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Resul ts  a re  shown of an exper imental  study concerning the hygroscopic  p roper t i es  of ce l lu-  
lose ma te r i a l s  for  e lec t r ica l  insulation under  low wate r  vapor  p res su re .  

The few data published by Soviet and foreign authors  on the hygroscopic p roper t i es  of cellulose m a -  
t e r i a l s  for  e lec t r ica l  insulation (cable-grade and capac i to r -g rade  paper ,  and e lec t r i ca l -g rade  cardboard) 
under  low water  vapor  p r e s s u r e s  a re  so cont radic tory  that no quantitative t rends  in the relat ion We=f(P ,  t) 
can be established on their  basis.  According to the data of mos t  authors ,  for  instance,  the W e = f(P)t 
tes t  points for  e lec t r ica l  insulation paper  under vacuum at different t empera tu res  fit on (or about) straight  
lines [1, 2, 3]. 

Fo r  e lec t r ica l  insulation paper ,  according to other  authors [4, 5, 6], the sorption i so therms  plotted 
at var ious  t empera tu res  under p r e s s u r e s  below 0 .01-0 .1mm Hg merge  into a single curve ,  i. e . ,  in the 
range of low vapor  p r e s s u r e s  the equil ibrium mois ture  content in e lec t r ica l  insulation ma te r i a l s  does not 
depend on the tempera ture .  As to the mois ture  content in e lec t r ica l  insulation cardboards  under vacuum, 
there  a re  no data at  all available in the technical  l i terature .  

The hygroscopic  p roper t i e s  of cellulose mate r i a l s  for  e lec t r ica l  insulation under low vapor  p r e s s u r e s  
mus t  be known, for  the p rope r  select ion of their  optimum per fo rmance  p a r a m e t e r s  and for  determining the 
p rope r  heat--vacuum t rea tment  time in the design of e lec t r ica l ly  insulating s t ruc tures .  The sorption i so -  
t he rms  of these ma te r i a l s  can be used for  analyzing the p a r a m e t e r s  of internal  mass  t r ans f e r  and for 
determining the energy cha rac t e r i s t i c s  of interact ion between mois ture  and the mat r ix  ma te r i a l  [7, 8]. 

In view of this, an extensive study was made at the Institute of Heat and Mass T rans fe r  (Academy of 
Sciences of the BSSR) concerning the sorption cha rac t e r i s t i c s  of cellulose mate r i a l s  widely used for  e l ec -  
t r i ca l  insulation in t r a n s f o r m e r s  and capaci tors .  The following ma te r i a l s  were  selected for  test  specimens:  

TABLE i 

Grade of electrical Parame- 
insulation material ter (c, n) 

EMTs cardboard ] c 

Cardboard A c 
n 

Cardboard B c 
n 

8ilcon c 
n 

T erox C- I c 
n 

Terox C-0.8 c 
n 

2,0 
0,47 
1,58 
0,52; 
1,46 
0,58{ 
2,25 
0,48 

2,60 
0,48 
2,7 
0,43 

Temperature, ~ 
45 70 90 

1,18 0,595 0,26 
0,46 0,442 0,43 
0,97 0,462 0,225 
0,507 0 ,482  0,462 
0,82 0,38 0,21 
0,56 0,52 0 485 
1,35 0,62 0'31 
0,48 0,48 0,48 
1,30 0,432 0,178 
0,48 0,48 0,48 
1,4 0,50 0,22 
0,45 0,48 0,50 

CaIculation formula 

5,55 exp (-- 0,034t) 
0,489- 0,00067t 
4,02 exp (-- 0,0320 
0,552 -- O,O01t 
3,74 exp (-- 0,032t) 
0,063 -- O,O017t 
5,6 exp (-- 0,032t) 

0,48 
9,4 exp (-- 9,0440 

0,48 
8.2 exp (-- 0,04/) 
0.4@ O,OO11/ 

* For capacitor-gradepapers Silicon, Terox C-l, Terox C-0.8 experiments conducted at 26~ 
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Fig. 1. Schematic  d i a g r a m  of the t e s t  appara tus :  1) sorpt ion  cy l inder ,  2) hose,  3) i l luminating lamp,  4) 
so rba te  f lask ,  5) model  TL-150  u l t r a p r e c i s i o n  t he rmos t a t ,  6) upper  blade,  7) model  VIT-2  v a c u m e t e r ,  
8) model  L T - 2  lamp,  9) model  LM-2  lamp,  10) vacuum tap,  11) quar tz  sp r ings ,  12) model  VN-1-2M 
mechan ica l  pump,  1 3 ) m o d e l  N - ~ - 2 v a p o r - o i l p u m p ,  14 ) lock  for  the v a p o r -  oil pump , 15 )mode l  KM-6 
ca the tome te r ,  1 6 ) c o l l e c t o r ,  1 7 ) c a t h e t o m e t e r  p rop ,  18 )MacLeod  m a n o m e t e r ,  19 )o i l  m a n o m e t e r ,  20) 
m e r c u r y  m a n o m e t e r ,  21) spec imen ,  22) vacuum valve ,  23) p r e l i m i n a r y  bott le,  24) connecting tube. 

c a b l e - g r a d e  K-120 p a p e r  {p = 0.76 g/cm3),  e l e c t r i c a l - g r a d e  ca rdboa rds  A(o = 0.93 g/cm3),  B {p = 0.95 g 
/cm3),  and EMTs (o = 1 .05g/cm3) ,  as  well  as  c a p a c i t o r - g r a d e  pape r s  KON-I I  {p = 1.23g/cm3),  Silcon (p 
= 1.01 g/cm3),  Te rox  C-1 (p = 0.998 g/cm3),  and T e r o x  C-08 ~o = 0.795 g/cm3). (The cu rves  of equi l ibr ium 
m o i s t u r e  content  for  the p a p e r  g r ades  K-120 and KON-I I  had been given in our  e a r l i e r  a r t i c l e  [9]). 

The t e s t s  we re  p e r f o r m e d  in a spec i a l -pu rpose  vacuum- - so rp t i on  appara tus  shown schemat ica l ly  in 
Fig.  1. The g r a v i m e t r i c  method was  used with a MacBane balance,  making it feas ib le  to conduct these  
t e s t s  under  low vapo r  p r e s s u r e s  (0 .01-10mm Hg) and ove r  a wide t e m p e r a t u r e  range (20-90~ 

The bas ic  opera t ing components  of the appara tus  we re  sorpt ion cy l inders  1 made  of g lass  with r e m o v -  
able  l ids 6 ground on top. The l a t t e r  were  fastened to sorp t ion  balances  11 compr i s ing  fine spr ings  of 
fused quar tz .  Batches  21 of t e s t  m a t e r i a l  we re  hung onto the quar tz  spr ings  with g lass  thread.  

The quantity of sorbed  m o i s t u r e  was  r eco rded  with a model  KM-6 ca the tome te r  15 responding to the 
deflect ion of the hel ica l  quar tz  sp r ings  inside the sorpt ion cyl inders .  

An elongation of a spr ing co r re sponded  to a change in the weight of the r e spec t ive  t e s t  specimen.  
The sorpt ion ba lances  w e r e  ve ry  sens i t ive  and yielded readings  accura t e  to within 5- 10 -r g. 

The two-s tage  vacuum--suc t ion  s y s t e m  cons is ted  of a model  VN-1-2M mechanica l  p r evacuum pump 
12, a model  VA-01-1 h igh-vacuum aggrega te  with a model  N-1S-2 v a p o r - - o i l  diffusion pump 13 as  the 
ma in  component ,  a se t  of connecting tubes with a ni t rogen t rap ,  and vacuum va lves  22 with taps.  All joints 
w e r e  he rme t i c  and had been designed for  producing and maintaining a vacuum within 10 -8 to 10-Smm Hg. 

The n e c e s s a r y  vapo r  p r e s s u r e  for  tes t ing  the p r o c e s s  was  es tab l i shed  by re leas ing  some  amount  of 
w a t e r  vapo r  f r o m  f lask  4 containing bidist i l la te .  The a i r  d isso lved  in this  d is t i l la te  had been r emoved  by 
pass ing  the l a t t e r  through three  f reez ing  cycles .  

The m a n o m e t r i c  p a r t  of the vacuum-- so rp t ion  appara tus  cons is ted  of a U-tube m e r c u r y  m a n o m e t e r  
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Fig.  2. Sorpt ion i s o t h e r m s  of (a) c a p a c i t o r - g r a d e  
Silcon p a p e r  and (b) e l e c t r i c a l - g r a d e  EMTs ca rdboa rd ,  
a t  va r ious  temperatures: 1) 26~ for  (a) and 29~ for  
(b), 2) 45~ 3) 70~ 4) 90~ 5) llO~ 6) 130~ 
and 7) 150~ 

20, a U-tube s i l icone fluid m a n o m e t e r ,  a model  VKZh-4 m a n o m e t e r  19, a model  VIT-2  i on i za t i on - the rmo-  
couple vacurne te r  7 in combinat ion with m a n o m e t e r  p robes  L T - 2  (8) and LM-2 (9), and a MacLeod c o m -  
p r e s s i o n  gage 18. 

The sorpt ion  cy l inders  we re  wrapped  in j acke t s  through which w a t e r  was c i rcu la ted  f r o m  a model  
TL-150  u l t r ap r ec i s i on  t h e r m o s t a t  5 for  mainta ining the requ i red  t e m p e r a t u r e  inside the cy l inders .  F o r  
checking the p e r f o r m a n c e  of the t he rmos ta t i z ing  sy s t em,  copper - - cons tan tan  therrnocouples  had been in-  
s ta l led  into the ac t ive  zone of the sorp t ion  cy l inders .  

The t e m p e r a t u r e  inside the sorpt ion  cy l inders  deviated f rom the r e f e r e n c e  level  by not m o r e  than 
=L 0.5~ throughout the exper iment .  

Control  t e s t s  w e r e  p e r f o r m e d  to e s t ab l i sh  the ef fec t  of the vapo r  t e m p e r a t u r e  and p r e s s u r e  as well  
as  the effect  of the tes t ing  t ime  on the def lect ion of the quar tz  spr ings .  These  t e s t s  w e r e  p e r f o r m e d  on 
s p e c i m e n s  of a hydrophobic m a t e r i a l  (Teflon). According to these  cont ro l  t e s t s ,  the vapo r  p r e s s u r e  P had 
no ef fec t  on the spr ing  elongation. T e m p e r a t u r e  changes  had some effect  on the spr ing  deflection. Such 
a t h e r m a l  def lect ion of spr ings  usual ly depends on the sens i t iv i ty ,  the length, and the d i a m e t e r  of the spr ing 
coils .  In o r d e r  to account  for  this  e r r o r ,  t e m p e r a t u r e  c o r r e c t i o n s  w e r e  added before  and a f t e r  each  t e s t  
in the ca lcula t ion of the m o i s t u r e  content.  The effect  of the tes t ing  t ime  on the spr ing sens i t iv i ty  was 
de t e rmined  by ca l ib ra t ing  each  spr ing  before  and a f t e r  the exper iment .  

As the absolute ly  d ry  weight  of a spec imen  in these  t e s t s  was  r ega rded ,  the weight  of a spec imen  
a f t e r  des icca t ion  at  a 90-95~ t e m p e r a t u r e  and under  a 10-4-10 - 3 m m  Hg p r e s s u r e ,  before  the readings  of 
the q u a r t z - s p r i n g  ba lance  had been s tabi l ized.  

F o r  ca l ib ra t ion  aga ins t  the absolute ly  d ry  weight,  the init ial  m o i s t u r e  content  in a t e s t  spec imen  was  
de t e rmined  by the F i s c h e r  method.  
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Fig. 3. P a r a m e t e r s  c and n as  

functions of the tempera ture  t (~ 
for  the e l ec t r i ca l -g rade  EMTs 
cardboard.  

As a specific example,  in Fig. 2a and 2b are  shown curves  
of equilibrium mois ture  content in e l ec t r i ca l -g rade  EMTs c a r d -  
board and in capac i to r -g rade  Silcon paper.  

According to Fig. 2, a r i se  in the vapor  p r e s s u r e  at a con-  
stant  t empera ture  is accompanied by an increase  in sorbed m o i s -  
ture.  Thus, for  example, a change of p r e s s u r e  f rom 0.1 to 10ram 
Hg is followed by an increase  in the equilibrium mois ture  con-  
tent f rom 0.66 to 5.9% in grade EMTs cardboard  at 29~ and f rom 
0.72 to 7.0% in Sflcon paper  at 26~ As the tempera ture  r i ses ,  
the equil ibrium mois ture  content drops.  This effect of the t e m -  
pera tu re  on W e is par t icu la r ly  pronounced under higher  vapor  
p r e s s u r e s .  

Thus, a t empera ture  r i se  f rom 29 to 90~ under t ) = 10 mm 
Hg is accompanied by a drop in the equilibrium mois ture  content 

f rom 5.9 to 0.7% in grade EMTs cardboard  and f rom 7.0 to 0.93% in Silicon paper.  

The equil ibrium mois ture  content in grade  EMTs cardboard  and in Silcon paper ,  as a function of the 
vapor  p r e s s u r e  under vacuum, has been plotted in Fig. 2 in logari thmic coordinates  and the data fit c losely 
enough on a set  of s t ra ight  lines within the tes t  ranges  of both P and t. 

The sorpt ion i so therms  of all the other  tested mate r i a l s  have a s imi la r  trend. 

Thus,  within this p r e s s u r e  range, the relat ion W e = f(P)t for cellulose mate r ia l s  used as e lec t r ica l  
insulation is parabolic and can be accura te ly  descr ibed by Freundl ich ' s  empir ica l  equation [10] W e = cP  n, 
where c and n are  constants  whose values depend on the physicochemical  proper t ies  of the mater ia l  and 
on the t empera tu re  of the sorpt ion p rocess .  

A quantitative evaluation of the sorption i so therms in our  study involved calculating c and n in this 
equation as well as finding the empir ica l  relat ions c -- f(t) and n = f(t) for each tested mater ia l .  The r e -  
sults of this evaluation a re  given in Table 1. 

The numer ica l  values of exponent n for  the capac i to r -g rade  Silcon and Terox  C-1 papers  a re  the 
same and equal to 0.48, for  the capac i to r -g rade  Terox C-0.8 paper  n increases  l inearly with the t e m p e r a -  
ture  t, and for  the e l ec t r i ca l -g rade  ca rdboards  n dec reases  l inearly as the tempera ture  increases .  

F o r  i l lustrat ion,  n and c as  functions of the t empera tu re  are  shown graphical ly in Fig. 3 for the 
grade  EMTs cardboard.  

Thus, the universa l  equations for  calculat ing the equilibrium mois ture  content in cellulose mate r i a l s  
fo r  e lec t r ica l  insulation, as  a function of  the vapor  p r e s s u r e  and the t empera tu re ,  are:  

for  grade EMTs cardboard  

for  grade A cardboard  

We, = 5,55 exp (--0.034t)po.489-o.ooo67t, 

W e == 4 .02  exp (--0,032t) P ~176176176 

W e, =~ 3.74 exp (--0.0320 _pD.OG3--O. OOlTt 

(I) 

(2) 

(3) 

for  grade B cardboard  

for  capac i to r -g rade  Silcon paper  

W e = 5.6 exp (-- 0.032t) pO.4s, (4) 

for  capac i to r -g rade  Terox C-1 paper  

W e = 9.4 exp (-- 0.0440 po.4s, (5) 

for  capac i to r -g rade  Terox C-0.8 paper  

We -= 8.2 exp (--0.040 po.4+o, oont. (6) 

The validity range of these equations is evidently limited to the following range of vapor  p re s su re :  
0.05 to 10ram Hg. Below this p r e s su re  range,  the equil ibrium mois ture  content in the capac i to r -g rade  
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p a p e r s  m e a s u r e d  a t  1) < 0 . 0 5 m m  Hg is somewhat  above the sorpt ion  i s o t h e r m s  desc r ibed  by the r e spec t ive  
equations.  Unfortunately,  in the en t i re  technical  l i t e r a tu re  there  is only one r e f e r e n c e  (by N. Foote [11]) 
with data on the equi l ibr ium m o i s t u r e  content  in c a p a c i t o r - g r a d e  p a p e r s  under  vapo r  p r e s s u r e s  below 0.05 
m m  Hg (the author  there  has obtained these  data at  a t e m p e r a t u r e  of 27~ 

Our va lues  of equi l ibr ium m o i s t u r e  content  in the c a p a c i t o r - g r a d e  p a p e r s  under  low p r e s s u r e s  1) 
ag ree  c lose ly  enough with F oo t e ' s  data,  and the data fo r  h igher  p r e s s u r e s  a r e  a l so  in a s a t i s f ac to ry  a g r e e -  
ment .  

Thus ,  accord ing  to [11], at  a t e m p e r a t u r e  of 270C we have W e = 0.4% under  a p r e s s u r e  1 ) = 0 .05ram 
Hg, W e = 0.7% under  1) = 0 .1 ram Hg, and W e = 0 . 2 m m  Hg; the va lues  of equi l ibr ium m o i s t u r e  content ob-  
tained fo r  the Silcon p a p e r  under  the s a m e  p r e s s u r e s  at  a t e m p e r a t u r e  of 26~ a r e  r e spec t ive ly  0.54, 0.72, 
and 1.0%. 

By extrapolation of the universal equations into the range of higher temperatures, we have obtained 
sorption isotherms for the test materials at Ii0, 130, and 150~ under vacuum (in Fig~ 2 these isotherms 
are indicated by dashed lines). S. Dushman [12] has demonstrated the validity of thus extrapolating the 
sorption test data for cellulose materials under low vapor pressures. The reliability of the sorption iso- 
therms above 100~ calculated for the given materials according to those equations, has been confirmed 
by a comparison of the calculated values with those few published data [ii, 13] on the equilibrium moisture 
content in cellulose materials. 

As a result of this experimental study, we have thus determined the equilibrium moisture content in 
cellulose materials for electrical insulation over safficiently wide and practically important ranges of vapor 
pressure and temperature; we have also derived empirical relations for calculating the equilibrium mois- 
ture content, as a function of the pressure and the temperature, for all the tested materials. 

W e 

1) 
t 
p 

NOTATION 

is the equi l ibr ium m o i s t u r e  content ,  kg/kg of dry m a t e r i a l ,  
is the w a t e r  v a p o r  p r e s s u r e ,  m m  Hg; 
is the t e m p e r a t u r e ,  ~ 
is the densi ty  of the m a t e r i a l ,  g / c m  3. 

�9 1 0 0 % ;  

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

9 .  

10. 
11. 
12. 
13. 
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