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K I N E T I C  E Q U A T I O N S  O F  H I G H - I N T E N S I T Y  H E A T  

A N D  M A S S  T R A N S F E R  

P .  P .  L u t s i k  UDC 66.047.35 

A sys t em  of basic  kinetic equations of high-intensi ty  heat  and m a s s  t r a n s f e r  in cap i l l a ry -po rous  
bodies is  obtained by averaging the equations of heat and m a s s  t r a n s f e r  with var iab le  coefficients .  

The use of ave raged  re la t ions  between quanti t ies  obtained on the bas is  of the equations of heat and m a s s  
t r a n s f e r  is a useful  method of genera l iz ing  exper imen ta l  data and developing engineering methods for  the ca l -  
culation of heat-  and m a s s - t r a n s f e r  p r o c e s s e s .  This  " in tegra l  approach" was adopted in [1] to find the 
dependence of the heat flow on the r a t e  of drying and heating of a body, and was fu r the r  developed in [2] and 
e lsewhere .  It might  be expected that an analogous approach would be just  as useful  in m o r e  genera l  and m o r e  
complex p rob lems .  

In the p r e se n t  work, this approach  is  extended to the case  of high-intensi ty  heat  and m a s s  t r ans f e r ,  in 
which f i l t ra t ional  m a s s  t r a n s f e r  begins to play a significant  role.  This  allows kinetic equations to be obtained 
for  the heat flow jq(z) and the m a s s  flow of m a t e r i a l  leaving the body -- the total  flow jm(T) and i ts  f i l t r a -  
t ional  (molar)  component  jp(T). The p rob lem is solved without any assumpt ions  as to the constancy of the 
coeff ic ients  of heat and m a s s  t r a n s f e r  or  the kinds of contact  between the m a t e r i a l  and the surrounding medium.  

Intensive heat and m a s s  t r a n s f e r  in a c ap i l l a ry -po rous  body is desc r ibed  by a sy s t em of nonl inear  equa-  
t ions [1, 3]: 

O T  "er d u  
- -  = V ( a q v T )  + - -  - -  , (1) 
O-c cq d~ 
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( ) - ~ -  = V aravu -k a,n6vT -+- kp v P  , (2) 
Yo 

OP e Ou 
o~ = v (% vP) (3) 

C w 0r 

The to ta l  p r e s s u r e  of the v a p o r - - g a s  mix tu re  inside the body, producing the f i l t ra t ional  flow of a m a s s  
of a s soc ia t ed  m a t e r i a l ,  is  m a d e  up of the p r e s s u r e  of the vapor  forming as the liquid evapora t e s  and the 
ex te rna l  p r e s s u r e ,  including the hydros ta t ic  p r e s s u r e  of the absorbed  liquid. 

The boundary conditions ai  the sur face  of the body a re  wri t ten in a fo rm that is  appropr ia te  for  any 
means  of supply of heat  and r e m o v a l  of m a s s  of the m a t e r i a l  leaving the body: 

s (vT) * = j* (r), (4) 

a~Vo (vu)* + am~Vo (vT)* + kv (VP)* = -- i*  (r), (5) 

cwa,  7o (vP) * = - -  ]~ (v), (6) 

where  (V T)*, (Vu)*, and (VP)* are  the local  g rad ien t s  of t e m p e r a t u r e ,  m a s s  content,  and total  p r e s s u r e  at the 
su r face  of the body. 

In Eqs.  (1)-(3), we change to values  ave raged  over  the volume of the body and at the s ame  t ime  t r a n s -  
fo rm the in tegra l s  ove r  the volume using Gaus s '  s theorem:  

dT 1 ~' ~r  d~ 
~ - -  j aqvTdF + -=--- - -  , (7) 

dr V p Cq dr 

du 1 aravu + am6VT + - - - V  p dF, (8) 
dr V k 70 

f e du (9) 
dP 1 ap v P d F  c w dr 
d'r, V F 

When the heat  and m a s s  flow is  ave raged  over  the su r face  of the body, the boundary conditions in Eqs. 
(4)-(6) take the f o r m  

-F-. = 7 .  
F F 

F 

- F1 ~ ]*~('OdF= --]~(r), (11) 
F 

F ewapTo(VP)*dF = - -  i~ j~ ('OdF : - - ] p  ('0. 

F F 

Taking account of Eqs.  (10)-(12), Eqs.  (7)-(9) may  now be rewr i t t en  to give 

d~ ~ ~7 (13) 
- - =  RvT~q 

d~ 1 (14) 
= -~-~o- J,,, ( ' 0 ,  

d P  1 ~ (15) 

where R V = V / F ;  cqS and cwS a re  values  of the specif ic  heat of the m a t e r i a l  and the v a p o r - - g a s  mix tu re  averaged  
over  the su r face  of the body at the given instant.  

Only the basic  the rmodynamic  p a r a m e t e r s  of heat  and m a s s  t r a n s f e r  appea r  in Eqs. (13)-(15). It  iS 
s imple  to obtain f rom them kinetic equations for  the in tegra l  flow of h e a t  and m a s s .  To this end, we divide 
Eq. (13)by Eq. (14): 
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aT "~ r 1 ]q ('0 
du cq c, j,,,(~) 

and hence obtain the heat  flow 

cq r j,. (~) e--- j~(t) = 
c-~- , r d~ 

m 

The quantity (gq/~')(dT/du) is the Rebinder  number  Rb. Using this  notation, the express ion  for  t h e h e a t  
flow takes  the final f o r m  

$ 

]q('O = c_q ~(~)(e- - -Rb) .  (16) 
Oq 

(14), the m a s s  flow of the m a t e r i a l  leaving the body sur face  is  de te rmined  by the As is evident f r o m  Eq. 
in tegra l  ra te  of drying 

d~ 
Jr. (~) = - -  R v  "~o dr " (17)  

To de te rmine  the f i l t ra t ional  component  of the total  m a s s  flow, we divide Eq. (15) by Eq. {14): 

d> 1 jp (T) e 
$ 

dl7 cw Jm('O 7 s 

and hence obtain 

s \ au ) 
�9 [ - d P  Cw . (18) jp(~)= --=~j~(~) ~+cw-:~ 

C w - 

The d imens ion less  quantity 5w(dP/dfi ) c h a r a c t e r i z e s  the change in the total  p r e s s u r e  of the v a p o r - - g a s  
mix tu re  of liquid inside the body when the m a s s  content of the body changes by unity over  an inf in i tes imal ly  
smal l  in te rva l  of t ime;  it  is  p ropor t iona l  to the degree  of filling of the po res  by liquid at a given t empera tu re .  
This  is a fundamental  quantity in the kinet ics  of f i l t ra t ional  m a s s  t r ans fe r .  

We shal l  ca l l  cw(dP/du ) the Mikhailov number  Mi, 

dP (19) 
Mi = c w du 

Thus,  taking Eq. (19) into account,  
s i m i l a r  to that for  the heat  flow: 

the equation for  the f i l t ra t ional  m a s s  flow may  be rewr i t t en  in a fo rm 

jp (T) = c_ wS ]~ (x) (e-+ Mi). (20) 
C W  

Thus,  Eqs. (16), (17), and (20) de te rmine  the k inet ics  of the m e a n - i n t e g r a l  values  ove r  the sur face  of 
the body of the flow of heat  and of m a s s ;  they const i tute  a sy s t em of basic  kinetic equations for  high-intensi ty  
in ternal  heat and m a s s  t r a n s f e r .  

Lykov ' s  basic  equation of drying kinet ics  [1] follows f r o m  Eq. (16). In the cour se  of drying,  liquid is  
lost  f rom the body by evapora t ion  f rom the su r face  (e = 1). If the coeff ic ients  of heat and m a s s  t r a n s f e r  a re  
a s sumed  constant,  ~q = c~.  In addition, in the drying p r o c e s s ,  dfi/dT < 0 and Rb < 0. On. these assumpt ions ,  
Eq. (16) is  t r a n s f o r m e d  to L y k o v ' s  equation 

d~ (i  + Rb). jq (~) = Rv vor ~ -  

The density of the heat  flow supplied to the m a t e r i a l  in the cour se  of intensive drying may  a l so 'be  d e t e r -  
mined using Bulygin' s num be r  Bu. To demons t r a t e  this ,  we divide Eq. (15) by Eq. (13): 

1 
i,,, ('0 - -  ~ ]p ( '0 

dP 7 w w 

dT l 8r . 
-~ J q (~) -- ---- I~ (~) 

q Cq 

l O 2 3  



and hence obtain 

rCw dP 
cq dT 

- -  ~w ;~p (~) ~r i~ (~) - - ~  

C q  . - - -  

Y r  lq (~) - -  EF 1.~ ("6) 
q 

where ~(~v/~q) (dP/dT) = Bu. 

The heat flow can now be wri t ten in t e r m s  of Bu: 
c 

C s __ l .~ q ~ _  
j q ( x ) =  _-q e r j ra (x )  l -k - ]p(T).  

USing Eq. (21), which is a l inear  combination of the basic kinetic equations in Eqs. 
re la t ion between Bu and the basic numbers  Rb and Nil of the kinetics of heat and mass  t r an s f e r  may be 
established. Taking into account Eq. (20), we t r ans fo rm Eq. (21) to give 

i~ ('0 = --~;'~ "/,~ (t) 8 -  cq ~ Bu } 

Comparing Eqs. (22) and (16) leads to the requi red  re la t ion 

Bu = Mi/Rb. 

(21) 

(16) and (20), the 

(22) 

Thus, by means  of the basic kinetic equations of internal  heat and mass  t r an s f e r  obtained above, the 
heat flow and t h e m a s s  flow of associa ted ma te r i a l  at any instant af ter  the beginning of the p ro ce s s  may be 
de termined using only a ve ry  l imited number  of p a r a m e t e r s  -- the integral  d ry ing  ra te ,  the latent heat of 
vaporization,  and the numbers  a, Rb, and Mi. These  p a r a m e t e r s  can b e d e t e r m i n e d  f rom a knowledge simply 
of the kinet ics  of the t empera tu re ,  mass -conten t ,  and to t a l -p re s su re  fields (hydrobarothermal  fields) in the 
mate r ia l ,  together  with i ts  pore  s t ructure .  

This  method of calculation el iminates  the need for  exper imenta l  determinat ions  of numerous  heat-  and 
m a s s - t r a n s f e r  cha rac t e r i s t i c s  of the ma te r i a l  and of the coeff icients  of external  heat and mass  t ransfer .  

The basic kinetic equations given above may be used for  the calculation of high-intensi ty p ro ce s se s  such 
as mechanical  drying,  h igh- tempera ture  drying,  the f i r ing of ce ramic  and other  a r t ic les ,  etc. 

N O T A T I O N  

T, absolute t empera tu re ;  u, mass  content;  P, total  p r e s su re ;  e, phase-convers ion  factor ;  r ,  latent 
heat of vaporizat ion of liquid; Cq, specific heat of wet mater ia l ;  c w = ~ ,qb/ToRT, specific heat of water  vapor;  
Lq, thermal  conductivity coefficient  of mate r ia l ;  aq, am, ap ,  coeff icients  of heat d i f fus ion ,mass  diffusion, 
and convective mass  diffusion, respect ive ly ;  6, coefficient  of the rmal -g rad ien t  heat t r ans fe r ;  kp,  permeabi l i ty  
of m a t e r i a l t o  a i r ;  il, poros i ty  of mate r ia l ;  T0, density of absolutely dry mater ia l ;  p ,  mass  of 1 mole of 
absorbed liquid; b, degree  of filling of pore  by liquid; R, tmiversal  gas constant; jq(T), Jmff),  jp(T), densi t ies  
of heat flow, total  mass  flow, and f i l t ra t ional  component of mass  flow; Rb, Rebinder number;  Mi, Mikhailov 
number;  Bu, Bulygin number;  V, volume of mater ia l ;  F, sur face  of mater ia l ;  RV, hydraulic radius of body; 
T, t i m e .  Indices: s, value averaged over  the surface  of the body; *, local  value at the surface  of the body. 
A bar  over  a quantity denotes the value averaged over  the volume of the body. 
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