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The p rob l em  of de te rmin ing  the t e m p e r a t u r e  field in the cloth of the t h r e e - l a y e r  sy s t em in 
the pape r  con tac t -d ry ing  p r o c e s s  is analyzed.  

It  is in te res t ing ,  both p rac t i ca l l y  and theore t ica l ly ,  to cons ider  the p rob lem of de termining  t e m p e r a -  
ture  and m a s s  d is t r ibut ion in a t l~-ee- layer  s y s t e m  which c o m p r i s e s  two sheets  of heated drying cloth with 
m o i s t  p a p e r  in between [1]. 

This  p r o b l e m  can, with ce r ta in  assumpt ions  eoneerning the conditions under  which the cloth sheets  
and the sur rounding  med ium in te rac t ,  be reduced to the ana lys i s  of a two- layer  sys tem:  moi s t  pape r  and 
heated  cloth. The cloth shee ts  on both s ides  of the pape r  a r e  cons idered  to have the s a m e  s t r u c t u r a l -  
mechan ica l  and phys icochemiea l  p r o p e r t i e s ,  i .e . ,  the s y s t e m  is cons idered  to be s y m m e t r i c a l  with r e s p e c t  
to the cen te r  p lane of the pape r .  

In a r igorous  s t a t ement  of the p r o b l e m ,  i t  is r equ i red  to solve two coupled s y s t e m s  of different ial  
equations for  the combined hea t  and m a s s  t r a n s f e r  [2]: 

00h - ( 1 )  Otk = div(~kvtk)+ ~hPhu OZ CkY~ 01: 

00h = div [&mkV0h + Xmh6~V/k], (2) Cm~Y~ OT 

where  k = 1, 2. 

The solution to the s y s t e m  of equations (1), (2) based on the uniqueness conditions for  the o n e - d i m e n -  
sional  p r o b l e m  with the initial  conditions 

t(x, 0)=f , (x ) ,  O(x, O)~-[z(x ), (3) 

a s  well  as  on the fourth-kind boundary  conditions a t  the c l o t h - p a p e r  contact  and the third-kind boundary con-  
ditions a t  the outer  cloth su r face  is r a t h e r  difficult  [2]. 

The p r o b l e m  as  s ta ted becomes  much s i m p l e r ,  however ,  when the fo rm of functions ~(T) and r (T) 
exp re s s ing  the equali ty of heat  and m a s s  flows a c r o s s  the c l o t h - p a p e r  boundary is known: 

at1 . Ot, (~), (4) 

i~(+) = J~,(~)  - * (T). (4')  

In this case  the contact  p r o b l e m  (1), (2) spl i ts  into two independent cons t ra in t  p r o b l e m s  for the pape r  

and for  the cloth. 

L e t  us  cons ider  the s t a t emen t  and the solution of the cons t ra in t  p rob l em for the cloth. 

I t  was shown in [1], on the bas i s  of p e r f o r m e d  expe r imen t s ,  that a substant ial  amount  of mo i s tu r e  
f rom the p a p e r  dr ied  by contact  with cloth sheets  - wool and cotton a r e  used mos t  often in p r ac t i ce  - is 
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ex t rac ted  as  vapor  which does not condense in the hot ter  cloth. The m a s s  of vapor  is  negligibly smal l  
he re  in compar i son  witll the m a s s  of cloth (in p rac t i ce ,  the m o i s t u r e  content in the cloth v a r i e s  f rom 2 to 
3% throughout the drying p r o c e s s ) .  In other  words ,  the effect  of vapor  pass ing  through the cloth may  be 
d i s r ega rded  in any considera t ion  of the t e m p e r a t u r e  field in the cloth. I f  that  is so,  then the p rob lem of 
de te rmin ing  the t e m p e r a t u r e  field and the mo i s tu r e  field in the cloth reduces  to solving the s y s t e m  of equa-  
t ions:  

or2 O~t2 
- -  a S 

O~ Ox ~ 

Ou2 = a 02u~" O~t~ (5) 
O~" .~ Ox ~ + a,.~ Ox ~ 

Consequently,  in o rde r  to find the t e m p e r a t u r e  dis t r ibut ion t2(x, T) along the thickness  of cloth in the 
given s y s t e m ,  it  is sufficient to solve the equation of independent heat  t r ans f e r ;  

Ot_____~2 = a~ - -  O~t~ (6) 
O~ Ox ~ 

for  the cor responding  cons t ra in t s .  

F r o m  the known value of the t e m p e r a t u r e  field t~ = f(x, T ) in cloth one can find the opt imal  t ime  Top t of 
contact  between the heat  c a r r i e r  (in this case  the cloth) and the dr ied ma te r i a l  (paper),  opt imal  with r e s p e c t  
to a ra t ional  continuation of the p r o c e s s ,  and one can a lso  de t e rmine  the effect ive values of the heat  t r a n s f e r  
coeff icients  a t  the contact  su r faces  between cloth and paper .  

The solution to Eq. (6) will be a r r i v e d  a t  a s suming  that  the the rmophys ica l  p r o p e r t i e s  of cloth a r e  
constant  within the given range  of its t e m p e r a t u r e  var ia t ion.  We have now the following cons t ra in t s .  

tur e: 

Ini t ial  condition: 

t~ (x, O)=- t ~ (7) 

Th i rd -k ind  boundary condition a t  the outer  cloth s u r f a c e  

x, 0t (0, [t, (9, 
Ox = 'a - -  tamb]. (8) 

Second-kind boundary condition a t  the inner cloth su r face  in contact  with pape r  

~ Ot2(h, "0 =~(~) .  (9) 
Ox 

Function q~(T) c h a r a c t e r i z e s  the quantity of heat  ex~pended on heat ing the pape r  and vapor iz ing the r e e l s -  

If  the heat  requ i red  to r a i s e  the t e m p e r a t u r e  of pape r  is  negtigible,  as  can be ver i f ied  by e l emen ta ry  

ca lcula t ions ,  then 

q~ (~) =- Pgl du-1 (10) 
d~ 

I t  has  been es tabl ished by the authors  that  the pape r  between cloth shee ts ,  r e g a r d l e s s  of the grade  of 
cloth used,  becomes  d ry  during the slowing down per iod and that  the cu rve  r ep re sen t ing  the kinet ics  of the 
d ry ing  p r o c e s s  can be sufficiently well  approx imated ,  as  in [4, 5], by the equation: 

Us - -  Ulp ---- (ux0--Ulp) exp (--  2.3• (11) 

Then 

dul = 2.3uN (Ulo--Ulp) exp ( - -  2.3• 
dr 

Condition (9) will then, with (12) taken into cons idera t ion ,  become  

OQ(h. "0=  glP 2 . 3 • 2 1 5  ' 
Ox ~,~ 

where  

(12) 

(13) 
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..[ • cos ~tn ~ + (t o - -  tamb) sin F. 

where/~  n a r e  the roo ts  of the equation 

k = g19 (ul0 - -  ~p); rn 0 ----- 2.3• 
~2 

In the way the p rob lem is s ta ted now, quest ions concerning the mechan i sm of heat  and m o i s t u r e  t r a n s -  
f e r  in the pape r  a r e  e l iminated f rom considera t ion.  Only questions concerning the t r a n s f e r  in cloth a r e  
cons idered ,  a s s u m i n g  integral  c h a r a c t e r i s t i c s  for the paper .  

We note he re  that  a m o r e  general  ve r s ion  of the p rob l em concerning the contact  heating of a mo i s t  
l amina te  with evapora t ion  off the f ree  su r face  of the m a t e r i a l  has  been solved in [6]. 

Ill o r d e r  to find the solution to Eq. (6) with the cons t ra in t s  (7), (8), and (13), we p e r f o r m  a Laplace  
t r a n s f o r m a t i o n  with r e s p e c t  to va r i ab le  ~-. The solution for  the t r a n s f o r m  becomes  

t__~_~ 
- - T ( x ,  s )= [H (t ~  tamb)(S + too)ch V f ~ (h ~ x) 

S 

+kmosch ~ x + H k m  ol/a=ssh = x j , t s ( s + m o )  a- T ~ h + H c h  I ~ )J" 

Using the expansion theorem [3], we find the solution for  the original  function 

- -  1 -  a2 Y as 

t~ (t~ ( ~  re~ sin / ' - ~ - ~  h - -  Hcos ~ a ~  h) 

X exp (--  mox ) - -  to _ te p (t~ COS ~t~-- [ moh~ 
~=t H 7 . , ~  - - I  

a~vn ] (~  kmoh x 2~ ,~ 
exp _ h2 [, moh~ ~ s i n ~  ~ , (15) 

ctg~t-- ~ 
Bi 

H e r e  # = LY(s/a2)h; An = 2 sin # n/(/~ n + sin/~ n cos # n), the initial t he rma l  ampl i tudes ,  a r e  s ing le -  
valued functions of the Bi number .  The numer i ca l  values  of the f i r s t  s ix ampl i tudes  An and roo t s /~n  a r e  
given in [3]. 

We r ewr i t e  the solution (15) in d imens ion less  fo rm.  The quantity m0h2/a2 = P d  is the Predvodi te lev  
number  and c h a r a c t e r i z e s  the intensi ty  of t e m p e r a t u r e  va r i a t ions  a t  the inner cloth sur face ;  a 2 T / h  2 = Fo �9 
is the F o u r i e r  number ,  and Hh = Bi is the Blot number .  

The second t e r m  in the n u m e r a t o r  on the r igh t -hand  s ide ,  k m~-moa2/(t~-tamb) is the produc t  of CPd  
and the c r i t i ca l  number  

ka~ _ glP (ulo--uiQ 
oK = h ( t 0 _  tamb) (to _ tamb) 

The c r i t i ca l  number  O K is equal to the quantity of hea t  expended for  evaporat ing the mo i s tu r e  f rom 
the p a p e r  divided by the qttantity of heat  which the heat  c a r r i e r  (cloth) can give off while cooling down to 
ambien t  t e m p e r a t u r e  tamb.  This  ra t io  is an analog of the c r i t i ca l  number  0 M = pMo/[a  ( T c -  To)] defined e a r l i e r  
by Lykov to c h a r a c t e r i z e  the ef fec t iveness  of drying a m a t e r i a l  by convect ion [3]. Thus,  the c r i t i ca l  num-  
be r  0 K c h a r a c t e r i z e s  the e f fec t iveness  of contact  drying in the c l o t h - p a p e r  s y s t e m ,  in t e r m s  of the useful 
f rac t ion  of hea t  in this p r o c e s s .  

The quantity gtp(ul0-Ute)/e~ y~h is equal to t h e c h a n g e  in mean  cloth t e m p e r a t u r e  At = t ~ - ~  while 
p a p e r  is dr ied f rom an initial m o i s t u r e  content u I = ul0 to u 1 = Ule. In this ca se  

0K: t~__tam b 

i .e . ,  the c r i t i ca l  number  O K acqu i re s  the meaning of a c r i t i ca l  p a r a m e t e r .  

603 



r,o 

o,5 

9 

a 

j 

~ . ~ ' /  )5>.... - j  
~,:-- - - 2 '  

i / . "  / _ -~_x.--- . -~.-"  

" / /  / "  
//J / ~ /  pd=15 
[ / /  / ~  '..-tO 

/ 
- -2  

3 

o o,/ o2 o qo5 o/Fo 

Fig .  1. C u r v e s  of  r e f e r r e d  t e m p e r a t u r e  a) 0' and b) 0" for  the 
con tac t  s u r f a c e  of c lo th  (x = h) as  funct ions of  the F o u r i e r  n u m -  
b e r  (Fo) a t  va r i ous  va lues  of  c r i t i ca l  n u m b e r s  P d  and OK: 1) 
OK = 0; 2) O K = 0.25; 3) OK = 0.5, 

Thus ,  the solut ion of (15) in d i m e n s i o n l e s s  f o r m  will  be 

Pdcos  1/Pd x + Bi V'Pd sinl/ 'pd--- ~ )  ok 
0 to - t2 (x, ~) = l - h exp (--  Pd Fo) 

to - -  tamb l/P--d sin l/'P--d - -  Bi cos ]ZP-~ 

-= 1) 
As a r e su l t ,  the d imens ion l e s s  c loth t e m p e r a t u r e  0 is gene ra l ly  a funct ion of the fol lowing f o r m  

O-- t~ *) 
to tam b --/(Bi,  Pd, O K, Fo, x/h). (17) 

F r o m  solut ions  (15) o r  (16) one can obtain  a solut ion for  the c a s e  w h e r e  the outer  cloth su r f ace  m o -  
m e n t a r i l y  r e a c h e s  the ambien t  t e m p e r a t u r e  t amb  (which o c c u r s  when c lo th  is in con tac t  with,  say ,  a s u r f a c e  
of  me ta l l i c  cy l inde r s ) .  Then  [3] the c r i t i c a l  number  Bi ~ oo, the  c h a r a c t e r i s t i c  n u m b e r s / z  n = { 2 n - 1 ) z r / 2 ,  
and the t he rma l  ampl i tudes  

A,,= 2s in~  = ( _ 1 ) ~ . ~  22=( ._1)~+1  4 
tzn btn 2 (n - -  1) ~" 

A f t e r  a p p r o p r i a t e  t r a n s f o r m a t i o n s ,  Eq. (16) will  y ie ld  

o '  = t~ - t2 (x ,  ~) 
t~ - -  tamb 

- - 2  1 

x 
0~ VP-~ sin V N  h 

= 1 + __ exp (--Pd Fo) 
cos V Pd 

\ 
O k Pd / x 

�9 Pd -) ~ exp (--  ~Fo) 
~n2 S1FI ~n ('--~-n2 --1) sin [~a 

(18) 

or 

0' = f (Pd, O K, Fo, x/h). 

I f  in Eq. (18) the ambien t  t e m p e r a t u r e  t amb  = t~, then the r e f e r r e d  va r i ab le  will  be 

0" = t~0- q (x, ~) t0 _ t . , (x ,  ~) 
---- = f(Pd, Fo, x/h), (19) 

w h e r e  the combina t ion  of he t e rogeneous  p a r a m e t e r s  glp(ul0--Ule)/c2g2, as  was shown e a r l i e r ,  has  the d i -  
m e n s i o n  of  t e m p e r a t u r e  and m a y  s e r v e  h e r e  as  a spec i f ied  t e m p e r a t u r e  p a r a m e t e r .  
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Fig. 2. Tempera ture  field in the cloth. 

Fig. 3. Refer red  tempera ture  0' of cloth as a function of 
the Four ie r  number (Fo), (Pd= 12, OK = 0.25): 1) x = h; 2) 
x = 0.9 h. Points  indicate tes t  values. 

The solution of (18) will be wri t ten as 

~ P--d sin i / Pd - x .  | 
n E Pd sin V-~ x/h 0" = exp (-- Pd Fo) q- 2 exp (-- ~Fo). (20) 

cos 1 / ~  ( P d  ) 

If Pd/~2n-i = 0 in (20), the mean cloth temperature during the entire process remains equal to the 
initial temperature of the dried material, which can happen when heat is supplied to the outer cloth sur- 
face, or when the intensity of the drying process is very low, or when the cloth has a high thermal capacity 
referred to volume and a high thermal conductivity. 

In Fig. la, b are shown curves of referred temperature 0' and 0" for the cloth surface in contact with 
paper (x = h), calculated by Eqs. (18) and (20) as functions of the Fo number at various values of the criti- 
cal numbers Pd and 0 K within the practical range encountered in paper drying between cloth sheets. 

As Fig. la, b shows, the curves 0'(h, T) and 0"(h, T) are characterized by a sharp rise at low Fo 

numbers (sharp drop in temperature at the cloth and paper contact surface) followed by a more even trend 
at high Fo numbers. 

For specific grades of cloth, for examplewoollen drying cloth g2 = 3.6 kg/m 2 , the variation in referred 
temperature 0' and 6 " during the first 5-10 sec of contact time (which corresponds to Fo = 0.01 to 0.02) is 
greater than during all the next 25-30 sec (Fo = 0.05 to 0.06). 

Thus, the analysis shows that already after a few seconds of contact drying the cloth surface tempera- 

ture drops sharply, i.e., a considerable temperature gradient is established between the center layers of 
the cloth and those in contact with the paper - as is shown clearly in Fig. 2 taking into account the low ther- 
mal conductivity of the material. 

In Fig. 2 is shown the profile of referred temperature across the thickness ofwoollencloth g2 = 3.6 
kg/m 2 (h = 6.17 ram) for various values of Fo and for Pd = 12 and O K = 0.25 constant, which corresponds 
to the conditions of drying a paper gl = 0.075 kg/m 2 and with ul0 = 1.95 kg/kg between cloth sheets at their 

initial temperature of t~ = 125~ An ambient temperature tam b = 25~ is maintained at the outer cloth 

surfaces throughout the process. 

The temperatures in the cloth at a distance of 5 ~ 0.6 mm from the contact surface (x = 0.9 h), which 
have been measured, agree closely with those calculated by Eq. (20) - as is shown in Fig. 3. The calcula- 
tions indicate that, for an accuracy of 0 to three significant figures after the decimal point, it is sufficient to 

consider only the first four terms of the summation in (20). 
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Analys i s  of the curves  points to the fact  that  the desc r ibed  p r o c e s s  of drying is efficient  only during 
the f i r s t  5-10 see of contact  between pape r  and cloth, s ince fur ther  on the intensi ty of the p r o c e s s  d e c r e a s e s  
cons iderab ly ,  as  has been also exper imenta l ly  conf i rmed by the authors .  In o rde r  to ensure  high mean  
dry ing  in tens i t ies ,  it is n e c e s s a r y  to main ta in  the t e m p e r a t u r e  of the cloth su r face  in contact  with the pape r  
a t  a suff iciently high level  throughout the ent i re  drying p r o c e s s .  In p r ac t i ce  this can be achieved by a s t ep -  
wise  dry ing  of the pape r .  

On the other  hand, the l a rge  t e m p e r a t u r e  gradient  to be maintained a c r o s s  the cloth l aye r  in contact  
with the pape r  is brought  about by the re la t ive ly  low volume heat  capaci ty  of cloth grades  cu r ren t ly  used in 
p r a c t i c e .  In o rde r  to c a r r y  out the p r o c e s s  effect ively,  t he re fo re ,  i t  is advisable  to develop and to use  for  
this pu rpose  new grades  of cloth with higher  volume heat  capac i t ies  and higher  the rma l  conductivit ies.  

a is the 
c is the 
T is the 

is the 
p is the 
h is the 

is the 
g is the 
N is the 

is the 
t is the 
u is the 
T is the 
u is the 

NOTATION 

t h e rm a l  diffusivity;  
specif ic  heat  of the m a t e r i a l ;  
densi ty;  
t he rma l  conductivity;  
specif ic  la tent  heat  of evaporat ion;  
cloth th ickness ;  
heat  t r a n s f e r  coefficient;  
weight of 1 m 2 of the m a t e r i a l ;  
maximum drying rate; 
relative drying coefficient; 
temperature; 
moisture content; 
time; 
average moisture content. 

S u b s c r i p t s  

1, 2 denotes to pape r  and cloth r e spec t ive ly ;  
0 denotes initial s ta te ;  
e denotes equi l ibr ium s ta te .  

i. 

2. 

3. 

4. 
5. 
6. 
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