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Resul t s  a re  shown of an e x p e r i m e n t a l  study concerning the vacuum drying of cel lulose m a -  
t e r i a l s  for  e lec t r ica l  insulation by a combined c o n v e c t i v e - r a d i a t i v e  heat  supply.  A s e m i -  
empi r i ca l  genera l ized  equation is  given by which the drying t ime  down to the des i red  final 
mo i s tu r e  content in typical  m a t e r i a l s  can be de te rmined .  

The se rv ice  life of ce l lu lose  insulation in t r a n s f o r m e r s  i s  de te rmined ,  essent ia l ly ,  by the ra te  of i ts  
aging p r o c e s s e s ,  which depend l a rge ly  on the mo i s tu re  content in the m a t e r i a l .  F u r t h e r m o r e ,  the mo i s tu r e  
content in the insulation a lso  d e t e r m i n e s  the e lec t r i ca l  c h a r a c t e r i s t i c s  of the l a t t e r  (loss tangent ,  b r e a k -  
down voltage,  and insulation r e s i s t ance ) .  

Although the subject  is  quite re levant ,  ve ry  l i t t le  is  found in the l i t e r a tu re  about the opt imizat ion of 
the drying p r o c e s s  applied to t r a n s f o r m e r  insulat ion.  Phenomena which occur  during this p r o c e s s  have 
remained  a lmos t  ent i re ly  unexplored.  

In this  a r t i c l e  we p r e s en t  the r e su l t s  of an exper imenta l  study concerned with the heat ing and drying 
kinet ics  in insulation spec imens  for  act ive t r a n s f o r m e r  components  exposed to a combination of convective 
and radia t ive  heat  under  vacuum.  

The t e s t s  were  pe r fo rmed  on spec imens  of e lec t r i ca l  insulation ca rdboard  g rades  A (density 0.93 g 
/ c m  3, th ickness  2, 2.5, and 3 ram),  grade  V (density 0.95 g / c m  3, th ickness  3 m m ) ,  a n d g r a d e s  EMTs 
(density 1.05 g / c m  3, th ickness  1.5 and 3 m m ) .  

The opera t ing p a r a m e t e r s  were  var ied  over  a wide range:  the p r e s s u r e  of the v a p o r - a i r  mix tu re  in 
the chamber  f rom 0.1 to 300 m m  Hg, the t e m p e r a t u r e  f r o m  90 to 120~ 

The tes t  appara tus  consis ted of two he rme t i ca l ly  connected vacuum c h a m b e r s ,  the lower  chamber  
serv ing  as a r epos i to ry  for  a model  VLTK-500 scale  with 0.1 g graduat ions .  The t e s t  spec imens  were  
placed on a special  pad r igidly joined to the load pan in the upper  opera t ing  c h a m b e r .  Scale readings  were  
taken visual ly  through a s y s t e m  of m i r r o r s  and a viewing g lass  in the lid of the lower  chambe r .  In o rde r  

TABLE 1. Values of the Empi r i ca l  C.oefficients a,  b for  
Various E lec t r i ca l  Grades  of Cardboard  Insulat ion 

Cardboard 
grade o, g /cm 3 h, mm a b 

A 

V 
EMTs 

0,93 

0,95 
1,05 

2,0 
2,5 
3,0 
3,0 
1,5 
3,0 

0,1050 
0,1022 
0,1000 
0,0900 
0,0540 
0,0300 

0,00068 
0,00098 
0,00124 
0,00240 
0,00610 
0,00900 
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Drying curves  (1-5), d ry ing- ra te  curves  (6- 
10), and heat ing-kinet ics  curves  (11-13) for e l ec t r i ca l -  
grade cardboards :  grade A cardboard  h = 3 mm at 
t = 120~ and p = 1.5 mm Hg (1,6, 11), grade A c a r d -  
board h = 3 m m  at t = 110~ and p = 1.5 mm Hg (2, 7, 
12), grade A cardboard (3, 8), grade V cardboard  (4, 
9, 13), grade EMTs cardboard (5, 10); h = 3 mm,  t 
= 100~ and p = 1.5 mm Hg for  3-5, 8-10, and 13. 

to avoid e r r o r s  due to a likely effect of the thermocouples  weight on the scale readings,  on a special 
cant i lever  beam inside the operat ing chamber  we suspended s imi la r  additional cardboard specimens for 
studying the heating kinet ics .  The t empera tu re  of the specimens and also the ambient t empera tu re  in the 
operat ing chamber  were measured  with copper -cons tan tan  thermocouples  (electrode wires  0.15 mm in 
diameter) assembled with a model EPP-09  24-point e lectronic  potent iometer .  

The heat sources  were e lectronic  n ichrome elements mounted into the housing of the operat ing cham-  
be r .  A specified ambient t empera tu re  in the chamber  was maintained automatical ly by means of a model 
EPV-2 e lect ronic  ind ica t ing- record ing  potentiometer~ 

The suction sys tem in this apparatus included two VN-IMG pumps, ni t rogen-cooled t raps  for f r e e z -  
ing the water  vapor,  drains for maintaining the required p r e s s u r e  in the chamber ,  vacuum valves,  and 
piping. The chamber  p r e s s u r e  was measured  with a U-tube m e r c u r y  vacumeter  and with a VT-3 t h e r m o -  
couple vacumete r .  

Specimens had been prepared in the form of rec tangular  pieces  weighing 100-200 g and f i r s t  held for 
several  days in a des icca tor  with a definite mois ture  content. The initial mois ture  content was determined 
by two methods in paral le l :  by drying in a vacuum oven and by disti l lation. 

During the test  we measured  the following quantit ies:  ambient t empera tu re  and p r e s s u r e  in the 
chamber ,  t empera tu re  of the mater ia l ,  and weight of the specimens to be dried.  The measuremen t s  were 
made at 1 rain intervals  (at the beginning) increas ing to 5-10 min (at the end). A test  was completed when 
the weight of the specimen became stable without change for  3 -4h  under conditions of the exper iment .  

The tes t  resul ts  are  shown in the form of drying curves  W -- f(1) r e f e r r ed  to the initial mois tu re  
W 1 = 9% m~d dry ing- ra te  curves  --dW/dT= f(W--We) (Fig. 1). A cor rec t ion  was introduced he re  to account 
for a short  period (3-7 min) of t empera tu re  and p r e s s u r e  stabilization in the drying chamber  at the begin- 
ning of the tes t .  

An analysis  of the drying and the d ry ing- ra te  curves  has shown that they do not pass  through a 
cr i t ical  point, i . e . ,  that the vacuum-heat  t rea tment  of cellulose insulation proceeds  under a decreas ing  
drying ra te .  According to Fig.  1, the t empera tu re  of dried specimens rose  fast  and, af ter  a short  t ime 
interval ,  became equal to the ambient t empera tu re  in the chamber .  F rom the beginning of the p rocess ,  
the mois ture  content followed an intr icate  trend asymptot ical ly  approaching the equilibrium level W e . 

It may be stated that the internal  heat and mass  t r ans f e r  has a decisive effect on the drying rate  in 
vacuum, the p roces s  rate being limited by the slow t r ans fe r  of generated vapor f rom the evaporation zone 
through dry layers  to the surface of the mater ia l  [1, 2]. 
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Fig.  2. Maximum re fe r r ed  drying rate e 
= -(dW/dr) /N(W-We)  as a function of the 
instantaneous excess  mois tu re  content 
(W-We), %, for  e lec t r i ca l -g rade  insulating 
cardboards :  grade A cardboard h = 2 m m  

(1) ,  grade A carbdoard h = 2.5 mm (2), 
grade A cardboard h = 3 m m  (3), grade V 
cardboard h = 3 mm (4), grade l~MTs c a r d -  
board h = 1.5 m m  (5), grade EMTs ca rd -  
board h = 3 m m  (6). 

An analytical solution of the intr icate  problem of compounded internal and external heat and mass  
t r ans fe r  is mathematical ly  very difficult.  Besides,  there  are  no published data available on the heat and 
mois ture  t r ans fe r  coefficients which would apply to this par t i cu la r  p r o c e s s .  For  this reason,  in o rde r  to 
establish a specific relation for  insulating cardboard between the vacuum-drying  p roces s  t ime and the 
basic p roces s  fac tors ,  we analyze the test  data di rect ly .  

As can be seen in Fig.  1, the d ry ing- ra te  curves  for  all tes t  specimens at var ious operating condi- 
tions are  bent toward the mois ture-content  axis of absc issas  and their  shape cor responds  to a power func- 
t ion. 

An evaluation of the tes t  data has yielded the following general ized equation for  the d ry ing- ra te  
curves .  

dU7 
- e-( = N [ a ( W -  we) + b ( W - -  W~)~I. (1) 

The empir ical  coefficients a, b in Eq. (1) do not depend on the p roces s  p a r a m e t e r s  ( temperature t and 
v a p o r - a i r  p r e s s u r e  p in theopera t ingchamber ) ,  but are  determined only by the thickness of any given m a -  
te r ia l .  The effect of external fac tors  on the p rocess  kinetics in drying e lec t r i ca l -g rade  cardboard insula-  
tion is manifested in the change of N - the maximum drying rate corresponding to a given initial mois ture  
content in the mater ia l  (W 1 = 9%). 

The validity of expression (1) is well i l lustrated in Fig. 2, where the relat ive r e fe r red  drying rate 
has been plotted as a function of the instantaneous excess  mois ture  content (W-We) in the mater ia l :  

dW/dx 
8 ~  

N ( w -  we) 

Indeed, as can be seen here ,  the tes t  points for each grade and gage of cardboard lie quite close to 
the straight  line 

s = a + b (W -- We) (2) 

over  the entire range of p rocess  p a r a m e t e r  values.  

The functional relat ion 

dW/dx e -- = a -}- b (W - -  We) (3) 
tr ( w  - wo.  

obtained direct ly  f rom the d ry ing- ra te  curves  may be useful for  deriving a universal  relation between the 
vacuum-dry ing  t ime and the specimen thickness for  cardboard insulation under actual operating conditions 
[3]. 

Equation (3) will be rewri t ten as follows: 

1 dW 
dx . . . .  (4) 

N (W--We)[a+b(W--We) l  
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F i g .  3.  M a x i m u m  d r y i n g  r a t e  N (%/rain) as  a f u n c -  
t ion of the t e m p e r a t u r e  t (~ (a): g r a de  A c a r d b o a r d  
h = 2 m m  at p = 1.5 m m  Hg (1), g rade  A c a r d b o a r d  h 
= 3 m m  at  p = 1.5 m m  Hg (2), g rade  V c a r d b o a r d  h 

= 3 m m  at  p = 1.5 m m  Hg (3), g rade  E M T s  c a r d b o a r d  
h = 3 m m  at p = 1.5 m m  Hg {4), g rade  A c a r d b o a r d  
h = 3 m m  at p = 50 m m  Hg (5), g rade  V c a r d b o a r d  h 
= 3 m m  at p = 300 m m  Hg {6); as  a funct ion  of l o g p  (b): 
g rade  A c a r d b o a r d  h = 2 m m  at t = 120~ (1), g rade  A 
c a r d b o a r d  h = 2 m m  at t = 110~ (2), g rade  A c a r d -  
boa rd  h = 2 m m  at  t = 100~ (3), g rade  A c a r d b o a r d  
h = 2 m m  at t = 90~ (4), g rade  E M T s  c a r d b o a r d  h 
= 3 m m  at t = 100~ (5), g rade  V c a r d b o a r d  h = 3 m m  
at t = 100~ (6). 

I n t e g r a t i n g  (4) f r o m  Wl ( in i t ia l  m o i s t u r e  content)  to W 2 (final m o i s t u r e  content)  y i e l d s  

1 [ a + b ( W ~ - - W e ) ] ( W 1 - - W e )  
= In (5) 

a~ [a + b(W1-- tVe)] (W~-- We) 

in  o r d e r  to eva lua t e  the effect  of ba s i c  p a r a m e t e r s  on the M n e t i c s  of vacuum d ry ing ,  we have  p r o -  
ce s sed  the t e s t  data  for  e l e c t r i c a l - g r a d e  c a r d b o a r d s  quan t i t a t i ve ly  by the method of s u c c e s s i v e  t r a c k i n g  of 
the func t ion  N = f(t, p,  h ,  p) ; we have  a l so  e s t ab l i shed  how the coe f f i c i en t s  a, b depend on the s p e c i m e n  
t h i c k n e s s  of the v a r i o u s  c a r d b o a r d  g r a d e s .  

F o r  th i s  p u r p o s e ,  we s y s t e m a t i z e d  all  the d r y i n g  c u r v e s  with r e s p e c t  to each g o v e r n i n g  f a c t o r .  A 
subsequen t  a n a l y s i s  of those  c u r v e s  showed that  the  v a c u u m  d r y i n g  of the t e s t  s p e c i m e n s  had been  ap -  
p r e c i a b l y  a c c e l e r a t e d  by a t e m p e r a t u r e  r i s e  u n d e r  cons t an t  o the r  p r o c e s s  c o n d i t i o n s .  

The  m a x i m u m  d r y i n g  r a t e  N ha s  been  plot ted  in  F i g .  3a a s  a funct ion  of the t e m p e r a t u r e  t .  

It  i s  ev iden t  h e r e  that  the r e l a t i o n  N = f(t) i s  of the s a m e  type for  a l l  t e s t  s p e c i m e n s  (at a g iven p r e s -  
s u r e  in  the d r y i n g  chamber )  and i s ,  in fact ,  a pow e r  func t ion  

N N e,  (6) 

w h e r e  the exponent  n does  not depend  on the s p e c i m e n  t h i c k n e s s  but  i s  det e r m i n e d  so l e ly  by  the v a p o r - a i r  p r e s -  
s u r e  In the c h a m b e r .  Within  the r ange  of t e s t  p r e s s u r e s  p the va lue  of n r a n g e s  f r o m  2.87 to 5.27.  

The fact  that  n i s  g r e a t e r  than  un i ty  i nd i c a t e s  that ,  as  the t e m p e r a t u r e  r i s e s ,  i t s  effect  on the d ry ing  
r a t e  of i n s u l a t i o n  c a r d b o a r d s  u n d e r  v a c u u m  i n c r e a s e s .  A p p a r e n t l y ,  th i s  i s  due to the i n c r e a s i n g  f r ac t i on  
of hea t  a b s o r b e d  by the m a t e r i a l  th rough  r a d i a t i on  at  h ighe r  t e m p e r a t u r e s  as  wel l  as  due to the i n c r e a s i n g  
r a t e  of i n t e r n a l  hea t  and m a s s  t r a n s f e r .  

A comple t e  a n a l y s i s  of the N = f(t) r e l a t i o n  based  on a l l  t e s t s  over  the e n t i r e  r a nge  of c h a m b e r  
p r e s s u r e s  has  y ie lded  the fo l lowing e m p i r i c a l  equat ion:  

n = 2,1 lg (p + 23). (7) 
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Maximum r e f e r r e d  drying ra t e  C = N(p + 29) 5 
/ t n  as  a function Qf the spec imen th ickness  h (a) fo r  
g rade  A cardboard :  p = 0% ram Hg and t = 110~ (1), 
p = 1 0 m m H g a n d t = 9 0 ~  (2), p = 5 0 m m H g a n d t  
= 120~ (3). Empi r i ca l  coeff icients  a,  b as functions 
of the spec imen th ickness  h (b) for  grade  A ca rdboa rd .  

Thus,  the exponent n ( i . e . ,  the effect  of ~be t e m p e r a t u r e  on the r a t e  at  which ca rdboard  insulation is  
vacuum dried) i n c r e a s e s  with the chamber  p r e s s u r e .  This  is  obviously a r e su l t  of a higher ra te  of heat  
supply to a dr ied m a t e r i a l  under  a higher  p r e s s u r e ,  mainly  because  of the inc reas ing  role  played by 
convect ive heat  t r a n s f e r  in an increas ingly  dense r  med ium [1, 2]. 

An impor tan t  aspect  of this p r o c e s s  is  that  the v a p o r , a i r  p r e s s u r e  inside the drying chamber  affects  
not only the r a t e  of heat  supply to a dr ied specimen (which i s  ref lec ted  in the functional relat ion n = f(p)) 
but also de t e rmines  the evaporat ion ra te  of the mo i s tu re  as well as  the mechan i sm of heat and mas~  t r a n s -  
f e r  inside the dr ied m a t e r i a l .  

The r e su l t s  of the t e s t  data evaluation for  the purpose  of r evea l ing  the effect  of p r e s s u r e  on the ra te  
of vacuum drying,  in the case  of e l e c t r i c a l - g r a d e  ca rdboard  insulat ion,  a r e  p resen ted  graphical ly  in t e r m s  
of the m a x i m u m  drying r a t e  N as  a function of l ogp .  

According to Fig.  3b, the re la t ion N = f(p) at a constant  t e m p e r a t u r e  is  of the same  type for  all tes t  
s p e c i m e n s .  As the v a p o r - a i r  p r e s s u r e  is  dropped below a tmospher i c ,  the drying ra t e  i n c r e a s e s  con-  
s iderably  owing to improved  m a s s  t r a n s f e r  condit ions.  At a p r e s s u r e  in the 1-20 m m  Hg range (depending 
on the t e m p e r a t u r e  level) N r eaches  i t s  m a x i m u m  value .  A fu r the r  reduction of p r e s s u r e  r e su l t s  in a low 
drying r a t e ,  which can be explained p r i m a r i l y  by the rad ica l  change in the mechan i sm of in ternal  m a s s  
t r a n s f e r  and then by the grea t ly  inhibited c o n v e c t i v e  heat t r a n s f e r  within t h i s  p r e s s u r e  r~ngeo 

It  is  to be noted that a s i m i l a r  t rend in the re la t ion  between the evaporat ion ra te  of mo i s tu r e  and the 
p r e s s u r e  has  been observed  also by other  authors  during the sublimation of i c e  [4] as well as  in the vacuum 
drying of gelat ine and porous  wa t e r - i m preg na t ed  c e r a m i c s  [1, 5]. 

An analys is  of the t e s t  data has  also shown that,  for  any given spec imen ,  the c r i t i ca l  point of the 
N = f(p) curve  cor respond/ng  to m a x i m u m  N shif ts  toward lower  p r e s s u r e s  as  the t e m p e r a t u r e  d e c r e a s e s .  
This  can be explained as fol lows.  When the p r e s s u r e  d e c r e a s e s ,  evidently,  the m o l e c u l a r - v i s c o u s  mode 
of heat  and m a s s  t r a n s f e r  gradual ly  t r a n s f o r m s  into a pure ly  m o l e c u l a r  t r a n s f e r  with the quant i ty  pv /~T  
r a t h e r  than the par t ia l  p r e s s u r e  becoming  the vapor  t r a n s f e r  potential  [1]. It follows f r o m  he re  that  at a 
h igher  t e m p e r a t u r e  the m o l e c u l a r  flow of vapor  begins under  a h igher  par t i a l  vapor  p r e s s u r e .  

An evaIaat ian of the t e s t  da ta  for  each spec imen  in ~he f o r m  of g r aphs  r e p r e s e n t i n g  the m a x i m u m  
r e f e r r e d  drying ra t e  N / t  n as a function of logp  has  yielded the following un iversa l  re la t ion for  N as  a 
function of the p r e s s u r e  and the t e m p e r a t u r e :  

N - -  Ct" 
(p + 29)5 , (8) 

~i th  C d e n o t ~ g  a coeffieien~/ndependen~ of the p r o c e s s  p a r a m e t e r s  and de te rmined  fo r  each ca rdboard  
grade  by the spec imen thickness  only.  
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An analysis  of the drying curves  for specimens of var ious th icknesses  (other conditions equal) has 
shown that the rate  of vacuum-heat  t rea tment  is inversely  proport ional  to the thickness h of the dried m a -  
te r ia l .  This is so, because the mater ia l  thickness determines  the path length through which vapor and 
mois ture  are  t r an s f e r r ed  f rom the inside l ayer  to the body sur face .  A deepening of the evaporation zone 
during the dehydration of a specimen inc reases  the res i s tance  of the capi l lary sys tem through which vapor 
has to be removed and, in this way, the drying rate is decreased  [1, 6]. 

The tes t  data for  grade A cardboard have also been evaluated, as shown in Fig.  4a, in t e rms  of a 
relation between coefficients C and the specimen thickness h. The tes t  points lie adequately close to a 
curve which fits the following equation: 

N (p + 29) 5 29,8 
- -  ( 9 )  

t n h 0 , ,  

For all tested grades  of cardboard we have an analogous relation 

C= Q (10) 
h 0 , i 

An analysis of the test data has shown, furthermore, that the Value of coefficient Ci does not depend 
on the process parameters and on the specimen thickness but only on the grade of material. Since the 
physicochemical properties of all grades in this experiment are close, it may be assumed - to the first 
approximation - that the value of C i depends only on the material density. 

An analysis of all test data covering the entire range of operating conditions and specimen thick- 
nesses in terms of the coefficient 

C1= N ( p + 2 9 )  5h ~ 
tn 

as a function of the density p has yielded a curve which fits the following equation: 

C1 _ 1470 (11) 
exp (4,29) 

In this way, the universal  equation for  the maximum drying rate ,  in the case of e lect r ical  insulation 
cardboard grades  A, V, and EMTs under a combined convec t ive- rad ia t ive  heat supply, is 

N = 1470/2,i 1~ (p+23) . (12) 
exp (4,29) h ~ (p + 29) 5 

As has been mentioned ea r l i e r ,  the thickness and the density of insulating cardboard affects this 
p roces s  not only through the maximum drying rate but also through the values of the empir ical  coefficients 
a, b, in Eq. (5). 

The values of those coefficients,  based on the data in Fig.  2 for  all tes t  specimens,  are  given in 
Table 1. 

It is  evident here  that for any given grade coefficient a dec reases  and coefficient b inc reases  as the 
specimen becomes  th icker .  In Fig.  4b are  shown the curves  of a = f(h) and b = f(h) for grade A cardboard,  
which fit the following equations: 

2,53 
a ; ( 13 )  

h'" + 22 

0,28 
b --:-- 0,0124 h l'' + 22 (14) 

A compar ison of numerica l  values obtained for var ious  cardboard specimens of the same thickness 
shows that coefficient a inc reases  and coefficient b correspondingly dec reases  as the density of the m a -  
ter ia l  becomes higher .  According to Table 1, fu r the rmore ,  the effect of thickness on the magnitude of 
these coefficients becomes  s t ronger  as the density of the cardboard mater ia l  i nc reases .  

A general izat ion of the test  data has yielded a ra ther  simple formula  to be recommended for ca lcula t -  
f 

ing the vacuum-dry ing  t ime of e lec t r ica l  insulation cardboard  grades  A, V, and EMTs: 
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0,68.10-3h ~ (p q- 29) 5 exp (4,2p) In [a q- b (W e - -  We.)] (W1 - -  We) 
= a t2a  lg (o+~a~ [a q- b (W 1 - -  We)l (W~ - -  We ) " (15) 

The values of .coeff icients  a,  b in Eq.  (15) for  cardboard grades  A, V, and EMTs a re  given in Table 1. 

The drying curves  calculated according to Eq.  (15) agree  closely with the tes t  data.  Equation (15) 
is  obviously applicable only to the tes ted range of p roces s  p a r a m e t e r s  and cardboard  th icknesses .  

W, Wl, W e 
T 

dW/dr  
N 
t,  T 

P 
Pv 
h 

P 
a,  b, C, Ci 

NOTATION 

a re  the instantaneou s, initial ,  and equil ibr ium mois tu re  content in a specimen respec t ive ly ,  %; 
is  the t ime,  min; 
is  the drying ra te ,  %/min; 
is  the maximum drying ra te  at a given initial mois tu re  content in the mate r ia l ,  %/min; 
is the t empera tu re ,  ~ and ~ respect ively;  
is  the p r e s s u r e ,  mm Hg; 
is the par t ia l  p r e s s u r e  of vapor,  mm Hg; 
~s the thickness of ma te r i a l ,  mm; 
is  the density of specimen with initial mois tu re  content,  g/cm3; 
a re  the empir ica l  coeff ic ients .  
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