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CALCULATION OF PARAMETERS OF INTERNAL HEAT AND MASS TRANSFER 
DURING DRYING OF FIBER MATERIAL 

A. G. Temkin  and Yu. G. E r s h o v  

I n z h e n e r n o - F i z i c h e s k i i  Zhurnal ,  Vol.  11, No. 1, pp. 83-87,  1966 

Using arguments and characteristic functions of the thermodynamics of 
irreversible processes, calculations are made of parameters of internal 
heat and mass transfer during drying of fiber material in melted paraf- 
fin. 

Dur ing  d r y i n g  of f i b e r  m a t e r i a l  in m e l t e d  para f f in  
a c o n s i d e r a b l e  e x c e s s  p r e s s u r e  P is gene ra t ed ,  and 
the i n t e r n a l  t r a n s f e r  o f  hea t  and m o i s t u r e  is  d e s c r i b e d  
by the s y s t e m  of equa t ions  [1] 

OT ( s er ) er ,~ am 
- - -  = a am v 2 T q - ~ a m V ' U + ~ r - - - 6 p v 2 P ,  
a ,  7 - -  c c 

a_ g_g_g = amV~ U -}-, am6vO. T + k~ y.2p ' 
O ,c cfP 

OP eam earn8 { s am ~ , 
0I: cf v 2 U - -  v~-T+ ~ - -  - -  ?,p 72P. (1) cf cf 

This  d e s c r i p t i o n  of the p r o c e s s  r e q u i r e s  ca l cu l a t i on  
of nine p a r a m e t e r s .  However ,  the vapor  d e n s i t y  p e r  
unit  volume 

eUyo ~ 9v (2) 

is  r e l a t e d  to the p r e s s u r e  and t e m p e r a t u r e  of the  
vapor  by the equa t ion  of s ta te ,  f r o m  which the p r e s -  
s u r e  m a y  a lways  be found as  a function of humid i ty  
and t e m p e r a t u r e :  

P = f(U, t). (3) 

Subs t i tu t ing  this  e x p r e s s i o n  into (1), we m a y  obtain 
a s y s t e m  of t r a n s f e r  equat ions ,  which in the l i n e a r  
a p p r o x i m a t i o n  has  the fo rm 

aT s r OU 
- - = a v 2 T + - - _ _ ,  
a'~ c O'~ 

OU 
- -  = amV2U + a,,~6v2T, (4) 
aT 

but h e r e  the t r a n s f e r  coe f f i c i en t s  a r e  equ iva l en t ;  they  
take  the m o l a r  m a s s  t r a n s f e r  into accoun t .  

To d e t e r m i n e  t h e s e  equ iva len t  va lues  of the t r a n s -  
f e r  p a r a m e t e r s ,  use  is  m a d e  of the me thod  of c h a r a c -  
t e r i s t i c  funct ions  of the t h e r m o d y n a m i c s  of i r r e v e r -  
s i b l e  p r o c e s s e s  [2]. In th is  me thod  of ca lcu la t ion ,  
we m u s t  f i r s t  f ind the e x p e r i m e n t a l  funct ions  

Z~ = aT(NO,oH 14) /U~ if-l) (5) 

~a = J'(N,, H) -T(N,,, H)I/U(,(H), (6) 

and 

which a l low us to find the t h e r m a l  d i f fus iv i ty  of the 
m a t e r i a l  

N{--N~, R"-f aza I 
a = 2k To L - ~ a  AA',. ,% 

(7) 

and the p a r a m e t r i c  group 

(8) 

The d i m e n s i o n l e s s  mod i f i ca t i ons  of the t e s t  va lues  
of i n t e g r a l  humid i ty  Uv, loca l  t e m p e r a t u r e  T, and 
t e m p e r a t u r e  d i f f e r e n c e  

A = T ( N  1, H)--T(/v%, H) (9) 

a r e  given in Table  1. A l so  given is  the d i m e n s i o n l e s s  
d r y i n g  r a t e  U[/(H) and the d i m e n s i o n l e s s  hea t ing  r a t e  
T'(N0, H) a s  a function of d i m e n s i o n l e s s  t ime  

H = ~/100. (10) 

The h u m i d i t y  is  n o r m a l i z e d  to 200%: 

U:, (H) : U:, (Q/200. (ii) 

The d i m e n s i o n l e s s  t e m p e r a t u r e  is  

T = it(N, ~) - -  18]/100. (12) 

The groups  eKo and Pn a r e  n o r m a l i z e d  to the s a m e  s c a l e  
va lues  of humid i ty  U0 = 200% and t o = 100 ~ C. 

The c o o r d i n a t e  N in (7) is  t aken  as  the r a t i o  of 
the d i s t a n c e  f rom the ax i s  of the f i b rous  tube to a f ixed  
i n t e r n a l  r a d i u s  R = 17 m m .  The c o o r d i n a t e s  of poin ts  
a t  which t h e r m o c o u p l e s  w e r e  embedded ,  N~ = 1.221 
and No = 1.145, d i f f e r e d  so l i t t l e  that  the  t e m p e r a t u r e  
and h u m i d i t y  f i e lds  be tween  t h e s e  po in ts  m a y  be con -  
s i d e r e d  to be p l anes  and k m a y  be taken equal  to 1. 

Tab le  2 shows the funct ions  Z a and ~a as  a func-  
t ion of d i m e n s i o n l e s s  t ime  r .  They  a r e  shown for  the 
pe r iod  of i n c r e a s i n g  d r y i n g  r a t e  H E [0 -0 .12 ] ,  and 
for  two s e c t i o n s  of the p e r i o d  of f a l l ing  d r y i n g  r a t e ,  
H E [0 .40-0 .68]  and H E [0 .78-1 .10] .  

Dur ing  t ime  H ~ [0 .12-0 .18]  the hea t ing  r a t e  

T~(N0, H), the t e m p e r a t u r e  d r o p  A, and the d r y i n g  
r a t e  U~ d i f f e r  ve ry  l i t t l e  f rom t h e i r  m e a s u r e d  m e a n  
va lue s .  The d e r i v a t i v e s  of t he se  quan t i t i e s  a r e  c o m -  
p a r a b l e  with t h e i r  e r r o r s  [3], and t h e r e f o r e  unde r  the 
e x i s t i n g  e x p e r i m e n t a l  technique,  the p a r a m e t e r s  of 
i n t e r n a l  t r a n s f e r  cannot  be c a l c u l a t e d .  M o r e o v e r ,  and 
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Table 2 

A r g u m e n t s  of the C h a r a c t e r i s t i c  F u n c t i o n s  and: P a r a m e t e r s  of I n t e r n a l  T r a n s f e r  

eKo and X as  a Func t ion  of T e m p e r a t u r e  and H u m i d i t y  

Time 
%min 

2 
4 
6 
8 

10 
12 

T, ~ 

348,7 
368.2 
372.7 
373.5 
373.7 
373.7 

U, kg wet] 
/kg dry 

2.05 
1 .86  
1 .73  
1 .55  

: 1 .38  
1 .20  

Z a ~a 
Numerical expressions 

for the quantities 

9.62 0.0877 OZa/O : = 31,5 
2.78 0.0236 0 ~a/O ': - :  0.246 
0.88 0.0070 
0.24 0,0036 OZa/O ~a = 127.0 
0.12 ; 0.0024 

- -0 .052 0 . 0 0 1 6  a = 20.10 -4  m2/hr 

a Ko 
X, Wlm. 
�9 degree 

1.38 6 ,891  
0.22 6.469 
0.01 5.057 
0.22 5.444 
0.19 4.932 
0.15 4.419 

40 375.6 
42  375:6 
44 376,~1 
46 376.8 
48 377.5 
50 378,1 
52 379.0 
54 380.1 
56 380.4 
58 381.0 
60 381.6 
62 382.2 
64 382.9 
66  383.9 
68 384.1 

7 8  
80 
82 
84 
86 
88 
90 
92 
94 
96 
98 

100 
102 
104 
106 
108 
110 

384.1 
384 4 
3 8 4 : 8 '  
385.2 ' 
385.8 
386.1 
386.7 
387,1 
387.7 
388.3 
388,9 
389.4 
390.1 
390.7 
391.2 
391.4 
391.7 

0 ' 4 3  
0.41 
0.39 
0.37 
0.36 
0135 
0.34 
0.33 
0.32 
0.31 
0.30 
0.29 
0 . 2 8  
0 27 
0,26 

0.236 
0.230 
0.226 
0.221 
0,218 
0.210 
0.208 
0.205 
0.20't 
0,198 
0.194 
0.19i  
0,187 
0.185 
0.182 
0.180 
0.178 

0.235 --0.0530 
--0.516 I --0,0563 
--0.743 ]--=0,0555 

0,863] --0.0595 
--1.0341 --0.0615 
--1.214 --0.0640 
--1.393 --0.0670 

1.453 0.0642 
--1.521 --0.0710 

1.457 ,--0.0696 
--1.682 --0.0682 

1.857 --0.0715 
- -1 .750 --0.0745 
- -1 .907 0.0723 

I --=0.552 0.0720 

--0.,368 
- - t . 1 4 2  
--1.639 
--1.983 
--2.358 
- -2 .500 
.--2,546 
- -2 .703 
- -2 ,623 
- -3 .550 
- -3 .717 
- -4 .075 
- -4 .207 
- -4 .222  
- -3 ,298  
- -4 .640 
- -3 ,040 

- -0 ,118 
0.126 
0.131 
0.138 

--0,141 
0,140 
0,143 
0.151 
0.160 
0.166 

- -0 .174 
0.155 
0,166 

- -0 .178 
- -0 .184 
- -0 .176 

0.160 

OZa 
= - -  6. 194 

O~a 
- - j~ -z=- -O .0736  

OZa/0 ~a = 84.0 

a =  13.1;10 -~ m2/hr 

OZa/O "c = - -  24 

0 ~a/O z = ~ 0.329 

OZa/O ~a = 73.2 

a = 11.39. I0 -~  m2lhr 

4.22 
4.21 
3,97 
4.14 
4.13 
4.16 
4.24 
3.94 
4.44 
4.39 
4.05 
4.15 
4.51 
4.17 
5.50 

8.31 
8,08 
7.95 
8.12 I 
7.96 i 
7.75 ] 
7.92 I 
8.25 
9,01 
8.60 
9.02 
7.27 
7.94 
8.81 

10.17 
8.24 
8.67 

1.426 
1.390 
1.331 
1.305 
1,276 
1.257 
1.217 
I. 196 
1.181 
t .  164 
1. 148 
1. 133 
1. 125 
1.119 
1.112 

0.921 
0.911 
0.902 
0. 896 
0.890 
0.88i  
0.875 
0. 869 
0.863 
0.857 
0.851 
0.846 
0.840 
0.836 
0.832 
0,828 
0.824 

T a b l e  3 

Va lues  of the A r g u m e n t  Zp and the  P a r a m e t e r s  am,  Lu, Pn, B 

Time Zp Numerical expressions Lu am. 104 
7, min for the quantities m2]hr 

78 
80 
82 
84 
86 
88 
90 
92 
94 
96 
98 

100 
102 
104 
106 
108 
110 

7.85 
8.95 
9.10 
9,40 

10,20 
10.40 
10.43 
10,95 
11 .28  
11 .53  
11.48 
12.18 
12,80 
13.43 
13.80 
14.20 
14,05 

OZp - -  18,90 
OH 

Pn = 0. 785 

1 
a = l . 5 - -  

degree 

0. 935 
0.572 
0,642 
0.686 
0.477 
0,427 
0.451 
0. 440 
0.480 
0.505 
0.675 
0.305 
0.308 
0.321 
0.319 
0.256 
0.128 

10.650 
6.515 
7.312 
7.814 
5.433 
4.863 
5.137 
5.012 
5.467 
5.752 
7,688 
3.474 
3,508 
3.656 
3.633 
2.916 
1.458 
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this is part icular ly important, during time H ~ [0.18- 
0.10], the phase transit ion surface moves f rom the 
point N 1 = 1.221 to the point No = 1.145. For  such 
time intervals Luikov's systems of equations [1], and 
as a result  the expansions in te rms  of the experimen- 
tal functions of Temkin [3], do not occur, since the 
points N 1 and N O are  located in zones where there are  
different forms of bonds between moisture  andmaterial .  
For  this reason the t ransfer  parameters  could not be 
calculated over the major  part of the interval H E 
E [0.12-0.40]. 

Transition of moisture  from the capil lary-locked 
to the capi l lary-f ree  state between points N 1 and N o 
takes place during time H E [0.68-0.78].  This means 
physically that there is a complete cessation of mi-  
gration of capillary-bound moisture in the condensed 
phase. The transition of moisture from the capi l lary-  
locked to the capi l lary-free  state results in its move-  
ment only in the form of vapor. This corresponds to 
a sharp increase in the group eKo, since s = 1, and 
a decrease  in thermal conductivity (Table 2). The 
comparat ively large value of eKo at the beginning of 
the process  is due to the energy expended in forming 
a capil lary surface of evaporation, i . e . ,  working 
against the forces of surface tension. The very small 
value of eKo near H = 0.04 may be explained by the 
fact that in this time the moisture moves only in the 
condensed phase, and the group e = 0. 

To calculate the inertia Lu and thermal diffusion 
Pn numbers we must f irst  find the quantity 

which is given in Table 3. In accordance with [2] the 
inertia number is found from the formula 

r azp -1 
Lull = Zt, - -  ~a [ 

L a~o Jvv.. N,~ 
(14) 

and the thermal diffusion number from the formula 

F OZp 1 
LU-, + g KoPn --_ Z __ Z~ [_~--~f jN., N , (15) 

Their values are  shown in Table 3. 
From a comparison of the computed equivalent  

values of the coefficients of internal moisture t rans-  
fer  with the same coefficients found for purely molecu-  
lar  t ransfer  [4], it may be seen that the new t ransfer  
coefficients (equivalent) are  several  orders  larger .  
This indicates that the main motive force of heat and 
m a s s  t ransfer  in high-intensity drying is the excess 
vapor pressure  gradient. 
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Zp 2k (k + 2) a xo U,, (H) 
[(k + 2)-- k] R ~ U~(-~ ' (13) 5 February 1966 Riga Polytechnic Institute 


