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A method is p roposed  for  calculat ing the ra te  and the t ime of the convect ive des icca t ion  
p r o c e s s  in pa ra l l e l - f low and in counterf low appara tus ,  using the kinet ic  constants  based  
on des icca t ion  with a drying agent  whose p a r a m e t e r s  r e m a i n  constant .  The theore t ica l  
p r inc ip les  and the expe r imen ta l  ve r i f i ca t ion  of this method a re  desc r ibed .  

Modern methods of calculat ing the r a t e  and the t ime  of convect ive des icca t ion  as well as mod e rn  r e -  
s e a r c h  concerning the attendant hea t  t r a n s f e r  encompass  only those p r o c e s s  modes  where  the p a r a m e t e r s  
of the drying agent  r e m a i n  constant  throughout [1-7]. 

In indust r ia l  convect ive  cont inuous-opera t ion  appara tus ,  as a resu l t  of the heat  t r a n s f e r  between 
dr ied  m a t e r i a l  and drying agent,  the p a r a m e t e r s  ( t empera tu re  and humidity) of the drying agent  v a r y .  
T h e r e f o r e ,  the dr ied  m a t e r i a l  inside the appara tus  is  in contact  with a drying agent  of va r i ab le  p a r a m -  
e t e r s .  Th i s  makes  it difficult  to ex t rapo la te  the tes t  data  obtained for  a p r o c e s s  with constant  p a r a m e t e r s  
to a p r o c e s s  with va r i ab l e  p a r a m e t e r s  in actual  d e s i c c a t o r s .  

Th is  study is an extension of the e a r l i e r  one [8] and an engineer ing method will be developed he re  for  
calcula t ing the des icca t ion  ra te  and t ime  in pa ra l l e l - f low and in eounterf low convect ive appara tus ,  the r e -  
su l t s  then being checked out expe r imen ta l ly .  

The  following assumpt ions  a r e  made  for  the der iva t ion  of fo rmulas :  

1. The  des icca t ion  p r o c e s s  inside a drying chambe r  is a lmos t  adiabat ic .  The mean  t e m p e r a t u r e  of 
the drying agent and the mean  m o i s t u r e  content in the m a t e r i a l  at any des i cca to r  sect ion a r e  re la ted  ap-  
p rox ima te ly  according  to Eqs .  (1)-(3) [8]: 

for  pa ra l l e l  flow 

T~ - -  r = o, (1) 
~ - - T f  

for  counterf low 

- -  := i--o, (9.) 

Ti--rf 

O = u t - - u  (3) 
ui--~' f 

2. The des icca t ion  p r o c e s s  cons i s t s  of two s tages  cor responding  to two dif ferent  ranges  of the m o i s -  
tu re  content in the dr ied  m a t e r i a l :  the f i r s t  s tage Ucr 1 _< u _< u i with the m a t e r i a l  at an approx imate ly  con-  
s tant  t e m p e r a t u r e  and the second s tage  u e _< u _ Ucr t with the t e m p e r a t u r e  of the m a t e r i a l  r i s ing .  The 
second s tage genera l ly  b reaks  down into two per iods :  the f i r s t  per iod  when Ucr 2 _< u _< Ucr 1 and the second 
per iod  when u e _< u _ Ucr 2. T h e r e  is  no warmup  per iod .  
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3. The c r i t i c a l v a l u e s  o f m o i s t u r e  content Ucr i and Ucr 2 do not depend on the p r o c e s s  mode and r e -  
main  the s a m e  for  a given m a t e r i a l ,  whether  the p a r a m e t e r s  of the drying agent r e m a i n  constant  or  va ry .  

4. The exp res s ions  for  the re la t ive  des icca t ion  ra te  at constant  p a r a m e t e r s  of the drying agent  a r e  
val id a lso  when those p a r a m e t e r s  v a r y  dur ing the p r o c e s s ,  namely  [4, 6]: 

whenuem_< u _ u i 

=~ 1, (4) 

when Uer 2 _< u _ Ucr  i 
du 

d~ 
~ =  N - [1 - -  X~(ucrl--u)l, (5) 

w h e n  u e _< u -< Ucr  2 

du 

dr 
= - F  = - -  x ~  ( u  - -  %). (6) 

5. During the f i r s t  s tage of the p r o c e s s  the des icca t ion  ra te  depends on the p a r a m e t e r s  of the drying 
agent as follows [5]: 

N = k (~Jp)n (T - -  TM). (7) 

6. The flow ra te  of the drying agent and the c r o s s  sec t ion  of the appara tus  a re  a s sumed  constant .  
Changes in the m a s s  flow ra te  of the drying agent  due to evapora t ion  of mo i s tu re  from. the dr ied  m a t e r i a l  
will be d i s r ega rded .  The re la t ive  des icca t ion  ra te  under  conditions (4)-(6) with va r i ab le  p a r a m e t e r s  of the 
drying agent  is  defined as the ra t io  of the des icca t ion  ra te  at a given appara tus  sec t ion  to the des icca t ion  
ra te  during the f i r s t  s tage under  ex te rna l  conditions cor responding  to this appara tus  sec t ion .  

It mus t  be noted that the choice of fo rmu la s  (4)-(6) for  the re la t ive  des icca t ion  ra te  is d ic ta ted by the 
de s i r e  to obtain the s i m p l e s t  poss ib le  exp res s ions  for  the des icca t ion  ra te  and t ime  when the p a r a m e t e r s  
of the dry ing  agent a re  va r i ab l e .  They contain the min imum number  of constants  to be de te rmined  by t e s t s .  
The use  of other  fo rmulas  for  the re la t ive  des icca t ion  ra te  as those in [5], for  example ,  leads genera I ly  
to d i f ferent ia l  equations which a re  difficult  to in tegra te .  

A re la t ion  between the des icca t ion  ra te  and the re la t ive  moi s tu re  content during the f i r s t  s tage of the 
p r o c e s s  with va r i ab le  p a r a m e t e r s  of the drying agent can be eas i ly  es tab l i shed  on the bas i s  of conditions 
(1)-(4) and (7): 

for  pa ra l l e l  flow 

for  counterf low 

N = N i [1- - (1  --e)O], (8). 

N*= Nd8 + (1 - -  8) % (9) 

Consider ing that N = - d u / d ~ -  and e x p r e s s i n g u i n  t e r m s  of 0 according  to fo rmula  (3), we obtain equa-  
tions which desc r ibe  the des icca t ion  ra te  during the f i r s t  s tage:  

for  pa ra l l e l  flow 

dO0 = _ N ~  [1 - - ( 1 - - 8 ) ~ 1 ~  (10) 
d~ ui---uf 

for  counterf low 

dO N i  

dT~ u i --uf 
[8 -~ (i  - -  8) % (11) 
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Fig. 1. Curves  of r e l a -  
tive des icca t ion  ra te :  
f i l te r  paper  (1), a sbes -  
tos sheet  (2), lead ch ro -  
mate  paste (3). Relative 
mois tu re  content U/Ucr t.  

In Eqs .  (10), (11) e denotes the uti l ization fac tor  of the desiccat ion 
potential  defined as the rat io:  

8 == Nf  _ ~e, __ TM ( 1 2 )  

Ni 7i: - -  T .  

Integrating (10) and (11), we obtain formulas  for  calculating the 
des iccat ion  curve for  the f i r s t  stage of the p rocess  with var iable  pa r am-  
e te r s  of the drying agent: 

for  para l le l  flow 

/-/1_ "~Ni ~ .  2.3 log[ l ] 
u i - -u  f l - - e  l - - ( l - - e ) O  ' (13) 

for  counterf low 

/-/. =_ x*Ni_ = 2.__.3 e log [ e  + (1.--8)0 1 (14) 
ui--u f I-- e " 

The length of the f i r s t  stage will follow f rom (13) and (14) at 0 = 0cr 1. The 
value of 0cr 1 is calculated according to the formula  

0cn= U~.  UcLI " (15) 
U~ --Uf 

In o rde r  to der ive  formulas  for  the des iccat ion  ra te  and t ime in the f i r s t  per iod of the second stage 
of the p rocess ,  we will wri te  condition (5) in new var iables  with u expres sed  in t e r m s  of 0 according to 
fo rmula  (3): 

dO 

dx 
(ui - -  uf) ~ = 1 --  y~* (0 --0Cn ). (16) 

Inser t ing express ions  (8) and (9) for  N into (16), we obtain a formula  for  the desiccat ion ra te  during 
the second stage of the p roce s s  with var iab le  p a r a m e t e r s  of the drying agent: 

fo r  pa ra l l e l  flow 

dO _ Ni [1 --(1 ~ 8)0][1 - -  X* (0--  Ocrx)], (17) 
d% ui--uf 

for  counte rf iow 

d__0 = Ni-s- [ e +  (1 - -  8) 0It1 - -  X~ (0 - -  0dn)t. (18) 
ate' u ~ - u f  

Integrating (17) and (18), we obtain formulas  (19) and (20) which will yield desiccat ion curves  for  the 
f i r s t  per iod  of the second stage with var iab le  p a r a m e t e r s  of the drying agent: 

for  pa ra l l e l  flow 

IZ,= %Ni, 2 .3 .  f f  1 - - ( I - - e ) 0  Jr 1 ]} (19) 

for  counterf low 

2.3, ( f e + ( l - - e ) 8  1 ]} 
�9 ~Ni _ - r ~ ' ~  - ~  ~ 1[  _ x~( ~ -  %~i (2o) H*=:ui--u { & | Le+(1  --O06d][ 1 

A~, and • a re  calculated according to the formulas :  

a l = x *  [l . (1  ~'OOcr~l--(I--0, 
A* ---- X* [e + (1 e) 0~ i ] + (1 - -  O, 

Xl ~. =:  Xl(Ui . - -  Uf.) 

The numer ica l  values  of At, 

(21) 

(22) 

(23) 
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TABLE I. Constants for Calculating the Desiccation Rate and 
T i m e  fo r  Va r i ous  M a t e r i a l s  

Indicators 

ecimen dimenfions, mm 
ickness, mm 

Initial moisture content, kg/kg , 
First critical moisture leveT, 1/g/kg 
Second critical moisture ~vel, kgVkg 
Rate coefficients: 

x~ 
Desiccation modes: 
Blow rate, kg/m z. sec 
Process temperature, T ~ K 

;as0estos I Grade F-1 
sheet [ filter paper 

50)< 100 67X83, 1,5 20 
0,6 1,8 
0,32 1, l 
0,07 0,9 

1,8 2 
7,25 0,67 

1,8 ~ 3,0 
373--525 373--473 

Ye 1low 
lead 
chromate 

~I00 )< i00 
20 
1,0 
0,2 

4 

3,0 
373--673 

F o r m u l a s  (19) and (20) a r e  va l id  when A 1 and Ai* a re  not  equal  to z e r o .  The  length of the f i r s t  pe r iod  
of the second  s tage  is e a s i l y  d e t e r m i n e d  f r o m  (19) and (20) by le t t ing 0 = 0er2, whe re  Oer 2 is  def ined as fo l -  
lows:  

Ocr~ "ui - -  Ucr~. (24) 
u i --uf 

Analogous ly ,  f r o m  condi t ions  (6), (8), and (9) we obtain  f o r m u l a s  fo r  the d e s i c c a t i o n  ra te  ill the 
second  pe r iod  of the second  s tage  with v a r i a b l e  p a r a m e t e r s  of the d ry ing  agent :  

f o r  p a r a l l e l  f low 

d_66 = N i X*[1 - - ( I  - -  e) Ol(kx-- O), (25) 
dh  u i - u f  

f o r  coun te r f low 

d O  _ A i X? [e + (l  - -  8) 0](kl--0).  (26) 
d** u i - u f ~  

In teg ra t ing  (25) and (26), we obta in  f o r m u l a s  which wil l  y ie ld  d e s i c c a t i o n  c u r v e s  f o r  the s econd  
pe r iod  of the second  s t age :  

f o r  p a r a l l e l  flow 

H3= hNi 2.3 I l l - - ( 1 - - e ) 0  l[kx - -  0.cr21/ 
u i -uf . -- Aa--~ log L Lf ~ i------8~:r~l L k--~-O J j '  (27) 

f o r  coun te r f low 

The  va lues  of A2, 

//~= ~'u A'X*2'3 logfr ]rk,-0crg  

A*, k i, and ~ a r e  ca lcu la ted  a c c o r d i n g  to the f o r m u l a s :  

(28) 

A 2 = 1 - -  k1( i - -  e), (29) 

A~' = 8 + k1(l - -  8), (30) 

kl . u i--___u_e , (31) 

U i - -u f  

X* ----~ X~(ai--uf). (32) 

F o r m u l a s  (27) and (28) a r e  val id  when A 2 and A~' a r e  not  equal  to z e r o .  

Thus ,  the de r ived  f o r m u l a s  make  it poss ib l e  to plot  a d e s i c c a t i o n  c u r v e  fo r  the p r o c e s s  with v a r i a b l e  
p a r a m e t e r s  of  the d ry ing  agent :  f o r m u l a  (13) o r  (14) for  the i n t e r v a l  0c r  1 _> 0 m 0, f o r m u l a  (19) o r  (20) f o r  
the i n t e r v a l  0or  2 ~_ 0 >_ 0cr l ,  and f o r m u l a  (27) o r  (28) f o r  the i n t e rva l  1 >- 0 >_ • 
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o 2 3 0  f 2 fl 

Fig. 2. D imens ion less  des icca t ion  cu rves .  (A) P a r a l l e l  flow: f i l te r  
p a p e r  T i = 435~ T f  = 373~ T M = 321~ vp = 3.0 k g / m  2" see  (1, a ) ,  
a s b e s t o s  sheet  T i = 583~ T f  = 373~ T M = 330~ vp = 1.8 k g / m  2 
�9 sec  (2, b), yel low lead ch roma te  T i = 598~ Tf  = 398~ T M = 331~ 
vp = 3.0 k g / m  z" sec  (3, c). (B) Counterflow: f i l te r  pape r  T i = 473~ 
T f =  383~ T M = 321~ vp =3 .0  k g / m 2 * s e e  (1, a), a sbes to s  sheet  T i 
-- 505~ T f  = 3660K, T M = 324~ vp = 1.8 k g / m  2"sec  (2, b). The 
solid cu rves  a r e  based on fo rmu la s  (13), (14), (19), (20), (27), (28), 
the dots r e p r e s e n t  tes t  points .  

The  total  d e s i c c a t i o n  t ime  within the in terva l  1 ~ 0 ~_ 0cr 2 is  ca lcula ted  as  follows: 

fo r  pa ra l l e l  flow 

/7 ~ TNi _ 2.3 log --(ll-  e)0cr A1 i - .  , + 2.3 log i " (l - -  .) Ocr,l 

[ , ]} 
• l__Z*(0cr~_0cn) +A--2~-~ l~ l _ _ ( l _ _ e ) 0 c n j [ ~ ] j '  

for  counterf low 

(33) 

u i --uf 1 - - e  T + - - ~ -  log l[  ~-~ (1 - -  e)ecn ] 

1 

+  ,og + (i L k-Tc  l j  (34) 

The obtained fo rm u l a s  become  much s i m p l e r  when Ucr I = Ucr2, i .e. ,  when 0 c r  1 = 0cr 2 and X~ = X~. 

The fo rmulas  were  ve r i f i ed  expe r imen ta l ly  with va r ious  moi s t  m a t e r i a l s  in va r ious  des icca t ion  
modes .  

F o r  spec imens  we se lec ted  a sbes tos  sheets  1.5 m m  thick, grade  F-1 f i l te r  paper ,  and yellow lead 
ch roma te  pas te .  All spec imens  were  dr ied  conveet ively  on both s ides  in the l abora to ry  appara tus  which 
had been desc r ibed  e a r l i e r  in [8]. 

In the f i r s t  tes t  s e r i e s  the spec imens  were  dr ied with the p a r a m e t e r s  of the drying agent set  at 
va r ious  va lues ,  in o r d e r  to thus de te rmine  the bas ic  kinet ic  constants  X~, )/2, Ucr~, and Uer 2 needed for  
calculat ing the des icca t ion  t ime with va r i ab le  p a r a m e t e r s  of the drying agent.  

In Fig. 1 is shown the re la t ive  des icca t ion  ra t e  for  a sbes tos  (curve 2),for yel low lead ch romate  
(curve 3), and for  f i l t e r  pape r  (curve 1), plotted according to fo rmulas  (4), (5), and (6). The values  of 
the bas ic  constants  were  ca lcula ted  f r o m  the des icca t ion  cu rves  for  fixed p a r a m e t e r s  of the drying agent 
by the method which had been proposed  in [4], and these  va lues  a re  shown in Table  1. The accu racy  of the 
va lues  obtained for  X1 and X2 was checked by compar ing  the t es t  curves  with the calcula ted curves  in the 
case  of a drying agent with fixed p a r a m e t e r s .  The calcula ted values  deviated f r o m  the t es t  points by not 
m o r e  than 10%. 

The  functional re la t ion,  according to fo rmula  (7), between the des icca t ion  ra te  and the p a r a m e t e r s  
of the dry ing  agent during the f i r s t  s tage of the p r o c e s s  in the constant  mode was ver i f i ed  exper imen ta l ly  
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fo r  each m a t e r i a l .  The m a s s  flow ra te  of drying agent was held constant  for  each m a t e r i a l  during d e s i c c a -  
tion with e i ther  fixed or  va r i ab le  p a r a m e t e r s  of the drying agent.  This  made it poss ib le  to de te rmine  the 
des icca t ion  ra te  Ni, co r responding  to the initial  va lues  of va r i ab le  p a r a m e t e r s  of the drying agent, d i rec t ly  
f r o m  the t es t  data  per ta in ing  to the p r o c e s s  with the p a r a m e t e r s  of the drying agent  fixed. 

The values  of the kinetic constants  desc r ib ing  the des icca t ion  ra te  in the f i r s t  and the second per iod 
of the second s tage,  as  a lso  the values  of the c r i t i ca l  m o i s t u r e  levels ,  were  found to be independent of the 
p r o c e s s  mode for  each  of the tes ted  m a t e r i a l s .  

In the second tes t  s e r i e s  s i m i l a r  spec imens  were  dr ied in va r ious  pa ra l l e l - f low and counterf low p ro -  
c e s s  modes .  Des icca t ion  with va r i ab le  p a r a m e t e r s  of the drying agent was achieved by the method which 
we had proposed  e a r l i e r  in [8]: during an adiabat ic  des icca t ion  of a s t a t ionary  tes t  spec imen  of mois t  m a -  
t e r i a l  the t e m p e r a t u r e  of the drying agent was va r i ed  automat ica l ly  accord ing  to re la t ion  (1) in the p a r a l l e l -  
flow mode and according to re la t ion  (2) in the counterf low mode by means  of a spec ia l  t rack ing  sy s t em.  
The humidi ty of the drying agent was regulated with r e fe rence  to the wet-bulb t empera tu re ,  while the l a t t e r  
was held constant  in any given tes t  by addition of wa te r  vapor  to the drying agent .  

The des icca t ion  curves  in d imens ion less  coordinates  H = f(8), which are  shown in Fig. 2A, B for 
va r ious  p r o c e s s  modes ,  have been calculated according to fo rmu la s  (13), (14), (19), (20), (27), (28), and 
da ta  f r o m  Table  1. The warmup  per iod was e l iminated for  the c o m p a r i s o n  between calcula ted and m e a s u r e d  
va lues .  The m a x i m u m  deviat ion of tes t  points f r o m  calcula ted values  did not exceed *!2~c and, evidently,  
depended on the kinetic constants  used  for  the ca lcula t ions .  

For  calculat ing the des icca t ion  t ime in pa ra l l e l - f low and in counterf low modes ,  there fore ,  one may  
use  the kinetic constants  which apply to the p r o c e s s  with constant  p a r a m e t e r s  of the drying agent  and which 
can be eas i ly  de t e rmined  in single tes t s  with s imple  l abo ra to ry  appara tus  with those p a r a m e t e r s  held 
fixed.  

ui 
U 

uf 
Ue 
T i 
T 

T f  
Uc rl 
Ucr2 

N 

X1, X2 

V 

P 

T M 
Ni, Nf 

g 

n = rNi/(ui-u f) 
I"I* = T *Ni/(ui-uf) 

T~ 
T2~ T 3 

NOTATION 

is the initial  m o i s t u r e  content, k g / k g ;  
is  the instantaneous mo i s tu r e  content,  k g / k g ;  
is  the final m o i s t u r e  content, k g / k g ;  
is the equi l ibr ium moi s tu re  content, k g / k g ;  
Is the init ial  t e m p e r a t u r e  of drying agent, ~ 
is the instantaneous t e m p e r a t u r e  of drying agent, ~ 
m the final t e m p e r a t u r e  of drying agent, ~ 
m the f i r s t  c r i t i ca l  m o i s tu r e  level ,  k g / k g ;  
xs the second c r i t i ca l  m o i s t u r e  level,  k g / k g ;  
m the re la t ive  des icca t ion  ra te ;  
~s the des icca t ion  ra te  during the f i r s t  s tage under  constant  ambient  conditions, kg 
/kg .h; 
a re  the re la t ive  des icca t ion  coeff icients  for  the f i r s t  per iod and the second per iod  
r e spec t ive ly  of the second s tage;  
is the l inear  veloc~ity of the drying agent, m / s e c ;  
is the densi ty  of the drying agent, kg /m3;  
is the wet-bulb t e m p e r a t u r e ;  
is  the des icca t ion  ra te  of moi s t  ma t e r i a l  during the f i r s t  s tage,  at the init ial  and the 
final t e m p e r a t u r e  of the drying agent r espec t ive ly ,  k g / k g  "h; 
is the ut i l izat ion fac to r  of the drying agent;  
is the d imens ion less  t ime p a r a m e t e r  for  pa ra l l e l - f low des icca t ion ;  
is  the d imens ion less  t ime  p a r a m e t e r  for  counterf low des icca t ion;  
is  the des icca t ion  t ime during the f i r s t  s tage in pa ra l l e l  flow, h; 
is the des icca t ion  t ime during the f i r s t  s tage in counterflow, h; 
a re  the des icca t ion  t ime in the f i r s t  and the second per iod  of the second s tage  in 
pa ra l l e l  flow, h; 
a r e  the des icca t ion  t ime  in the f i r s t  and the second per iod  of the second s tage in coun- 
terf low, h; 
is the re la t ive  change in mo i s tu r e  content.  
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