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A moving bed of moist dispersed material is treated as a continuous 
medium in investigation of the temperature field and as a discrete 
medium in the determination of the moisture content field. A simpli- 
fied combined transport system is presented. 

In the solut ion of a number  of p roblems associa ted 
with the s imula t ion  of technological  p rocesses  of 
heat and m a s s  t r a n s f e r  it is nece s sa ry  to cons ider  a 
moving bed of d i spersed  ma te r i a l .  Two approaches 
are  poss ible :  f i r s t ,  the un iversa l ,  na tura l  models  of 
combined heat and mass  t r a n s f e r  invest igated by 
A. V. Luikov [1], based on which the p rob lem has been 
formulated and solved for a fixed bed with allowance 
for the  in t rapar t i c le  potential  d is t r ibut ion;  and second, 
the approach in  which the par t i c les  a re  assumed  smal l  
enough so that it  is poss ib le  to neglect  the t r anspor t  
potential  gradients ,  and to t r ea t  the bed as a continuum, 
the calculat ions being based on the equations of heat 
t r a n s f e r  with sources .  In this case the sources  are  
ra the r  difficult to express  analyt ical ly ,  especia l ly  
when dis tr ibuted,  as a r e su l t  of which it  is more  often 
than not n e c e s s a r y t o  r e s o r t  to empi r i ca l  formulas  [2]. 

For  some m a t e r i a l s  the t empera tu re  gradients  
a re  indeed so smal l  that they can be neglected, where-  
as the moi s tu re  content gradients  are  not, with the 
mois tu re  diffusion coefficient  am,  which depends on 
t empera tu re  and mois tu re  content, playing a decis ive  
par t  in the drying p rocesses .  Thus it is poss ib le  to 
wri te  a s implif ied combined t r anspor t  sys tem,  r e t a in -  
ing for the t empera tu re  the equation of heat t r ans fe r  
with a d is t r ibuted  source  without allowance for the 
heat fluxes associa ted with the the rmal  conductivity of 
the bed, and for the mois tu re  content the equation of 
convective diffusion. 

Starting from the in te rna l  energy t r anspor t  equa- 
t ion [1] 

0 (~i P:h,) = d i v ( U v t ' - - d i v ( ~ h i J i )  +I+, 
OT , 

where the summat ion  is made over all  the components,  
with allowance for the continuity equation 

Op~ - - - d i v J ~ + l i ,  
Ox 

and the following equations:  

J~=ps p~=u~' ,  I1=--I2 ,  

we obtain 

Ot 
c 'y '  = d i v ( U v t ) - -  c' ~/ 'wvt + 

Oz 

" 0(~v') + w v ( ~ , ) ]  J + l q + P  _ OX 

c'= ~ c~u~ is the reduced specific heat of the where 
i 

dispersed  ma te r i a l ;  ~ ~ p~/yt; y, = y(1 - P); and w = 
= W(T). By definit ion [1] 

Iq = -q(I) = a F (tin-- t) for  the ma te r i a l ,  and 
V 

im=__ qap aF(t-- tm) f o r t h e m e d i u m .  
V 

Neglecting the heat flows in  the bed due to conduction 
as compared with the convective flows [2], we f inal ly 
obtain 

Ot aF 
- -  + w ( z )  V t +  ( t - - t m ) - -  

Ox c' ~/(1 - -P)  

c' --3-C +w(~)VU = 0 .  (1) 

On the bas i s  of the continuity equation for the 
components of the individual par t i c les  

0 p~ div (Ji + J~) + I+ 
O~ 

with allowance for the equations 

9~= ut Y, ~7 _ _  Ou 
O x  Oz 

i 

and the express ion  for the diffusion mois tu re  flux [1] 

j~ = ---a~ ~/(VU + 6vt), 

neglect ing shr inkage (i.e.,  for Y = const), we obtain 
the convective diffusion equation 

OU 

0"~ 
- -  + w v u  = div (amy u + am6Vt). (2) 

As a resu l t  of forced vapor convection through 
the par t i c le  bed the mois tu re  concentra t ion  V1 in the 
vapor-gas  medium is d is t r ibuted  in  space. Using the 
continuity equation for the vapor mass ,  we obtain 

0 ~t + v(~)Vy1 qmF O. 
O~ P 

(3) 

We now wri te  the sys tem of combined t r anspo r t  
equations for a moving bed of d i spersed  ma te r i a l  

Ot a F 
- -  ~ -  W ('~) V t -~- ( t  - -  t m )  - -  
ax c' y(1 - -P )  

c'" ~ +w(T) V U ) = 0 ,  
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Otto a F 
O'---~- +v( 'c)  Vtm-F C~ymP ( t in- - t )=  O, 

Ou 
- -  + w (z) V u - -  div (a m V u) = O, 

Oy1 + v(,~) V y 1 q,~F 0" (4) 
0~ P 

The convect ive  diffusion equation is  analogous to 
the F o u r i e r - K i r c h h o f f  equation used  in s tudying hea t  
and m a s s  t r a n s f e r  in a b i n a r y  v a p o r - g a s  m ix tu r e  and 
in va r ious  p r o c e s s e s  of convect ive  di f fus ion in f luids 
[1, 3]. In the ca se  of a moving bed of c a p i l l a r y - p o r o u s  
p a r t i c l e s ,  the convect ive  m o i s t u r e  t r a n s p o r t  d e t e r -  
m i n e s  the spa t i a l  d i s t r i bu t ion  of m o i s t u r e  content  
along the length of the d r i e r .  

The boundary  condit ions for  Eq. (2) depend both 
on the choice  of coord ina te  s y s t e m  and on the p a r t i c l e  
shape.  If i t  i s  poss ib l e ,  the coord ina te  s y s t e m  should 
be s e l e c t e d  to sui t  the p r o b l e m .  A r e c t a n g u l a r  C a r t e -  
s i an  s y s t e m  is  be s t  fo r  f la t  p a r t i c l e s  and a c y l i n d r i c a l  
s y s t e m  for  c y l i n d r i c a l  o r  s p h e r i c a l  p a r t i c l e s ,  s ince  
in a s p h e r i c a l  coord ina te  s y s t e m  at  l a r g e  va lues  of 
the coord ina te  r and s m a l l  va lues  of 0 (as c o m p a r e d  
with the p a r t i c l e  s ize )  the  Lap lace  o p e r a t o r  t akes  the 
fo rm c o r r e s p o n d i n g  to a c y l i n d r i c a l  sy s t em.  P a r t i c l e s  
of a r b i t r a r y  shape should be s imula t ed  with c y l i n d r i -  
cal  o r  f ia t  p a r t i c l e s ,  s ince  in the c a s e  of ax ia l  mot ion  
the boundary  condit ions a r e  mos t  s i m p l y  spec i f i ed  
fo r  such p a r t i c l e s .  

We c o n s i d e r  the d i s t r i bu t ion  of the t e m p e r a t u r e ,  
f ie ld  in an x, y C a r t e s i a n  sy s t em.  Then, fo r  example ,  
fo r  a bed of c y l i n d r i c a l  p a r t i c l e s  moving in the d i r e c -  
t ion of the x - a x i s  of s y m m e t r y  and t r a n s v e r s e  mot ion  
(at 90 ~ of the d ry ing  agent,  s y s t e m  (4) t akes  the fo rm 
( d i s r e g a r d i n g  axia l  mot ion  t r a n s f e r )  

Ot Ot a F ( t - -  tin) - -  
O---~ +W('O ~ - X  + c ' 7 ( 1 - - P )  

c' ~ + ~('0 -8-s 

Otto Otm a F (tin-- t) = O, 
0-7- + -2v-v + 

_ _  Ou ( O~u 1 Ou ) Ou + w(~) - -  - - a ~  + - -  = 0 ,  
O~ Ox \ OP r &r 

O Y 1  -f- Z,J (T) O '~1 ~'~ F (U,R __ lap) = O, 
O "~ Og P 

2 
where  a re=an( t ) ,  u(v,  x, y ) =  - ~  

uR = u(~, x, V, R), Up = Up (t, @, 

boundary  condi t ions 

t (~, 0, v) = h ('~, u), 

tin(l:, X, O ) =  q~l ('~, X), 

u(~, 0, V, r ) =  u~ V, r), 

YI (~, x, O) = Zl (~, x), 

O u ( ~ , x , v , R ) _  [~ (ua--up)  
Or a m 

(5) 

R 

~ ru(~, X, y, r) dr, 

o YI with 
Y~nax (t m, Pro) '  

(6) 

and in i t ia l  condi t ions  

t(o, x, v ) =  h(x, v), 

tm(O , X$ Y ) =  q)g(X, V), 

u (0, x, y, r ) =  uo (x, V, r), 

y1(O, x, y ) =  %~(x, y). (7) 

The function u is  a s s u m e d  to be bounded on the 
axis  of the cy l i nd r i ca l  p a r t i c l e ,  

As pointed out in [4], the heat  (G) and m a s s  (fi) 
t r a n s f e r  coef f ic ients  mus t  be a s s u m e d  to depend not 
only on the flow hydrodynamics ,  the phys i ca l  p r o p -  
e r t i e s  of the gas,  and the c h a r a c t e r i s t i c  d imens ion  
of the flow su r f a c e  but a l so  on the t ime ,  the t h e r m o -  
phys i ca l  p r o p e r t i e s  of the body, the d i s t r i bu t ion  of the 
hea t  s o u r c e s ,  etc.  This holds t rue  even in the ca se  of 
a " s t a t i ona ry"  d r i e r  p r o c e s s  (when the p a r t i a l  d e r i v a -  
t ives  of the unknown va r i ab l e s  with r e s p e c t  to t ime  
a r e  zero) ,  s ince  owing to the dynamic  na ture  of the 
s y s t e m  c e r t a i n  space  va r i ab l e s  p lay  the p a r t  of t ime  
and the p r o c e s s  is  e s s e n t i a l l y  nons ta t ionary .  Thus, 
the fo rmula t ion  of boundary  value p r o b l e m  (5)-(7)  is  
s e m i e m p i r i c a l  and hence l e s s  na tu ra l  than the f o r m u -  
l a t ion  of the adjoint  boundary  value p r o b l e m  [4]. 

When a spec i f i c  d r i e r  i s  cons ide red ,  c e r t a i n  p a -  
r a m e t e r s  (bed th ickness ,  t e m p e r a t u r e ,  and r e l a t i v e  
humid i ty  of d ry ing  agent  a t  bed outlet ,  e tc . )  a r e  known. 
There fo re ,  us ing  model  (5) to cons t ruc t  the cont ro l  
equation, i t  is  f i r s t  p o s s i b l e  to ave rage  the unknown 
con t ro l l ed  v a r i a b l e s  with r e s p e c t  to c e r t a i n  space  
coord ina tes .  This is  done p a r t i c u l a r l y  ea s i l y  fo r  the 
t e m p e r a t u r e  of the m a t e r i a l  and of the d ry ing  agent  
(at  the bed outlet  the l a t t e r  is  a p p r o x i m a t e l y  equal 
to the m a t e r i a l  t e m p e r a t u r e )  with r e s p e c t  to the y -  
coord ina te .  

Gene ra l l y  speaking,  the functions en te r ing  into 
in i t i a l  condi t ions (7) a r e  a r b i t r a r y ,  but, for  example ,  
t he re  m a y  be some  in i t ia l  s teady  s ta te  (in the above -  
ment ioned  sense) ,  f r om which the phys i ca l  s y s t e m  
(bed of d i s p e r s e d  m a t e r i a l )  de pa r t s  in the p r e s e n c e  of 
t i m e - v a r y i n g  model  p a r a m e t e r s .  In th is  case  s y s t e m  
(5) d e s c r i b e s  the t r ans i en t  p r o c e s s  for  spa t i a l l y  d i s -  
t r ibu ted  t e m p e r a t u r e  and m o i s t u r e  content .  Although 
the given s y s t e m  of equations is  s impl i f ied ,  i t  neg lec t s  
t e m p e r a t u r e  g r ad i en t s ,  t h e r m a l  diffusion,  and the 
d i s t r i bu t ed  na ture  of the hea t  sou rce  in the p a r t i c l e  
i t se l f ) ,  i t  is quite compl i ca t ed  for  ana ly t i ca l  p u r p o s e s  
(in view of the nonl inear i ty )  and can be solved only 
by app rox ima te  computa t iona l  methods .  In the ac tua l  
cons t ruc t ion  of a spec i f i c  mode l  (with co r r e spond ing  
cons t r a in t s  on the con t ro l l ed  and cont ro l l ing  v a r i -  
ables ,  and with a l lowance  for  p e r t u r b a t i o n s  amenable  
to m e a s u r e m e n t )  i t  is  not neces .sary  to know a l l  the 
t h e r m o p h y s i c a l  coef f ic ients  en te r ing  into the model  
s ince ,  us ing  the methods  indicated,  i t  is  p o s s i b l e  
to ad jus t  the model ,  u t i l i z ing  only the fo rm of the 
equat ions.  

Based  on Eqs.  (4) o r  (5) adapted  to ex is t ing  moving-  
bed d r i e r s  i t  is  p o s s i b l e  to cons t ruc t  a m a t h e m a t i c a l  
model  of the d ry ing  p r o c e s s  in such equipment  and 
find the op t imum opera t ing  and p r o c e s s  con t ro l  con-  
di t ions ,  by us ing  app rox ima te  n u m e r i c a l  methods  
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and a compute r  for  solving the s y s t e m  of d i f fe ren t i a l  
equat ions.  

NOTATION 
! 

T is  the t ime ;  Pi and Pi a r e  the concen t ra t ions  
of the i - t h  component  in the bed and the p a r t i c l e ,  
r e s p e c t i v e l y ;  h i i s  the spec i f i c  enthalpy of the i - t h  
component;  I1 and I2 a r e  the vapor  source  and m o i s -  
tu re  sink, r e spec t i ve ly ;  t is  the t e m p e r a t u r e  of the 
m a t e r i a l ;  t m is  the t e m p e r a t u r e  of the medium;  w is 
the p a r t i c l e  ve loc i ty ;  v is  the dry ing  agent  ve loci ty ;  

is  the hea t  t r a n s f e r  coeff ic ient ;  fl is  the m a s s  t r a n s -  
f e r  coeff ic ient ;  �9 is the f r ee  p a r t i c l e  su r face  in the 
volume V; F is  the spec i f i c  (pe r  unit volume occupied 
by d i s p e r s e d  m a t e r i a l )  f r ee  p a r t i c l e  su r f ace ;  P i s  the 
p o r o s i t y  of the bed;  q is  the hea t  flux; qm is the m a s s  
flux; ci  is  the spec i f i c  hea t  of the i - th  component ;  7 '  
is  the concen t ra t ion  of d ry  m a t t e r  in m o i s t  d i s p e r s e d  
m a t e r i a l ;  7 is the concen t ra t ion  of d r y  m a t t e r  in 
m o i s t  p a r t i c l e ;  71 is the concen t ra t ion  of vapor  in 
v a p o r - g a s  medium;  Tin is  the concen t ra t ion  of gas 
in v a p o r - g a s  med ium;  c~i i s  the r educed  spec i f i c  heat  
of the dry ing  agent;  Pm is  the p r e s s u r e  of the v a p o r -  

gas med ium;  . /max is  the ma x imum w a t e r  vapor  
concent ra t ion ,  poss ib l e  at  given t e m p e r a t u r e  t m and 
p r e s s u r e  Pm; P is  the spec i f ic  heat  of vapor iza t ion ;  
u is  the m o i s t u r e  content  of the m a t e r i a l ;  a is  the 
m o i s t u r e  diffusion coeff ic ient ;  6 is  the t h e r m a l  g r a -  
dient  coeff ic ient ;  and R is the rad ius  of cy l ind r i ca l  
p a r t i c l e .  
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