
The  dependence (2) for  i soamylbutyra te  is shown in Fig.  1. As is seen  f rom the  f igure,  a slight s t r a t i -  
f ication in the i so the rms  general izing the dependence is observed.  It is insignificant at low t e m p e r a t u r e s .  It 
should be noted that such s t ra t i f ica t ion is observed quite r a r e l y  for organic fluids.  

Process ing  was conducted for  p = 772.7-558.2 kg /m ~ and &~ f rom 0.028 to  0.083 W / ( m - d e g ) .  

The equation of the general iz ing curve  has the fo rm 

A). = b0~ blp ~- b~o z, (3) 

w h e r e b  0=0.277;  b t =--0.00092;  b 2 = 8 6 - 1 0  -8 . 

We can calculate A T at different  t empera tu re s  and p re s su re s  by using (3) for  known p am] Z with a 3% 
e r r o r  in the range of p mentioned.  
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SOME FEATURES OF HEAT AND MOISTURE TRANSFER 

AND APPROXIMATE METHODS OF CALCULATING THE 

DRYING KINETICS OF MOIST MATERIALS 

P. S. Kuts and A. I. Ol'shanskii UDC 66.047.37 

Approximate methods of calculating the drying kinetics of moist materials, derived from an 
analysis of experimental data, are discussed. 

Drying is a complex heat- and msAs-transfer process taking place within a material and close to its sur- 
face. The nature of the drying process depends on the thermophysical, physicbchemical, and structural- 
mechanical properties of the material, the method of supplying power, and so on. The reiationshipsbetween 
internal and external heat and mass trar~fer are so complex that the obtaining of analytical relationships for 
the drying kinetics of a specific material presents great difficulties. 

Hence, the possibility of obtaining approximate, sufficiently reliable relations wRh a minimum number 
of constants to be experimentally determined is of great interest for drying calculations in engineering. The 
most advanced methods are those based on a study of the general laws of drying kinetics and the correlation 
of a large amount of experimental data [t-3]. 

We examine some features of the drying process and approximate methods of calculating heat-transfer 
kinetics on the basis of an analysis of experiments on the drying of a whole series of capillary-porous and 
colloidal capillary-porous materials to which heat is supplied in various ways. 
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Fig '  1. Determinat ion of constant m in Eq. (5): 1) 
asbestos;  2) fel t-matt ing;  3) g ra s s  stalks; 4) skin; 5) 
felt; 6) ce ramic ;  7) cardboard;  8) clay; 9) slab peat; 10) 
baker ' s  yeas t ;  11) ca r ro t ;  12) sunflower;  13) potato; 
14) bee t root ;  15) cement  stone; 16 )macaron i ;  17) 
lysin.  

/'~ ~e :.4 ~-. ~_~ -* 

Fig.  2. PLot of logN* against r *  during fo rced-convec-  
t ion drying of asbestos (I) and fe l t -mat t ing (II) sheets:  1) ta ~- 
90~ =120~ ta =150~ (v= 5 m / s e c , r  =5%, 5 = 8 
ram); 4) v = 3 m / s e c ;  5) v = 1 0 m / s e c ;  6) v = 1 5 m / s e c ;  
7) v = 2 0 m / s e c ;  8) v = 2 5 m / s e c  (ta =120~ ~0=5%, 5 =  
8 m m ) ;  9) 5 = 6 m m ;  10) 5 = 1 2 a n d  1 8 m m  (t a =120~ 
v = 3 m / s e e ,  ~ = 5%). 

An examination of theore t ica l  data [2] showed that the var ia t ion in t ime of the ra te  of heat t r ans fe r  in the 
period of falling r a t e  of drying can be represen ted  sufficiently accura te ly  by the exponential re la t ion  

qI, = q1 exp (-- mlr~t), (i) 

where  rlI  is the drying t ime in the seeond period,  counted f rom zero,  

If the ra t io  of the heat fluxes in the periods of fallingand constant drying ra te  is denoted by q* and the 
ra t io  of the drying t imes in these  periods by r *, express ion  (1) can be wri t ten in dimensionless  form 

q~ = qi! = e x p ( _ m  ~_~) =exp(_m~, ) ,  (2) 
qi 

where m 1 arid m a re  constants that can be determined by experiment~ 

On the other hand, the main equation of drying kinetics,  express ing the re la t ionship between the heat flux 
q* and mois tu re  flux N*,  has the following fo rm:  

q1i q(*) = - -  = N*(1 -- Rb). (3) 
q1 
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Fig. 3. Relstion between log N* and log Nr, % for asbestos (1) 
and felt  during convect ive  drying (notation as in Fig.  2). 

F r o m  express ions  (2) and (3) we have 

N*(I + Rb) = exp(--m~*). (4) 

The  Rebinder  numbers  for many cap i l l a ry -porous  ma te r i a l s  in a la rge  range  of mo i s tu re  contents a s s u m e  
values of 0.01 to  0.3, and the m a x i m u m  values (0~2-0.3)correspond t o t h e  end of the drying p rocess  ( i .e . ,  to  
mo i s tu re  contents c l o s e t o t h e  equi l ibr ium values)  [4]. If we ignore Rb when it has low va lues ,  we obtain 

N* = exp ( - -  mr*). (5) 

T r e a t m e n t  of exper imenta l  data for the  drying of var ious  m a t e r i a l s  in the fo rm of the re la t ion  log N* = f(r *) 
showed that  the exper imenta l  points lie sa t i s fac to r i ly  on s t r a igh t  lines in the  whole range  of r e g i m e  p a r a m e t e r s  
Ca,  ~0, v) and tMckness  of the m a t e r i a l .  The  constant m in Eq. (5) is a l inear  function of the r a t io  of the 
mo i s tu re  contents (W0/Wcr) for the whole c lass  of considered mois t  ma te r i a l s  (Fig. 1): 

m =  0.67 W~ - - 0 . 3 5 .  (6 )  
IVcr 

Relat ion (6) is obtained i n t h e  range  2 <-- v -- 5; 90 --- t - 150~ Thus ,  Eq. (5) contains a constant m s i m i l a r  
in meaning to the r e l a t ive  drying coefficient ~ .  

F igure  2 shows the re la t ionship  between log N* and T* for  asbes tos  and felt sheets  in fo rced-convec t ion  
d ry ing ;  al l  the exper imenta l  points lie on s t ra igh t  lines in the  whole r ange  of va r ia t ion  of the r e g i m e  p a r a m -  
e t e r s .  

Fo r  ma te r i a l s  whose drying occurs  only in the f a l l ing - ra t e  period (carrot ,  bee t roo t ,  potato), we t r ea t ed  
the  exper imenta l  data in the fo rm of the re la t ion  

N* = exp(-- m-c*). (7) 

In this case  the constant  m has the dimensions  of 1 ] t ime  unit,  

We find the drying r a t e  i n t h e  second period f rom Eq. (5): 

dW 
- -  - -  = N exp ( - -  m r * ) .  ( 8 )  

dr 

In tegra t ion of this exp res s ion  in the p resc r ibed  l imits  gives 

[ ( ~  - -  (Wcr - -  P])  = N  T_~ exp ~ '~u - - 1  . (9)  

After  s imp le  a lgebra  we obtain the drying t i m e  in the fa l l ing- ra te  per iod:  

2"3---Tim lg[ 1-(Wer-W)m]N~, " (10) 
"~II 

Including the  drying t ime  in the f i r s t  period 

the  to ta l  dura t ion  of the p rocess  is 

W o -  Wcr (11) 
Tl-- N 

6 5 2  



T A B L E  1.  

M a t e r i a l s  

Material 

Asbestos 90--150 
Felt-matting 90--150 

Skin of sole 40--60 
Cardboard 90--130 

Pomm ceramic 90--150 
C,ay 9o; 50 
Slab peat 
Felt 50 

Baker's y.ea st 40--70 
Grass stalks. 

pv = 2,65 i 

sunflower 1oo-- 160 

Cons t an t s  m and k in  E q s .  (13) and (23) for  S o m e  M o i s t  

Drying conditions 

Vw ~, 
T, ~ m/sec % 

I 3-~5 s 
3-~5 5 

3 -~0 15 
3 -r 5 5 

3-~5 5 
3-~5 5 

4 5 
o, 

,~ 24 

3 - 

M(icrobial mass 
lysin), 

R~iIo of filler to 
lysin 1 : 1 100 2 [ -- 

6, m t  m 

I 
4--1~:1.4 
8--18 0,6 

4,5 0,6 
4,5 0,5 

5--20 1 
L0--50 1 

35 0,4 
2--3 1,9 

l 

15 

ence 

2 Out data 
00'42,2~ 10 The sam 

0 24 15 " 
0,3~ 10 t " 

0,57 2 " 
0,57 2 " 
0,2 20 " 

!0,2 0,1 5 191 i 
i 
3,5 0,1~ _51 I71 o,ls] -- Uo] 

0,4 ]0,3~ -- O~data 

I 

Energy 
supply 

i 
i Convective 
IThe same 

H 
t 
w 
n 

Combined 

gluidized bed 
Convective, 
combined, ra- 
diative 

Convective 

o r ,  f i n a l l y ,  

(Wc~ - -  w )  m ] W ~  2"3(W~ lg I (12) 
x = ' q  + , , i =  N - - - -  Nm ~-Wo---~--~er) 

W o - - V c r  l - -  2.3 |g l - -  (13) 
= N m ( W o -  ~ r  ) ' 

w h e r e  W is  t h e  i n s t a n t a n e o u s  m o i s t u r e  con ten t  of t h e  m a t e r i a l .  

F o r  m a t e r i a l s  wh ich  do  not  have  a p e r i o d  of cons t an t  d r y i n g  r a t e ,  t h e  d u r a t i o n  of t he  p r o c e s s  is g i v e n  
by  i n t e g r a t i o n  of Eq .  (7): 

2.3 [ (Wo-- W) m ] 
z Ig I , (14) 

m N 

w h e r e  N = (dW/d r ) m a  x is t h e  m a x i m u m  d r y i n g  r a t e  a t  t h e  i n i t i a l  i n s t a n t .  A c o m p a r i s o n  of t he  c a l c u l a t e d  da t a  
ob ta ined  by c o r r e l a t i o n  of t h e  e x p e r i m e n t a l  d a t a  by m e a n s  of E q s .  (4) and (5) showed tha t  t he  qons tan t  m is 
p r a c t i c a l l y  independen t  of t h e  R e b i n d e r  n u m b e r  up to  va lue s  of 0 .2 -0 .3 .  T h e  only ef fec t  is  a r e d u c t i o n  of t h e  
s p r e a d  of t h e  e x p e r i m e n t a l  po in t s ,  i . e . ,  a n  i n c r e a s e  in t h e  a c c u r a c y  of t h e  c a l c u l a t i o n s .  

In  r a p i d  d r y i n g  p r o c e s s e s  in " h a r d "  c o n d i t i o n s ,  w h e r e  t he  R e b i n d e r  n u m b e r  cannot  b e  n e g l e c t e d ,  t h e  
t o t a l  d u r a t i o n  of t h e  p r o c e s s  is g i v e n  by  t h e  e x p r e s s i o n  

E W ~  1--  2.__3_3 lg 1 (1 + R b )  . (15) 
~: - ~ mo ( W o -  wcr ) 

A n  i m p o r t a n t  p r o b l e m  of d r y i n g  k i n e t i c s  is d e t e r m i n a t i o n  of t h e  t e m p e r a t u r e  of t he  m a t e r i a l  a t  d i f f e r e n t  
t i m e s .  E s t a b l i s h m e n t  of t h e  v a r i a t i o n  of t e m p e r a t u r e  of t h e  m a t e r i a l  wi th  t i m e  is of g r e a t  p r a c t i c a l  i m p o r t a n c e ,  
p a r t i c u l a r l y  in  t h e  c a s e  of d r y i n g ,  s i n c e  t he  m a i n  t e c h n o l o g i c a l  p r o p e r t i e s  of a m a t e r i a l  depend  on i t s  t e m p e r a -  
t u r e  and t h e  t i m e  of s u b j e c t i o n  to  th i s  t e m p e r a t u r e .  

A n  a n a l y s i s  of e x p e r i m e n t a l  d a t a  [4] fo r  t h e  d r y i n g  of v a r i o u s  c a p i l l a r y - p o r o u s  m a t e r i a l s  led to  a s i m p [ e  
r e l a t i o n  for  t h e  s u r f a c e  t e m p e r a t u r e  of t h e  m a t e r i a l :  

Tsu r = Ta--/q*~ (T a -  Tw). (16) 
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Fig.  4. Compar i son  of exper imenta l  and calculated values  of 
drying t i m e  and s u r f ac e  t e m p e r a t u r e  of ma t e r i a l  during drying 
of an asbes tos  plate in the following conditions : T a =1200C, v =  
3 m / s e c ,  ~0 = 5% [1) exper imenta l  points;  2) calculated f rom Eqs .  
(13) and (17); 3 ) f r o m  Eqs .  (23)and (24)]. W, %; T,~ r ,  min.  

If we subst i tu te  the  value of N* f rom express ions  (5) in (16), we obtain for  convect ive drying 

Tsu r = T a -  exp(-- 0.43rex*) (T  a -  Tw). (17) 

Thus ,  for  a known value of m we can  fa i r ly  s imply  d e t e r m i n 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  
f r o m  Eq. (17). 

We now discuss  another  method of t r ea t ing  the exper imenta l  data ,  based  on the use  of the r e l a t ive  drying 
r a t e  N* and the "general ized drying t ime"  NT. 

The  quantity N* is independent of the drying conditions and for  a spec i f ic  m a t e r i a l  is a function of the  
mo i s tu r e  content a lone for  a pa r t i cu la r  method of drying.  This  conclusion is der ived f r o m  G. K. Fi lonenko's  
method of reduced drying cu rves .  

The  va r i ab le  N r  is a s tab le  complex  of quantities cha rac te r i z ing  the drying p rocess  [2]. 

The  method of genera l ized  drying curves  enables us to  extend the r e su l t s  of a s ingle  spec i f ic  exper iment  
%0 a la rge  number  of e a s e s ,  cor responding  to  var ious  r e g i m e s ,  which g rea t ly  reduces  the number  of expe r i -  
ments  and allows the  resu l t s  of l abora tory  r e s e a r c h  to  be applied to  industr ia l  plant .  

It follows f r o m  the method of genera l ized  drying curves  that  the genera l ized  t i m e  N r ,  like the  re la t ive  
drying r a t e  N* ,  is a function of the  m o i s t u r e  content,  i . e . ,  we can wri te  N* = f(W), N r  = f(W) and, hence,  
N* = f i (Nr) .  

We know that  the kinetic drying cu rves  can be co r re l a t ed  [5] by the use  of a power re la t ionship  between 
the  drying r a t e  and the mo i s tu re  content in the second period : 

dW __ x ,N (tV W ~ (18) 
d~ - -  e) 

A te s t  showed that  the constant n is independent of the r e g i m e  p a r a m e t e r s  and the th ickness  of the m a t e r i a l  
and depends only on the  mode of m o i s t u r e  binding [6]. Hence,  if the drying r a t e  curves  a r e  of the 2nd and 3rd 
types ,  according to  Lykov 's  c lass i f ica t ion  [1], the re la t ionship  N* = fi (N r) should be sought in the f o r m  

N* = (NT) k, (19) 

F igure  3 shows the re la t ionship  between the  re la t ive  drying r a t e  N* and the genera l ized  t i m e  N r  in log- 
a r i thmic  coordinates  for fe l t -mat t ing  and abses tos  in fo rced-convec t iondry ing .  It is apparent  that changes in the 
r e g i m e  p a r a m e t e r s  and the  th ickness  of the  m a t e r i a l  in a wide r ange  have no effect on the  index k, which is 
negat ive .  The resu l t s  of t r ea tmen t  of exper imenta l  data for  s o m e  mois t  ma te r i a l s  to  which energy was supplied 
in var ious  ways a r e  given in Table  1. 

The  drying r a t e  f rom express ion  (19), with due r ega rd  to  the  s igp  of the index k, is 
dW N (NT) -~. (20) 
dx 
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Integrat ion of Eq. (20) in prescr ibed  limits gives the drying t ime  in the fa l l ing-ra te  period : 
! 

The  total  durat ion of the drying process  is 
| 

and we finally obtain 

(21) 

(22) 

1 '---- 
: - -  {(W 0 - -  Wcr ) + [(Wcr - -  W) (1-- k)] l-k }. (23) 

N 

A compar i son  of the exper imenta l  values of the drying t ime  with the caiculated values obtained f rom Eqs.  
(13) and (23) shows that the accuracy  of these  methods is approximately  the same ,  apar t  f rom a smal l  region 
of the drying curve  at a moi s tu re  content close to the equil ibrium value,  where  Eq. (23) is inapplicable. This 
indicates that a power- law re la t ion  of fo rm (19) cannot completely cover  the drying curve  in the second per iod.  
As is known, the drying curve  in the second period is more  accura te ly  r ep resen ted  by two exponential portions 
[2]. In a number  of cases ,  however,  where  the drying process  t e rmina tes  before  the at tainment of We, the 
given method of calculat ion can be used.  T h e r e  is a slight r e s t r i c t i on  on Eq. (14) only i n t h e  case  of vegetable 
drying.  Table  1 shows values of the constants m and k and the limits of validity of Eqs.  (14) and (23). 

F r o m  Eqs .  (16) and (19) we can obtain another  fo rm of express ion  for the su r face  t e m p e r a t u r e  of the 
mate r ia l :  

Tsur = T a  _ _  ( N , O - o . 4 a  ( T  a _ _  Tw). (24) 

Equations (17) and (24) for  ve ry  rapid drying p rocesses  have to  include the effect of change of the Rebinder 
number  in the p rocess .  

The  resu l t s  of calculat ion f rom the above relat ions can be checked f rom exper imenta l  cu rves ,  Figure  4 
compares  the calculated and exper imenta l  values .  The maximum e r r o r  in calculat ion of the drying t ime  and 
t e m p e r a t u r e  of the ma te r i a l ,  excluding the effect of the Rebinder  number in soft  conditions, is 7-10% and 10- 
15%, respec t ive ly ,  which is pe rmiss ib le  in engineering calculat ions.  

The  obtained re la t ions  a r e  requi red  for  de te rmina t ion  of the quantitative cha rac te r i s t i c s  of the drying 
process  (drying t ime ,  hea t - t r ans fe r  r a t e ,  t e m p e r a t u r e  of mater ia l ) .  

With the given methods,  like the method in [2], the durat ion of the process  and the t em p e ra tu r e  of the 
ma te r i a l  in any conditions can be calculated f rom a single drying curve  if the r a t e  N in the f i rs t  period is 
known. 

In conclusion, it should be noted that the discussed methods of t rea t ing  the exper imental  data can be de-  
r ived d i rec t ly  f rom the known methods of co r re l a t ion  devised by A. V. Lykov and V. V. Krasnikov. 

N O T A T I O N  

qII, qI, hea t - t r ans fe r  ra tes  in periods of falling and constant drying ra te ;  T, instantaneous t ime;  q*,  
d imensionless  heat-f lux densi ty ,  equal to  r a t io  of heat flux in fa l l ing-ra te  period to  heat-f lux density in constant-  
r a t e  period;  ~ * = 7II/T I, r a t io  of drying t ime  in fa l l ing- ra te  period to  drying t ime  in cons tan t - ra te  period;  
N* = (1/N)(dW/d~-), re la t ive  drying ra te  in fa l l ing- ra te  period;  W, instantaneous mois tu re  content; Rb, Re-  
binder  number;  N, drying ra te  in f i r s t  period;  m, n, k, exper imenta l  constants;  T a ,  ambient  t empera tu re ;  
Tw, wet-bulb t e mpe ra tu r e ;  Tsu  r ,  su r face  t e m p e r a t u r e  of mate r ia l ;  Nv,  genera i iz~ l  drying t ime;  Wcr ,  f i r s t  
c r i t i ca l  mois tu re  content; W0, initial mois tu re  content of mater ia l ;  dW/d% drying r a t e  in second period; 
•  r e la t ive  drying coefficient;  We, equil ibrium mois tu re  content of ma te r i a l .  

Io 
2. 
3. 
4. 
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CERTAIN LAWS APPLICABLE TO THE VACUUM 

DRYING OF ELECTRICAL INSULATION ELEMENTS 

IN AN INERT HEAT-TRANSFER VAPOR 

I. F. Pikus, I. A. Gubskii, 
and A. M. Zverev 

UDC 66.047.2 

Results a re  given from an experimental study of the heating and drying kinetics of model lami- 
nated samples of electr ical  insulation in petroleum-product vapor.  

One of the most progressive and least studied methods for the drying of insulation used in high-voltage 
electrical  equipment {transformers in particular) is the so-called method of vacuum drying in a "vapor phase" 
atmosphere,  i . e . ,  in the vapor of an inert heat- t ransfer  agent (for example, a petroleum product) whose 
physicochemical and technological properties are  compatible with those of insulating materials and liquid 
impregnating dielectrics [1,2]. 

We have carried out an experimental investigation of the vacuum drying of laminated insulation elements 
in an inert heat- t ransfer  vapor, using a specially designed test  stand, the details of which a re  described in [2]. 
The investigated objects are  cylindrical model samples made from rolled-up type K-120 cable paper with 
moisture-insulated ends, simulating the most difficult-to-dry elements of electr ical  insulation s t ruc tures .  
The samples are  prepared by means of a special device that rolls paper s t r ip  of width 160 mm tightly around 
metal rods with a diameter of 16 mm. For moisture insulation the ends of the cylinder and the free ends of 
the paper s tr ip in the model samples are  coated with an epoxy compound, and then the ends of the cylinder 
a re  further packed with bushings of gasoline-resistant  rubber by means of a four-bolt clamping mechanism. 
During fabrication of the model samples the electrodes of a copper -- Constantan thermocouple and internal 
pressure  ganges in the form of hypodermic needles connected via thin impulse tubes to the vacuometric system 
are  inserted at one end between the layers of cable paper at various points along the radius.  Also, the model 
samples a re  fitted with the brass mesh electrodes of local measuring capacitors designed for determining the 
layer-by- layer  values of the dielectric characterist ics of the cable paper as they vary during the experiment  
{these measurements are  performed only in the final stage of vacuum drying of the insulation). The testing 
and measuring equipment and experimental procedure are  described in [2]. The thicknesses of the laminated 
insulation of the model samples a re  20, 30, and 40 mm. A typical cyclic schedule of the experiments is 
planned with regard for the actual technological process of insulation drying in an inert heat- t ransfer  vapor 
and comprises the following: 

a) heating and drying of the (pre-evacuated) samples in petroleum-product vapor for prescribed and 
str ict ly regulated regime parameters  {temperature level of the process,  pressure  in the working chamber, 
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