% Position of paper samples A Phase B Phase | C Phase
HV top outer layer 114 106 99
HV middle, outer layer 140 124 117
HV bottom, outer layer = 157 146 176

LV top, outer /inner layer | 87 /117 | 99/110 105/133

LY m'dd"fé;;te” MNeT 1 947127 | 102/133 | 112/114

e Ly b°tt°”|’é;e“rte” Ner ' 164/182 | 131/179 | 176/189
7TV ™o Tap top, outer layer 98 125 132
‘ﬁﬂ o e Tap middle, outer layer 109 127 173
M, dee MR~ Tap, bottom outer layer 117 163 121

LV and Tap windings

DP analysis of all windings

anywsauIUMdLlaRr lidaulfng1RasaNanszUwog
aandannariinsINAvantinldndonlas IEC60076-7(2018)
Annex A By : Buns nsines https//:transformertd.com
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~  General view on parameters affecting life expectancy of a transformer.
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6.4 Insulation life

Reference [7] suggests four different end-of-life criteria, i.e. four different lifetimes for
thermally upgraded paper as shown in Table 3.

Table 3 — Normal insulation life of a well-dried, oxygen-free thermally upgraded
insulation system at the reference temperature of 110 °C

Basis Normal insulation life

Hours Years

50 % retained tensile strength of insulation 65 000 7,42
25 % retained tensile strength of insulation 135 000 15.41
200 retained degree of polymerization in insulation 150 000 1712
Interpretation of distribution transformer functional life test data 180 000 20,55

The lifetimes in Table 3 are for reference purposes only, since most power transformers will
operate at well below full load most of their actual lifetime. A hot-spot temperature of as little

as 6 °C below rated values results in half the rated loss of life, the actual lifetime of
transformer insulation being several times, for example, 180 000 h.

NOTE For GSU transformers connected to base load generators and other transformers supplying constant load
or operating at relatively constant ambient temperatures, the actual lifetime needs special consideration.

Ref: IEC 60076-7 (2005) Obsolete



This part of IEC 60076 gives mathematical models for judging the consequence of different
loadings, with different temperatures of the cooling medium, and with transient or cyclical
variation with time. The models provide for the calculation of operating temperatures in the
transformer, particularly the temperature of the hottest part of the winding. This hot-spot
temperature is, in turn, used for evaluation of a relative value for the rate of thermal ageing
and the percentage of life consumed in a particular time period. The modelling refers to small

e v R ECB00767 (20 T8) Ubdate

A major change from the previous edition is the extensive work on the paper degradation that
has been carried out indicating that the ageing may be described by combination of the
oxidation, hydrolysis and pyrolysis. Also, providing possibility to estimate the expected
insulation life considering different ageing factors, i.e. moisture, oxygen and temperature, and
more realistic service scenarios. The title has been updated from "oil-immersed power
transformers" to "mineral-oil-immersed power transformers". The temperature and current
limits are reviewed and the maximum core temperature is recommended. The use of fibre
optic temperature sensors has become a standard practice, however, the number of installed
sensors per transformer highly varies. This issue and the description of Q, S and H factors
are now considered as well. The thermal models are revised and rewritten in generally
applicable mathematical form. The geomagnetic induced currents are briefly discussed and
corresponding temperature limits are suggested.



Ref: IEC 60076-7 (2018) Update

6.3 Relative ageing rate

Although ageing or deterioration of insulation is a time function of temperature, moisture
content, oxygen content and acid content, the model presented in this document is based only
on the insulation temperature as the controlling parameter.

An example of how all ageing parameters can be taken into account is given in Annex A.

Since the temperature distribution is not uniform, the part that is operating at the highest
temperature will normally undergo the greatest deterioration. Therefore, the rate of ageing is
referred to the winding hot-spot temperature. In this case, the relative ageing rate V' is defined
according to Equation (2) for non-thermally upgraded paper and to Equation (3) for thermally
upgraded paper (see [27]).

v — o(6h-98)/6 (2)



(Hot Spot Temperature & Relative Ageing Rate & Insulation Life)
IEC60076-7 (2005) Non thermally upgrade

paper V = 2"{-5%_9'8]'{E
6, (°C) Relative ageing Insulation Life
rate (Year)
Hot spot Factor IEC 60076-2
92 0.50 40
98 1.00 20
104 2.00 10
106 2.52 5
110 4.00 2.5
116 8.00 1.25

Access to oxygen and water is hindered




Hot Spot Temperature & insulation Life & Yearly Average Ambient
& % Load. Assume 1 relative ageing equal life 20.5 year

% Load Yearly 6, (°C) Relative Insulation
Average Ageing Rate | Life (Year)
temp Hot spot Factor IEC 60076-2
91.7 36 103.2 1.82 11.26
100 36 114.7 6.89 2.97
80.3=p 40 98 1.0 20.5
87.5 40 101.9 1.56 13.14
91.7 40 107.2 2.89 7.16
ﬂo 40 118.7 10.08 2.03

Access to oxygen and water is hindered




3.3 AGEING OF CELLULOSIC INSULATION IN MINERAL OILS Cigre 738
3.3.1 Kraft paper

For kraft paper the general picture is that ageing rates doubles for every 6-8 °C. Based on equation 7,
a start DP=1000 and end-of-life DP=200, paper would last about 20 years at a temperature of 98 °C
using an A-value of 1-10% which has been found representative for test conditions where access to
oxygen and water is hindered. Free access to air and oxyagen would reduce expected life by a factor of

about o .  Ife expectation
is apr ﬁ'\ﬁ"iﬂﬂ‘i ARSIV ﬂ'\W‘I/I'J“l‘IJVI‘iﬂuﬂD QMU | 110 educed

Evtahf ammns\muqmn g am,‘nnumwwuu 6-8 °C. Q1A organic acids,
ut ne

AaHNANTHRIDLUAIUIU L'sumumn'm DP=1000 uay .
In his » 1 1 kJ/mol, with

95 % ﬁuammqn'\*ﬂsﬁ’mu i DP=200,n5¢AAUIUICE red. The same

value g experiments

o PRI a a o
ogmslBandszanal 20T AoannAnd 98 °C Lo T

toget!

andt (T Environment factor for oxidation A-value of °tng the on
found 1 108) FINUINIUNUNNSNNSNaAADUTLANS nism involving
actwa lﬁi)&lE’Lﬂ'\‘l/\l‘llE)\‘Iﬂ‘i”ﬂ'“ﬂﬁ”ﬂﬂﬂulla”‘llﬂ‘u?']\‘lﬂ'\‘i cate that the
pasec LUNFNVDISDNBIALLLAZN Cigre 738 um conditions,
an A vaiuc Ul L W £A LU” ST 1EaSUIAUIE SHUWIY TTUW Walel Wil IHHUSHLE LIS A-values based on the

findings of Emsley [30] (with 95 % confidence limits) and data from [31] shown in Figure 16. Note that
it is water contents up to 2 % which are of most practical interest, since at equilibrium conditions higher
water contents than this in the hottest regions of the windings are very unlikely.
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3.1 BACKGROUND, DESIGN AND SERVICE CONDITIONS Cigre 738

The loss of mechanical strength and the ageing of the oil-impregnated cellulosic insulation is one of the
important factors that limits the life expectancy of a transformer. It is commonly acknowledged that the
ageing is governed by temperature. Research shows that water and oxygen significantly influence the
ageing of solid and liquid insulation.

uduatfuaaf 31959mnu Montsinger’s rule
- established in the 1930s 21yaTARAIASIATL
FMSUOURAAIIANTUNAY 6-10 DIAN MNUBTLA
aTAR  UsinNsENNT Mund vinlew dsuaa
uardinge nuin onuanasranisdlfanadlusa
ey %uwmsumﬁ'\uazé”aneﬁmuﬁﬂswngﬂuﬁﬁa
nuag

Q1 wdLel dna OXyder. 1cw S luaumg guide |1cw DUuU/ 0=/ | TeCOgriILeES e ernecws or carnudrmrgauon or uie
insulation system, but gives no information about its importance. CIGRE Task Force D1.01.10 was
established to report on ageing of oil-impregnated cellulose, and in this context also maintenance and
diagnostics. New knowledge had surfaced which needed to be assessed and reported to the transformer
manufacturers and users. This Task Force also reported its work in CIGRE Brochure 393 (Thermal
performance of transformers). Here thermal performance of transformers was treated in a wider
perspective, also considering thermal models and designs of transformers and questions concerning
operations of transformers in the arid.



Aging of transformer insulation Cigre 738

Aging of oil
The aging mechanisms of oil are complicated. In general, oxygen reacts with
certain hydrocarbons by a free radical process, The final products of insulating

oil oxidation are acids, water, carbon oxides and polycondensed aromatics in
the form of sludge. The main oxidation drivers of oil are temperature, and
oxygen in the presence of copper catalyst, while excessive moisture

jeopardizes functional and dielectric properties of the oil. Degradation
by-products of the liquid insulation (generally mineral oil)
are moisture, particles, gases, carboxylic acids and other
polar compounds (alcohols, esters, ketones, sludge and
sediments). Degradation by-products of insulating paper
are moisture, gases (carbon oxides), furans and sugars

(levoglucosane). audalualassaly
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Aging of transformer insulation Cigre 738
Aging of oil

nalnony wauiiuimnududon lauiild sandiauazvin
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Auudo N9, 11, AsUousanlus waslwiroulnuisno:ls
mmﬂﬁ;[ufgﬂsaaqmﬂmzﬂau shTuIAdaunTSIAnaanBIaTiL
nanvauiniuAoaannil wazoandialfiodfsalfAsen
NadeN Tuwausimnusuinnadullasdusunsueo
ﬂmauﬂ’ﬁmsmmuuau"lmﬁtﬁﬂm%ﬂmaqffnﬁu ANSsUdANY
Tmﬂwamﬂmemmammumm (Tmsmvlﬂﬂa Mineral Oil ) leun
mmfﬁu partical, A AsAANTUDNDAN wazansusznoufidn
aw] (LOAND B LPAWDS @ AL AMANZNDL u,awmwﬂau) ANS
ﬂaﬂamsﬂmuwamammmaqmvmwaum leua anudu fa
(m‘suauaaﬂ"leﬁm") Asu uaziiena (LaTaﬂ@TﬂLeﬁu)
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Cigre 738

Aging of oil
Influence of moisture
Moisture is very dangerous in transformers because it

promotes the development of partial discharges,
at overload it may generate bubbles, it
decreases breakdown voltage and it will

prematurely age solid insulation. Cellulosic
insulation is the main reservoir of water in transformers.
Depending on the transformer temperature profile, which
depends very much on the load, the ambient temperature
and the cooling regime, some water is dissolved by the
mineral oil. Due to differences in s~'"kiligsr wpin~e=l =ilg can

only dissolve a small amount of w “_‘“:"J“ﬁ“?‘"la?‘i‘?‘fl_"{ nd




Aging of oil by Moisture Cigre 738

A uduwdudsrisunsounnluniioulasinaziuaaass
AN UIZaINITAIBUSUNaU ( Partial discharge)
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Cigre 738
Aging of oil

Influence of oxygen

Similar to moisture, small amounts of oxygen are always present
dissolved in the transformer oil. The combination of temperature,
moisture and oxygen may interact with the metallic components of
the transformer, iron and steel of core and tank, copper and
aluminum of the windings, silver of the taps of the tap-changer, etc.,
promoting the oxidation of the hydrocarbons of the oil [4]. This
oxidative process generates organic acids, other polar by-products
and sediments and sludge. It has been observed, however, that the
most dangerous acids are those of low molecular weight, because

these acids are readily absorbed by paper whilst those with high
molecular weight are not [1]. Polar compounds deteriorate the
electrical properties tan 6 (dissipation factor) and
interfacial tension (IFT) of the oil. Sediments and sludge

may cause interference in the ronlinc Af r‘nrc;inrl
windings. auwdalualasdaaly -



Aging of oil by Oxigen Cigre 738
Snsnavaeandiat ASAUANNDYL doABIALIIUI
LaﬂuaﬂuﬂazmﬂaﬂumuuﬁuaLnJEN ANFTINAUD DY
QOULRANN AN uazeanBlanaNVNUAAGENAUAIUUSENOU
Adulavzwaaidoulas IEnLABNENNAYDIALLAEN
vosussuazeradiflunvasuaan guiidulanstiuvag tap-
changer 4a« Auasumsiinoandintuvadlalasansuouwol
i AszuuAsaandiaduilvin iAansadunay By
products ﬁﬁigfﬁ'w} nazpiznaulaznNneznau (sediments
and sludge) atndlsAmu Tnsdananuinnsaisunsoiian
fonsaiifiimiinluanash lasnnnsawianilgnnszanene
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0 (d|55|pat|on factor) uazmNusNTEnINNNIRUN (IFT) 2043
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Cigre 738

AGEING EFFECT ON SOLID MATERIAL PROPERTIES

1. Tensile strength
2 .Burst strength
3.Elongation



Reduction in tensile strength for laboratory ageing

of kraft paper
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Tensile index (Nm/g)
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Ageing of paper with variation of temperature

Cigre 738
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Additional ageing effects impacting lifetime
1 Mechanical shock(s) and vibration during
transportation and operation (short-circuit events)
2 On-site installation shortcomings and mistakes
3 Lightning and switching impulse (-s)
4 Harmonics, repeated superimposed high-
frequency stress

(photo-voltaic, wind generation specifics,
industrial)
5 Temporary overload(s) g



Insulation life expectancy and relative ageing rate
considering oxygen and water IEC60076 (2018)

1 1
, _ DFenq DFstant
= Ax 24 x365

Ep
o RX(6n+273)

X

(years)

IEC 60076-7(2018)
DP Degree of Polymerization

A Environment factor for oxidation
EA  Activation Energy
R Gas constant

©h Hot spot temperature



Activation energy (E,) and environment factor (4) for oxidation, hydrolysis

Free from air Free from air Free from air With air
Paper type/ageing parameters and 0,5 % and 1,5 % and 3,5 % and 0,5 %
moisture moisture moisture moisture
-1 10 11 11 5
Non-thermally A {(h) 4,1x10 1,5%x10 4,5x10 4,6x10
upgraded paper E, (kJ/mol) 128 128 128 89
-1 4 4 4 4
Thermally upgraded 4 (h7) 1,6x10 3,0x10 6,1x10 3,2x10
paper E, (kJ/mol) 86 86 86 82

IEC 60076-7(2018)
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Expected life of paper under various conditions

Expected life
years
Paper type/ageing temperature
P ypeiag 9 P Free from air Free from air Free from air With air
and 0,5 % and 1,5 % and 3,5 % and 0,5 %
moisture moisture moisture moisture
Non-thermally 80 °C 97,3 26,6 8,9 14,7
upgraded paper at
P9 Pap 90 °C 29.3 8 .0 6,4
98 °C 11,7 3,2 1,1 3.4
110 *C 3,2 0,9 0,3 1,4
Thermally upgraded 80 °C 151,9 81 39,9 19,4
paper at
90 °C 67,8 36,1 17,8 9
98 °C 36,7 19,6 9.6 5
110 °C 15.3 9.6 4 2,2

IEC 60076-7(2018)
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Issues related to the determination and

assessment of EolL parameters and conditions
Cigre electra No321

1. DP, in particular the aging status of the cellulose
insulation. Because it would require opening the tank, it is
not realistic to get paper samples from transformers in the
field. Even more, the paper of the hot spot is not accessible
anyway, thus the critical DP cannot be measured directly.
Indirect methods (via aging markers as furanic compounds,
alcohols, carbonoxides dissolved in oil) have limitations, are
not precise, e.g. interference with moisture and acidity,
thermally upgrading dependent. Oil/paper mass ratio,
temperature-distributions inside the insulation — varying
with transformer loading, loss of aging markers from the oil
(due to the evaporation, conversion into other products, oil

treatments) .



2. The clamping force of the windings. Today’s power
transformers are in almost all cases designed and
equipped with a geometrically non-variable clamping
system. This entails the disadvantage of pressure
change in the case the clamped windings undergo
moisture change and or temperature variation, but also
due to aging (cellulose decomposition). The
determination of the clamping condition by noise- or
vibration measurements is not a precise science and can
be misleading due to masked signals of the most
critical zones



3.The water in the insulation system. Whilst the
moisture of oil can be determined with
acceptable precision, this is not the case for
water content in solid insulation. In addition,
the moisture is not uniformly distributed in the
active part because the partitioning
(solid/liquid) is dependent on temperature, on
their temperature gradients due to ambient
temperature and load variation, and on the
aging status of the insulation. The downside
with regard to solid insulation moisture is
predominantly lack of precision both
concerning the absolute value and the location
in the active part.



4.Sludge formation. Because it is impossible to
determine the presence, the exact location
and the extent of sludge inside a transformer,
it is practically impossible for the transformer
operator to decide on the necessity of
Intervention.



Determining the moisture content within the insulation

Dielectric Frequency Response Test (DFR) — FDS-Frequency

Domaine Spectroscopy) of power transformers is a diagnostic
tool used to assess the dielectric properties as moisture in
insulating system paper and oil, power factor, oil

conductivity, etc..) in the frequency range from 0.05 mHz to
1 kHz.
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Hot Spot Temperature & Yearly Average Ambient & % Load
and insulation life expectancy (Year) 18000 kVA Top oil temp
rise 45.5 k,LT winding temp rise 48.6 k ,Hot spot temp rise
65.6 k, Moisture 1.5 % , DP measured 1000

% Load | Yearly Average| ©,(°C) | Insulation Life

temp (Year)

60 30 70.2 92.3

60 35 75.2 48.5

70 30 79.2 29.3

80 30 86.0 12.9
920 30 91.2 7.0
100 30 95.6 4.2

Hot spot Factor IEC 60076-2



Hot Spot Temperature & Yearly Average Ambient & % Load
and insulation life expectancy (Year) 630 kVA Top oil temp
rise 54.6 k,HT winding temp rise 62.5 k ,Hot spot temp rise

75.3 k, Moisture 1.5 % , DP measured 1000

% Load | Yearly Average| ©,(°C) | Insulation Life
temp (Year)
60 30 68.7 112.5
60 35 713.7 58.7
70 30 77.6 35.8
80 30 83.2 18
920 30 93.8 5.2
100 30 105.3 1.4
Hot spotl Factor IEC 60Q76-2




Simulation of maintenance action of cellulosic insulation and
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