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CHANGES OF CHEMICAL REACTIONS AND THEIR INFLUBNCE
08 THE EVALUATION OF THEMMAL ENDURANCE OF PAPER-0IL
~ INSULATION SYSTHMS )

1.'Introduc§§on

In curreat engineering it is accepted to express the relation betwesn
the life-time td of paper insulation and temperature by the following
formula: -

1 8 = mb : 1
M te t m - )
wheret a,8 - conptants and € temperature in oC.

The characteristi¢ quantity, casily determined from eq. (1), is the
egeing temperature riee which brings about a twofold ibncrease of the re-
ection velocity and in consequence a twofold reduction of the time LU

L0, = "'15?1 - (2)

It is well Emown lhﬂh depends on the edopted criterinn Gd of the end
of life of the insulation: the more sdvacced ageing of the paper is ad-
mitted the emaljer ig the A&Qﬁ value, .

The studies of a sesied paper/oil system carried out at the LCIRE {j}
show that in the’ temperature range 100... 13000, two sgeing stages having
different reaction velocity constants kr appear, Moreover was stated the
sppearance of & resction of m higher activation energy ig the case of

ageing at iemperaturea above 13000, affecting the walue A}Oh, namely Iee
ducing i+,
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The studies cerried out at the INSTYTUT SLeEKTROTECHNIKI (I&L) alloved
for & more precise detsrmitation of the character of resctions playing
the main role in the ageing procegs. It was stated that the degradation
procegs differs botn from the aspect of its neture and its development
in time, depsnding on the fact whether it takes place in amorphous cel-
iulese Tesione or in guasi-ordered regions. The division of the ageing
process into stzges, recorded at the LOId, haa thus been physicaelly con=
firmed. Jn thne other hend, the sppearance of simultanedua reactions
waich contribute %o the sgeing proﬁess more and more with the advancing
deFradation of celilulose and the temperature rise, has been stated.

e rregent report is an attempt to relate more closely the relation

n

LS. er rather the stespness of the paper life curve with the mechaniam

of <he areins

&5 ]

rLCeEs,.

Tet us renind thet eq. [1) is an approximation of Bussing's formula:

{3}

(=11, ]

vhers: 4,8 - ponstants,
T - absclute iempersature in K, derived from Arrhenius law:

=
p)

|

= = a exp - g (4>

3

wASTE: - reaction velocity coastant,

K!"
&, - congtant,
ia - activetion energy, -
Z - Zzas constans, assumine that the ageing Process ie the
congequen ce pf the potion of & single kind of reaction of a cons-
tent value Ea.

-

or the contrary to the characteristic (3) where 3, = const., the acti-

vatios energy i o deterzined ad different poin*3 of the curve (1) de=
¥

renis on Ltzarerglure:

‘ 152 1

Sy o= 213 .3 {5

! ag . R T
H
It may be easily proved that Ea’e'_= Ea only at T = To in the peighe

bourheed of which the coefficients a and m of eq.(!) are determined by

develsoing the function (3) into the Taylor’s series,
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2a Stgg;'ef the pature of the raactian:/

The study was %o determine the reactions decisive for the degradation
of mechanical featurea af +the paper during the thermal ageing process.
Bzlow sye guoted the obssrvations concerning the ageing of a seeled pa-
per/oil xystem:

. - The reduction of the breakhig repiptance BE of the paper tekes pla-
ce, in the first place, owing to reactions appearing in quasi-ordered
cellulose regions, i.e. in intremicelar regions

= The resctions in guasi- ordered regicns are preceded by the develop-
mant of rmdical remetione in amorphous (intramicelar) regions. Thia phe-
nomenon appears most distimctly in the ageing temperature range not ex-
ceeding_140°c. The consegusnce of the reactlens taking in amorphous Te-
Zions is & relativ;aly fargoing drop of the polymerisation degree dp of
the cellulose not followed by a fargoing change of R (see Pig.1).

a B & B=n

Rg
)

L]

200 00 - 0 500 A0 A0

Fig.‘l.—Tensilo strength as a funection of polymerization degree

The reactions taking plesce in quasiordered regions are of composite
nature, Hydrolysgis reactions snd resctions known under thé general tem
of wecondary réactiona can be discerned, The hydrolysis resctlens are
initiated by moisturs particles formed in gonsequence of radical reactions

x/ The resulte of H,Latour-SXowikowsks's doctor’s thesis "Analysls of the
thermal ageing procsss of electroinsulating papers in paper/oil systeams
with the use of the infrared spectroscopy. Lhe thesis was defenced st
INSTYPU® ELEKTROTECHNIKI in Warezaws in 1984,
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taking place in amorphous regions and diffused fren _%ha latter region to
intramicelar epsces, At temperatures up to .ami‘ -iqpluding 140°C the ini-
tistion of the hydrolyeis reaction ie pre'ceﬂed by a,—peztiod during which
the moisiture particles, owing to theﬁ' pelar nafure, build into the in—
termolecilar 1attio'e, This phenomenon reachss its maximum (see Figs 2a
end bY foliowing which the hydrolysis resction is- lnitiated.
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Pig.2. Chs=ges 1n gpectrum of cellulowme I in the O - H‘s‘tretching ro—
giop (n} and of water ba.nd (b) .

Above 140°C, the ageing temperature rise (records have been mude at
16C, 170 end ’5003: ig accompanied with s decay of the formation of
transient forms of bound wsier, Fhe nmdm rcactim ruult in tne
formation of uecumnosn:ion rroducta of p;rrolyﬂ.'- natuza ‘and of oxidation
products. These reactions gt temperatures up to and :u:.cluding 140 C and
et & paper mage ratie P to the mass of ell not exceeding 0,08 appear
when the degradation of the paper is-far gﬂmi:

Thelr conotribution in the agein&- process increases 5’007-9 140°C. The
ection of the latter resciione in diapleyed at the earlier stage of
-ageizg if the ratic p is incre’aaed-ahd’ ini_the- case of é.éed 0il (the acic
numbeT R exceeding 0,1 mg KOH/g}.

In the temperature range up to 180° C, even at the stage of & very ad-
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vanced ageing of the paper (apa.v..wo) the celluloss regions of the hig-
hest degree of order (cryatallites) were not impaired (gee Fig,3),

Fig.%. Abgorbance ﬁatio

'1 - AIOBO/A11TO’ 2 - AJOOSIA1170’ Characteristic of cellulose I

' 3, Bffect of the particular ageing stages on the lifetime characte-
ristics

The discrimination of three regions of morphologic structure of cel-
lulose: A = mmorphous, B - quasi-ordered snd T - crdered, was confirmed
in the studies of Bash and Levin [2] as well as of Aurphy [3]. They sta-
ted the reactione taking place in the particular regions differ esaen=-
tially from the sgpect at activatiob energy, nsmely: in the region 4 the
valus B does not exceal 4 kecel/mel, in the region B — 39 kcal/mol apd in
the region C 1% resches about 60 keal/mol,

In the case of peper aged in ma seerled system and ai temperatures up
to 140°C the pericd of activity of radical reactions (I-st ageing stage —
Pig.1) may be rather easily discerned, Agsuring for simplicity reasons
that during this period s single kind of reaction prevalls, Ea wasg deter-
mined from the curve, ¥ = ‘f(t)‘/ st 120 and 140°C using eq (3), Its va-
lue amounted to 22,4 kcal/moln/ belng close to the velue B determined
from Pabre's curveam [4] for an ageing criteriocm dp; = 0,8 dp, and at a

.1 : B )
x/ » = 1000 (E;_ - - ) where dpc - initial valve, dp, - value after an

4 dp
ageing pgr.'md Té.
xx/ The ratiop of the mass of paper to that of oil is 0,08; the initiel mo-
isture content in paper waas 0,5% per weight,
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temperaturs of 120°C which emounts to about 23,5 keal/mol (A&, = 97y
and tc the value guoted in cther LCIE reports - 20 kcal/mol.

In the range up o and including 140°C it mey be admitted that the
first ageing stage lasts up to ithe moment dp, = Q.6 dp, is achiwed, This
iz illustrated by the curve of the variastian ef the copper nusber ch.
versus dp (Pig.4).
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Flge4s Chenges of cupper number as a function of dp by different ageing
temperatures

According to Pabre [4],if the ageing criterion C, is changed from
0,95 dp, to 0,60 dpa the vslue z&oh changes reapectively from 9,2 to
8,4°C and the value & determined from eq (5) for 120°¢ from 23,1 to
2542 kResl/mel, i.e., only by 0%,

In consequence, iT a conpiant veiue Ea ie gdmitted over the first
ageing stage 1t does not give rise io a large error, though the appea-
rance of reactions, proven e.g. by a smsll change of ch (sce Pig.4)
cannot ve sxcluded, - :

At an ageing criterion Cd adritting a high paper degradation degree
{Cd = 0,5 B, end below) due to st lemst twos succeaive reactionas with
different conetmnts B, (see eq.(4)) and differeat velues Z_, the use of
Bfissing’s formuls looser ite theorecital justificstion and the admittan-
ce, in this case, of o = ‘f’(cd} becomss indispensible, the more that the
reactione taking place in the region B are characterised by higher va-
lues Ea than theee taking plece in the region & (Fig.,?). -
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The lesa cevere ip tht_i admitted criterion of mgeing cd (e.g.cd:-an ipu}
the more important will become the role of in the degradatien of celluio-
se of raactiona tak‘.i.ng place 1n the regi.én B snd the closer must be the
value of E detami.ned frm eq. {3) or ag. {5) to the actusl value Ea cnr-
reagpopding to the latter remctions. It is eaay t0 prove that, Iorz.‘}.ﬁ'=6 ¢
specified in the IEC Publication... for transformer insuletion, E _55,4
kcal/mol at 120°C, henoce, it is cloge to the energy ascribed to reg:lou B
by the above guoted asuthors [2,3]

The mathematical model of the course of ihe reection versus time and
temperatuse becomes more mnd more complicated with the proceeding of the
ageing processy asccount must be taken of the simultaneity of several re-
mctions. Thn simplest methematical model lesds to a fomula in which the

function t. = F(T) in the system of coordinates (lg td' 1y is of curvi-

d
linear nature " ¢
K E -E
1 By 1
1gt =A+—'--ln[1+z -—= axp (= J {6)
= i=2 S R

where: Ac - constant, B qeeeByy - constants, E'\‘"En - getivation ener-
gies of particular reactions ordered Irom minimum o maxinmum values
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Pig,5. Relation between tensile strength (B )and 1/dp at various tempe-
© ratures,

x/ The formulas i1s derived gssmming

LR
i=t
whare: C-concentration of reagent. ki-\reloci'tar constant of, i-reaction

acting parallelly.



132

The curvature of the curve 1g t, = ‘f’(—) is distinct in the tempera-
ture range 120...160°C and for a_more aevera ageing critsria, i.e. Cy =
0,5 Eg, (dp = 250}, For instance, the values xsﬂh determined by the aut-
nors for-a system having F-= 0,08 amount ror the_range 120.2.140°C = 8,2 c
and in the range 140...160 C - 6,2 C. .

The test reauits guoted in Chapter 2 display an ever nure gomplicated
paper degrndst;on process when the ageing tanperature 4s raised. For inse
tance, sbove 140 °c the contribution of oxinatiun reactions grows. . This
ig dispimyed by changss of the IR band Lntenaitlﬁa &t "1700...1720 om -1
which can be ascribed to the formation of aldols [ﬁ]

The ocourence of Ihese reactlons may affect the rﬂlation BR Pldp).
In the tempersture range 120..,160 c and at f= 0,08 the ‘authors did not
record essential. changes of the laiter relstion, thuugh, & .tendency to
an increase of the inclination of the curve 1g BB f {—') was observed
(?lg.,). A well visible change af the curve By = *f(dp] was obaerved only
at ‘”O Se ‘ -

The 1ifetime of paper as well as the inclma.t:l.on pf the life ocurve are
affected by the resio g of the paper content to thet of oil, Atlan ageing
temperature of 12¢°C and an agezng crlterian Cd = 055 RB adopted the ri-
se oi the value f from 0,08 to c,13 “caused a drop of %y by ebout 25%

B Tise oI f up to 0,28 - by about 707. The value 1192 in the range 120...
145°C was respectively: for ? = 0,08 - &§,2 C, for P =.0,13 ~ B, 8°C and
for f = 0,28 = $,9 uxf.

£, “opnclusiong

- The degradstlon proceéss of paper-in a sealed sy#ten is due TO BEVe-

a1 recctions having different velocity constente k. ~ and different acti-
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nerZies, Tne'rroceedipg degradation ms well as the raising of the
sgeing temperziuve are accohpanied by an increesed contribution of resc~
+ions cherscierised DY lgrzer activation energies.; o

- The derpendence of m on the ageing criterion Cd ig due to the change

# potivaiion enargies and of velooity consiants ki of the resctions in
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The dependence of the intlinstion of the 1life curve on the ageing tem
perature, recorded by the suthors. in the proxﬁmity of 14000, is to be as-~
cribed to the simulianeous appearance of geveral reactions.

- The value of the coefficient n is affected by the relationghip of
the content of the mass of'paper %o that of oil. The ageing process of
nélkuloée ig . sedelerated in effect of the ageing of oll {acid number §,
exceeding 0,1 mg KCH/g).

- The important centribution of radical reacticns in the initiation of
the degradation of ceilulose as well az the role played by amorphous re-
gions display the effect on the life of paper which may be exerted by its
morphologic structure and impurities,
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