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A description is given of the drying of capillary-porous materials with 
heat supplied by convection and contact from ferromagnetic elements 
heated in an alternating electromagnetic field. The laws and phenom- 
ena of internal heat and mass transfer and the interaction of the ma= 
terial with the ferromagnetic elements and the surrounding medium 
are examined. 

In heat t reatment  and drying technology new meth-  : 
ods of supplying heat, a n d  combinations of these meth-  
ods, are  now being applied in such a way that the 
shortcomings of one method are made good by the ad- 
vantages of another. For  example, a combination of 
high-frequency current  and convective heating gives 
favorable results in drying mater ia ls  that are hard to 
dry. 

One recently developed industrial method of heat 
t reatment  and drying involves the electromagnetic 
supply of heat using mains current.  This technique 
was worked out at the Institute of Heat and Mass Trans-  
fer  AS BSSR. The drying of capi l lary-porous mater ia ls  
(for example, wood pulp) with electromagnetic heat 
f rom ferromagnet ic  elements combines the mer i t s  of 
several  methods of supplying heat. 

The essence of the method is that the mater ia l  or  
product requiring heat t reatment  or  drying is placed, 
along with ferromagnet ic  heat-releasing elements,  in 
the electromagnetic field of a winding supplied with 
50-cycle alternating current.  

The ferromagnet ic  elements (or with backing mate-  
rial) exposed to the alternating electromagnetic field 
are  heated, and give up their  heat to the mater ia l  or  
product by conduction, convection and radiation. De- 
pending on the physical ar rangement  of the f e r romag-  
netic elements (volume, layer ,  stack, block), the 

t ransfer  of heat to the mater ia l  may be accomplished 
by one or  a combination of several  means of heat sup- 
ply. Then the choice of means of heat supply will be 
determined to a known extent by the propert ies  of the 
material .  

In contact heating of moist  mater ia l  the mechanism 
of moisture t ransfer  differs from that in convective 
drying, due to the character is t ics  of the temperature 
field in the surface layers of the material .  

Whereas the temperature  at the surface of the ma-  
terial  during the f i rs t  stage of convective drying is 
close to the wet bulb temperature ,  with direct  heating 
of the moist  mater ia l  by a hot metal  surface the sur -  
face temperature is considerably higher than the wet 
bulb temperature.  

In the f i rs t  stage of convective drying the tempera-  
ture field of the material  is almost uniform, i . e . ,  
the temperature  drop inside the mater ia l  is small. 
Evaporation of liquid proceeds at the surface of the 
mater ia l ,  and the supply of moisture to the surface is 
accomplished by capillary and diffusion-osmotic 
forces ,  i . e . ,  by the action of a moisture content 
gradient. 

However, under severe drying conditions isother-  
mical ly is already disturbed. In the f i rs t  stage of dry-  
ing, although the drying rate may stay constant, the 
surface of evaporation gradually recedes into the body 
at a constant rate (d~/dT = const), i . e . ,  the distance 
of the evaporation surface from the surface of the ma-  
ter ial  is a l inear function of time (Fig. 1). In the sec-  
ond stage (period of falling drying rate), the rate of 
recess ion of the evaporation surface gradually dimin- 
i shes  (d~/dT = vat) ,  and the relation between ~ and T 
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Fig. 1. Diagram showing recess ion of the evaporation zone 
during drying (~ is the evaporation zone). 
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b e c o m e s  n o n l i n e a r  (Fig.  lb ) .  T h e r e f o r e ,  even in the 
f i r s t  s t age ,  evapo ra t i on  m u s t  diffuse not only th rough  
the a i r  and vapor  bounda ry  l a y e r ,  but  a l so  through a 
c e r t a i n  l a y e r  of c o m p a r a t i v e l y  d ry  m a t e r i a l  ( through 
a layer of thickness [). In this case the rate of trans- 
fer is determined to a considerable degree by the tem- 
perature gradient in the layer ~. 

The experiments of Zhuravleva have shown that in 
the actual evaporation process there is no sharp 
boundary between the surface of evaporation and the 
layer of dry material. There is an evaporation zone 
in which a maximum amount of moisture is evaporated 
at a certain distance tm (Fig. la). The evaporation 
zone is drawn out to a considerably greater depth (~ > 
> Ira). At the surface of the material itself there is 
almost no evaporation; then the rate of evaporation 
increases, reaching a maximum at depth ~m and grad- 
ually decreasing to zero at depth ~. This type of dis- 
tribution of evaporation rate was found by calculating 
the transfer of liquid and salt dissolved in it during 
drying of moist material, with a correction for dif- 
fusion of the salt in the solution itself. An analogous 
mechanism is also found in convective + radiative dry- 
ing. 

In drying with hot air using contact heating of the 
material by ferromagnetic elements--grids or rods-- 
heated in their turn in a mains-frequency electro- 
magnetic field, heat is transferred directly by conduc- 
tion froln the metal surface to the surface of the ma- 
terial. In contrast with the pure contact method of 
drying (drying on heated drums or plates), the metal 
contact surface is not a solid surface, but takes the 
form of a grid (network of plates). Therefore the trans- 
fer of heat by conduction from the metal to the mate= 
rial is discrete in nature, and we shall call this tech- 
nique local contact heating. As distinct froln pure con- 
tact heating, local contact heating involves convective 
heat transfer from the air to the material through the 
openings in the metal surface. This local convective 
heat transfer is accompanied by external moisture 
transfer (Fig. 2), i.e., transfer of vapor from the 
surface of the material to the surrounding moist air. 

Thus, the presence of openings in the heated metal 
surface allows one to combine the contact method with 
the convective method of drying, i.e., to describe the 
method as contact-convective. This contact-convective 
method of drying has advantages over the pure con- 
vective and the pure contact methods. 

Local contact heating of the surface of the material 
increases the surface temperature and creates a tem- 
perature gradient within the evaporation zone. The 
presence of discrete contact surfaces makes possible 
strong external moisture transfer through the exposed 
surfaces of the material. This is not the main advan- 
tage of the method, however. The point is that the sur- 
face of the material in contact with the (metal) heating 
surface is characterized by an increased temperature 
and considerable local saturation of the air. Near a 
segment of the metal surface the humidity of the air 
is close to 100% (~ ~ I). Because of this, and also 
because of the temperature gradient, the water vapor 

in th i s  p a r t  of the evapo ra t i on  zone d i f fuses  ins ide  the 
m a t e r i a l ,  s ince  the p a r t i a l  p r e s s u r e  of v a p o r  at  the  
s u r f a c e  is  g r e a t e r  than ins ide  the  m a t e r i a l  in the  e v a -  
p o r a t i o n  zone. Since  the p r e s s u r e  of s a t u r a t e d  v a p o r  
P s  is  a s i n g l e - v a l u e d  funct ion of t e m p e r a t u r e  T [Ps  = 
= f (T)], the  flow of  w a t e r  v a p o r  into the  m a t e r i a l  is  
d e t e r m i n e d  by  the t e m p e r a t u r e  g r a d i e n t  in the  e v a p o r a -  
t ion zone: 

j~-- --\D OPi = D( OPs ) OT 
ox " , ,  

w h e r e  Jv is  the  flow of w a t e r  v a p o r  into the  m a t e r i a l  
(Fig.  2). 
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Fig .  2. D i a g r a m  of hea t  and m o i s t u r e  t r a n s f e r  wi th in  
the  m a t e r i a l :  a) supply  of hea t  by  convec t ion  ( loca l  
convec t ive  hea t  t r a n s f e r )  - -  cont inuous  l ine  and t r a n s -  
f e r  of w a t e r  v a p o r  to the  s u r r o u n d i n g  m e d i u m  - -  
b r o k e n  l ine;  b) supply  of  hea t  by  conduc t ion  ( loca l  con-  
t a c t  heat ing)  - -  cont inuous  l ine ,  and t r a n s f e r  of w a t e r  

v a p o r  wi th in  the  m a t e r i a l  - -  b r o k e n  l ine.  

As the  m o i s t u r e  p r o g r e s s e s  into the  m a t e r i a l  i t  
c o n d e n s e s ,  s i nce  the  p r e s s u r e  of  the  mov ing  v a p o r  i s  
g r e a t e r  than tha t  of  the  s a t u r a t e d  v a p o r  in the  m a t e r i a l  
a t  a g iven  t e m p e r a t u r e .  * This  c onde nsa t i on  wi l l  be  
s u p p l e m e n t e d  by  c a p i l l a r y  condensa t ion .  

Re l a t i on  (1) was  w r i t t e n  fo r  the  r e g i o n  of the  m o i s t  
s t a t e ,  f o r  the  h y g r o s c o p i c  r e g i o n  i t  is  w r i t t e n  in the  
s a m e  f o r m  as  the  u s u a l  law of  t h e r m a l  d i f fus ion  of 
m o i s t u r e :  

] v _ _ ~ D O P m a t a m 8 0 t  O_u_u (2) 
Ox -~x - -  a,, ax ' 

w h e r e  6 i s  the  t h e r m a l  g r a d i e n t  coef f i c ien t .  
The  m o v e m e n t  of  w a t e r  v a p o r  wi l l  a l so  be  d i r e c t e d  

into the  body ,  s ince  s i m p l e  c a l c u l a t i o n s  show tha t  in 
/ Ot I Ou 

a b s o l u t e  m a g n i t u d e !  a,,5 -~x )> a"-J~x " M o r e o v e r ,  

a s  the  w a t e r  v a p o r  m o v e s  into the  body  i t  wi l l  con-  
dense .  

When the  m o i s t u r e  c o n d e n s e s  t h e r e  is  c o n s i d e r a b l e  
l i b e r a t i o n  of hea t  of  v a p o r a t i o n  (r  ~ 600 kca l / kg ) ,  

*If ,  f o r  e x a m p l e ,  the  s u r f a c e  t e m p e r a t u r e  of the  

m a t e r i a l  i s  40 ~ C,  then ,  a t  q~ = 1, P s u r f  = 15 .3  m m  
Hg, but  a t  s o m e  depth  w h e r e  t m a  t = 35 ~ C (~ -< 1), 

P m a t  = 42 .2  m m  Hg. 
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which contributes very  strongly to the heating of the 
ma te r i a l  as a whole. The overal l  coefficient of heat 
t r ans f e r  k to the mois t  ma te r i a l ,  expressed  as 

i_ i ~ (3) 

k ~ L e f  t ' 

inc reases  considerably,  since in the case  ~eff is the 
effective the rmal  conductivity, including heat t r ans f e r  
by condensation of water  vapor. 

The p resence  of water  vapor  condensation not only 
inc reases  the heat  t r an s f e r  coefficient,  but also c r e -  
ates  a uniform t empera tu re  field in the mois t  ma te r i a l  
zone, i. e . ,  in the g r ea t e r  pa r t  of the mois t  mate r ia l .  

However,  the mos t  important  advantage of this 
mechanism of mois tu re  t r an s f e r  lies not only in the 
powerful heatin of the ma te r i a l ,  but also in the change 
in the fo rm of the bond between mois ture  and m a t e -  
rial.  The water  vapor  condensing in the mate r i a l  has 
a phys ico-mechanica l  bond (capil lary mois ture  and 
wetting moisture)  and is easi ly  removed upon fur ther  
drying. Adsorption and diffusion-osmotic  mois tu re ,  
the mos t  difficult to remove,  is evaporated in the eva-  
porat ion zone to fo rm vapor ,  pa r t  of which is removed 
into the surrounding a i r ,  while par t  migra tes  within 

t h e  ma te r i a l  uPon condensing" and is t r ans fo rmed  into 
capi l lary  mois ture .  Consequently, our  method of d ry-  
ing involves par t ia l  removal  of mois tu re  and par t ia l  
conversion of phys ico ' chemica l ly  bound mois tu re  
(adsorption and diffusion-osmotic  moisture)  into phy- 
s ico-meehanica l ly  bound mois ture .  This is a very  
important  fac tor  which also affects the technical  p ro -  
per t i es  o f  the dr ied ma te r i a l  (no warping or cracking).  

Something s imi l a r  is observed in the drying ofwood 
by means  of an e lec t r ic  cur ren t  and during the baking 
of bread.  In the la t ter  case  mois tu re  is removed f rom 
the sur face  l a t e r s  of  the ma te r i a l  (from the bread  
crust) ,  while the main mois tu re  content of the dough 
changes its type of bond (physico-chemical ly  bound 
mois tu re  is replaced by phys ico-meehanica l ly  bound 
mois ture ) ,  whereupon the nature  of the ma te r i a l  also 

changes appreciably (the dough is t r ans formed  into 
bread).  

I t  is known that the splitting of wood is connected 
with s t r e s s e s  ar is ing f rom nonuniformities in the dis-  
tr ibution of phys ico-chemical ly  bound mois ture .  
There fore  the gradual  replacement  during drying of 
phys ico-chemical ly  by physico-mechanical ly  bound 
mois ture  permi t s  the drying of wood with a low spe-  
cific surface  a rea  (thick boards) in a short  t ime with- 
out checking and warping. 

NOTATION 

Ps) saturated vapor preSSure; Jv) flow of water vapor into the m a -  
terial; ) resistance coefficient for diffusion of vapor within the m a -  
terial; D) vapor diffusion coefficient in moist air; 5) thermal gradient 
coefficient; am) moisture diffusion coefficient within the material;  
k) coefficient of  overall heat  transfer to moist material;  ~eff) effec-  
tive thermal conductivity. 
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