cu l a t i on  wi l l  have a def in i te  m a r g i n  
of r e l i a b i l i t y .  

NOTATION 

is the  m e a n  m o i s t u r e  conten t  o v e r  vo lume  of 
body; F and V a r e  the a r e a  and vo lume  of body; R is 
the  h a l f - t h i c k n e s s  of p la te ;  a is the  a r e a  of unit  m a s s  
of m a t e r i a l ;  G is the  m a s s  flow ra t e ;  c is  the  hea t  
capac i ty ;  vz is  the  hea t  t r a n s f e r  coef f ic ien t ;  p is  the 
dens i ty ;  W = cG; Rzl = Wz/Wl;  0' = (t '  - t~)/(t~' - t~); 
0" = ( t ! ' -  t " ) / ( t ~ ' -  t~); e = q / a a p z ( t  i - t~'); v x = a F x /  
/Wl ;  1~2"i = c /G~/Wt;  Ux = ~ F x / W d ;  r is  the  l a t en t  hea t  
of evapora t ion ;  n and h - - s e e  (15); s is  the p e r i m e t e r  
of body; x is a coo rd ina t e .  S u b s c r i p t s  i and f r e f e r ,  
r e s p e c t i v e l y ,  to the in le t  and out le t  of the  equipment ;  
c r  is  c r i t i c a l ;  l is  l iquid.  S u p e r s c r i p t  d r e f e r s  to the  
a b s o l u t e l y  d r y  m a t e r i a l ;  1 o r  one p r i m e  r e f e r s  to the  
d ry ing  agent ,  2 o r  two p r i m e s - - t o  the  m a t e r i a l .  
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