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The heat t ransfer ,  compounded by a phase t ransformation,  between the heater  surface and the 
adjoining dried mater ia l  is considered here as well as the mass t ransfer  between the free 
surface of this mater ia l  and surrounding medium (air or  cloth) during the f i rs t  stage and the 
second stage of the drying process .  

In the theory of drying, which has been developed by Academician* A. V. Lykov and his school [1], 
the processes  of heat and mass t ransfer  are viewed inseparably connected and as one - which is of pa r -  
t icular  significance, specifically, in the analysis of conductive drying. 

The essential  mode of heat t ransfer  in conductive drying (with the assumption that no heat is brought 
into the dried material  through its f ree  surface) is by conduction, the heat t ransfer  by radiation f rom the 
heater  surface to the surface of the moist material  being insignificant and, for  heater  tempera tures  t h up 
to 120~ negligibly small.  

The noticeable difference between the measured temperatures  t h and t c (in a 0.08 mm thick contact 
l aye r / c )  is due to the thermal res is tances  of the contact layer  and of the very  contact between adjoining 
surfaces ,  as a consequence of the d iscre te  charac te r  of the contact between pressed- toge ther  sur faces  and 
as a consequence of the phase t ransformation taking place here.  

When a rigid moist body (e. g . ,  a ceramic  plate) is in contact with a heater  surface,  small  voids r e -  
main between the p ressed- toge ther  surfaces  and these become filled with a gaseous medium. When fibrous 
moist mater ia ls  (e. g . ,  cellulose) are in such a contact at low heater  temperatures  t h and under low p r e s -  
sures ,  the contact becomes more solid. A contact between such mater ia ls  and a heater  surface is plastic 
in nature, made so by the moisture contained in it acting in the role of plast ic izer .  At high heater  tem- 
pera tures  th, on the other hand, the evaporation mechanism takes effect in the contact layer.  The size of 
the actual contact area  is then considerably reduced and the volume filled with the v a P 0 r - g a s  medium in- 
c reases ,  which results  in a local "lifting" of the material .  The "lifting" effect can be illustrated on a p r e s -  
sing iron, which "jumps" along a solid, rough surface.  At a high t h the roughness protrusions,  which con- 
stitute the contact spots, comprise  mostly adsorbed and adhering moisture.  

The complexity of the phenomenon compounded by the phase t ransformation,  by the contact between 
mater ia ls  with different thermal propert ies ,  and by the plastic nature of the contact due to the moisture 
content, makes it impossible to separa te  the components of heat conduction (through the actual contact areas  
and through the v a p o r - a i r  interlayer).  It may, therefore,  be worthwhile to assume that the thermal con- 
tact res is tance  results ,  so to speak, f rom an equivalent air inter layer  of a mean effective thickness 6a. 
This assumption is valid also because the thermal conductivity of the dried mater ia l  is only a few times 
(not many times) g rea te r  than that of the medium and, consequently, the deflection of the heat flux across  
the actual contact areas and the corresponding increase of the temperature  gradient are moderate.  

In the most  general  case,  the thermal res is tance  of a contact depends on th, g, and u of the contact 
layer,  on the contact p ressure ,  and on the surface mic rogeomet ry  - as has been confirmed by experimental 
data. 
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Fig.  1. T e m p e r a t u r e  td~ (a) and th ickness  6 a" 106 m (b) as funct ions  os 
th~ for  ce l lu lose  dur ing the f i r s t  s t age  of the d ry ing  p r o c e s s ,  g = 0.10 
(1), 0.15 (2), 0.30 (3), 0.40 (4) kg /m 2. 

Fig.  2. T e m p e r a t u r e  g rad ien t  in the contac t  l aye r  (dt/dx)c �9 10 -4 (~ 
as a funct ion of t h (~ for  ce l lu lose  with va r ious  values  of g: 0.10 (1), 
0.15 (2), 0.30 (3), 0.50 (4), 0.95 (5) kg /m 2. 

The r e s i s t a n c e  to heat  t r a n s f e r  f r o m  a hea t e r  su r f ace  to a l a y e r  of moi s t  ma te r i a l  dur ing s t age  [ of 
the d ry ing  p r o c e s s  is defined by the exp res s ion  

[h -- tc [h - - t c  
R = q rm ' (1) 

where  m is the d ry ing  ra te  at the end of the c o n s t a n t - r a t e  s tage .  

We ca r e fu l l y  m e a s u r e d  the t e m p e r a t u r e s  t c and t h dur ing  the d ry ing  of ce l lu lose  and o ther  materLMs 
with d i f fe ren t  dens i t ies  g, ove r  a wide r ange  of va ry ing  t h at d i f ferent  con tac t  p r e s s u r e s .  As it turned out, 
the values  of t c a g r e e  well  with data  obtained by s e v e r a l  o ther  r e s e a r c h e r s  who studied contac t  d ry ing  of 
va r ious  m a t e r i a l s :  ce l lu lose ,  paper ,  t ro ths ,  milk, sunf lower  pith [2, 3, 4, 5], etc.  Thus,  the contac t  
l aye r  t e m p e r a t u r e  dur ing  s tage  I in the conduct ive  d ry ing  of d i f ferent  m a t e r i a l s  of equal th ickness  at the 
s a m e  hea t e r  t e m p e r a t u r e  t h is app rox ima te ly  the s a m e .  

Then taking (1) into cons ide ra t ion ,  we have 

r m R  = Rq  = const, (2) 

o r  fo r  two d i f fe ren t  m a t e r i a l s  

qlR1 = q~R~. (3) 

The t h e r m a l  contac t  r e s i s t a n c e  dur ing s tage  I of the d ry ing  p r o c e s s  is ca lcu la ted  f r o m  the exp re s s ion  

R - -  __~Ic,actR a v Ic  

c -- Re,act+- R.av R L (4) 

The mean  effect ive  th ickness  of the equivalent  a i r  i n t e r l a y e r  is 

5 a =  ~-a/~c. (5) 

The t e m p e r a t u r e  of the m a t e r i a l  t d dur ing  s tage  [ of the d ry ing  p r o c e s s  is de t e rmined  f r o m  the equation 

t d = t h - - q R  c .  (6) 
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Fig. 3. Variation of t d (~ and ~a" 106 
(m) as functions of time ~- (sec) in con-  
ductive drying of 0.3 kg/m 2 cellulose at 
t h = 130oC. 

Tempera ture  t d calculated f rom (6) ks the maximum 
temperature  of the mater ia l  during stage I of the drying p ro -  
cess .  This is the temperature  which, in fact, determines 
the feasibility of using a given drying method for the purpose 
of dehydrating one or  another mater ia l  and, therefore,  the 
value of t d and its dependence on t h are  of considerable in- 
te res t  (Fig. 1). 

As Fig. 1 indicates, up to t h = 73~ t d does not depend 
on g and is almost equal to t h. A subsequent r i se  of t h causes 
the curves to continue separa te ly  for different values of g, 
while the difference between th and t d becomes significant and 
increases .  As g is increased,  t d r i ses .  F r o m  a density of 
0.3 kg/m 2 up, almost  no difference in t d values is observed 
for  different values of g and a single curve represents  the 
empir ical  equation for td: 

t d = 99.00 -t- 0.13 (th--99.00). (7) 

This relation is also useful  in approximate calculations of t d for other mater ia ls .  

According to the calculated data (Fig. 1), the mean effective thickness of the equivalent a ir  inter-  
layer  during stage I depends s t rongly on th and also on the g value for  a given material .  

In the contact drying of fine mater ia ls  (up to 0.25 kg/m2), except colloids, the inter layer  has already 
appeared at a ra ther  low heater  surface tempera ture  (73~ and becomes 50 # thick at 130~ In the contact 
drying of medium and thick mater ia ls ,  however, the in ter layer  only appears at t h = 100~ but then its thick- 
hess 5 a increases  considerably.  The magnitude of 5a at t h = 140~ is 79.0, 109.0, and 135.0 # respec t ive-  
ly for g -- 0.30, 0.50, and 0.95 kg/m 2. 

The insignificant value of R c at a low t h indicates that a moist  fibrous material ,  when the contact is 
of a plastic nature, touches the heater  surface at many more  points than when metallic surfaces  are in con- 
tact, which is also confirmed by indirect measurements  of the e lectr ical  contact res is tance  [6]. 

The formation of an inter layer  becomes noticeable only at a temperature  t h which corresponds  to a 
fully developed evaporation process  within the contact zone. Vapor t ransfer  f rom the contact zone has al- 
ready begun at 59~ when g = 0.15 kg/m 2, while the inter layer  appears at 73~ At first ,  the rate of phase 
t ransformat ion is lower or corresponds  to the rate of vapor t ransfer ,  and the vapor is removed f rom the 
contact zone. Then, as th r ises ,  this correspondence becomes upset and, as all the generated vapor cannot 
leave the zone, it forms a v a p o r - a i r  inter layer .  This is charac te r i s t ic  especial ly at t empera tu res  t h above 
100~ at which boiling in the contact zone is possible. Fur the rmore ,  a certain "delay n in the inter layer  
formation may be due to the fact that evaporation occurs  not only in the contact plane but also within the 
volume region of the contact layer,  when the apparent evaporation surface is smal le r  than the actual evapor-  
ation surface.  

The thermal conductance of a contact a(o~ = 1/Rc) is ve ry  high and measures ,  on the average,  f rom 
2000 (at low t h) to 400 (at high th) kcal/m 2. h.  ~ 

An evaluation of experimental  data in te rms  of o~ as a function of t h at various values of g for the ma-  
terial  has shown that it is impossible to derive a single relation which would be convenient for calculations. 
In view of this, 1R c was broken down into its factors  (6 a and 1An) in accordance with the definition of Rc. 

In this way, the sca la r  value of the thermal flux density f rom the heater  surface during stage I of con- 
ductive drying can be calculated f rom the formula  

~a 
q = - - ( t  h - -  td). (8) 

8. a 

Calculations based on (8) yield entirely sa t i s fac tory  resul ts  with an e r r o r  not exceeding 4-5%. Knowing 
q f rom the m a s s - t r a n s f e r  data, one can also calculate 6 a f rom (8). 

It is possible to calculate q at a high t h f rom the surface temperature  gradient  in the mater ia l  and 
f rom the magnitude of its thermal  conductivity, according to the equation 
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Fig. 4. Variation of t d (~ and 5 a .  106 (m) 
as functions of time T (sec) in conductive 
drying of 0.3 kg/m 2 cellulose at t h = 130~ 

Equation (9) may also be used for di rect ly  
labora tory  conditions, as was actually done. 

q=)~r td - - t c  (9) 
lc 

All quantities in (9) are  known. Knowing X r of any 
moist  material ,  one can approximately calculate q f rom 
Eq. (9) using the other data applicable to cellulose with a 
given value of g. 

In Fig. 2 is plotted the empir ical  relation between 
the tempera ture  gradient  in the contact layer  and the tem- 
pera ture  th for cellulose of various densities g. Basically,  
the temperature  gradient is determined by the phase t rans -  
formation which takes place in the contact layer.  The 
g rea te r  the tempera ture  gradient becomes,  the g rea te r  is 
the rate of internal evaporation. The temperature  drop 
across  the layer,  which is due to conduction, amounts to 
about 0.2~ at a heater  surface temperature  of 70~ while 
the total drop for a 0.1 kg/m 2 material ,  for example, is 
1.5~ or  7.5 times g rea te r  at the same temperature .  At 
a still higher t h the tempera ture  "jump" across  the con- 
tact layer  becomes still more  significant. The onset of 
internal evaporation is noted on the tempera ture -grad ien t  
curves  by their sharp r ise (0.30 and 0.50 kg/m2). At a 
t empera ture  of approximately 100~ all curves inflect and 
then, as t h r ises  further ,  the temperature  gradient in- 
c reases  more slowly. 

determining ~'r and its dependence on t h under industrial or 

At a low t h the value of q during stage I can be calculated approximately f rom the conductivity ~ of 
the given mater ia l  and f rom the experimental ly found tempera ture  drop across  the mater ia l  layers  within 
a certain distance Al. The value of q can, fu r thermore ,  be determined f rom m a s s - t r a n s f e r  data. 

The magnitude of contact p r e s su re  under which the mater ia l  sticks to the heater  surface appears to 
have some effect on tl c. 

Up to t h = 60~ the tempera ture  t d does not depend on the p ressure .  Then, for cellulose with g ~ 0.1 
kg/m 2, t d drops somewhat as the p ressu re  decreases ,  but this effect is small .  At t h = 140~ and at p r e s -  
sures  of 1570, 884, and 442 N/m 2, t d has been found to be respect ively 98.0, 96.5, and 95.5~ i . e . ,  thick- 
e r  inter layers  correspond to lower p res su res .  As t h r i ses ,  the effect of p r e s su re  on the thickness 5 a 
weakens. While the maximum difference of thicknesses 6 a amounts to 10.0 # at 73~ it is only 4.0 p when 
the p res su re  changes by a factor  of 3.5 at 140~ 

The second stage of the drying process  begins when the contact surface of a capi l la ry-porous  colloidal 
body "dries up" (down to 0.06-0.08 kg/kg) and, in the case of a capi l la ry-porous  body, this surface  becomes 
dry.  Initially in this stage the contact between a mater ia l  and the heater  surface becomes worse,  which r e -  
sults in a sharply increased res i s tance  to heat t ransfer  f rom the energy source.  

The magnitude of this res i s tance  is al tered in different ways depending on the s t ructure  of the moist 
material .  

When the moist mater ia l  is rigid and almost undeformable, like ceramic  plates of varying porosi ty,  
as the contact layer  is dried, R c increases  somewhat to a maximum value and remains constant throughout 
stage IL This is charac te r i s t i c  of thick colloidal and capi l la ry-porous  bodies (e. g . ,  a layer  of clay thicker 
than 20 ram). 

In another case, when the moist porous mater ia l  is plastic and subject to shrinkage (e. g . ,  fibrous 
or  other materials) ,  R c increases  rapidly during the f i rs t  part  of stage fI and decreases  rapidly during the 
second par t  of this stage. 
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The manner  in which R c, i . e . ,  the boundary conditions of heat t r ans fe r ,  va ry  affects  the heat and 
mass  t r ans fe r ,  above all in the shape of the curves  which r e p r e s e n t  the kinetics of heating. In the f i r s t  
case ,  the t e m p e r a t u r e  of the mate r i a l  l ayers  r emains  constant  o r  drops s lowly  during s tage I, while a t e m -  
pe r a tu r e  r i se  shifted in t ime f rom layer  to l ayer  is observed  in the l aye r s  beginning with the contact  layer  
during stage II. In drying fibrous or  s i m i l a r  ma te r i a l s  the t e m p e r a t u r e  of the l ayers  drops during the f i r s t  
pa r t  of s tage II and then r i s e s  during the second par t  of this s tage [7]. 

As the moi s tu re  content in the contact  l ayer  dec reases ,  the contact  gradual ly  t r ans fo rms  f r o m  a p l a s -  
tic to a r igid one and the actual contact a rea  shr inks .  The increas ing  "gap" between the hea ter  sur face  and 
the mate r ia l ,  as well  as the volume of ma te r i a l  behind the evaporat ion surface ,  become  filled with the vapor  
- a i r  phase and this g rea t ly  i nc reases  1R c above its value during s tage I. 

The evaporat ion ra te  in the inner evaporat ion zone r ema ins  quite high because  of the favorable  condi-  
tions, while the r a t e  of vapor  diffusion l imits  the exit of vapor  f r o m  this zone (vapor cannot pass  through a 
mois t  f iber  skeleton) so that vapor  and a i r  expand toward the hea te r  surface ,  which, with passage  of time, 
resu l t s  in an increased  in te r l aye r  thickness during the f i r s t  pa r t  of s tage II. 

The thermal  contact r e s i s t ance  is, consequently,  de te rmined  la rge ly  by the evaporat ion ra te  within 
the inner zone. If this ra te  is low (in mic roporous  bodies,  colloidal mate r ia l s ) ,  then the magnitude of R c 
may for  all p rac t ica l  purposes  be  cons idered  constant  during s tage II of the drying p rocess ,  and the t e m -  
pe ra tu re  of the mate r i a l  r i s e s .  As the vapor  content r eaches  its second c r i t i ca l  level,  the r e s i s t ance  to 
vapor  t r an s f e r  begins to dec rea se  markedly ,  the ra te  at which the evaporat ion zone deepens inc reases ,  and 
the vapor  which fo rms  the "buffer"  zone r ep re sen ted  by the v a p o r - a i r  in te r layer  can be ca r r i ed  away 
through the mate r i a l  together  with the vapor  which is genera ted in the evaporat ion zone. As a resul t ,  with 
the pas sage  of t ime the in te r layer  becomes  thinner and the t e m p e r a t u r e  of the ma te r i a l  r i s e s .  

An analysis  of the conductive drying p roces s  [8] has made it poss ib le  to de te rmine  the t e m p e r a t u r e  
field in the ma te r i a l  during s tage II of this p roces s ,  spec i f ica l ly  td, and also to calculate  5 a (Fig. 3). Evi-  
dently, during s tage I, 6 a and t d a re  constant .  At the beginning of s tage II, 5 a inc reases  sharp ly  (approxi-  
mate ly  twofold) while t d drops .  During the second par t  of this s tage 5 a d e c r e a s e s  sharp ly  while t d r i s e s .  

In this way, the heat t r ans f e r  f r o m  the hea ter  su r face  to a macroporous  f ibrous mate r i a l  during s tage 
II of the drying p rocess  is effected by the rmal  conduction through the v a p o r - a i r  in te r layer  of vary ing  thick- 
h e s s ,  

The magnitude of q during s tage  II of the drying p rocess  can, according[y, be calculated f rom the 
equation 

q(~) - -  [th --td (~)1, (10) ~a(*) 

where  6a(T ) and td('r ) - the in te r layer  thickness and the t e m p e r a t u r e  at a point where  the ma te r i a l  touches 
the hea te r  su r face  - a re  functions of t ime.  

Inasmuch as Eq. (10) contains quanti t ies which va ry  during the p roces s  and which can be de termined 
f r o m  exper imenta l  data  under analogous conditions only, this equation is not r ecommended  for  calculat ing 
q(r). The la t te r  is m o r e  accura te ly  calculated using the basic  equations of heat and mass  t r an s f e r  during 
drying [1]. 

In engineer ing p rac t i ce  it is usual ly the di f ference between par t ia l  p r e s s u r e s  of the vapor  in the s u r -  
face l ayer  and the vapor  in the surrounding medium which is considered the driving force  effecting a mass  
t r ans f e r  during evaporat ion of mois tu re  into the a i r  [9]. 

Tes t  data on mass  t r ans f e r  during s tage I of the conductive drying p roces s  have been evaluated in 
t e r m s  of a re lat ion between m and Ps (Fig. 4), showing that the tes t  points (except those corresponding to 
high hea te r  sur face  t empera tu re s  th) for  every  value of g a re  dis t r ibuted fa i r ly  r egu la r ly  along a pr incipal  
s t ra igh t  line which or iginates  at a point on the a b s c i s s a ' s  axis cor responding  approx imate ly  to the sa tura ted  
vapor  p r e s s u r e  of 20 m m  Hg, matching Ps  in the surrounding medium during the exper iment .  Consequently, 
the basic  equation of mass  t rans fe r ,  f r o m  which the ra te  of conductive drying during s tage I can be ca lcu-  
lated for  thick ma te r i a l s ,  is 

m = 0.0373 (Ps - -  PI~' (11) 
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Using this relation for  drying thin mater ia ls  will resul t  in lower values of m, since Eq. (11) does not 
fully account for the vapor generation and t ransfer  f rom the contact layer  through the material .  

According to test  data, the m a s s - t r a n s f e r  coefficient in conductive drying is 5.73 t imes g rea te r  than 
the m a s s - t r a n s f e r  coefficient in convective drying. Such an increase  of the m a s s - t r a n s f e r  coefficient in 
conductive drying is explained by the occur rence  of bulk evaporation and a continuous expansion of the de-  
veloped internal vapor-genera t ing  zone f rom which vapor is exuded f rom the capil laries through a sys tem 
of d iscre te ly  spaced and interacting jets.  

For  thick and medium-thick mater ia ls ,  the vapor generated direct ly  on the free surface  of the ma-  
terial  during stage I amounts to about 18-20% of the total vapor mass m, while for  thin mater ia ls  it amounts 
to only 10-13%. 

During stage II of the conductive drying process  the rate of mass t ransfer  is determined simply f rom 
data relating to the drying kinetics. 

When the mater ia l  is pressed against the heater  surface through a sc reen  or a cloth, the heat and mass 
t ransfer  which occurs  does not differ f rom the one described here.  The use of cloth in conductive drying 
brings about some modifications in the process  as a consequence of an additional res is tance,  mainly to the 
t ransfer  of vapor.  Vapor, entering the exceptionally well developed capi l lary sys tem of the cloth, which 
offers res i s tance  to vapor  t ransfer  and which is at a lower temperature ,  will condense and par t  of it, over -  
coming the sys tem res is tance ,  will exit into the surrounding medium. Vapor condensation occurs  mainly 
within the layer,  about 0.2 mm thick, d i rect ly  adjoining the mater ia l  surface (the total cloth thickness is 
about 8 mm). Par t  of the vapor,  breaking through the condensation layer,  will condense in various other 
layers  of the cloth. 

Cloth reduces the drying rate  m during stage II considerably,  while the drying rate m under a cloth 
and under a sc reen  remain about the same during stage I. This effect of cloth on the drying rate  during 
stage II is explained by the tremendous res is tance  to vapor diffusion, which is charac te r i s t i c  of stage II, 
into the cloth layer  filled with condensate liquid. When the cloth is "dry,"  the drying rates  m under it and 
under a sc reen  do not differ much during stage II. 

t is the 
g is the 
u is the 
5 is the 
q is the 
r is the 
R is the 
k is the 
m is the 
P is the 

NOTATION 

temperature, ~ 
material  density, kg/m2; 
mois ture  content, kg/kg; 
mean effective thickness, m; 
heat flux density, kca l /m,  h.  ~ 
specific heat of evaporation, kcal/kg; 
thermal  res is tance,  ~ �9 m 2. h/kcal;  
thermal  conductivity, kcal /m-  h. ~ 
drying rate,  kg/m 2.h; 
part ial  p r e s s u r e  of water  vapor, mm Hg. 

S u b s c r i p t s  

h denotes the heater  surface;  
d denotes the contact between mater ia l  and heater  surface; 
a denotes the air interlayer;  
c denotes the contact; 
act denotes actual contact; 
av denotes the v a p o r - a i r  interlayer;  
r denotes true; 
s denotes saturated; 
m denotes the medium. 
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