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The hygrodiffustvity of e l ec t r i ca l -g rade  cel lulosics  has been calculated f rom test  data on so rp -  
lion kinetics under vacuum and under a tmospher ic  p r e s su re  and on the dtffusivity as a function 
of the state variables .  

The desiccation of high-voltage paper  insulation for e lectr ical  apparatus consti tutes one of the most  
important  and lengthy stages of the manufacturing process .  

Cellulosics for  e lec t r ica l  insulation are dried under a tmospher ic  p res su re  and under vacuum, the p ro -  
ce s s  ra te  being essent ial ly  l imited by the i n t e rna lmo i s tu r e  transliort .  

Fo r  this reason,  in o rder  to design the desiccation p rocess  on a scientif ically sound basis,  as well 
as to analyze the mois ture  absorption and removal  mechanisms,  it is neces sa ry  to know the mass  t r ans fe r  
coefficients over wide and pract ical  ranges of moisture  content and specimen tempera ture  under a tmos -  
pheric p r e s su re  and under vacuum. 

We note that only sca rce  information is to be found in the technical l i terature  pertaining to coeffi-  
cients of mass  t r ans fe r  in cellulosic insulation mater ia l s  [1], while no data are  available at all on how these 
coefficients depend on the state var iables  of the mater ia l .  

The authors have made an experimental  study to determine the diffusivity of e lec t r i ca l -g rade  cel lu-  
losics  widely used in the e lectr ical  industry, namely: grade K-120 cable paper (density p = 0.76 g / c m  3, 
thickness 6 = 120 #), grade KON-P capaci tor  paper  (p = 1.23 g / c m  3, 6 = 10 p), and cardboard  grades  /~MTs 
(p = 1.05 g / c m  3, 6 = 1.5 mm and 3 mm), A (p = 0.93 g/crn 3, 6 = 3 mm), and B (p = 0.95 g / c m  3, 6 = 3 mm). 

E lec t r i ca l -g rade  cel lulosics  a re  complex colloidal capi l la ry-porous  mater ia l s .  Along with a ra ther  
high poros i ty  (varying f rom e = 0.51 in grade K-120 cable paper to e = 0.21 in grade KON-P capaci tor  paper), 
they also have an ext remely  complex internal s t ructure  with random distributed amorphous regions and 
mtc ropores  as well as macropores  of most  diverse shapes and sizes.  

The polymer  molecule chains contain hydroxyl groups which a t t rac t  water  molecules  f rom the air ,  
and this explains why these mater ia l s  are so highly hygroscopic  and absorb so much adsorption-bonded 
moisture .  For  instance, the amount of adsorbed mois ture  in a monomolecular  layer,  calculated by the 
B]~T method f rom the authors '  ea r l i e r  sorptton isotherms [2, 3], was found to be in K-120 paper 4.38%, 
in KON-P paper 4.22%, and in EMTs cardboard  4.6% of the total mois ture  ( refer red  to the dry weight of 
mater ia l  at 296~K). 

Moisture and high tempera ture  may effect revers ib le  and i r revers ib le  changes in the skeleton s t ruc -  
ture:  shrinkage, dilatation, breakdown, etc. It is well known that the mechanism of t ranspor t ing a sorbed 
substance can be different, depending on the sorbent s t ructure  and on the conditions under which the so rp -  
lion p rocess  is taking place. Generally,  a p r e s su re  gradient can produce a laminar  flow of vapor through 
large pores.  Within a cer tain p res su re  range, where the length of the mean- f ree  path is approximately 
equal to the diameter  of the capil lary,  there  is a possibil i ty of molecular  vapor flow. Other possible modes 
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TABLE 1. Dfffuslvity of E lec t r i ca l  Insulation Mater ia l s  
K=120 _ KON-P Cardboard EMT. < CardboardA Cardboard B 

D.10 ~, ~-ID'10",  ~ - ~ . 1 0 4 ,  ~ D.104, ~o D.iO', 
cm'/h ~ lcm'/h ~ cm2/li ~ cm2/ti ~ cm~/h &o 

a)Sorption of water vapor from the air under atmospheric pressure and 
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b) Sorption of water vapor under vacuum 
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3,90 4,20] 4,7 
4,3014,24] 4,95 
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of m a s s  t r anspor t  a re  migra t ion  of molecules  along the pore  surface  (surface diffusion), l amina r  flow in 
the adsorption phase,  d isp lacement  of cap i l l a ry-condensa te  mois tu re  by cap i l l a ry  fo rces ,  and osmot ic  flow 
of mois ture .  It may be assumed  that there  a re  seve ra l  paths along which moi s tu re  is t r anspor t ed  through 
a cel lulosic ma te r i a l  with a complex s t ruc ture ,  as  those m a t e r i a l s  under considera t ion here ,  and that the 
hygrodiffustvi ty is,  in effect,  the t r a n s f e r  coefficient.  

The relat ion D = f(u, T) and numer ica l  va lues  of diffustvity were  obtained for  the said m a t e r i a l s  on 
the bas i s  of sorp t ion-k ine t tcs  cu rves  according to [2, 3]. 

The sorp t ion-k ine t tcs  cu rves  for  wa te r  vapor  in e lec t r i ca l  insulation m a t e r i a l s  had been plotted under 
a tmospher ic  p r e s s u r e  by the s t ra in -gage  method and under vacuum with the vacusorpt ion  appara tus  shown 
in [3]. The t e s t s  have revea led  that pure  wa te r  vapor  is absorbed  much f a s t e r  (50 to 150 t imes)  under  vacu -  
um than under a tmospher ic  p r e s s u r e ,  all other  conditions remain ing  the same.  

Meanwhile, the general  t rend of sorp t ion-k ine t ics  cu rves  for  water  vapor  under vacuum is s im i l a r  
to the t rend of those for  a v a p o r - - a i r  mix ture  under a tmospher ic  p r e s s u r e .  After  an initial s teep r i se ,  the 
ra te  of mois tu re  absorpt ion d e c r e a s e s  and the p roce s s  gradual ly  approaches  an equi l ibr ium cor responding  
to the tes t  conditions. 

The diffusiv[ty was calculated f r o m  the sorp t ion-k ine t ics  curves ,  by the sorpt ton method [4] as well 
as by the method of equi l ibr ium mois tu re  level  [5] and by the method shown in [6]. All these  methods  a re  
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Fig. 1. ' Diffusivity (cm2/h) as a function of the mois ture  content 
(kg/kg) in a mater ia l ,  (a) for  electrical-~grade paper K-120 and KON- 
P: 1) K-120, sorption of water  vapor  f rom air  under a tmospher ic  
p ressure ;  2) KON-P; 3) K-120, sorption of water  vapor under vacu-  
um); (b) for  e l ec t r i ca l -g rade  cardboard  t~MTs, A, and B (sorption 
under a tmospher ic  pressure) :  1) cardboard  A; 2) cardboard  B; 3) 
cardboard  l~MTs. 

eminently suitable for  determining the diffusivity in thin anisotropic f ibrous mate r ia l s  such as our e lec -  
t r i ca l -g rade  cellulosic specimens.  It is assumed here that, during sorption under isothermal  conditions, 
a change in the mois ture  content in a thin film occu r s  in accordance with the equation of diffusion: 

0u 02u 
- -  D - - -  

c)~ c~x 2 (1) 

The mois ture  absorption p rocess  will now be examined under the following constraints :  the specimen 
to be moistened is initially dry; the mois ture  content at the surface of a specimen cor responds  to equil ibr i-  
um, immediately af ter  the sorbent  volume has been filled with vapor or af ter  the specimen has been placed 
in a chamber;  and the mois ture  distribution is, at any instant of t ime, symmet r i ca l  at distance x within 
the film thickness.  It will also be assumed that, while the mois ture  content u var ies  with t ime, within a 
definite ra ther  short  t ime period the diffusivity remains  independent of the mois ture  content. 

It is appropria te  to note, at this point, that all these methods of test  data evaluation have given close 
values for  the diffusivity D. 

In Table 1 are  l isted values of diffusivity at var ious  t empera tu res  and mois ture  levels,  based on tes t  
data pertaining to sorption of water  vapor in e lec t r i ca l -g rade  paper KON-P and K-120 as well as in e l ec -  
t r i c a l -g r ade  cardboard  ]~MTs, A, and B under a tmospher ic  p res su re  (at a t empera ture  of 296~ also in 
grades  KON-P, K-120, and t~MTs under vacuum (at t empera tu res  of 296, 318, 343, 363~ In o rde r  to 
show that these methods of test  data evaluation yield close resul ts ,  we have included in Table 1, for i l lus-  
trat ion,  numerical  values of the diffusivity D according to the formulas  given in [4, 5]. 

The values of diffusivity calculated by the method of equilibrium mois ture  level cor respond to the 
same level in all cases ,  namely to 70% of equil ibrium mois ture .  

The obtained values agree with those given in [1] for unsoaked e lec t r i ca l -g rade  cardboard  within the 
range D = (0.7-5.0) �9 10 -4 cm2/h. 

These test  data have made it possible to analyze the relation between diffusivity and the state v a r i -  
ables of the mater ia l .  The diffusivity is shown in Fig. 1 as a function of the mois ture  content, on the ba-  
sts of the tes t  data for  e l ec t r i ca l -g rade  papers  KON-P and K-120, also for  e lec t r i ca l -g rade  cardboard  
l~MTs, A, and B in Fig. lb. The data were obtained at a tempera ture  of 296~ with mois ture  sorption 
f rom a vapor - - a i r  mixture under a tmospher ic  p res su re .  

As is evident f rom Fig. 1 (a, b), the functional relation between diffusivity and mois ture  content is 
a complex one in the case of our test  mater ia l s .  

It is well known that the mechanism of mois ture  t ranspor t  in colloidal cap i l l a ry-porous  mate r ia l s  
depends, within the hygroscopic  range, on the type of bond between the mois ture  and the matrix.  

Adsorption-bonded mois ture ,  being the most  strongly bonded kind of moisture,  diffuses in the fo rm 
of vapor [7]. The internal diffusivity depends on the quantity dP/du,  which is proport ional  to the slope with 
respec t  to the sorption isotherm [7]: 
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Fig. 2. Diffusivity (cm2/h) as a function of the moisture  content 
(kg/kg), for  grade K-120 paper with a moisture  content within the 
0.004-0.04 range (sorption under vacuum): 1) at T = 363~K; 2) 
T = 343~K; 3) T = 318~ 

Fig. 3. Empir ical  relations a and b versus  the temperature ,  for 
grade K-120 paper. 

D =  / ~ V  aP 
RTyo art ' (2) 

where R denotes the gas constant tl, #V denotes the molecular  weight of vapor, and Y0 denotes the specific 
weight of dry mater ia l .  

It follows f rom Fig. la  that the diffusivity of e lec t r i ca l -g rade  paper K-120 and KON,P with a low 
moisture  content (u < 0.0444) increases  with increasing mois ture  content. The D = f(u)T=296~K curve for 
cable-grade  paper has a peak at u = 0.044 kg/kg which, apparently, cor responds  to a completely filled 
monomolecular  layer; then, as the mater ia l  becomes mois ter ,  the dlffusivity decreases .  According to 
the sorption isotherms,  dP/du also increases  with increasing mois ture  content, until the monomolecular  
layer  has been completely filled, and then dec reases  -- all this being reflected in the t rend of the 
D = f(u)T=296r curve.  Indeed, at moisture  levels above u = 0.10 kg/kg the diffusivity decreases  somewhat 
with increasing moisture  content and, when u > 0.17 kg/kg, it becomes almost  independent of the mois ture  
content  in the material .  This can be explained as follows. Since the test  mater ia l s  are  colloidal cap i l l a ry-  
porous ones, hence one may assume that both the adsorption-bonded mois ture  and the microcapi l la ry  mo i s -  
ture will be t ranspor ted  after  the monomolecular  layer  has been filled. The change in the internal diffusiv- 
ity during moisture  t ranspor t  in microcapi l la r ies  can be analyzed on the basis  of the following expression 
[71: 

D c . . . .  2aDv~v~VP M cos 0 
RT~IL: gP fr~/~ (rx) % ' (3) 

with the coefficient of surface tension a, the wetting angle 0, the accelerat ion due to gravity g, the radius 
of a capil lary r x, the pore size (radius) distribution function f(rx), the specific weight of vapor and liquid 
IV and 3'L respectively,  the vapor p res su re  in microcapi l la r ies  PM, and the saturat ion vapor p r e s su re  at 
a given tempera ture  Ps" 

As the moisture  content in a mater ia l  increases ,  the vapor p res su re  in capi l lar ies  PM increases  and 
capi l lar ies  with l a rge r  radii r x fill up while, as the radius r x increases ,  the distribution function f(r x) de- 
c r ea ses  fast, especially when there  are many microcapi l la r ies  of one kind. All these fac tors  contribute 
to an increase in diffusivity during the t ranspor t  of capil lary-bonded moisture.  

On the whole, the D = f(u)T=296OK curve for cable paper is s imi lar  to a typical curve for  a colloidal 
mater ia l  with predominantly adsorption-bonded vapor, but it is noteworthy that D decreases  slower here 
than along such a typical curve [7], as u increases ,  and this is due to the microcapi l la r ies .  At a mois ture  
Ievel above 0.17 kg/kg, one may assume,  the t ranspor t  of capi l lary and osmotic water predominates.  
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The D = f u)w o~oTr curve  for  KON-P eapae[tor  paper  follows the same trend, except that it is smoother .  
On the whole, the d i f fus iv i tyof th i sdenser  KON-P paper depends on the mois ture  content less  than the more  
porous K-120 paper. The t rend of the diffusivity, as a function of the mois ture  content is different in the 
case of e l ec t r i ca l -g rade  cardboards .  

According to Fig. lb, the D = f(u)T=296OK curves  for  cardboards  A and B, both of about equal density, 
do almost  coincide. The D = f(u)T=296r curve for  the denser  cardboard  ]~MTs is, on the whole, s imi lar  
to the respect ive curves  for  ca rdboards  A and B, but the absolute values of the diffusivity are  approximately 
one half the corresponding values of D for  cardboards  A and B. 

At a low mois ture  content (u < 0.05) the diffusivity D increases  with increasing mois ture  content u 
and then stabil izes within the u = 0.06-0.08 kg/kg  range, beyond which it increases  sharply until u = 0.10 kg/kg. 
Then, as the mois ture  content increases  further ,  D decreases .  At a mois ture  level u < 0.06 kg/kg the 
t ranspor t  of mois ture  is, apparently,  governed by the adsorption-bonded mois ture ,  at u = 0.06-0.08 kg/kg 
there  occurs  t ranspor t  of the absorpt ion-bonded mois ture  and part ial  filling of microcapi l la r ies ,  while at 
u ~ 0.10 kg/kg mic rocap i l l a r i e s  and pores  of one kind become filled at a fast  rate.  

A fur ther  r i se  in the mois ture  level in the sorbent volume causes  the diffusivity to decrease .  The 
trend of a D = f{u)T=296OK curve within this range of mois ture  levels depends on the shape and the depth of 
pores  and capi l lar ies ,  on the ratio of their  radii, etc. The evident difference between the D = f(u)T=2~K 
cha rac t e r i s t i c s  of the var ious  e l ec t r i ca l -g rade  papers  and cardboards ,  even though the sorption i so therms  
of these mater ia l s  are  quite s imi lar ,  can, it seems,  be explained by the different skeleton s t ruc tures  of 
these mate r ia l s .  In capaci tor  and cable papers  there are  no throughfeed pores ,  according to the data in 
[8, 9], because the f ibers  which form pores  are  oriented paral lel  to the outside sur faces  of the paper sheet. 
In e lec t r i ca l -g rade  cardboard  which is 300 t imes  thicker  than capaci tor  paper,  on the other hand, one may 
assume some amount of interconnected throughfeed pores.  

The curve of diffusivity ve r sus  mois ture  content for grade K-120 cable paper under vacuum (T = 296~ 
0.039 < u < 0.23 kg/kg) has a shape s imi lar  to that of such a curve represent ing  the sorption of water vapor 
f rom air  under a tmospher ic  p ressure .  

It follows f rom its values listed in Table 1 that the diffusivity of the tes t  mate r ia l s  during sorption 
of water vapor  is 20-50 t imes higher under vacuum than under a tmospher ic  p ressure .  This is, apparently, 
because during mois ture  sorption by specimens under vacuum the molecules  of water  vapor  can penetrate 
unimpeded into m i c r o -  and macropores ,  to be then sorbed at the a i r - f r e e  surface of the solid cellulose 
skeleton. 

While testing the sorption of water  vapor under vacuum, we were concerned with vapor p r e s s u r e s  up 
to 20 mm Hg, corresponding to the pract ical  range of p r e s s u r e s  for the desiccation t rea tment  of e lect r ical  
insulation mater ia l s .  In o r d e r  to explore the t empera tu re  charac te r i s t i c s  of diffusivity, we per formed the 
tes ts  at four different t empera tu res  T. The said range of vapor  p r e s su re  corresponded to a variat ion of 
the mois ture  content f rom approximately 0.0001 to 0.015 kg /kg  at 363~ and to 0.24 kg/kg at 296~ 

In Fig. 2 is shown the diffusivity as a function of the mois ture  content, based on the sorption of water  
vapor  in cable paper under vacuum at t empera tu res  of 363, 343, and 318~K and with the mois ture  content 
varying f rom 0.0041 to 0.04 kg/kg, According to this diagram, within the said range of mois ture  levels the 
diffusivity D increases  with increasing mois ture  content u at each tes t  t empera ture  and this relation may, 
to the f i rs t  approximation, be regarded  as l inear:  

D = au q-  b, (4) 

with both a and b being functions of the tempera ture .  As a specific example, we show in Fig. 3 the curves  
a = f(T) and b = f(T) based on the curve in Fig. 2 for  grade K-120 paper.  A quantitative evaluation of these 
graphs has yielded the following empir ica l  formulas :  

a = 7.5 (T/273) u,~, (5) 

b = 0.016 (T/273) ~G. (6) 

Also for  the other tes t  mater ia ls ,  charac ter i s t ica l ly ,  the diffusivity has been found to depend strongly 
on the tempera ture  (the power exponent of T in the empir ical  formulas  a = f(T) and b = f(T) for grade KON- 
P paper and grade t~MTs cardboard  l ies within the 11-16 range). 

An evaluation of the tes t  data has yielded the following universal  equation for  the diffusivity, in so rp -  
tion of water  vapor by e lec t r i ca l -g rade  paper  under vacuum (over the 296-363~ tempera ture  range and at 
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moisture  levels  up to 0.04 kg/kg). Fo r  grade K-120 cable paper  we have 

D. 104 = 7.5 (T/273) lz,~u + 0,016 (T/273) 16 cm~/h, (7) 

and for  grade KON-P capaci tor  paper  we have 

D. l0 s = 6.2 (T/273)mTu + 0.013 (T/273)le~cm2/h. (8) 

The values obtained here  for  the coeff icients  of internal mass  t r ans fe r  as well as the empir ica l  r e l a -  
tions obtained here  between hygrodiffusivity and the state var iables  of the mater ia l  may be useful for  analyz-  
ing the mois ture  t r ea tment  and the desiccation of e lec t r ica l - insula t ion cel lulosics ,  also for calculating the 
p rocess  pa r a me te r s  in the desiccation of e lec t r ica l - insula t ion cel lulosics  under a tmospher ic  p re s su re  and 
under vacuum. 

U 

T 

D 
T 
a, b 
P 

N O T A T I O N  

is the mois ture  content (level) in the mater ia l ,  kgmoist /kgdry;  
is the time, h; 
is the diffusivity, cm2/h; 
is the absolute t empera tu re ,  ~ 
are  the empir ica l  pa ramete r s ;  
is the vapor  p re s su re ,  mm Hg. 
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