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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MINERAL OIL-IMPREGNATED FILLED ELECTRICAL EQUIPMENT
IN SERVICE - GUIDANCE ON THE INTERPRETATION
OF DISSOLVED AND FREE GASES ANALYSIS
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International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
national electrotechnical committees (IEC National Committees). The object of IEC is to.\promote
[national co-operation on all questions concerning standardization in the electrical and electronig’ figlds. To
end and in addition to other activities, IEC publishes International Standards, Technical ‘Specififations,

“IEC
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sensus of opinion on the relevant subjects since each technical committee has representation from all
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een any IEC Publication and the corresponding national or regional publication shall be clearly indi¢ated in

itself does not provide any attestation of conformity. Independent certification bodies provide copformity
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International Standard IEC 60599 has been prepared by IEC technical committee 10: Fluids
for electrotechnical applications.

This third edition cancels and replaces the second edition published in 1999 and
Amendment 1:2007. This edition constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) revision of 5.5,6.1,7,8,9, 10, A.2.6, A3, A7;

b) ad

dition of new sub-clause 4.3;

c) ex
d) re
e) ad

The t¢g

Full information on the voting for the approval of this standard can be found in the rep

voting

This p|

pansion of the Bibliography;
ision of Figure 1;
dition of Figure B.4.
xt of this standard is based on the following documents:
FDIS Report on voting
10/967/FDIS 10/973/RVD

indicated in the above table.

ublication has been drafted in accordance with the ISO/IEC Directives, Part 2.

ort on

The cpmmittee has decided that the contents @f this publication will remain unchangefl until
the stability date indicated on the IEC website under "http://webstore.iec.ch" in thg data
related to the specific publication. At this date, the publication will be

e re¢onfirmed,

. wilhdrawn,

o replaced by a revised edition, or

e anjended.

IMPORTANT - Fhe “colour inside” logo on the cover page of this publication indjcates
that it contains ‘colours which are considered to be useful for the correct understanding
of its contents” Users should therefore print this publication using a colour printen.
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INTRODUCTION

Dissolved and free gas analysis (DGA) is one of the most widely used diagnostic tools for
detecting and evaluating faults in electrical equipment filled with insulating liquid. However,
interpretation of DGA results is often complex and should always be done with care, involving
experienced insulation maintenance personnel.

This International Standard gives information for facilitating this interpretation. The first
edition, published in 1978, has served the industry well, but had its limitations, such as the
absence of a diagnosis in some cases, the absence of concentration levels and the fact that it
was based mainly on experience gained from power transformers. The second edition
attempted to address some o1 these shoricomings. Interpretation schemes were based on
obseryations made after inspection of a large number of faulty oil-filled equipment_in-gervice
and cgncentrations levels deduced from analyses collected worldwide.
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MINERAL OIL-IMPREGNATED FILLED ELECTRICAL EQUIPMENT IN

SERVICE - GUIDANCE ON THE INTERPRETATION
OF DISSOLVED AND FREE GASES ANALYSIS

1 Scope

This |
gases

nternational Standard describes how the concentrations of dissolved gases or free

mavc hao intarnratod o diaanococa thao canditian aof aill fillad aloactrical couinmaont in o I'VICG
oyt rpretea—+to—-aragroS e e—-conerttor—or—oorrea—erectrearegqurprmert—h—5C

and s\

This §
insula
specif
distrib
in the

This s

In any
action

2 N

The fqg
are in

ggest future action.

tandard is applicable to electrical equipment filled with mineral insulating ofl and
ed with cellulosic paper or pressboard-based solid insulation. Ipformation [about
c types of equipment such as transformers (power, instrument, ihdustrial, raijways,
ution), reactors, bushings, switchgear and oil-filled cables is givenlonly as an indication
application notes (see Annex A).

fandard may be applied, but only with caution, to other liquid;solid insulating systems.

case, the indications obtained should be viewed only as guidance and any resgulting
should be undertaken only with proper engineeringjudgment.

brmative references

llowing documents, in whole or in parti’are normatively referenced in this document and
Jispensable for its application. For dated references, only the edition cited appligs. For

undat¢d references, the Ilatest editioh of the referenced document (including any

ameng

ments) applies.

IEC 6
and q¢

IEC 6
(availe

IEC 6
insula

IEC 6
trans

050-191:1990, International Electrotechnical Vocabulary — Chapter 191: Dependability
hality of service (availablerat http://www.electropedia.org)

0050-192:2015, ternational Electrotechnical Vocabulary — Part 192: Dependability
ble at http://www-€lectropedia.org)

050-212:2020, International Electrotechnical Vocabulary - Part 212: Eldctrical
ing soljds) liquids and gases (available at http://www.electropedia.orqg)

ration,

050-604:1987, International Electrotechnical Vocabulary — Chapter 604: Gene

(available at http://www.electropedia.org)

IEC 60475, Method of sampling insulating liquids

IEC 60567:14992 2011,-Guidefor-the-sampling-of-gases—and-of Oil-filled electrical equipment
and-forthe — Sampling of gases and analysis of free and dissolved gases — Guidance

IEC 61198:4993, Mineral insulating oils — Methods for the determination of 2-furfural and
related compounds
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3 Terms, definitions and abbreviations

3.1 Terms and definitions

For the purposes of this document, the following terms and definitions, some of which are
based on IEC 60050-191, IEC 60050-192, IEC 60050-212 and IEC 60050-604, apply.

3.1.1

fault

unplanned occurrence or defect in an item which may result in one or more failures of the item
itself or of other associated equipment

NOTE Iln—electrical eguinment—afat
NIHE H—e+ectHca+—€ Hheht—a—ia

! B

[SOURCE: IEC 60050-604:1987, 604-02-01]

3.1.2
non-damage fault
fault which does not involve repair or replacement action at the point\ofthe fault

Note 1 |[to entry: Typical examples are self-extinguishing arcs in switching &quipment or general overheating
without|paper carbonization or stray gassing of oil.

[SOURCE: IEC 60050-604:1987, 604-02-09]

3.1.3
damage fault
fault that involves repair or replacement action at the point of the fault

[SOURCE: IEC 60050-604:1987, 604-02-08]

3.1.4
incidgnt

an avbnt ralatad to an internabh¥ault whie n
a—eVephitreatea—toaR—Hhteriaisatht—WHAHER AP

operafi
event|of external or intevnal origin, affecting equipment or the supply system and [which
disturlps its normal operation

Note 1 jo entry: Forthespurposes of the present standard “incidents” are related to internal faults.

Note 2 |to entry:( Ror the purposes of the present standard typical examples of “incidents” are gas [alarms,
equipment trippihgor equipment leakage.

[SOURCE:TEC 60050-604:1987, 604-02-03]

3.1.5
failure
the-termination loss of ability-ef-an-item to perform-a as required-function

Note 1 to entry: In electrical equipment, failure will result from a damage fault or incident necessitating outage,
repair or replacement of the equipment, such as internal breakdown, rupture of tank, fire or explosion.

[SOURCE: IEC 60050-192:2015, 192-03-01]

3.1.6
electrical fault
partial or disruptive discharge through the insulation
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3.1.7
partial discharge
electric discharge that only partially bridges the insulation between conductors.-H-may-occeur

inside the insulation or adjacent to-a conductor

Note 1 to entry: A partial discharge may occur inside the insulation or adjacent to a conductor.

Note 2 to entry: Scintillations of low energy on the surface of insulating materials are often described as partial
discharges but should rather be considered as disruptive discharges of low energy, since they are the result of
local difTectric breakaowns o gn tonizaton density, or smaill arcs, accoraing 1o (e convenuons or pny

NOTE 3
. )

Note 3 fo entry:  For the purposes of this standard the following consideration may also be added:

— Cofona is a form of partial discharge that occurs in gaseous media around conductorsithat are remdte from
solld or liquid insulation. This term shall not be used as a general term for all forms ef-partial discharge

— As|a result of corona discharges, X-wax, a solid material consisting of polymerized fragments of the mdlecules
of the original liquid, can be formed.

[SOURCE: IEC 60050-212:2010, 212-11-39]

3.1.8
discharge (disruptive)
passape of an arc following the breakdown-ef-the-instlation

Note 1 fo entry: The term "sparkover" (in French: "amorcage") is used when a disruptive discharge occyirs in a
gaseoup or liquid dielectric.

The termn "flashover" (in French: "contournement") istused when a disruptive discharge occurs over the surfgce of a
solid diglectric surrounded by a gaseous or liquid, faedium.

The term "puncture" (in French: "perforation’) s used when a disruptive discharge occurs through a solid di¢lectric.

Note 2 |to entry: Discharges are often described as arcing, breakdown or short circuits. The following other
specifidterms are also used in some~calintries:

—sparkover{discharge-through_the otl);
) o ion):
‘ ) ‘ ¢ L ion):
— tracking (the progressive_degradation of the surface of solid insulation by local discharges to form condufting or
partigdlly conductingspaths);

— sparkling discharges-~that, in the conventions of physics, are local dielectric breakdowns of high ionization|density
or small arcs.

o=
i
[SOURCE: IEC 60050-604:1987, 604-03-38]

oflow
P-O++OW

3.1.9
thermal fault
excessive temperature rise in the insulation

Note 1 to entry: Typical causes are
— insufficient cooling;

— excessive currents circulating in adjacent metal parts (as a result of bad contacts, eddy currents, stray losses
or leakage flux);

— excessive currents circulating through the insulation (as a result of high dielectric losses), leading to a thermal
runaway;

— overheating of internal winding or bushing connection lead;

— overloading.
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3.1.10

typical values of gas concentrations

gas concentrations normally found in the equipment in service that have no symptoms of
failure, and that are—eoverpassed exceeded by only an arbitrary percentage of higher gas
contents (for example 10 % (see 8.2.1))

Note 1 to entry: Typical values will differ in different types of equipment and in different networks, depending on
operating practices (load levels, climate, etc.).

Note 2 to entry: Typical values, in many countries and by many users, are quoted as "normal values", but this
term has not been used here to avoid possible misinterpretations.

3.2 Abbreviations
3.21 Chemical names and-symbeols formula

Name Symbol Formula
Nitrogen N,
Oxygen o,
Hydrogen H,

Carbon monoxide CcO
Carbon dioxide CO3
Methane CH,

Ethane C,Hg

Ethylene C,H,
Acetylene C,H,

NOTE |Acetylene and ethyne are both used for C,Hg)\ethylene and ethene are both used for C,H,

3.2.2 General abbreviations

D1 discharges of low energ¥.

D2 discharges of high €dergy

DGA dissolved gas analysis

CIGRE Conférence Gonseil International des Grands Réseaux Electriques
PD corona partial discharges

S analyfical detection limit

T1 thérmtal fault, t <300 °C

T2 thermal fault, 300 °C <t< 700 °C

T3 thermal fault, t >700 °C

T thermal fault

D electrical fault

TP thermal fault in paper

ppm parts per million by volume of gas in oil, equivalent to pl(of gas)/l(of oil).

See IEC 60567:2011, 8.7, note 1.
OLTC on load tap changer
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4 Mechanisms of gas formation

4.1 Decomposition of oil

Mineral insulating oils are made of a blend of different hydrocarbon molecules containing CHj,
CH, and CH chemical groups linked together by carbon-carbon molecular bonds.
Scission of some of the C-H and C-C bonds may occur as a result of electrical and thermal
faults, with the formation of small unstable fragments, in radical or ionic form, such as

H*,CH;,CH,,CH® or C°* (among many other more complex forms), which recombine rapidly,

through complex reactions, into gas molecules such as hydrogen (H-H), methane (CH;-H),
ethane (CH3-CH3), ethylene (CH, = CH») or acetylene (CH = CH). C3 and C4 hydrocarbon
gases| as well as solid particles of carbon and hydrocarbon polymers (X-wax), arc}other

possiljle recombination products. The gases formed dissolve in oil, or accumulate “as free
gases| if produced rapidly in large quantities, and may be analysed by DGA according to
IEC 6(567.

Low-epergy faults, such as partial discharges of the cold plasma type ({corona dischdrges),
favoun the scission of the weakest C-H bonds (338 kJ/mol) through ionization reactiornjs and
the adcumulation of hydrogen as the main recombination gas. Moreand more energy and/or
highen temperatures are needed for the scission of the C-C bondS) and their recombination
into gases with a C-C single bond (607 kJ/mol), C=C double bond (720 kJ/mol) or C=(Q triple
bond {960 kJ/mol), following processes bearing some similarities with those observed|in the
petrole¢um oil-cracking industry.

ne is thus favoured over ethane and methane“above temperatures of approximately
(although still present in lower quantities below). Acetylene requires temperatyres of
t 800 °C to 1200 °C, and a rapid quenching to lower temperatures, in orgler to
ulate as a stable recombination product. Acetylene is thus formed in significant
quantities mainly in arcs, where the conductive ionized channel is at several thousapds of
degregs Celsius, and the interface with the surrounding liquid oil necessarily below 400 °C
(abové which oil vaporizes completely),“with a layer of oil vapour/decomposition gages in
betwepn. Acetylene may still be formed at lower temperatures (<800 °C), but in very|minor
quantities. Carbon particles form at*500 °C to 800 °C and are indeed observed after ar¢ing in
oil or around very hot spots.

Oil may oxidize with the formation of small quantities of CO and CO,, which can accumulate
over lpng periods of timetinto more substantial amounts.

4.2 |Decomposition of cellulosic insulation

The pplymeric chains of solid cellulosic insulation (paper, pressboard, wood blocks) contain a
large pumber-of anhydroglucose rings, and weak C-O molecular bonds and glycosidic ponds
which|are\thermally less stable than the hydrocarbon bonds in oil, and which decomppse at
lower ftémperatures. Significant rates of polymer chain scission occur at temperatures higher
than 105 °C, with complete decomposition and carbonization above 300 °C (damage fault).
Mestly Carbon monoxide and dioxide, as well as water, is formed,-in-much-largerquantities

than-by-oxidation-of oil-at the-same-temperature; together with minor amounts of hydrocarbon
gases, furanic and other compounds.—Fhe-latter Furanic compounds—can—be are analysed

according to IEC 61198, and used to complement DGA interpretation and confirm whether or
not cellulosic insulation is involved in a fault. CO and CO, formation increases not only with
temperature but also with the oxygen content of oil and the moisture content of paper.

4.3 Stray gassing of oil

Stray gassing of oil has been defined by CIGRE [6]1 as the formation of gases in oil heated to
moderate temperatures (<200 °C). H,, CH, and C,Hg may be formed in all equipment at such

1 Numbers in square brackets refer to the Bibliography.
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temperatures or as a result of oil oxidation, depending on oil chemical structure. Stray
gassing is a non-damage fault. It can be evaluated using methods described in reference [6]
and [12].

NOTE Stray gassing of oil has been observed in some cases to be enhanced by the presence in oil of a metal
passivator or other additives.

4.4 Other sources of gas

Gases may be generated in some cases not as a result of faults in the equipment, but through
rusting or other chemical reactions involving steel, uncoated surfaces or protective paints.

is available from the oil nearby. Large quantities of hydrogen have thus been-re

types |of stainless steel with oil, in particular oil containing dissolved oxygen at el¢vated
tempefratures. Hydrogen, acetylene and other gases may also be formedyin new stginless
steel, |[absorbed during its manufacturing process, or produced by welding, and released
slowly|into the oil.

Hvdroben mav also bhe formed bv the decombnosition of the thin ol film hetweaen overbeated
ycfrogeimayYaSoonetofmecoy e Gecomposiioh—orthethHh=-0-Hhh-odeweehovemeatea
. £ 140 °C I : [I]i : ;:

Interngl transformer paints, such as alkyd resins and modified polyurethanes containing fatty
acids |n their formulation, may also form gases.

Gaseq may also be produced, and oxygen consumed, by exposure of oil to sunlight-ernfay-be

These| occurrences, however, are very unusual, and can be detected by performing DGA
analyges on new equipment which has.never been energized, and by material compdgtibility
tests. |[The presence of hydrogen with*the total absence of other hydrocarbon gasgs, for
example, may be an indication of such a problem.

NOTE |The case of gases formed at™a'‘previous fault and remnant in the transformer is dealt with in 5.4.
5 Identification of faults

5.1 General

Any gas formation in service, be it minimal, results from a stress of some kind, even if|it is a
very mild _one, like normal temperature ageing. However, as long as gas—ferfnation
conceptration is below typical values and not significantly increasing, it should rot be
considered as an indication of a "fault", but rather as “the result of typical gas formatior}* (see
Figure 1). Typical values are specific for each kind of equipment.

5.2 Dissolved gas compositions

Although the formation of some gases is favoured, depending on the temperature reached or
the energy contained in a fault (see 4.1), in practice mixtures of gases are almost always
obtained. One reason is thermodynamic: although not favoured, secondary gases are still
formed, albeit in minor quantities. Existing thermodynamic models derived from the petroleum
industry, however, cannot predict accurately the gas compositions formed, because they
correspond to ideal gas/temperature equilibria that do not exist in actual faults. Large
temperature gradients also occur in practice, for instance as a result of oil flow or vaporization
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along a hot surface. This is particularly true in the case of arcs with power follow-through,
which transfer a lot of heat to the oil vapour/decomposition gas layer between the arc and the
oil, probably explaining the increasing formation of ethylene observed in addition to acetylene.
In addition, existing thermodynamic models do not apply to paper that turns irreversibly to
carbon above 300 °C.

5.3

Types of faults

Internal inspection of hundreds of faulty equipment has led to the following broad classes of

visuall

— partial discharges (PD) of the cold plasma (corona) type,

y detectable faults:

resulting in possible X-wax

de
pef

posmon on paper msulahon%%e#the%paﬂemg%ype—mdﬁemgﬂsmhe#e—eam

3 3 3 S ’

P

bnized

— didcharges of low energy (D1), in oil or/and paper, evidenced by larger “carbonized
pefforations through paper (punctures), carbonization of the paper surface-(trackihg) or
cafbon particles in oil (as in tap changer diverter operation); also, partiatjdischarges|of the
spprking type, inducing pinhole, carbonized perforations (punctures).”in paper, Which,
however, may not be easy to find;

— digcharges of high energy (D2), in oil or/and paper, with power;follow-through, evidenced
by| extensive destruction and carbonization of paper, metal fusion at the disgharge
exjremities, extensive carbonization in oil and, in some cases, tripping of the equipment,
copfirming the large current follow-through;

— thgrmal faults, in oil or/and paper, below 300 °C if the_paper has turned brownish (T1), and
abpve 300 °C if it has carbonized (T2);

— thgrmal faults of temperatures above 700 %€ *(T3) if there is strong evidence of
cafbonization of the oil, metal coloration (800%C) or metal fusion (>1 000 °C).

Table 1 — B iati
PD e e
bt B = a e
5o w4 ¢ i
T+ Thermalfault+<-300°C
2 e e
138 B e

5.4 |Basic gas.ratios

Each pf thie,six broad classes of faults leads to a characteristic pattern of hydrocarbgn gas

compgsition, which can be translated into a DGA interpretation table, such as thg one

recommended-in—Table—4—-and-based-ontheuseofthreebasieg gas ratios:
CoH, CHy CoHy
CoHy Ha C2He

Table 1 applies to all types of equipment, with a few differences in gas ratio limits depending

on the

specific type of equipment.
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Table 1 — DGA interpretation table

Case Characteristic fault C,H, CH, C,H,
CoH, H, CoHg
PD Partial discharges (see notes 3 and 4) NS @ <0,1 <0,2
D1 Discharges of low energy >1 0,1-0,5 >1
D2 Discharges of high energy 0,6 -2,5 0,1-1 >2
™ Thermal fault t <300 °C NS 2 >1 but NS @ <1
T2 Thermal fault 300 °C < t <700 °C <0,1 >1 1-4
T3 Thermal fault t >700 °C <0,2° >1 34
NOTE|1 In some countries, the ratio C,H,/C,Hg is used, rather than the ratio CH,/H,. Also in some\couhtries,
slightly different ratio limits are used.
NOTE} 2 The above ratios—are-significant and-should be calculated only if at least one dfFthe gases-id-at-a
NOTE} 2 — The-above ratios—are-sigr 1d-should-be-calculated-only-if-at-least gases-ig-at-a
. ‘ i ; 0.
NOTE|2 Conditions for calculating gas ratios are indicated in 6.1 c).
NOTE| 3 CH,/H, <0,2 for partial discharges in instrument transformers. CH,/H4<0;07 for partial discharpes in
bushings.
NOTE| 4 Gas decomposition patterns S|m|Iar to partial dlscharges have been reported as a result pf-the
deconpposition stray gassing of-thin m y C-and
abeoveloil (see 4.3 and{H-efanrexC).
2 N§ = Non-significant whatever the value.
b A increasing value of the amount of C,H, may indicate that the hot spot temperature is highef than
1 000 °C.
Typical examples of faults in the various-types of equipment (power transformers, instrument
transformers, etc.), corresponding to the six cases of Table 1, may be found in Tables A.1,
A.5, Al8 and A.12.
Some| overlap between faults\\D1 and D2 is apparent in Table 1, meaning that § dual
attribdtion of D1 or D2 must be given in some cases of DGA results. The distinction bgtween

D1 a
signifi

prevenmntive measures. fable 1 applies to transformers. For switching equipment see (

d D2 has been Kept, however, as the amount of energy in the discharge
cantly increase (the potential damage to the equipment and necessitate di

may
ferent
[lause

d to a
a high

A.7 and reference 8] in the bibliography.

NOTE |Combinations of gas ratios that fall outside the range limits of Table 1 and do not correspo
charactgristic-fault of this table-may can be considered a mixture of faults, or new faults that combine with
backgrqund gas level (see 6.1).

In suchacaseTabte—tcammutprovide adiagnosis, butthegraphicatrepresentations giverrmAmmex By
used to visualize which characteristic fault of Table 1 is closest to the case.

can be

The less detailed scheme of Table 2—may can also be used in such a case in order to get at least a rough ‘
distinction between partial discharges (PD), discharges (D) and thermal fault (T), rather than no diagnosis at all.

Table 2 — Simplified scheme of interpretation

Case C,H, CH, C,H,
C2H4 H2 C2H6
PD <0,2
>0,2
<0,2
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5.5 CO5/CO ratio

The formation of CO, and CO from oil-impregnated paper insulation increases rapidly with
temperature.-lneremental-{corrected) High values of CO (e.g., 1 000 ppm) and CO,/CO ratios
less than 3 are generally considered as an indication of probable paper involvement in a fault,
with-seme-degree-of possible carbonization, in the presence of other fault gases.

However, in some recent transformers of the closed-type or open (free breathing)
transformers operating at constant load (i.e., with low breathing), CO can accumulate in the
oil, leading to ratio CO,/CO < 3, without any irregularities or faults if no other gases such as
H, or hydrocarbons are formed [7].

High Jalues of CO, (>10 000 ppm) and high CO,/CO ratios (>10) can indicate mild (<450 °C)
overhegating of paper [6, 8] or oil oxidation, especially in open transformerg) O, can
accunfulate more rapidly than CO in open transformers operating at changing {pads bdcause
of the|r different solubilities in oil. This, and the long term degradation with-time of pgper at
low temperatures (<160 °C), can lead to higher CO,/CO ratios in aged equipment.

In some cases, localized faults in paper do not produce significant g@mounts of CO anfl CO,
and cgnnot be detected with these gases (the same for furanic compounds).

Involvement of faults in paper therefore shall not be based only.on CO and CO,, but shall be
confirned by the formation of other gases or other types of gihanalysis.

In order to get reliable CO,/CO ratios in the equipment, CO, and CO values shollld be
corregted (incremented) first for possible CO, absorption from atmospheric air, and for the
CO5 and CO background values (see 6.1 and. Clause 9), resulting from the agejng of
cellulgsic insulation, overheating of wooden blocks and the long term oxidation of oil {which
will bge strongly influenced by the availability of oxygen caused by specific equipment
constrjuction details and its way of operation).

Air-brg¢athing equipment, for example;, saturated with approximately 9 % to 10 % of dissolved
air, mfay contain up to 300 pl/l.of*CO, coming from the air. In sealed equipment,]|air is
normally excluded but may enter(through leaks, and CO; concentration will be in proportion of
air prgsent.

When|excessive paperrdegradation is suspected{C0O,/CO-<-3}, it is-advisable recommjended
to asK for further analysis (e.g., of furanic compounds) or a measurement of the degfee of
polymegrization of papér samples, when this is possible.

NOTE In case of equipment containing negligible amounts of paper (e.g., most modern types of on Ipad tap
changefs (OLTE8)) CO and CO, can increase with oil oxidation under thermal stress. CO,/CO ratios cgn have
values fuiteldifferent from those in transformers.

NOTE 2 Biah lovgls of CO can also bhe formed in case of hiagh gnerav discharags in oil only
) =) Y T Y

NOTE 3 In instrument transformers and some bushing types, low ratios <3 are observed without any paper
degradation.

5.6 0O3/N; ratio

Dissolved O, and No_may-be are found in oil as a result of contact with atmospheric air in the
conservator of air-breathing equipment, or through leaks in sealed equipment. At equilibrium
with air, the—relative—solubiliies concentrations of O, and N in oil are

oldmo—ate—oesonnd
~32 000 and ~64 000 ppm, respectively [8], and the O,/N, ratio-in-oil-reflects—aircomposition
and is ~0,5.

In service, this ratio may decrease as a result of oil oxidation and/or paper ageing, if O» is
consumed more rapidly than it is replaced by diffusion. Factors such as the load and
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preservation system used may also affect the ratio, but with the exception of closed systems,
ratios less than 0,3 are generally considered to indicate excessive consumption of oxygen.

5.7 C3Hjy/H3 ratio

In power transformers, on load tap changer (OLTC) operations produce gases corresponding
to discharges of low energy (D1). If some oil or gas communication is possible between the
OLTC compartment and the main tank, or between the respective conservators, these gases
may contaminate the oil in the main tank and lead to wrong diagnoses. The pattern of gas
decomposition in the OLTC, however, is quite specific and different from that of regular D1s in
the main tank.

CoHy/Ho ratios higher than 2 to 3 in the main tank are thus considered as an indicalion of
OLTC|contamination. This can be confirmed by comparing DGA results in the main/tgnk, in
the OLTC and in the conservators. The values of the gas ratio and of thée acetylene
conceptration depend on the number of OLTC operations and on the way thé.contamination
has og¢curred (through the oil or the gas).

NOTE |f contamination by gases coming from the OLTC is suspectedsinterpretation of DGA
result$ in the main tank should be made with caution by \subtracting background
contarination from the OLTC, or should be avoided as unreliable:

NOTE |Modern OLTCs are designed not to contaminate oil in the main tank.
5.8 |C3 hydrocarbons

The interpretation method of gas analysis indicated.above takes into account only C4 gnd C»
hydrog¢arbons. Some practical interpretation methods also use the concentrations [of Cj
hydro¢arbons, and their authors believe that they are liable to bring complemgntary
inforngation that is useful to make the diagnesis more precise. Because the C3 hydrocdrbons
are vdry soluble in oil, their concentrations:are practically not affected by a possible diffusion
into ambient air. Conversely, and because they are very soluble, they are difficult to ¢xtract
from the oil and the result of the analysis may greatly depend on the extraction method|used.
Moreqgver, experience has shown that, in most cases, a satisfactory diagnosis can be|made
withodt taking into account thesehydrocarbons and for the sake of simplification, they have
been ¢mitted from the interpretation method indicated above.

5.9 Evolution of faults

Faults| often start as incipient faults of low energy, which may develop into more serioug ones
of higher energiess-leading to possible gas alarms, breakdowns and failures.

When|a faulfsis detected at an early stage of development, it may be quite informafive to
examihe not only the increase in gas concentrations, but also the possible evolution with time

toward a‘more dangerous high-energy fault-ef-thefinal-stage-type resulting in failure.

For example, some current transformers have operated satisfactorily for long periods of time
with very high levels of hydrogen produced by partial discharges. However, partial discharges
may also cause the formation of X-wax. When the X-wax is present in sufficient quantity to
increase the dissipation losses in the paper-oil insulation, a thermal fault may occur,
eventually leading to catastrophic thermal runaway and breakdown.

In other occurrences, however, instant final breakdown may occur without warning.

5.10 Graphical representations

Graphical representations of gas ratios are convenient to follow this evolution of faults visually.
Annex B gives examples of graphical representation of faults.
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These representations are also useful in cases that do not receive a diagnosis using Table 1,
because they fall outside the gas ratios limits. Using Figures B.1 or B.2, the zone or box that
is closest to such an undiagnosed case can be easily visualized and attributed with caution to
this case. Figure B.3 is particularly useful since it always provide a diagnosis in such cases.

6 Conditions for calculating ratios

6.1 Examination of DGA values

DGA sampling and analysis should be done in accordance with the recommendations of
IEC 60567 and IEC 60475, respectively.

a) Vdlues of 0 ul/l on a DGA report or below the analytical detection limits S sriall be
replaced by "below the S value for this gas" (see IEC 60567 for recommended{S-valyes).

b) If puccessive DGA analyses have been performed over a relatively short\period df time
(days or weeks), inconsistent variations (e.g.-brutal large decreases 9ficoncentrations)
may have to be eliminated as an indication of a sampling or analyticalproblem.

c) Gas ratios are significant and should be calculated only when at Iéast one of the ggses is
at|a concentration—value—is and a rate of gas increase above-typical values—and-jabove
typical-rate—of gas—increase (see—note2 of table2-and Ctause 9). Neverthelesy, it is
recommended to also calculate them in cases where one_¢r more gases show incrg¢asing
orlabnormal concentrations, even if they are lower thanktypical values. Avoid calcylating
ralios when gas concentrations are not high enough to'be reasonably accurate accprding
to|[EC 60567.

d) If |gas ratios are different from those for the{ previous analysis, a new faul] may
superimpose itself on an old one or normal ageing. In order to get only the gas|ratios
cofresponding to the new fault, subtract the previous DGA values from the last ongs and
re¢alculate ratios. This is particularly truedn-the case of CO and CO, (see 5.4). Be dure to
compare DGA values of samples taken at the same place and preferably in movipg oil.
Inferpretation should also take into agcount treatments previously made on the equigment,
such as repair, oil degassing or filteting, which may affect the level of gases in the o

NOTE |In the case of air-breathing power(transformers, losses occur very slowly with time by diffusion through the
conserJator or as a result of oil expansion/temperature cycles, with the result that the measured gas levels—may
can be|slightly less than the gas/levels actually formed in the transformer. However, there is no agreement
concerrling the magnitude of this diffusion loss in service, some considering it as totally negligible, others as

potentig IIy S|gn|f|cant dependlng on the type of eqmpment used %%as&e#deebi—mma%beﬁe*peehepmt&nreasu{e

M%MMA%WMWM%MWM Typical values in ogen and
closed [transformers are \relatively similar, suggesting that either gas loss in open transformers is lowger than
suspecfed, or that gas production is higher (because of higher oxygen availability) and compensated by higher gas
loss. Inlany case, this Ras not been observed to significantly affect the identification of faults in open transfgqrmers.

6.2 |Uncertainty on gas ratios

Becausé of the—p#ee|s+en uncertalnty on DGA values there is also an uncertamty dn gas
I’atIOS a v, a vire U c SiEvASAESAACiS ALY 8 —o—- A aHHe dese ed |n
IEC 60567

Above 10 x S (S being the analytical detection limit), the uncertainty (precision and accuracy)
is typically-& +15 % on DGA values and-up-to-10-% this may also effect the uncertainty on gas
ratios. Below 10 x S, the-precision uncertainty on DGA values-decreases increases rapidly, to

typically-20 £30 % at 5 x S-and-up-to-40-% ona-gasratio.

Caution should therefore be exercised when calculating gas ratios at low gas levels (lower
than 10 x S), keeping in mind the possible variations resulting from the-reduced precision
higher uncertainty.-This-is particularly-true for-instrument transformers-and bushings, where
typical-values-of gas-concentration-may-be below 10 xS-
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7 Application to free gases in gas relays

During a fault, the production rate of gases of all types is closely linked to the rate of energy
liberation. Thus, the low rate of energy liberation in partial discharges, or in a low-temperature
heotspet thermal fault, will cause gases to evolve slowly and there is every probability that all
the gas produced will dissolve in the oil. The higher rate of energy liberation of a high-
temperature core fault, for example, can cause an evolution of gas rapid enough to result in
gas bubbles. These will usually partially dissolve in the oil (and exchange with gases already
dissolved) but some gas may well reach the gas collecting relay or gas cushion; this gas may
approach equilibrium with the gases dissolved in the oil.

A very jd and
substgntial evolution of gas (the resulting pressure surge normally operates the surge-element
of the|gas collecting relay). The large gas bubbles rise quickly to the relay and exchangk little
gas with the oil so that the gas that collects in the relay is initially far from being}in ‘equilibrium
with the gases dissolved in the oil. However, if this gas is left for a long time in the|relay,
some [constituents will dissolve, modifying the composition of the gas collected. Acetylene,
which|is produced in significant quantities by an arcing fault, and which.is' very solublg, is a
notewprthy example of a gas that may dissolve comparatively quickly-te produce misl¢ading
results.

In pririciple, the analysis of free gases from a gas-collecting rélay or from a gas cushion may
be evTIuated in the same way as the analysis of gases disSolved in the oil. However, where
the surge element has operated and gas has accumulated in substantial quantities, thefe is a
possiRility of having a serious fault, and analyses of“the gases should be undertaken to
identifly the fault %eehh%&a#arms%ee%e%%e%rme%en%pess@e#eﬂewﬂgﬁa
combipa - If the rate ¢f gas
produ t|on is Iow gases formed WI|| usually drssolve entlrely in 0|I If it is high, or if the oil is
over-daturated with gas, gas bubbles will rise<rapidly in the oil and accumulate in tHe gas
relay. [The less soluble gases in bubbles (Hy,\€O and CH,) will not have time to dissolvg in oil
duringl their ascent and will be over-represénted in the top oil of the tank and the gasjrelay,
resulting in wrong fault identification.

After @ Buchholz alarm, it is-therefore-important recommended to collect the gas at thg relay
as sopn as possible-without_buyening—it; and sample the oil in the relay and in the tgp and
bottom oil of the main tank. This will allow first to verify that the alarm is indeed due to g fault
in the| transformer and net to air accumulation following a combination of warm days and
suddep temperature dropsat night, or because of faults in oil pumps.

Wherg gas has accumulated slowly (e.g., as a result of coking of selector contacts or df core
overh¢ating), assessment of the gases dissolved in the oil is more informative than that|of the
free glases; this' gas-in-oil analysis is also essential in order to determine the total nate of
evolutjon pof gases and thus check whether the fault is growing, which is the most imgortant
matteq to mvestrgate When analy3|s of free gases is undertaken it is necessary to cpnvert
in the
dissolved state, using Table 3, before applying the gas ratio method of Table 1, and to
compare them to the dissolved gas concentrations in the oil of the relay and the main tank.

Applying the principles set out above, comparison of the actual concentrations in the oil with
the equivalent concentrations in the free gas may give valuable information on how far gas
bubbles may have risen through the oil and, hence, on the rate of gas evolution.

The calculation of dissolved gas concentrations equivalent to free gas concentrations is made
by applying the Ostwald solubility coefficient for each gas separately. For a particular gas, the
Ostwald solubility coefficient k is defined as follows:

_concentration of gas in liquid phase

concentration of gas in gas phase
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with concentrations in microlitres per litre.

Table 3 contains the Ostwald solubility coefficients of various gases in mineral insulating oils
as given in IEC 60567:2011, Table A.1.

Table 3 — Ostwald solubility coefficients for various gases in
mineral insulating oils

Gas k at-20 25 °C k-at 50°C
N, 0,09 0,091 0,09
0, 0,470,172 047
H, 0,05 0,056 0,05
CcO 642 0,132 o2
CO, 4,08 1,09 1,00
CH, 0;43 0,429 040
C,Hg 2740 2,82 1.80
C,H, 470 1,84 140
C,H, 120 1,24 0.9
NOTE Data given in this table represent mean values obtained on some of the
current types of transformer mineral insulating oils. Actual data may differ a little
from these figures. Nevertheless, data’;given above may be used without
influencing conclusions drawn from recalculated test results.

The Qstwald solubility coefficient iscindependent of the actual partial pressures of thHe gas
concefned. The gas and liquid phases are assumed to be at the same temperature; this is
rarely|the case but the error intfoduced by any difference will not invalidate the concllisions
reache¢d.

If only| free gas in the relay is analysed, gas content in oil of the relay at equilibrium may be
calculfted using the @bove equation and Ostwald solubility coefficients k for each gas given in
Table 3.

When|gas aecgumulates in the gas relay, collect and analyse as soon as possible the free
gasesl|in theNrelay, convert into gases in the relay oil, using k, then compare to gases in oil in
the mairitank. If results are comparable, this indicates equilibrium has been reached and gas
has atcimulated slow oy do not compare is indicate been
reached and gas has accumulated rapidly.

8 Gas concentration levels in service

8.1 Probability of failure in service
8.1.1 General

The probability or risk of having an incident or a failure in service is related to gas
concentration levels and rates of gas formation [8].

Below certain concentration levels (quoted as typical values or normal values), the probability
of having a failure is low (typically 10 % according to CIGRE [6] when using oil sampling). The
equipment is considered healthy, although a failure cannot be totally ruled out, even at these
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low levels, but it is improbable. A first rough screening between healthy and suspect analyses
can therefore be obtained by calculating typical values for the equipment.

The probability of having a failure may increase significantly at values much above typical
concentration levels. The situation is then considered critical, for even though a failure may
never occur at these high levels, the risk of having one is high. For detecting such failures

may-be-divided-into-two-categories, see [9] in the bibliography.

I I Do

1o 1 H
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8.1.2 Calculation methods

Utilitigs with large DGA and equipment maintenance databases are able te -calculate the
probability of failure in service for a given type of equipment and at a given concenfration
level of a gas. This can be obtained by calculating the number of DGA andlyses that hajyve led
to an|actual failure or incident in service (gas alarm, failure, repair,”outage, etc.), and
comparing it to the total number of DGA analyses on this type of equipment and at thjs gas
conceptration level.

A large number of analyses is necessary to get reliablenValues of failure probability.
Knowledge of these values, however, is useful when choosing the normality percentage most
appropriate for a given network and type of equipment(see 8.2.3). Pre-failure valueg have
thus Heen proposed by CIGRE [6, 8], above whichtfte’ probability of failure increasep very
rapidly.

8.2 [Typical concentration values

8.2.1 General

Typical concentration values are the-acceptable gas quantities-belowwhich-field-expefience
showg-no-detectable-orpossible-incipient fault—and that are-overpassed exceeded by only an

arbitrgrily low percentage of higher gas contents, for example 10 %. Typical concenfration
valueg will be referred to insuch an example as the 90 % typical values. This hllows
conceptrating maintenance efforts on the 10 % of transformers most at risk.

Howeyer, typical coneeniration values are preferably to be considered as initial guidelirles for
decisipn making, when no other experience is available. They shall not be used to asgertain
whether or not a,fault exists within the equipment. They should be viewed as values jabove
which[the rate-of\gas formation may permit the detection of a probable fault.

Typical goncentration values are affected by a number of factors, chiefly the operating time
since fommissioning, the type of equipment and the nature of the fault (electrical or thgrmal).
For power transformers, the type of oil protection, load factor and operation mode are other
influencing factors.

Typical concentration values may be calculated as follows and should preferably be obtained
by the equipment users on the specific types of equipment.

8.2.2 Calculation methods

The simplest method of calculation consists in gathering all the DGA results concerning a
specific type of equipment. For each characteristic gas considered, the cumulative number of
DGA analyses where the gas concentration is below a given value is calculated, then plotted
as a function of gas concentration. Using the plotted curve, the gas concentration corre-
sponding to a given percentage of the total cumulative number of analyses (for instance 90 %)
is the 90 % typical concentration value for that gas and type of equipment.
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8.2.3 Choice of normality percentages

organijzations worldwide (IEC, IEEE) use a normality percentage of 90 % for typical\\alues.
Howeyer, other percentages can also be used.

If adequate databases are not available to calculate typical values, users may'also adopt as a
first sfep, values observed on other networks and indicated in the application noteq. It is
apparént from these values that, in general, typical values are (oweér in instrument
transformers and bushings than in power transformers, especially those-with a communicating
OLTC

8.2.4 Alarm concentration values

Alarm|concentration values are those values of concentration above which the probabjlity of
an ingident is sufficiently high to require urgent competent decisions and/or actions|. Pre-
failure] concentration values have thus been proposed by CIGRE [8], and more recently as a
functign of type and location of faults [10].

Alarm|concentration values should be set by.‘users, manufacturers or independent experts,
based| on previous experience with equipment with similar characteristics (voltage,| type,
manuflacturer, loading practices, age, etc.):

8.3 |Rates of gas increase

If there is no increase in gas _cencentration over the last analysis, chances are that the fault
has disappeared (or that a very small one is still there, in the case of air-breathing equipment,
compensated by diffusiondosses through the conservator (see 6.1).

What ghould be considéered as a typical or alarm rate of gas increase depends very mych on
equipiment type and\age, type of identified faults, air-breathing and load patterns, and violume
of thelinsulation{ihvolved. Ultimately the rate of increase should be decided by the user|of the
equipment, the manufacturer and/or other experts.

Typical rates of gas increase can be calculated as in the case of typical gas concentrations
and are indicated in Table A.3. Pre-failure rates of increase have also been proposed by
CIGRE [8].

On-line gas—detecters monitors, including those—aleady—available for hydrogen, may be
particularly well-suited for detecting non-typical rates of gas increase occurring within minutes,
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hours or weeks, which is generally not possible with routine oil samplings done at monthly or
yearly intervals [9]. However, when such increases are detected by a gas-deteeter monitor,
complete DGA analyses shall be made at the laboratory to confirm the—detecter monitor

readi

ngs, evaluate the rates of increase of the various gases and identify the fault.

9 Recommended method of DGA interpretation (see Figure 1)

The procedure shall be as follows:

a) Reject or correct inconsistent DGA values (see 6.1). Calculate the rate of gas increase
since the last analysis, taking into account the precision on DGA results.

If

If

calculate gas ratios and identify fault using Table 1 (see 5.4). Check for ev
erloneous diagnosis (see 4.3).

If

If

seg 6.2.
b) Dagtermine if gas concentrations and rates of gas increase are above alarm values.

if fault is evolving towards final stage (see 5.9). Determine if paper is involved (s
and 5.5).

c) Tgke proper action according to best engineering judgment and/or with the h
Figure 1.

1)| increase sampling frequency (quartexly, monthly or other) when the gas concentn
2)| consider performing complementary tests (acoustic, electrical, infrared) or 1

3)| consider removing the~tkansformer from service for inspection or repair depend

10 Report of results

NOTE

Th D Aot F 4 la Lol i pu |
e A TTIRTTYTTLIAtuIT TCTPUTL STTUUTU TTTUTUUT 1T

reiort as "Normal DGA/healthy equipment".

bll gases are below typical values of gas concentrations and rates of gas -nc

t least one gas is above typical values of gas concentrations and rates ofigas inc

DGA values are above typical values but below 10 x S ($= analytical detection

is recommended to:

and their rates of increase exceeddypical values;

loading;

results of complementary and other tests and on advice of transformer experts;

)| consider immediate,'action when gas concentrations and rates of gas increase &
alarm values.

The report should be adapted to the specific type of equipment considered.

fease,

rease,
entual

ecessary subtract last values from present ones before calculatingyratios, particularly in
the case of CO, CO, (see 6.1).

limit),

Verify
be 4.2

elp of

ations
educe
ng on

xceed

4lo £o11 + la Hlalal
TUTTOWITTY, WITCTITT avdadlidulc.

a) DGA analysis report, including S values, method of-BGA analysis (see IEC 60567:2011,

T

able A.1) and date of analysis.

NOTE Values of 0 ppm or ul/l on a DGA report or below the S values are replaced by "below the S value for

th

is gas".

b) specific information on the equipment such as:

) date of commissioning, voltage, general type (e.g. power or instrument transfo
rated power;

) special features (e.g. sealed or air-breathing, type of OLTC (see A.2.1);
) oil volume;

) oil or gas sampling date;

)

oil or gas sampling location;

rmer),
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| c) special operations or incidents just before—and—after the oil or gas sampling, such as
tripping, gas alarm, degassing, repair, outage;
d) previous DGA on the equipment;
e) indication of typical values for this specific equipment, if known;

f) indication of "Typical DGA/healthy equipment" or "Fault";

g) in case of "Fault", identification of the fault using Table 1 (see 5.4), with values of the
calculated gas ratios indicated;

indication of paper involvement or not, with value of the CO,/CO ratio or other methods
(see 5.5);

i) reg

h)

ol oal ' L O \
UITITTTITTIUTU dUUUTTS. (oTT J.U)

rEL

Examination of DGA results (see 6.1)

Compare with DGA of previous
sample and with typical values

M Iefast one gas ?b?ve typ|c;a| values All gasses below typieahvalues Report as
otgas co?cen rations an rates of gas concentratiens‘and rates — typical DGA/healthy —
orgas increase of gas increase i
Calculate gas ratios g equipment
Fault identified by Table 1
(see 5.4)
(Gas concentration aliovealarm values ALERT condii
condition

df gas concentrations,and rates of gas
increase, or change in fault type D2

Institute more frequent

Take immediate action sampling
ALARM condition Consider on-line monitoring Cansider on-line
inspection or repair monitoring

Store data

Figure 1 — Flow chart

IEC
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A1

Annex A
(informative)

Equipment application notes

General warning
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al values” in the following applic@@ﬁ notes are not limit values. They are giV
ation only, as a maintenance and%redictive tool. In a given transformer populatior
e for example that 90 % of E@A values in service are below the 90 % typical
) % are above. When typi alues are exceeded, the only action recommended
rd is to increase the fr cy of DGA analyses.

-

| values depend @s'everal parameters (age, type and manufacturer of equij
ing and loadin ctices, climate, etc.), and are not exactly the same for all elg
ks. Ranges pical values are therefore indicated in the following application
hg the diffag%(’individual values observed worldwide and surveyed by IEC and ClI

ual n%@rks are strongly encouraged to calculate the typical values correspong
w cific transformer population, using DGA data meeting IEC 60567 specifig
7 y and following methods indicated in Clause 8 and [6].

pt the

en for
, they
alues
in this

ment,
ctrical
hotes,
GRE.

ing to
ations

The ranges of typical values indicated in these application notes should be used only by
default, when individual values are not available, and should not be used in a contract without
a special agreement between the user and manufacturer of the equipment.

A.2

Power transformers

A.2.1

Specific sub-types

Specific sub-types of power transformers are as follows:
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— air-breathing (open conservator type);

— sealed or nitrogen-blanketed,;

— inter-tie transmission versus generation step-up;

— no OLTC communicating with main tank versus communicating OLTC;
— core-type or shell-type;

— reactors.

A.2.2 Typical faults

See Table A.1.
Table A.1 — Typical faults in power transformers
Typs¢ Fault Examples
PD Partial discharges Discharges in gas-filled cavities resulting from incompleté impregnation, high-
humidity in paper, oil super saturation or cavitation, andyleading to X-wax
formation
D1 Discharges of Sparking or arcing between bad connections of different or floating potential,
low energy from shielding rings, toroids, adjacent disks or conductors of winding, brokep
brazing or closed loops in the core
Discharges between clamping parts, bushing and tank, high voltage and ground
within windings, on tank walls
Tracking in wooden blocks, glue of-insulating beam, winding spacers. Breakdown
of oil, selector breaking current
D2 Discharges of Flashover, tracking, or arcing.of high local energy or with power follow-thfrough
high ener
g 9y Short circuits between low voltage and ground, connectors, windings, bushings
and tank, copper bus,and tank, windings and core, in oil duct, turret. Cloged
loops between two adjacent conductors around the main magnetic flux,
insulated bolts oftcore, metal rings holding core legs
T1 Thermal fault Overloading_of\the transformer in emergency situations
t <300 °C . L . L
< Blockeditem restricting oil flow in windings
Stray-flux in clamping beams of yokes
T2 Thermal fault Defective contacts between bolted connections (particularly between aluminipm
300 °C <t <700 °C busbar), gliding contacts, contacts within selector switch (pyrolitic carbon
formation), connections from cable and draw-rod of bushings
Circulating currents between yoke clamps and bolts, clamps and laminatipns, in
ground wiring, defective welds or clamps in magnetic shields
Abraded insulation between adjacent parallel conductors in windings
T3 Thermal fault Large circulating currents in tank and core
t 700 °C . . . . .
* Minor circulation currents in tank walls created by a high uncompensated
magnetic field
Strortmgtiks T coresteettammimations

A.2.3 Identification of faults by DGA

Table 1 (see 5.4) applies directly to all transformer sub-types, except those equipped with a
communicating OLTC. In the latter cases, if CoHy/Ho is higher than 2 to 3, there-is may be
contamination from the OLTC into the main tank, in which case Table 1 does not apply or
applies with care, after subtracting background contamination from the OLTC (see 5.7).

NOTE4+ Any gas formation below typical values of gas concentration and rates of gas increase
should not be considered as an indication of “fault”, but rather as “normal gas formation”.
Ratios are not significant in such a case (see Note 2 of Table 1).
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NOTE2 In the case of air-breathing power transformers, losses of gas occur very slowly with
time by diffusion through the conservator or as a result of oil expansion cycles, with the result
that the measured gas levels may be slightly less than the gas levels actually formed in the
transformer. However, there is no agreement concerning the magnitude of this diffusion loss
in service, some considering it as totally negligible, others as potentially significant,
depending on the type of equipment considered. In case of doubt, to get an idea of the
volume ventilated it may be expedient to measure the gas concentration in the conservator as
well. Significant diffusion losses may affect gas ratios, typical values of gas concentrations
and rates of gas increase (see 6.1).

A.2.4 Typical concentration values

Impontant note: Clause A.1: General warning, shall be consulted before using A.2.4.

Ranggs of 90 % typical gas concentration values observed in power transformers) fron]-mere
thar—45-individual about 25 electrical networks worldwide and including more-than—45-000
20 000 transformers, are given in Table A.2.

For hydrogen, for example, one network teported a typical value of 50 pl/l, anothgr one
150 ulfl and the 23 others reported valuds between 50 ul/l and 150 pul/l. These ranges of
valueg have been reported by CIGRE S€’D1 and A2 (TF11) and approved by IEC TC 10 and
TC 14

Table A.2 — Ranges of90 % typical gas concentration values observed in
power transformers-{al-types}, in pl/l

Values in microli ithe
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C,H, H, CH, C,H, C,Hg co co,
All transformers 50 -150 | 30-130 60 — 280 20 -90 | 400 -600 | 3800 - 14 000
No OLTC 2-20
Communicating 60 — 280
OLTC

“Communicating OLTC” in Tables A.2 and A.3 means that some oil and/or gas communication
is possible between the OLTC compartment and the main tank or between the respective
conservators. Gases produced in the OLTC compartment may contaminate the oil in the main
tank and affect concentration values in these types of equipment. “No OLTC” refers to

transfnrmnro not aauinnad with an Ol TC Ar aniinnad with o ton chaonagr nat ~ammiing
HRe+s—+Het+—eqgtHppea—wWr—ah o0+ gtHppea—wH—a—tap—-erahge—hRet+—cohhdh

ating

with o

Typica
mostly

two countries, values for C,Hg are higher. In one country where transformgrs are op

below
counti
highen
metals
counti

[ leaking to the main tank.

Y
| values in Table A.2 apply to both breathing and sealed transformers, <it)rre
to core-type transformers. Values in shell-type transformers are likel to"be hig

nominal load, values for CH, and CO and particularly for C@are lower. |
y, values of 0,5 ul/l for C,H, and 10 pl/l for C,H, are repo(rt@_) lues for Hy
in transformers where reactions between oil and transf
) are occurring. Values in transformers frequently degas@, a practice used in
ies, should not be compared with values of Table A.2. \{</
LN

Typical rates of gas increase Q S

spond
her. In
brated
n one
ay be

r components (paints,

a few
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Equati leulate il E . :

_ (yz —Y1) m
p (d2 —dy)
where
4 is the reference analysis;
sl tnn eot anolunios

(yo—y41) —is the increase, in microlitre per litre;
et omes el e e e

oY isthg mace dgangityvy in kilnarame nar ciihic matrg:

£ e SRSy e g P —cutc 186

dy——f—is-the date foryy: é
do—(—is-the-dateforyo. <&

e

as-increase-expressed-in-microlitres ner litre nermonth-or-in-dercent
aSHGFeas pressecihHecroresSper— i 152 T HA—oH—Red At

Important note: Clause A.1: General warning, shall be consulted bef%gzmsing A.2.5.

Ranggs of 90 % typical rates of gas increase observed in transformers from four
electrical networks and including more than 20 000 DGA a &s are given in Table A.3.
These|lranges of values have been reported by CIGRE SC DQ\ d A2 (TF11) and approyed by
IEC/TC 10 and TC 14.

Table A.3 — Ranges of 90 % typi &ges of gas increase
observed in power transformge\&&(all types), in pl/llyear

C,H, H, I-Q(\ C,H, C,H, co cq,
All trahsformers 35-132 1(@120 32 - 146 5-90 |260-1060| 1700-10000
%
N
No oL[TC 0-4 xO
Commjunicating OLTC | 21 - 37 | . (\}‘
N
Typicdl values in Table A are valid for large power transformers with an oil volume >5[000 I.
Value$ in small transfo s (<5 000 I) are usually lower. Values in the early and late ygars of
the equipment tend t higher than the average values of Table A.3.

Value$ of Ta gp may be converted into ml/day when the transformer oil volume is Known.
In some cou it is preferred to express rates of gas increase in ml/day. Values in|Table
A.3 shoul be used to calculate concentration values after several years and compare
them oéﬂes in Table A.2, since values in these two tables are affected differently py the
shape ofYheir respective cumulative curves and gas losses

When calculating typical rates of increase of individual networks, intervals should be chosen
to provide an acceptable accuracy of results.

A.2.6 Specific information to be added to the DGA report (see Clause 10)
Specific information to be added to the DGA report is as follows:

— power rating;

— transformer sub-type: air-breathing or sealed;

— top oil temperature;

— type of cooling system: ONAN (oil natural air natural), OFAF (oil forced air forced), etc.;
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— date of manufacturing;

— type of OLTC {and whether it is communicating with the main tank or not);
— number of OLTC operations, if known;

— load since last DGA.

NOTE OLTCs are often composed of a selector switch, located in the oil of the main tank, and of a diverter switch,
located in a separate tank but on the same operating axle.

A.3 Industrial and special transformers

A.3.1 —Spescificsub-types

Specific sub-types of industrial and special transformers are as follows:

— funnace transformers;
— regtifier transformers;

— raijway transformers;

— didtribution transformers-{enhyindustrial-and-service-transformers; below 10 MVA, nqgt from
utilities);

— supmersible distribution transformers;

— wind farm transformers.

A.3.2 Typical faults

See Thble A.1.

A.3.3 Identification of faults by DGA.

See Al2.3.

A.3.4 Typical concentration values

See Thble A.4.

The values given in table:A4 are for information only.

Table A.4 — Examples of 90 % typical concentration

values observed on-a-typical individual networks-{all-types-of transformers)

Values in microlitres per litre

Transformer sub-type H, co co, CH, C,Hg C,H, ¢C,oH,
Furnace # 200 800 6 000 150 150 200 @
Distribution 100 200 5000 50 50 50 5
Submersible 86 628 6 295 21 4 6 <s®

NOTE The values listed in this table were obtained from-ene-particular two individual networks. Values on other
networks may differ.

28 The data are influenced by the design and assembly of the on-load tap changer. For this reason, no

statistically significant value can be proposed for acetylene.

b < S means less than the detection limit.
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A.4

A.41
CT:
VT:
CTCcVv
CIVT:
CVT:
MVT:

Instrument transformers

Specific sub-types

Current transformers (eyebolt or hairpin design)

Voltage transformers

Combined transformers (current-voltage)

Cascade (inductive) voltage transformers

Capacitor voltage transformers

Magnetic voltage transformers (see [2]).

NOTE
A.4.2

See tg

Definitions of these specific sub-types can be found in [5].

Typical faults
ble A.5.

Failurg¢ rates have been reported as being about 1 % of the total populatien (see [2]), although

much higher rates were observed on a limited number of sub-groups.
The most frequent final failures involve local or catastrophicidielectric breakdown of [paper
insulation, following lengthy partial discharge activity and/or thermal runaways.
Table A.5 — Typical faults in instrdment transformers
Typé Fault Examples
PD Partial discharges Discharges in gas-filled’cavities resulting from poor impregnation, humidijty in
paper, oil supersaturation, puckers or folds in paper, leading to X-wax
deposition and increased dielectric losses
Discharges related to switching operations from a nearby substation bus sygqtem
(in the caseof CTs) or to overvoltages at the edges of capacitor unit secjions
(case of\CVITs)
D1 Discharges of low Sparking around loose connections or floating metal strips
energy L
Tracking in paper
Arcing in static shielding connections
D2 Discharges of high Local short circuits between capacitive stress grading foils, with high local
energy current densities able to melt down foils
General short circuits with power follow-through are often destructive, regulting
in equipment breakage or explosion, and a DGA is not always possible after
failure
T2 Thermal fault Circulating currents in paper insulation resulting from high dielectric lossps,
300 °C <t <700 °C related to X-wax contamination, moisture or incorrect selection of insulat|ng
materials, and resulting in dielectric heating and thermal runaways
Bad contacts in connections or welds
Overheating due to the ferroresonant circuit in MVTs
T3 Thermal fault Circulating currents on steel lamination edges
t>700°C
A.4.3 Identification of faults by DGA

Table 1 (see 5.4) applies to all sub-types, with CH4/H, lower than 0,2 instead of lower than
0,1 for partial discharges.
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A.4.4 Typical concentration values

Ranges of 90 % typical values observed in instrument transformers are given in Table A.6.
The 90 % normality percentage is the most frequently used. Factors of influence are
equipment sub-type, fault type, and age.

The values given in Table A.6 are for information only.

Table A.6 — Ranges of 90 % typical concentration
values observed in instrument transformers

Vatuesrrmicrotitres per litre
Transformer H, Cco CO, CH, C,Hg C,oH, CoH,
sup-type
CT 6 — 300 250 -1 100 | 800 — 4 000 11-120 7-130 3-40 145
VT 70 — 1 000 204 30 4 -116

NOTE |1 The values listed in this table were obtained from-one—particular several networks. Values on other
networks-may can differ.

NOTE[2 The value for H, in CTs is much lower for rubber-sealings seals (+207ul/l) than for metal-sealing$ seals
(£300 pl/).

Table| A.7 provides the maximum admissible values <for sealed instrument transfqrmers
withoyt any action to be taken on the transformer, which have been proposed by IEC TC 38:

Table A.7 — Maximum admissible values for sealed instrument transformers

Values in microlitres per litre

H, co co, CH, C,Hg C,H, C,H,
300 300 900 30 50 10 2

A.5 |Bushings

A.5.1 Specific sub¢types
Specific sub-types ©f-bushings are as follows:

- C

(]

ndenser(type;
— noh-caondenser type.

A.5.2 L ~Typical faults
See Table A.8.

In a number of instances, partial discharges result in increased dielectric losses, thermal
runaway and final breakdown.

Most frequent final failures are related to the breakdown of core insulation between short-
circuited layers (as a result of partial discharges or thermal runaway), flashovers along the
internal surface of the porcelain (often resulting in explosions) and flashovers along the core
surface.
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Table A.8 — Typical faults in bushings

Type Fault Examples
PD Partial discharges Discharges in gas-filled cavities resulting from humidity in paper, poor im-
pregnation, oil supersaturation or contamination, or X-wax deposition. Also
in loose insulating paper displaced during transportation with puckers or folds
in paper
D1 Discharges of low Sparking around loose connections at capacitive tap
ener:
9 Arcing in static shielding connections
Tracking in paper
D2 Discharges of high Localized short-circuits between capacitive stress grading foils, with high local
energy current densities able to melt down foils (see definition of D2 in 5.3), but jhot
leading to the explosion of the bushing
T2 Thermal fault Circulating currents in paper insulation resulting from high dielectric Tosségs,
300 °C <t<700°C related to contamination or improper selection of insulating matenials, ang
resulting in thermal runaways
Circulating currents in poor connections at bushing shield or high voltagg lead,
with the temperature transmitted inside the bushing threugh conduction Qy the
conductor
A.5.3 Identification of faults by DGA
A simplified table of interpretation is proposed as shown jn Fable A.9.
Table A.9 — Simplified interpretation scheme for bushings
Fault C,H, Chiy C,H, Cco,
C,H, H, C,Hg co
PD <0,07
>1
>1
TP <1, >20
NOTE|-PD = partial discharges
D -4
i e
TP-=thermalfault-in-paper
In cass/where a single characteristic fault cannot be attributed using this simplified table, or

when

more precise diagnosis is required, the general Table 1 should be used.

NOTE Some modern bushings contain mixtures of mineral oil and dodecylbenzene (DDB), in proportions not
known. Gas compositions evolved from DDB are not the same as from mineral oil, and DDB absorbs more gas than

mineral

A.5.4

oil.

Typical concentration values

The following 95 % typical values are proposed.

The values given in Table A.10 are for information only.
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Table A.10 — 95 % typical concentration values in bushings

2015

Values in microlitres per litre

H, co

co, CH, C,Hg C,H,

C2H,

1

40 1000 3400 40 70 30 2

A.6

A.6.1 ﬁyp.wa.l.fa.u.l.ls
Discharges and hot spots at cable terminations or junctions.

A.6.2

Table

DGA

somet]

paper
Also,
propo

oil, an

A.6.3

The values given in Table A.11 are for information only.

Oil-filled cables

Identification of faults by DGA

1 applies.

s difficult to apply in cables due to the lack of representative oil samples (safpling
mes possible only a long distance from the fault; lack of oil convection; gas trapped in

insulation).

modern cables often contain mixtures of mineral oil and dodecylbenzene (DD

B), in

tions not known. Gas compositions evolved fromBDB are not the same as from npineral

d DDB absorbs more gas than mineral oil undet_eléctric stress.

Typical concentration values

The d[ata are coming from one partictdar network and only 95% values are availablg¢. The
n

follow

g 95 % typical concentration<values have been observed on cables.

Table A.11 — Ranges of 95 % typical concentration values observed on cablesg

Values in microlitres per litre

differe

ht types:of cable designs may differ.

i, co Cco, CH, C,Hg C,H, C,H,
150 |- 500 40:~100 220 - 500 5-30 10 - 25 3-20 2-[10
NOTE| These values are examples taken from one particular network. Values on other networks and with

A7

A.7A1

Switching equipment

Specific sub-types

Specific sub-types of switching equipment are as follows:

— on-load tap-changers (OLTC) (vacuum and non-vacuum), including selector switches;

— switchgear.

A.7.2

Normal operation

The large majority of non-vacuum on-load tap-changers (OLTCs) of the reactive or resistive
type produce gases of the arcing type D1 or D2 during their normal operation, because of the
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arc-breaking-in-oil activity on the switching contacts. Change-over selector contacts or
commutation contacts of vacuum type models can produce low amounts of D1 gases.

Some vacuum or non-vacuum resistive type models can produce T2 or T3 gas patterns,
respectively under certain load conditions, not indicating any thermal irregularities.

A.7.3 Typical faults

See Table A.12.

Table A.12 — Typical faults in switching equipment

Type| Fault Examples
D1 Discharges of | Normal operation of OLTC, selectors
low energy Arcing on off-load selector switch ring, OLTC connections
D2 Discharges of | Switch contacts do not reach their final position but stop halfway, due to a failur¢ of
high energy the rotating mechanism, inducing a sparkover discharge

Arcing on off-load selector switch ring, OLTC connections,¥of high energy or witl
power follow-through, with failure often transmitted to transformer windings

T2, T3| |Thermal fault Increased resistance between contacts of OLTC or change-over selector, as a rgsult of
pyrolitic carbon growth, selector deficiency or a vefy large number of operations

Transition resistor temperatures >700°C due to,faulty (prolonged) switching seqlience

NOTE |1 In this table are given examples of faults detected by/DGA of oil samples taken from the switching
compaftment.

NOTE |2 Switching equipment attached to transformers .is.*complex and of various designs. The detailed
description of these systems and the interpretation of DGA results-sheuld can be-made—with-the helplof-the
switehihg obtained from equipment manufacturer, particdlarly concerning the types of discharges-which{ean—or
cannoffoccur-in-this and degree of heating that is normia} for the specific equipment.

A.7.4 Identification of faults by DGA

olblegiosslioe o allonb bnne

As—the number—of OLTC - operations—increases,—a—thermaleffect hasbeen—obsernjedto

sunerimnose over tha Miure diccharae effeect of hreakinag currant nossihly 9e 3 racult f tho

superimpose-over-the-pure-discharge-effect of breaking-current,possiblyas—aresultjof-the

1) The C2H4/C2H2 ratio represents an individual fingerprint of the application. It is|up to
L model

2) The Duval- trlangle -2-method (see Annex B): for the large majority of OLTCs, normal
operation will show coordinates in the “N” zone. Nevertheless, some applications will
show coordinates in the X3, T2 or T3 zone for normal operation [11], as described in A.7.2.
As long as coordinates don’t move significantly, these fingerprints don’t indicate a fault.
With this, the triangle method can be used to track the evolution of gas formation
graphically to detect excessive arcing or heating.

NOTE All DGA interpretations for OLTC are strongly model type and operation dependent. In case of suspect
DGA results, contact the manufacturer.
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A.8 Equipment filled with non-mineral fluids

Gases formed in equipment filled with non-mineral fluids (natural esters, synthetic esters,
silicones) are the same as with mineral oils, however, some adjustments to zone boundaries
used for mineral oils are necessary to identify faults in non-mineral oils, as indicated in [8].

Examples of typical values observed with such fluids are also indicated in [8].
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Annex B

(informative)

Graphical representations of gas ratios (see 5.10)

Graphical representations of gas ratios are given in Figures B.1, B.2, B.3 and B.4.

Key
PD ps
D1 di
D2 di
T1 th
T2 th
T3 th

NOTE 1

NOTE 2

values.

Cohz CoHo
C.H
2 D1 CaHs D1
25 25
D1/D2 D1/D2
1,0 - 1,0
o6 D2 o6 D2
02 0.2 —D
T3
01 0.1
T2 5 |13
0,01 0,01
PO] T1 PoT1| T4
[] [] T T
0,1 05 1 CHy 0,102 2 4 CoHq
Ha ' CoHg

rtial discharges

scharges of low energy
scharges of high energy

brmal fault, t <300 °C

ermal fault, t >700 °C

ermal fault, 300 °C < t <700 °C

The arrow indicates increasing temperature.

IEC

The axes are limjted~to values of 10 for clarification of presentation, but actually extend to u
The coordinates of.each zone are the same as in Table 1 and Figure B.2.

Figure'B.1 — Graphical representation 1 of gas ratios (see [3])

hlimited
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Key
PD
D1
D2
T
T2
T3

NOTE 1

NOTE 3
represe
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CoHz

CoHa

1,0

10

P43

1,0

0,1

CH,
T3 2 T B
2
CoHy x *
— 0,1

CoHg ’ 1,0 \/

10

IEC

rtial discharges

discharges of low energy

digcharges of high energy

thprmal fault, t <300 °C
thermal fault, 300 °C < t«700 °C
thermal fault, t >700°C

Each of the«cases defined in Table 1 is represented by a volume or "box" on the 3-D graphic.

The coordinates of each box are the same as in Figure B.1 and Table 1. It is more convenient to
ntationwwith the help of a computer software package.

Figure B.2 — Graphical representation 2 of gas ratios(see {4} of annexC)

ise this



https://iecnorm.com/api/?name=950d564e7a86e76437325981952ac576

IEC 60599:2015 RLV © IEC 2015 -39 -

<“— % CyH»
IEC
where
100 x . . . X
% CoHp = ———— for x=[CyHp] in microlitres pef litre
X+y+z
100y
% CoHy = —— =|CoHy| i i i i
R s for y =[C2Hy] in microlitres per litre
100z . . . .
% CHY{ =——— for z:[CH4]|n microlitres per litre
xX+y+z
Key
PD partial discharges
D1 discharges of low energy
D2 discharges of high energy
T1 thermal fault, t <300°C
T2 thermal fault:300 °C < t <700 °C
T3 thermal fault, t >700 °C
Limits of zones
PD 8~ CH;
D1 23 % C,H, 13 % C,H,
D2 23 % C,H, 13 % C,H, 3840 % C,H, 29 % C,H,
T1 4 % C,H, 4020 % C,H,
T2 4 % C,H, 1020 % C,H, 50 % C,H,
T3 15 % C,H, 50 % C,H,

Figure B.3 — Graphical representation 3 of gas ratios —
Duval's triangle 1 for transformers, bushings and cables (see [4])
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100 , O
80 20
% CH4/‘ 60 40 Y’ CaHy
X1 T2
40 60 Q
Q
20 3 T3 \80 Q’\<0
D1 O;l,
0 \ \ N N \ \ N \ \ '&
100 80 60 40 20 Q)
<+«— % CoHsy C)
\Q/ IEC
NOTE |See Figure B.3 for calculation of triangular coordinates. 05\
Key QQ
N ndrmal operation Q
A\
T3 sqvere coking of contacts at t >700 °C 5\0
T2 sqvere coking of contacts at t >300 °C \'\QQ)
X3 cdking in progress or abnormal arcing D2 $
D1 alnormal arcing D1 ’\Q)
X1 oMerheating at t <300 °C x{
o=
('}\ Limits of zones
N 19 O(KCH:' 23 % C,H, 2% CH, 6 % C,H,
T3 0YA C,H, 15 % C,H,
x3 | (aswcH, 15 % C,H,
N\
TN 23% CH, 15 % C,H,
©) 19 % CH 6 % CH 2 % CH 23 % CH
AN 4 24 4 24
™ x 19 % CH, 23 % C,H,
N -

Duval's triangle 2 for OLTCs (see A.7.2)

NOTE For some OLTCs mentioned in A.7.2 and A.7.3, normal gassing occurs either in zone N, T3, T2 or X3,
depending on specific OLTCs models and operating conditions [11].
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(1]

(2]
(3]

[4]

(5]

[6]

[7]

(8]

(9]

[10]

[11]

[12]
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Fluids

This third edition cancels and replaces the second edition published in 1999 and
Amendment 1:2007. This edition constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous

edition:

a) revision of 5.5,6.1,7, 8,9, 10, A.2.6, A.3, A.7;
b) addition of new sub-clause 4.3;

c) expansion of the Bibliography;

d) revision of Figure 1;

e)

ad

dition of Figure B.4.
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The text of this standard is based on the following documents:

FDIS Report on voting
10/967/FDIS 10/973/RVD

Full information on the voting for the approval of this standard can be found in the report on
voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

H until
data

relatedl to the specific publication. At this date, the publication will be

e reg¢onfirmed,
° wilhdrawn,
e replaced by a revised edition, or

e anjended.
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INTRODUCTION

Dissolved and free gas analysis (DGA) is one of the most widely used diagnostic tools for
detecting and evaluating faults in electrical equipment filled with insulating liquid. However,
interpretation of DGA results is often complex and should always be done with care, involving
experienced insulation maintenance personnel.

This International Standard gives information for facilitating this interpretation. The first
edition, published in 1978, has served the industry well, but had its limitations, such as the
absence of a diagnosis in some cases, the absence of concentration levels and the fact that it
was based mainly on experience gained from power transformers. The second edition
attempted 1o address some o1 these shoricomings. Interpretaiion schemes were based on
obseryations made after inspection of a large number of faulty oil-filled equipment_in-gervice
and cgncentrations levels deduced from analyses collected worldwide.
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MINERAL OIL-FILLED ELECTRICAL EQUIPMENT
IN SERVICE - GUIDANCE ON THE INTERPRETATION
OF DISSOLVED AND FREE GASES ANALYSIS

1 Scope

This |
gases

nternational Standard describes how the concentrations of dissolved gases or free

and sy

This §
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action
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ggest future action.

tandard is applicable to electrical equipment filled with mineral insulating ofl and
ed with cellulosic paper or pressboard-based solid insulation. Ipformation [about
c types of equipment such as transformers (power, instrument, ihdustrial, raijways,
ution), reactors, bushings, switchgear and oil-filled cables is givenlonly as an indication
application notes (see Annex A).

fandard may be applied, but only with caution, to other liquid;solid insulating systeims.

case, the indications obtained should be viewed only as guidance and any resulting
should be undertaken only with proper engineeringjudgment.

brmative references

llowing documents, in whole or in partyare normatively referenced in this documept and
Jispensable for its application. For dated references, only the edition cited appligs. For

undat¢d references, the Ilatest editioh of the referenced document (including any

amend

ments) applies.

IEC 6
and q¢

IEC 6
(availg

transmss I s
http://www.electropedia.org)

050-191:1990, International Electrotechnical Vocabulary — Chapter 191: Dependability
hality of service (availablerat http://www.electropedia.org)

0050-192:2015, International Electrotechnical Vocabulary — Part 192: Dependability
ble at http://www-€lectropedia.org)

D050-212:2010, International Electrotechnical Vocabulary - Part 212: Elgctrical

D060-604:1987, International Electrotechnical Vocabulary — Chapter 604: Genelation,
A\, o U . ! ; at

IEC 60475, Method of sampling insulating liquids

IEC 60567:2011, Oil-filled electrical equipment — Sampling of gases and analysis of free and
dissolved gases — Guidance

IEC 61198, Mineral insulating oils — Methods for the determination of 2-furfural and related
compounds
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3 Terms, definitions and abbreviations

3.1 Terms and definitions

For the purposes of this document, the following terms and definitions, some of which are

based on IEC 60050-191, IEC 60050-192, IEC 60050-212 and IEC 60050-604, apply.

3.1.1
fault

unplanned occurrence or defect in an item which may result in one or more failures of the item

itself or of other associated equipment

[SOURCE: IEC 60050-604:1987, 604-02-01]

3.1.2
non-damage fault
fault which does not involve repair or replacement action at the point of the fault

Note 1 |to entry: Typical examples are self-extinguishing arcs in switching equipment or general ovefheating

without|paper carbonization or stray gassing of oil.

[SOURCE: IEC 60050-604:1987, 604-02-09]

3.1.3
damage fault
fault tihat involves repair or replacement action at the“point of the fault

[SOURCE: IEC 60050-604:1987, 604-02-08]

3.1.4
incidgnt

event|of external or internal origin~affecting equipment or the supply system and

disturlys its normal operation

Note 1 jo entry: For the purposes of the present standard “incidents” are related to internal faults.

Note 2 |[to entry: For the pugposes of the present standard typical examples of “incidents” are gas

equipment tripping or equipment leakage.

[SOURCE: IEC 60050-604:1987, 604-02-03]

3.1.5
failure
loss of ability to perform as required

which

alarms,

Note 1 to entry: In electrical equipment, failure will result from a damage fault or incident necessitating outage,

repair or replacement of the equipment, such as internal breakdown, rupture of tank, fire or explosion.

[SOURCE: IEC 60050-192:2015, 192-03-01]

3.1.6
electrical fault
partial or disruptive discharge through the insulation

3.1.7
partial discharge
electric discharge that only partially bridges the insulation between conductors

Note 1 to entry: A partial discharge may occur inside the insulation or adjacent to a conductor.
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Note 2 to entry: Scintillations of low energy on the surface of insulating materials are often described as partial
discharges but should rather be considered as disruptive discharges of low energy, since they are the result of
local dielectric breakdowns of high ionization density, or small arcs, according to the conventions of physics.

Note 3 to entry: For the purposes of this standard the following consideration may also be added:

— Corona is a form of partial discharge that occurs in gaseous media around conductors that are remote from
solid or liquid insulation. This term shall not be used as a general term for all forms of partial discharges

— As a result of corona discharges, X-wax, a solid material consisting of polymerized fragments of the molecules
of the original liquid, can be formed.

[SOURCE: IEC 60050-212:2010, 212-11-39]

3.1.8
disch!arge (disruptive)
passape of an arc following the breakdown

Note 1 fo entry: The term "sparkover" (in French: "amorcage") is used when a disruptive discharge occlrrs in a
gaseous or liquid dielectric.

The term "flashover" (in French: "contournement") is used when a disruptive discharge eccurs over the surface of a
solid diglectric surrounded by a gaseous or liquid medium.

The term "puncture” (in French: "perforation") is used when a disruptive discharge ‘6ccurs through a solid diglectric.
Note 2 |to entry: Discharges are often described as arcing, breakdown«of short circuits. The following other
specifigterms are also used in some countries:

— tragking (the progressive degradation of the surface of solid insufation by local discharges to form corlducting
or partially conducting paths);

— spdrking discharges that, in the conventions of physics, are local dielectric breakdowns of high iopization
dersity or small arcs.

[SOURCE: IEC 60050-604:1987, 604-03-38]

3.1.9
thermjal fault
excessive temperature rise in the insalation

Note 1 jo entry: Typical causes are
— inspfficient cooling;

— exdessive currents circulating in adjacent metal parts (as a result of bad contacts, eddy currents, stray losses
or lleakage flux);

— exdessive currents_circulating through the insulation (as a result of high dielectric losses), leading to a [thermal
runfaway;

— ovdrheating of.mtérnal winding or bushing connection lead;

— ovdrloading.

3.1.10
typicalvaluesof gaseoncentrations
gas concentrations normally found in the equipment in service that have no symptoms of
failure, and that are exceeded by only an arbitrary percentage of higher gas contents (for
example 10 % (see 8.2.1))

Note 1 to entry: Typical values will differ in different types of equipment and in different networks, depending on
operating practices (load levels, climate, etc.).

Note 2 to entry: Typical values, in many countries and by many users, are quoted as "normal values", but this
term has not been used here to avoid possible misinterpretations.
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3.2 Abbreviations

3.2.1 Chemical names and formulae

Name Formula
Nitrogen N,
Oxygen 0,
Hydrogen H,
Carbon monoxide co
Carbon dioxide Cco,
Methane CH,
Ethane C,Hg
Ethylene C,H,
Acetylene C,H,
NOTE [Acetylene and ethyne are both used for C,H,; ethylene and ethene are bothused for C,H,
3.2.2 General abbreviations
D1 discharges of low energy
D2 discharges of high energy
DGA: dissolved gas analysis
CIGRE Conseil International des Grands Réseaux'Electriques
PD corona partial discharges
S analytical detection limit
T1 thermal fault, t <300 °C
T2 thermal fault, 300 °C <t< 700 °C
T3 thermal fault, t >700 °C
T thermal fault
D electrical fault
TP thermal fault\in paper
ppm parts per-million by volume of gas in oil, equivalent to pl(of gas)/I(of oil). See
IEC 60567:2011, 8.7, note 1.
OLTC on_ load tap changer
4 Mlechanisms of gas formation

4.1 Decomposition of oil

Mineral insulating oils are made of a blend of different hydrocarbon molecules containing CHj,
CH, and CH chemical groups linked together by carbon-carbon molecular bonds.
Scission of some of the C-H and C-C bonds may occur as a result of electrical and thermal
faults, with the formation of small unstable fragments, in radical or ionic form, such as

H*®,CH;,CH, ,CH® or C* (among many other more complex forms), which recombine rapidly,

through complex reactions, into gas molecules such as hydrogen (H-H), methane (CH;-H),
ethane (CH3-CH3), ethylene (CH, = CHy) or acetylene (CH = CH). C3 and C4 hydrocarbon
gases, as well as solid particles of carbon and hydrocarbon polymers (X-wax), are other
possible recombination products. The gases formed dissolve in oil, or accumulate as free
gases if produced rapidly in large quantities, and may be analysed by DGA according to
IEC 60567.
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Low-energy faults, such as partial discharges of the cold plasma type (corona discharges),
favour the scission of the weakest C-H bonds (338 kJ/mol) through ionization reactions and
the accumulation of hydrogen as the main recombination gas. More and more energy and/or
higher temperatures are needed for the scission of the C-C bonds and their recombination
into gases with a C-C single bond (607 kd/mol), C=C double bond (720 kJ/mol) or C=C triple
bond (960 kJ/mol), following processes bearing some similarities with those observed in the
petroleum oil-cracking industry.

Ethylene is thus favoured over ethane and methane above temperatures of approximately
500 °C (although still present in lower quantities below). Acetylene requires temperatures of
at least 800 °C to 1200 °C, and a rapid quenching to lower temperatures, in order to
accu inati i i ignificant
quantities mainly in arcs, where the conductive ionized channel is at several thousapds of
degregs Celsius, and the interface with the surrounding liquid oil necessarily below 400 °C
(above which oil vaporizes completely), with a layer of oil vapour/decomposition gages in
betwepn. Acetylene may still be formed at lower temperatures (<800 °C), but in very|minor
quantities. Carbon particles form at 500 °C to 800 °C and are indeed observed after ar¢ing in
oil or around very hot spots.

Oil may oxidize with the formation of small quantities of CO and CQg} which can accumulate
over long periods of time into more substantial amounts.

4.2 |Decomposition of cellulosic insulation

The pplymeric chains of solid cellulosic insulation (paper,spressboard, wood blocks) contain a
large humber of anhydroglucose rings, and weak C-O molecular bonds and glycosidic [pbonds
which|are thermally less stable than the hydrocarboen bonds in oil, and which decomppse at
lower ftemperatures. Significant rates of polymer*chain scission occur at temperatures higher
than 105 °C, with complete decomposition andscarbonization above 300 °C (damage [fault).
Carboh monoxide and dioxide, as well as water, is formed, together with minor amodnts of
hydrogarbon gases, furanic and other-icompounds. Furanic compounds are analysed
according to IEC 61198, and used to complement DGA interpretation and confirm whether or
not cdllulosic insulation is involved _inya fault. CO and CO, formation increases not only with
tempefrature but also with the oxygen content of oil and the moisture content of paper.

4.3 |Stray gassing of oil

Stray passing of oil has-been defined by CIGRE [6]1 as the formation of gases in oil hegted to
moderate temperatures-(<200 °C). H,, CH, and C,Hg may be formed in all equipment att such
temperatures or as_.a result of oil oxidation, depending on oil chemical structure.| Stray
gassirlg is a nopsdamage fault. It can be evaluated using methods described in referernce [6]
and [1)2].

NOTE |Stray-gassing of oil has been observed in some cases to be enhanced by the presence in oil of p metal
passivaitor or other additives.

4.4 Other sources of gas

Gases may be generated in some cases not as a result of faults in the equipment, but through
rusting or other chemical reactions involving steel, uncoated surfaces or protective paints.

Hydrogen may be produced by reaction of steel and galvanized steel with water, as long as
oxygen is available from the oil nearby. Large quantities of hydrogen have thus been reported
in some transformers that had never been energized. Hydrogen may also be formed by
reaction of free water with special coatings on metal surfaces, or by catalytic reaction of some
types of stainless steel with oil, in particular oil containing dissolved oxygen at elevated
temperatures. Hydrogen, acetylene and other gases may also be formed in new stainless
steel, absorbed during its manufacturing process, or produced by welding, and released

1 Numbers in square brackets refer to the Bibliography.
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slowly into the oil. Internal transformer paints, such as alkyd resins and modified
polyurethanes containing fatty acids in their formulation, may also form gases.

Gases may also be produced, and oxygen consumed, by exposure of oil to sunlight.

These occurrences, however, are very unusual, and can be detected by performing DGA
analyses on new equipment which has never been energized, and by material compatibility
tests. The presence of hydrogen with the total absence of other hydrocarbon gases, for
example, may be an indication of such a problem.

NOTE The case of gases formed at a previous fault and remnant in the transformer is dealt with in 5.4.

5 IJentification of faults

5.1 General

Any ggs formation in service, be it minimal, results from a stress of some kind, even if|it is a
very mild one, like normal temperature ageing. However, as long as’Jgas concentration is
below| typical values and not significantly increasing, it should not-be considered s an
indication of a "fault", but rather as the result of typical gas formation (see Figure 1). Tlypical
valueq are specific for each kind of equipment.

5.2 |Dissolved gas compositions

Although the formation of some gases is favoured, depending on the temperature reached or
the energy contained in a fault (see 4.1), in practice mixtures of gases are almost glways
obtained. One reason is thermodynamic: although*not favoured, secondary gases afe still
formed, albeit in minor quantities. Existing thermodynamic models derived from the petjoleum
industfy, however, cannot predict accurately“the gas compositions formed, because¢ they
corregpond to ideal gas/temperature equilibria that do not exist in actual faults. [Large
temperature gradients also occur in practice, for instance as a result of oil flow or vaporization
along |a hot surface. This is particularly true in the case of arcs with power follow-thfough,
which|transfer a lot of heat to the oil.vapour/decomposition gas layer between the arc and the
oil, probably explaining the increasing formation of ethylene observed in addition to acefylene.
In addition, existing thermodyhamic models do not apply to paper that turns irrevers|bly to
carbon above 300 °C.

5.3 |[Types of faults

Interngl inspection. 0f hundreds of faulty equipment has led to the following broad clasges of
visually detectable-faults:

— paftial discharges (PD) of the cold plasma (corona) type, resulting in possible X-wax
depasition on paper insulation;

— dischrargesof fow—energy (BH);, i oit—orfand—paper;,—evidenced by targer carbonized
perforations through paper (punctures), carbonization of the paper surface (tracking) or
carbon particles in oil (as in tap changer diverter operation); also, partial discharges of the
sparking type, inducing pinhole, carbonized perforations (punctures) in paper, which,
however, may not be easy to find;

— discharges of high energy (D2), in oil or/and paper, with power follow-through, evidenced
by extensive destruction and carbonization of paper, metal fusion at the discharge
extremities, extensive carbonization in oil and, in some cases, tripping of the equipment,
confirming the large current follow-through;

— thermal faults, in oil or/and paper, below 300 °C if the paper has turned brownish (T1), and
above 300 °C if it has carbonized (T2);

— thermal faults of temperatures above 700 °C (T3) if there is strong evidence of
carbonization of the oil, metal coloration (800 °C) or metal fusion (>1 000 °C).
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5.4 Basic gas ratios

Each of the six broad classes of faults leads to a characteristic pattern of hydrocarbon gas
composition, which can be translated into a DGA interpretation table, such as the one
recommended in Table 1 and based on the use of three basic gas ratios:

CoHy CHy CoHy
CoHy Ho CoHg

Table 1 applies to all types of equipment, with a few differences in gas ratio limits depending
on the specific type of equipment.

Table 1 — DGA interpretation table

Casg Characteristic fault % % %1—
CoH, Hy CoHj
PD Partial discharges (see notes 3 and 4) NS @ <054 <0,2
D1 Discharges of low energy >1 0:7=20,5 >1
D2 Discharges of high energy 0,6 -2,5 0,1-1 >2
™ Thermal fault t <300 °C NS @ >1 but NS @ <1
T2 Thermal fault 300 °C < t <700 °C <0,1 >1 1-4
T3 Thermal fault t >700 °C <0,2° >1 >4
NOTE| 1 In some countries, the ratio C,H,/C,Hg is used, rather than the ratio CH,/H,. Also in some couptries,

slightly different ratio limits are used.
NOTE|2 Conditions for calculating gas ratios are indicated in 6.1 c).
NOTE|3 CH,/H, <0,2 for partial discharges in insfrument transformers. CH,/H, <0,07 for partial discharpes in
bushings.
NOTE| 4 Gas decomposition patterns similar to partial discharges have been reported as a result of| stray
gassirjg of oil (see 4.3).
a8 N$ = Non-significant whatever the.vdlue.
b Arl increasing value of the .amount of C,H, may indicate that the hot spot temperature is highe[ than
1 000 °C.
Typical examples«of+faults in the various types of equipment (power transformers, instrument

transformers, efe.), corresponding to the six cases of Table 1, may be found in Tablegs A.1,
A.5, Al8 and ‘A.12.

Some| overlap between faults D1 and D2 is apparent in Table 1, meaning that g dual
attributiomof Dtor D2 mustbe givenm i Some cases of DGA Tesuits 1 he distinction between
D1 and D2 has been kept, however, as the amount of energy in the discharge may
significantly increase the potential damage to the equipment and necessitate different
preventive measures. Table 1 applies to transformers. For switching equipment see Clause
A.7 and reference [8] in the bibliography.

NOTE Combinations of gas ratios that fall outside the range limits of Table 1 and do not correspond to a
characteristic fault of this table can be considered a mixture of faults, or new faults that combine with a high
background gas level (see 6.1).

In such a case, Table 1 cannot provide a diagnosis, but the graphical representations given in Annex B can be
used to visualize which characteristic fault of Table 1 is closest to the case.

The less detailed scheme of Table 2 can also be used in such a case in order to get at least a rough distinction
between partial discharges (PD), discharges (D) and thermal fault (T), rather than no diagnosis at all.
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Table 2 — Simplified scheme of interpretation

Case C,H, CH, C,H,
CZH4 H2 C2H6
PD <0,2
>0,2
<0,2

5.5 CO,/CO ratio

The fgrmation of CO, and CO from oil-impregnated paper insulation increases rapidly with
tempe’Eature. High values of CO (e.g., 1 000 ppm) and CO,/CO ratios less than |3 are

generally considered as an indication of probable paper involvement in a fault,.with pgssible
carbofization, in the presence of other fault gases.

Howeyer, in some recent transformers of the closed-type or (open (free bregthing)
transformers operating at constant load (i.e., with low breathing), CO-can accumulate|in the
oil, leading to ratio CO,/CO < 3, without any irregularities or faults“if no other gases siich as
H, or hydrocarbons are formed [7].

High values of CO, (>10 000 ppm) and high CO,/CO ratios-(>10) can indicate mild (<160 °C)
overhgating of paper [6, 8] or oil oxidation, especially in open transformers. CO), can
accumulate more rapidly than CO in open transformeérs“operating at changing loads because
of the|r different solubilities in oil. This, and the long term degradation with time of pdper at
low temperatures (<160 °C), can lead to higher CQ5/CO ratios in aged equipment.

In some cases, localized faults in paper dg not produce significant amounts of CO anfl CO,
and cannot be detected with these gases((the same for furanic compounds).

Involvement of faults in paper therefore shall not be based only on CO and CO,, but shall be
confirned by the formation of othergases or other types of oil analysis.

In order to get reliable CO,/CO ratios in the equipment, CO, and CO values shollld be
corregted (incremented)sfirst for possible CO, absorption from atmospheric air, and for the
COy and CO background values (see 6.1 and Clause 9), resulting from the agejng of
cellulgsic insulation, ‘everheating of wooden blocks and the long term oxidation of oil {which
will bg strongly-‘influenced by the availability of oxygen caused by specific equipment
constrjuction details and its way of operation).

Air-brg¢athing equipment, for example, saturated with approximately 9 % to10 % of dissolved
air, may.x¢ontain up to 300 ul/l of CO, coming from the air. In sealed equipment,|air is
normally excluded but may enter through leaks, and CO; concentration will be in proportion of
air present.

When excessive paper degradation is suspected, it is recommended to ask for further
analysis (e.g., of furanic compounds) or a measurement of the degree of polymerization of
paper samples, when this is possible.

NOTE 1 In case of equipment containing negligible amounts of paper (e.g., most modern types of on load tap
changers (OLTCs)) CO and CO, can increase with oil oxidation under thermal stress. CO,/CO ratios can have
values quite different from those in transformers.

NOTE 2 High levels of CO can also be formed in case of high energy discharges in oil only.

NOTE 3 In instrument transformers and some bushing types, low ratios <3 are observed without any paper
degradation.
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5.6 0O3/N; ratio

Dissolved O, and Ny are found in oil as a result of contact with atmospheric air in the
conservator of air-breathing equipment, or through leaks in sealed equipment. At equilibrium
with air, the concentrations of O, and Nj in oil are ~32 000 and ~64 000 ppm, respectively [8],
and the O,/N, ratio is ~0,5.

In service, this ratio may decrease as a result of oil oxidation and/or paper ageing, if Os is
consumed more rapidly than it is replaced by diffusion. Factors such as the load and
preservation system used may also affect the ratio, but with the exception of closed systems,
ratios less than 0,3 are generally considered to indicate excessive consumption of oxygen.

5.7 Csz/Hz ratio

In power transformers, on load tap changer (OLTC) operations produce gases cofresponding
to dis¢harges of low energy (D1). If some oil or gas communication is possible‘betwegn the
OLTC|compartment and the main tank, or between the respective conservators, these [gases
may contaminate the oil in the main tank and lead to wrong diagnoses-.The pattern pf gas
deconpposition in the OLTC, however, is quite specific and different fromJthat of regular P1s in
the main tank.

CyHy/Ho ratios higher than 2 to 3 in the main tank are thus onsidered as an indicalion of
OLTC|contamination. This can be confirmed by comparing (DGA results in the main tgnk, in
the OLTC and in the conservators. The values of the(gas ratio and of the acetylene
conceptration depend on the number of OLTC operations and on the way the contamination
has ogcurred (through the oil or the gas).

If confamination by gases coming from the OLTE}is suspected, interpretation of DGA iflesults
in the|main tank should be made with caution.by subtracting background contamination from
the OLTC, or should be avoided as unreliabje.

NOTE [Modern OLTCs are designed not to contaminate oil in the main tank.
5.8 |C3 hydrocarbons

The interpretation method of(@as analysis indicated above takes into account only C4 gnd C»
hydro¢arbons. Some practical interpretation methods also use the concentrations [of Cj
hydrog¢arbons, and their\authors believe that they are liable to bring complemgntary
informiation that is useful to make the diagnosis more precise. Because the C3 hydrocarbons
are vegry soluble in_ oil,/their concentrations are practically not affected by a possible dii{usion
into ambient air..€anversely, and because they are very soluble, they are difficult to extract
from the oil andhe result of the analysis may greatly depend on the extraction method|used.
Moreqgver, experience has shown that, in most cases, a satisfactory diagnosis can be[made
withoyt taking into account these hydrocarbons and for the sake of simplification, they have
been Tmitted from the interpretation method indicated above.

5.9 Evolution of faults

Faults often start as incipient faults of low energy, which may develop into more serious ones
of higher energies, leading to possible gas alarms, breakdowns and failures.

When a fault is detected at an early stage of development, it may be quite informative to
examine not only the increase in gas concentrations, but also the possible evolution with time
toward a more dangerous high-energy fault resulting in failure.

For example, some current transformers have operated satisfactorily for long periods of time
with very high levels of hydrogen produced by partial discharges. However, partial discharges
may also cause the formation of X-wax. When the X-wax is present in sufficient quantity to
increase the dissipation losses in the paper-oil insulation, a thermal fault may occur,
eventually leading to catastrophic thermal runaway and breakdown.
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In other occurrences, however, instant final breakdown may occur without warning.

5.10 Graphical representations

Graphical representations of gas ratios are convenient to follow this evolution of faults visually.
Annex B gives examples of graphical representation of faults.

These representations are also useful in cases that do not receive a diagnosis using Table 1,
because they fall outside the gas ratios limits. Using Figures B.1 or B.2, the zone or box that
is closest to such an undiagnosed case can be easily visualized and attributed with caution to
this case. Figure B.3 is particularly useful since it always provide a diagnosis in such cases.

6 Conditions for calculating ratios

6.1 Examination of DGA values

DGA pampling and analysis should be done in accordance with the recommendations of
IEC 60475 and IEC 60567, respectively.

a) Vdglues of 0 ul/l on a DGA report or below the analytical .detection limits S shiall be
replaced by "below the S value for this gas" (see IEC 60567 far recommended S valyes).

b) If puccessive DGA analyses have been performed over.a“relatively short period df time
ys or weeks), inconsistent variations (e.g. large decreases of concentrations) may
hajve to be eliminated as an indication of a sampling-0r analytical problem.

c) Ga3s ratios are significant and should be calculated only when at least one of the ggses is
at|a concentration and a rate of gas increase above typical values (see Clauge 9).
Ngvertheless, it is recommended to also calculate them in cases where one or more [gases
shpw increasing or abnormal concentrations, even if they are lower than typical Vjalues.
Avoid calculating ratios when gas congentrations are not high enough to be reas¢nably
accurate according to IEC 60567.

d) If |gas ratios are different from, those for the previous analysis, a new faul] may
superimpose itself on an old oh& or normal ageing. In order to get only the gas|ratios
cofresponding to the new faulf; subtract the previous DGA values from the last ongs and
retalculate ratios. This is(particularly true in the case of CO and CO; (see 5.4). Be dqure to
compare DGA values of samples taken at the same place and preferably in movipg oil.
Inferpretation should«also take into account treatments previously made on the equigment,
such as repair, oil degassing or filtering, which may affect the level of gases in the o|l.

NOTE |[In the case of.air-breathing power transformers, losses occur very slowly with time by diffusion through the
conserJator or as a/fesult of oil expansion/temperature cycles, with the result that the measured gas levels|can be
slightly less than/thevgas levels actually formed in the transformer. However, there is no agreement concernping the
magnityde of this diffusion loss in service, some considering it as totally negligible, others as potentially sighificant,
depend|ng on the type of equipment used. Typical values in open and closed transformers are relatively |similar,
suggesiing’ that either gas loss in open transformers is lower than suspected, or that gas production i higher
(becauge™of” higher oxygen availability) and compensated by higher gas loss. In any case, this has nt been
observed to significantly affect the identification of faults in open transformers.

6.2 Uncertainty on gas ratios

Because of the uncertainty on DGA values, there is also an uncertainty on gas ratios, which
can be calculated using the uncertainty on DGA values described in IEC 60567.

Above 10 x S (S being the analytical detection limit), the uncertainty (precision and accuracy)
is typically £15 % on DGA values and this may also effect the uncertainty on gas ratios. Below
10 x S, the uncertainty on DGA values increases rapidly, to typically £30 % at 5 x S.

Caution should therefore be exercised when calculating gas ratios at low gas levels (lower
than 10 x S), keeping in mind the possible variations resulting from the higher uncertainty.
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7 Application to free gases in gas relays

During a fault, the production rate of gases of all types is closely linked to the rate of energy
liberation. Thus, the low rate of energy liberation in partial discharges, or in a low-temperature
thermal fault, will cause gases to evolve slowly and there is every probability that all the gas
produced will dissolve in the oil. The higher rate of energy liberation of a high-temperature
core fault, for example, can cause an evolution of gas rapid enough to result in gas bubbles.
These will usually partially dissolve in the oil (and exchange with gases already dissolved) but
some gas may well reach the gas collecting relay or gas cushion; this gas may approach
equilibrium with the gases dissolved in the oil.

A very jd and
substgntial evolution of gas (the resulting pressure surge normally operates the surge-element
of the|gas collecting relay). The large gas bubbles rise quickly to the relay and exchangk little
gas with the oil so that the gas that collects in the relay is initially far from beingin ‘equiljbrium
with the gases dissolved in the oil. However, if this gas is left for a long time in the|relay,
some [constituents will dissolve, modifying the composition of the gas collected. Acetylene,
which|is produced in significant quantities by an arcing fault, and which.is' very solublg, is a
notewprthy example of a gas that may dissolve comparatively quickly-{e produce misl¢ading
results.

In pririciple, the analysis of free gases from a gas-collecting rélay or from a gas cushion may
be evaluated in the same way as the analysis of gases dissolved in the oil. However, [where
the surge element has operated and gas has accumulated in substantial quantities, thefe is a
possiRility of having a serious fault, and analyses of‘\the gases should be undertaken to
identify the fault. If the rate of gas production is 1ow, gases formed will usually digsolve
entirely in oil. If it is high, or if the oil is over-saturated with gas, gas bubbles will rise fapidly
in the foil and accumulate in the gas relay. The less“soluble gases in bubbles (H,, CO and CH,)
will ndt have time to dissolve in oil during their@scent and will be over-represented in the top
oil of fhe tank and the gas relay, resulting in wrong fault identification.

After @ Buchholz alarm it is recommended to collect the gas at the relay as soon as pgssible
and sample the oil in the relay andxin)the top and bottom oil of the main tank. This will allow
first to verify that the alarm ishindeed due to a fault in the transformer and not |to air
accumulation following a combination of warm days and sudden temperature drops at|night,
or bedause of faults in oil pumps.

Wherg gas has accumd(lated slowly (e.g., as a result of coking of selector contacts or df core
overh¢ating), assessment of the gases dissolved in the oil is more informative than that|of the
free glases; this gas-~in-oil analysis is also essential in order to determine the total nate of
evolutjon of gases'and thus check whether the fault is growing, which is the most important
matten to investigate. When analysis of free gases is undertaken, it is necessary to cpnvert
the cognceptrations of the various gases in the free state into equivalent concentrations|in the
dissol ed state, usmg Table 3, before applylng the gas ratio method of Table 1, gand to
hk.

Applying the principles set out above, comparison of the actual concentrations in the oil with
the equivalent concentrations in the free gas may give valuable information on how far gas
bubbles may have risen through the oil and, hence, on the rate of gas evolution.

The calculation of dissolved gas concentrations equivalent to free gas concentrations is made
by applying the Ostwald solubility coefficient for each gas separately. For a particular gas, the
Ostwald solubility coefficient k is defined as follows:

concentration of gas in liquid phase

concentration of gas in gas phase

with concentrations in microlitres per litre.
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Table 3 contains the Ostwald solubility coefficients of various gases in mineral insulating oils
as given in IEC 60567:2011, Table A.1.

Table 3 — Ostwald solubility coefficients
for various gases in mineral insulating oils

Gas k at 25 °C

N, 0,091

0, 0,172

H, 0,056

TO 0,132

CO, 1,09

CH,4 0,429

C,Hg 2,82

CoHy 1,84

C,H, 1,24
Data given in this table represent mean values obtained on somerof the current
types of transformer mineral insulating oils. Actual data may~differ a little from
these figures. Nevertheless, data given above may be used\without influencing
conclusions drawn from recalculated test results.

The Qstwald solubility coefficient is independent of{the actual partial pressures of the gas
concefned. The gas and liquid phases are assumed 'to be at the same temperature; this is
rarely|the case but the error introduced by any difference will not invalidate the concllisions
reache¢d.

If only free gas in the relay is analysed, gas content in oil of the relay at equilibrium may be
calculaited using the above equation and Ostwald solubility coefficients k for each gas given in

Table [3.

When|gas accumulates in the\gas relay, collect and analyse as soon as possible thrr free
gases|in the relay, convert inte’gases in the relay oil, using k, then compare to gases in oil in
the main tank. If results ate comparable, this indicates equilibrium has been reached and gas
has a¢cumulated slowlyy'If they do not compare, this indicates that equilibrium has not been
reach¢d and gas has{accumulated rapidly.

8 Gps concentration levels in service

8.1 Probability of failure in service

8.1.1 General

The probability or risk of having an incident or a failure in service is related to gas
concentration levels and rates of gas formation [8].

Below certain concentration levels (quoted as typical values or normal values), the probability
of having a failure is low (typically 10 % according to CIGRE [6] when using oil sampling). The
equipment is considered healthy, although a failure cannot be totally ruled out, even at these
low levels, but it is improbable. A first rough screening between healthy and suspect analyses
can therefore be obtained by calculating typical values for the equipment.

The probability of having a failure may increase significantly at values much above typical
concentration levels. The situation is then considered critical, for even though a failure may
never occur at these high levels, the risk of having one is high. For detecting such failures,
see [9] in the bibliography.
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8.1.2 Calculation methods

Utilities with large DGA and equipment maintenance databases are able to calculate the
probability of failure in service for a given type of equipment and at a given concentration
level of a gas. This can be obtained by calculating the number of DGA analyses that have led
to an actual failure or incident in service (gas alarm, failure, repair, outage, etc.), and
comparing it to the total number of DGA analyses on this type of equipment and at this gas
concentration level.

A large number of analyses is necessary to get reliable values of failure probability.
Knowledge of these values, however, is useful when choosing the normality percentage most
appropriate for a given network and type of equipment (see 8.2.3). Pre-failure values have
thus Heen proposed by CIGRE [6, 8], above which the probability of failure increasep very
rapidly.

8.2 [Typical concentration values
8.2.1 General

Typicgl concentration values are the acceptable gas quantities that@are exceeded by oply an
arbitrgrily low percentage of higher gas contents, for example 10°%. Typical concenfration
valueg will be referred to in such an example as the 90 % _typical values. This pllows
conceptrating maintenance efforts on the 10 % of transformers. most at risk.

Howeyer, typical concentration values are preferably to_bée considered as initial guidelirles for
decisipn making, when no other experience is available/ They shall not be used to asgertain
whether or not a fault exists within the equipment: They should be viewed as values jabove
which[the rate of gas formation may permit the detection of a probable fault.

Typicgl concentration values are affected by a number of factors, chiefly the operating time
since fommissioning, the type of equipment and the nature of the fault (electrical or thgrmal).
For pgwer transformers, the type of oil'protection, load factor and operation mode arg other
influencing factors.

Typical concentration values may’be calculated as follows and should preferably be obtained
by the] equipment users on the_specific types of equipment.

8.2.2 Calculation methods

The s|mplest method of calculation consists in gathering all the DGA results concerping a
specif|c type of €quipment. For each characteristic gas considered, the cumulative numpber of
DGA analyses where the gas concentration is below a given value is calculated, thennllotted
as a function®of gas concentration. Using the plotted curve, the gas concentration [corre-
spondjng to/a given percentage of the total cumulative number of analyses (for instance|90 %)
is the P0.% typical concentration value for that gas and type of equipment.

8.2.3 Choice of normality percentages

Most organizations worldwide (IEC, IEEE) use a normality percentage of 90 % for typical
values. However, other percentages can also be used.

If adequate databases are not available to calculate typical values, users may also adopt as a
first step, values observed on other networks and indicated in the application notes. It is
apparent from these values that, in general, typical values are lower in instrument
transformers and bushings than in power transformers, especially those with a communicating
OLTC.
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8.2.4

Alarm concentration values

Alarm concentration values are those values of concentration above which the probability of
an incident is sufficiently high to require urgent competent decisions and/or actions. Pre-
failure concentration values have thus been proposed by CIGRE [8], and more recently as a
function of type and location of faults [10].

Alarm concentration values should be set by users, manufacturers or independent experts,
based on previous experience with equipment with similar characteristics (voltage, type,
manufacturer, loading practices, age, etc.).

8.3

If ther
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comps

What
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and a
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On-lin
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Howe
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The p
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If

If
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relort as "Nofmal DGA/healthy equipment”.

Rates-of-gas—inecrease

£ is no increase in gas concentration over the last analysis, chances are that th
sappeared (or that a very small one is still there, in the case of air-breathing‘equip
nsated by diffusion losses through the conservator (see 6.1).

should be considered as a typical or alarm rate of gas increase dépends very mu
hent type and age, type of identified faults, air-breathing and load~patterns, and v
insulation involved. Ultimately the rate of increase should bedecided by the user
hent, the manufacturer and/or other experts.

| rates of gas increase can be calculated as in the case of typical gas concentn
re indicated in Table A.3. Pre-failure rates of ingrease have also been propos
E [8].

e gas monitors, including those for hydroegen, may be particularly well-suit
ng non-typical rates of gas increase occurring within minutes, hours or weeks, w
Ily not possible with routine oil samplings done at monthly or yearly interva
er, when such increases are detected by a gas monitor, complete DGA analyses
de at the laboratory to confirm the monitor readings.

bcommended method of DGA interpretation (see Figure 1)

ocedure shall be as follews:

ject or correct inconsistent DGA values (see 6.1). Calculate the rate of gas ing
ce the last analysis, taking into account the precision on DGA results.

bl gases are“below typical values of gas concentrations and rates of gas inc

t least-one gas is above typical values of gas concentrations and rates of gas inc

erfoneous diagnosis (see 4.3).

culate gas ratios and identify fault using Table 1 (see 5.4). Check for eV
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ment,

ch on
olume
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pd for
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If necessary subtract last values from present ones before calculating ratios, particularly in
the case of CO, CO, (see 6.1).

If DGA values are above typical values but below 10 x S (S = analytical detection limit),
see 6.2.

b) Determine if gas concentrations and rates of gas increase are above alarm values. Verify
if fault is evolving towards final stage (see 5.9). Determine if paper is involved (see 4.2

an

d 5.5).

c) Take proper action according to best engineering judgment and/or with the help of
Figure 1.

It is recommended to:

1) increase sampling frequency (quarterly, monthly or other) when the gas concentrations

and their rates of increase exceed typical values;
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consider performing complementary tests (acoustic, electrical, infrared) or reduce

loading;

consider removing the transformer from service for inspection or repair depending on

results of complementary and other tests and on advice of transformer experts;

consider immediate action when gas concentrations and rates of gas increase exceed

alarm values.

10 Report of results

The report should be adapted to the specific type of equipment considered.

The D

GA interpretation report should include the following, when available:

a) anjlysis report, including S values, method of analysis (see IEC 60567:2044, Tabl

an

d date of analysis.

NOITE Values of 0 ppm or pl/l on a DGA report or below the S values are replaced(by below the S v
thid gas".

b) sp

c) sp

ecific information on the equipment such as:

date of commissioning, voltage, general type (e.g. power or instrument transfg
rated power;

special features (e.g. sealed or air-breathing, type off OLTC (see A.2.1);
oil volume;

oil or gas sampling date;

oil or gas sampling location;

ecial operations or incidents just beforexthe oil or gas sampling, such as trippin

alarm, degassing, repair, outage;

d) pr

bvious DGA on the equipment;

e) indication of typical values for thi§)specific equipment, if known;

f) indication of "Typical DGA/healthy equipment" or "Fault";

g) in

case of "Fault", identification of the fault using Table 1 (see 5.4), with values

cajculated gas ratios indicated;

h) in

(s¢e 5.5);

i) re

commendedtactions: (see 9 c).

e A1)

blue for

rmer),

J, gas

of the

ication of paper(involvement or not, with value of the CO,/CO ratio or other mgthods
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Examination of DGA results (see 6.1)
Compare with DGA of previous
sample and with typical values

At least one gas above typical values

q

f gas concentrations and rates of gas
increase, or change in fault type D2

ALARM condition

Take immediateraction
Consider on-line monitoring,

inspection or repair

p 8 d All gasses below typical values Report as

orgas concentratlons and rates of gas concentrations and rates — typical DGA/healthy
of gas increase . .
” of gas increase equipment
Calculate gas ratios
Fault identified by Table 1
(see 5.4)
(Gas concentration above alarm values

ALERT condition

Institute more frequent
sampling
Consider on-line
monitoring

Store data

Figure 1 — Flow chart
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Annex A
(informative)

Equipment application notes

General warning

“Limit values” of gas concentrations and rates of gas increase in service are not the
responsibility of TC10 but of IEC equipment committees.

infor

indica
and 1
stands

Typice
operat
netwo
coveri

Individ
their d
for ac

The rtnges of typical values indicated in thesevapplication notes should be used o
[

defau
a speq

A.2

A.21

Speciflic sub-types of power transformers are as follows:

— airn
- se
- int
- no

- CO

“Typirjal values” in the following application notes are not limit values. They are giv

ation only, as a maintenance and predictive tool. In a given transformer population
e for example that 90 % of DGA values in service are below the 90 % ,typical
) % are above. When typical values are exceeded, the only action recommended
rd is to increase the frequency of DGA analyses.

| values depend on several parameters (age, type and manufacturer of equif
ing and loading practices, climate, etc.), and are not exactly.the'same for all el¢g
ks. Ranges of typical values are therefore indicated in the following application
hg the different individual values observed worldwide and’sutveyed by IEC and ClI

ual networks are strongly encouraged to calculate the typical values correspond
wn specific transformer population, using DGA data meeting IEC 60567 specific
curacy and following methods indicated in Clause '8 and [6].

, when individual values are not available; and should not be used in a contract
ial agreement between the user and manufacturer of the equipment.

Power transformers

Specific sub-types

tbreathing (open‘conservator type);
hled or nitrogen-blanketed;
br-tie transmission versus generation step-up;

OLTCecommunicating with main tank versus communicating OLTC;

en for
, they
alues
in this

ment,

ctrical
hotes,
GRE.

ing to
ations

nly by
ithout

restype or shell-type;

— reactors.

A.2.2

Typical faults

See Table A.1.
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Table A.1 — Typical faults in power transformers

Type Fault Examples
PD Partial discharges Discharges in gas-filled cavities resulting from incomplete impregnation, high-
humidity in paper, oil super saturation or cavitation, and leading to X-wax
formation
D1 Discharges of Sparking or arcing between bad connections of different or floating potential,
low energy from shielding rings, toroids, adjacent disks or conductors of winding, broken

brazing or closed loops in the core

Discharges between clamping parts, bushing and tank, high voltage and ground
within windings, on tank walls

Fracking--weeden-blosks—glie-ef-rstiating-beam—winding-spacers—Breakgown
of oil, selector breaking current
D2 Discharges of Flashover, tracking, or arcing of high local energy or with power follow-thfrough
high ener
g 9y Short circuits between low voltage and ground, connectors, windings, bushings
and tank, copper bus and tank, windings and core, in oil duet, turret. Cloged
loops between two adjacent conductors around the main maghetic flux,
insulated bolts of core, metal rings holding core legs
T1 Thermal fault Overloading of the transformer in emergency situatiens
t<300°C Blocked item restricting oil flow in windings
Stray flux in clamping beams of yokes
T2 Thermal fault Defective contacts between bolted connections (particularly between aluminipm

300 °C <t <700 °C busbar), gliding contacts, contacts within selector switch (pyrolitic carbon
formation), connections from cableland draw-rod of bushings

Circulating currents between yoke/clamps and bolts, clamps and laminatipns, in
ground wiring, defective welds _orclamps in magnetic shields

Abraded insulation between’/adjacent parallel conductors in windings

T3 Thermal fault Large circulating curgents in tank and core

t>700°C . ) . . .
> Minor circulation eurrents in tank walls created by a high uncompensated

magnetic field

Shorting links™in core steel laminations

A.2.3 Identification of faults by DGA

Table |1 (see 5.4) applies-directly to all transformer sub-types, except those equipped with a
commbpnicating OLTC.\In the latter cases, if CoHy/Ho is higher than 2 to 3, there may be
contamination from_the OLTC into the main tank, in which case Table 1 does not agply or
appliep with care,“after subtracting background contamination from the OLTC (see 5.7).

Any gas formation below typical values of gas concentration and rates of gas increase $hould
not bg considered as an indication of “fault”’, but rather as “normal gas formation”. Ratips are
not significant in such a case (see Note 2 of Table 1).

In the case of air-breathing power transformers, losses of gas occur very slowly with time by
diffusion through the conservator or as a result of oil expansion cycles, with the result that the
measured gas levels may be slightly less than the gas levels actually formed in the
transformer. However, there is no agreement concerning the magnitude of this diffusion loss
in service, some considering it as totally negligible, others as potentially significant,
depending on the type of equipment considered. In case of doubt, to get an idea of the
volume ventilated it may be expedient to measure the gas concentration in the conservator as
well. Significant diffusion losses may affect gas ratios, typical values of gas concentrations
and rates of gas increase (see 6.1).

A.2.4 Typical concentration values

Important note: Clause A.1: General warning, shall be consulted before using A.2.4.
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Ranges of 90 % typical gas concentration values observed in power transformers, from about
25 electrical networks worldwide and including more than 20 000 transformers, are given in
Table A.2. For hydrogen, for example, one network reported a typical value of 50 pl/l, another
one 150 pl/l and the 23 others reported values between 50 pl/l and 150 pl/l. These ranges of
values have been reported by CIGRE SC D1 and A2 (TF11) and approved by IEC TC 10 and
TC 14.

Table A.2 — Ranges of 90 % typical gas concentration values
observed in power transformers, in pl/l

C,H, H, CH, C,H, C,H, co co,
All trapsformers 50 - 150 | 30 - 130 60 - 280 20 - 90 400 — 600 | 3 800 + 14 000
No OLJTC 2-20
Communicating 60 — 280
OLTC

“Communicating OLTC” in Tables A.2 and A.3 means that some oil and/or gas communication
is posgsible between the OLTC compartment and the main tank or-between the respective
consefvators. Gases produced in the OLTC compartment may contaminate the oil in thg¢ main
tank and affect concentration values in these types of equipment. “No OLTC” refers to
transformers not equipped with an OLTC, or equipped with @ tap changer not communicating
with of leaking to the main tank.

Typical values in Table A.2 apply to both breathing and sealed transformers, and correspond
mostly to core-type transformers. Values in shell-type transformers are likely to be higher. In
two cquntries, values for C,Hg are higher. In one country where transformers are opgrated
below| nominal load, values for CH, and CO%~and particularly for C,H, are lower. In one
country, values of 0,5 pl/l for C,H, and 10\ul/l for C,H, are reported. Values for H, may be
highen in transformers where reactionszbetween oil and transformer components (paints,
metalg) are occurring. Values in transfarmers frequently degassed, a practice used in|a few
countijies, should not be compared with values of Table A.2.

A.2.5 Typical rates of gas'increase

Impontant note: Clause A\l:°‘General warning, shall be consulted before using A.2.5.

Ranggs of 90 % typical rates of gas increase observed in power transformers, from four
electrical networksand including more than 20 000 DGA analyses, are given in Tablge A.3.
These|ranges ofwalues have been reported by CIGRE SC D1 and A2 (TF11) and approyed by
IEC/TC 10 and-TC 14.

Table A.3 — Ranges of 90 % typical rates of gas increase
observed in power transformers (all types), in pl/llyear

C,H, H, CH, C,H, C,H, co co,
All transformers 35-132 | 10-120 | 32-146 5-90 260 -1060 | 1700 -10 000
No OLTC 0-4
Communicating OLTC | 21 — 37

Typical values in Table A.3 are valid for large power transformers with an oil volume >5 000 I.
Values in small transformers (<5 000 I) are usually lower. Values in the early and late years of
the equipment tend to be higher than the average values of Table A.3.
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Values of Table A.3 may be converted into ml/day when the transformer oil volume is known.
In some countries, it is preferred to express rates of gas increase in ml/day. Values in Table
A.3 should not be used to calculate concentration values after several years and compare
them to values in Table A.2, since values in these two tables are affected differently by the

shape

of their respective cumulative curves and gas losses.

When calculating typical rates of increase of individual networks, intervals should be chosen
to provide an acceptable accuracy of results.

A.2.6

Speciﬂn mfarmationtao-bao-addaed tao-th
[rfer o atroTT o Pt o e t—to

Specific information to be added to the DGA report (see Clause 10)

— poer rating;

— transformer sub-type: air-breathing or sealed;

— oilltemperature;

— tyge of cooling system: ONAN (oil natural air natural), OFAF (oil forcedyair forced), e

— da

- typ
— nu

— log

NOTE
located

A.3

A.3.1

e of manufacturing;

e of OLTC and whether it is communicating with the main tank’or not;
mber of OLTC operations, if known;

d since last DGA.

OLTCs are often composed of a selector switch, located incthe“oil of the main tank, and of a diverte
in a separate tank but on the same operating axle.

Industrial and special transformers

Specific sub-types

Speciflic sub-types of industrial and spee¢ial transformers are as follows:

- fun
- req
- rai
— di

— Su

q

3

nace transformers;

tifier transformers;

way transformers;

tribution transformers below 10 MVA, not from utilities.
bmersible distribution transformers

— wind farm transformers

A.3.2

Typical faults

See T

able’A.1.

A.3.3

See A

A.3.4

Identification of faults by DGA.
.2.3.

Typical concentration values

See Table A.4.

The values given in table A.4 are for information only.

switch,
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Table A.4 — Examples of 90 % typical concentration
values observed on individual networks

C 2015

Values in microlitres per litre

Transformer sub-type H, co co, CH, C,Hg C,H, C,H,
Furnace 200 800 6 000 150 150 200 @
Distribution 100 200 5000 50 50 50 5
Submersible 86 628 6 295 21 4 6 <Sb
NOTE The values listed in this table were obtained from two individual networks. Values on other networks may

differ.

staftistically significant value can be proposed for acetylene.

b < 9 means less than the detection limit.

a8 Th¢ data are influenced by the design and assembly of the on-load tap changer. For this\teaspn, no

A.4 |Instrument transformers

A4.1 Specific sub-types

CT: Current transformers (eyebolt or hairpin design)
VT: Voltage transformers

CTCV Combined transformers (current-voltage)

CIVT: Cascade (inductive) voltage transformers
CVT: Capacitor voltage transformers
MVT: Magnetic voltage transformers (see"[2]).

NOTE [Definitions of these specific sub-types can.'be found in [5].
A.4.2 Typical faults

See tdble A.5.

Failur¢ rates have been feported as being about 1 % of the total population (see [2]), al
much higher rates were.abserved on a limited number of sub-groups.

though

The most frequent final failures involve local or catastrophic dielectric breakdown of |paper

insulation, following lengthy partial discharge activity and/or thermal runaways.
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Table A.5 — Typical faults in instrument transformers

Type Fault Examples
PD Partial discharges Discharges in gas-filled cavities resulting from poor impregnation, humidity in
paper, oil supersaturation, puckers or folds in paper, leading to X-wax
deposition and increased dielectric losses
Discharges related to switching operations from a nearby substation bus system
(in the case of CTs) or to overvoltages at the edges of capacitor unit sections
(case of CVTs)
D1 Discharges of low Sparking around loose connections or floating metal strips
energy L
Tracking in paper
Arcing in static shielding connections
D2 Discharges of high Local short circuits between capacitive stress grading foils, with high, local
energy current densities able to melt down foils
General short circuits with power follow-through are often destructive, regulting
in equipment breakage or explosion, and a DGA is not always possible after
failure
T2 Thermal fault Circulating currents in paper insulation resulting from-high dielectric lossps,
300 °C <t<700°C related to X-wax contamination, moisture or incorrect selection of insulat|ng
materials, and resulting in dielectric heating and-thermal runaways
Bad contacts in connections or welds
Overheating due to the ferroresonant circuit in MVTs
T3 Thermal fault Circulating currents on steel lamingation’edges
t>700°C
A.4.3 Identification of faults by DGA
Table |1 (see 5.4) applies to all sub-types, with CH4/H> lower than 0,2 instead of lower than

0,1 fo

A.4.4

Rangg
The ¢

partial discharges.

Typical concentration values

s of 90 % typical values. observed in instrument transformers are given in Tabl
0 % normality percentage is the most frequently used. Factors of influende are
equipment sub-type, fault type, and age.

The values given in Table A.6 are for information only.

Table A.6 — Ranges of 90 % typical concentration
values observed in instrument transformers

e A.6.

differ.

NOTE 2 The value for H, in CTs is much lower for rubber seals (+20 pl/l) than for metal seals (£300 pl/l).

Values in microlitres per litre
Transformer H, Cco Co, CH, C,Hg C,H, C,H,
sub-type
CT 6 — 300 250 -1 100 | 800 — 4 000 11-120 7-130 3-40 1-5
VT 70 — 1000 20 - 30 4-16
NOTE 1 The values listed in this table were obtained from several networks. Values on other networks can

Table A.7 provides the maximum admissible values for sealed instrument transformers
without any action to be taken on the transformer, which have been proposed by IEC TC 38:
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Table A.7 — Maximum admissible values for sealed instrument transformers
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Values in microlitres per litre

H, co co, CH, C,Hg C,H, C,H,
300 300 900 30 50 10 2
A.5 Bushings

A.5.1'|_Spad.ﬁ.l;sub;i.yp.es
Specific sub-types of bushings are as follows:

— copdenser type;

— nop-condenser type.

A.5.2

Typical faults

See Thble A.8.

In a qumber of instances, partial discharges result in increased dielectric losses, th
runawpy and final breakdown.

Most

requent final failures are related to the breakdown of core insulation between

circuited layers (as a result of partial discharges or. thermal runaway), flashovers alo

ermal

short-
g the

internal surface of the porcelain (often resulting ‘inexplosions) and flashovers along the core
surfacle.
Table A.8 — Typical faults in bushings
Type Fault Examples
PD Partial discharges Discharges in gas-filled cavities resulting from humidity in paper, poor im}
pregnation, oil supersaturation or contamination, or X-wax deposition. Al§o
in_l6ose insulating paper displaced during transportation with puckers or folds
in paper
D1 Discharges of low Sparking around loose connections at capacitive tap
ener:
9 Arcing in static shielding connections
Tracking in paper
D2 Discharges of high Localized short-circuits between capacitive stress grading foils, with highf local
energy current densities able to melt down foils (see definition of D2 in 5.3), but jhot
leading to the explosion of the bushing
T2 Thermal fault Circulating currents in paper insulation resulting from high dielectric losses,
300 °C <t< 700 °C related to contamination or improper selection of insulating materials, and
resulting in thermal runaways
Circulating currents in poor connections at bushing shield or high voltage lead,
with the temperature transmitted inside the bushing through conduction by the
conductor
A.5.3 Identification of faults by DGA

A simplified table of interpretation is proposed as shown in Table A.9.


https://iecnorm.com/api/?name=950d564e7a86e76437325981952ac576

IEC 60599:2015 © IEC 2015

-31 =

Table A.9 — Simplified interpretation scheme for bushings

Fault % % % &
C,H, H, C,Hg Cco
PD <0,07
>1
>1
TP <1, >20

In cas|
when

NOTE
known.
mineral

A.5.4

The fd

es where a single characteristic fault cannot be attributed using this simplified-ta
B more precise diagnosis is required, the general Table 1 should be used.

Some modern bushings contain mixtures of mineral oil and dodecylbenzene (DDB);, ih proporti
Gas compositions evolved from DDB are not the same as from mineral oil, and DDB(absorbs more g
oil.

Typical concentration values

llowing 95 % typical values are proposed.

The values given in Table A.10 are for information only.

Table A.10 — 95 % typical concentration values in bushings

ple, or

bns not
as than

Values in microlitres per litre
i, co Cco, CH, C,Hg C,H, C,H,
140 1 000 3400 40 70 30 2

A.6

A.6.1

Oil-filled cables

Typical faults

Discharges and hot spots at cable terminations or junctions.

A.6.2

Table

DGA

Identification of faults by DGA

1 applies.

s \difficult to apply in cables due to the lack of representative oil samples (sampling

sometimes possible only a long distance from the fault; lack of oil convection; gas trapped in

paper

insulation).

Also, modern cables often contain mixtures of mineral oil and dodecylbenzene (DDB), in
proportions not known. Gas compositions evolved from DDB are not the same as from mineral

oil, an

A.6.3

d DDB absorbs more gas than mineral oil under electric stress.

Typical concentration values

The values given in Table A.11 are for information only.

The data are coming from one particular network and only 95% values are available. The
following 95 % typical concentration values have been observed on cables.
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Table A.11 — Ranges of 95 % typical concentration values observed on cables

Values in microlitres per litre

H,

co co, C,H, C,H,

C2H,

150

- 500 40 - 100 220 - 500 5-30 10 - 25 3-20 2-

10

NOTE These values are examples taken from one particular network. Values on other networks and with
different types of cable designs may differ.

A7

A.7A1

Specific sub-types

Speciflic sub-types of switching equipment are as follows:

on

SW
A.7.2
The |4

type p
arc-br

itchgear.
Normal operation
rge majority of non-vacuum on-load tap-changers (OLTCs) of the reactive or re

roduce gases of the arcing type D1 or D2 during theif_hormal operation, because
baking-in-oil activity on the switching contacts.<Change-over selector conta

Lload tap-changers (OLTC) (vacuum and non-vacuum), including selector switcheq;

Bistive
of the
cts or

commptation contacts of vacuum type models can preduce low amounts of D1 gases.
Some|vacuum or non-vacuum resistive type muodels can produce T2 or T3 gas pajterns,
respeg¢tively under certain load conditions, not-indicating any thermal irregularities.
A.7.3 Typical faults
See Thble A.12.
Table A.12.>Typical faults in switching equipment
Type| Fault Examples
D1 Discharges of , Normal operation of OLTC, selectors
low ener
9 Arcing on off-load selector switch ring, OLTC connections
D2 DischargeS™of [Switch contacts do not reach their final position but stop halfway, due to a failur¢ of
high energy the rotating mechanism, inducing a sparkover discharge
Arcing on off-load selector switch ring, OLTC connections, of high energy or witl
power follow-through, with failure often transmitted to transformer windings
T2, T3 Thermal rault TNCreased resistance between contacts of OLTCT or change-over selector, as a result of
pyrolitic carbon growth, selector deficiency or a very large number of operations
Transition resistor temperatures >700°C due to faulty (prolonged) switching sequence
NOTE 1 In this table are given examples of faults detected by DGA of oil samples taken from the switching
compartment.

NOTE 2 Switching equipment attached to transformers is complex and of various designs. The detailed
description of these systems and the interpretation of DGA results can be obtained from equipment manufacturer,
particularly concerning the types of discharges and degree of heating that is normal for the specific equipment.

A.7.4

Identification of faults by DGA

Two methods are used for the identification of faults in OLTCs:
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1) The C,H,4/C,H, ratio represents an individual fingerprint of the application. It is up to
users to define ratio value ranges for normal operation, depending on the OLTC model
and operation mode. Deviations of the found range indicate irregularities.

2) The Duval-triangle-2-method (see Annex B): for the large majority of OLTCs, normal
operation will show coordinates in the “N” zone. Nevertheless, some applications will
show coordinates in the X3, T2 or T3 zone for normal operation [11], as described in A.7.2.
As long as coordinates don’t move significantly, these fingerprints don’t indicate a fault.
With this, the triangle method can be used to track the evolution of gas formation
graphically to detect excessive arcing or heating.

NOTE All DGA interpretations for OLTC are strongly model type and operation dependent. In case of suspect
DGA results, contact the manufacturer.

A.8 | Equipment filled with non-mineral fluids

Gaseq formed in equipment filled with non-mineral fluids (natural esters, synthetic ¢sters,
silicones) are the same as with mineral oils, however, some adjustments to 'zone boundaries
used flor mineral oils are necessary to identify faults in non-mineral oils, as\indicated in [B].

Examples of typical values observed with such fluids are also indicated in [8].
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Annex B
(informative)

Graphical representations of gas ratios (see 5.10)

Graphical representations of gas ratios are given in Figures B.1, B.2, B.3 and B.4.

Cota CoHo
C.H
2 D1 CaHa D1
25 25
D1/D2 D1/D2
1,0 1,0 -
06 D2 06 D2
0,2 - 02 - —
T3
0,1 01
i T2 3 | T3
0,01 0,01
PO T1 PO T
[] [] T T
0,1 05 1 CHy 0,102 1 2 4 CoHg
Ha ' CoHg

IEC

Key
PD pdrtial discharges

D1 digcharges of low energy

D2 digcharges of high energy

T1 thermal fault, t <300 °C

T2 thprmal fault, 300 °C < t <700 °C
T3 thprmal fault, t >700 °C

NOTE 1 The arrow indicates increasing temperature.

NOTE 2 The axes are limited-to values of 10 for clarification of presentation, but actually extend to uflimited
values.|The coordinates of.each zone are the same as in Table 1 and Figure B.2.

Figure'B.1 — Graphical representation 1 of gas ratios (see [3])



https://iecnorm.com/api/?name=950d564e7a86e76437325981952ac576

IEC 60599:2015 © IEC 2015 - 35—

Key
PD
D1
D2
T
T2
T3

NOTE 1

NOTE 3

CoHz
CoHa

1,0

10

1,0

0,1

T3
CoHy x *
~ 0,1

CoHe

pdrtial discharges

discharges of low energy
digcharges of high energy
thprmal fault, t <300 °C

thprmal fault, 300 °C < t«700 °C
thprmal fault, ¢ >700°C

representationswith the help of a computer software package.

10

12

T

oy CHy

IEC

Each of the«cases defined in Table 1 is represented by a volume or "box" on the 3-D graphic.

The coordinates of each box are the same as in Figure B.1 and Table 1. It is more convenient to

Figure B.2 — Graphical representation 2 of gas ratios

ise this
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<“— % CyH»
IEC
where
100 x . . . \
% CoHly = ——— for x=[CyHy| in microlitres pef litre
X+ty+z
100y
% CoHy =——— =[CHy] in microli i
R s for y [ 9 4] in microlitfes per litre
100z . . . .
% CH) = —— for z=[CHy]in microlitres per litre
xXty+z
Key
PD partial discharges
D1 discharges of low energy
D2 discharges of high energy
T1 thermal fault, t <800™°C
T2 thermal fault5:300 °C < t <700 °C
T3 thermal fault, t >700 °C
Limits of zones
FU Jo 7o L;l'l4
D1 23 % C,H, 13 % C,H,
D2 23 % C,H, 13 % C,H, 40 % C,H, 29 % C,H,
T1 4 % C,H, 20 % C,H,
T2 4 % C,H, 20 % C,H, 50 % C,H,
T3 15 % C,H, 50 % C,H,

Figure B.3 — Graphical representation 3 of gas ratios —
Duval's triangle 1 for transformers, bushings and cables(see [4])
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100 , O
80 20
% CH4/‘ 60 40 \f CoHa
X1 T2
40 -
20 T3 \80
X3
D1
0 \ \ \ 100
100 80 60 40 20 0
<“«— % CyH»
IEC
NOTE |See Figure B.3 for calculation of triangular coordinates.
Key
N ndrmal operation
T3 sgvere coking of contacts at t >700 °C
T2 sqvere coking of contacts at t >300 °C
X3 cdking in progress or abnormal arcing D2
D1 afnormal arcing D1
X1 o¥erheating at t <300 °C
Limits of zones
N 19 % CH, 23 % C,H, 2% CH, 6 % C,H,
T3 50\% C,H, 15 % C,H,
X3 23 % C,H, 15 % C,H,
T2 23 % C,H, 15 % C,H,
D1 19 % CH, 6 % C,H, 2% CH, 23 % C,H,
X1 19 % CH, 23 % C,H,
Figure B.4 — Graphical representation 4 of gas ratios —

Duval's triangle 2 for OLTCs (see A.7.2)

NOTE For some OLTCs mentioned in A.7.2 and A.7.3, normal gassing occurs either in zone N, T3, T2 or X3,
depending on specific OLTCs models and operating conditions [11].
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COMMISSION ELECTROTECHNIQUE INTERNATIONALE

MATERIELS ELECTRIQUES REMPLIS D'HUILE MINERALE
EN SERVICE - LIGNES DIRECTRICES POUR L'INTERPRETATION
DE L'ANALYSE DES GAZ DISSOUS ET DES GAZ LIBRES

AVANT-PROPOS

1) La
con
objs
de |
des
Gui
trav
inte
trav
con

2) Les
du
inté

3) Les
com
s'as]
I'év

Commission Electrotechnique Internationale (IEC) est une organisation mondiale de normg
posée de I'ensemble des comités électrotechniques nationaux (Comités nationaux de I'lEC). L'IEC
t de favoriser la coopération internationale pour toutes les questions de normalisation dan§Aes dg
électricité et de I'électronique. A cet effet, I'|EC — entre autres activités — publie des Normés, interna
Spécifications techniques, des Rapports techniques, des Spécifications accessibles au_public (PAS
les (ci-apres dénommés "Publication(s) de I'lEC"). Leur élaboration est confiée a des~comités d'étud
pux desquels tout Comité national intéressé par le sujet traité peut participer! Les organ
nationales, gouvernementales et non gouvernementales, en liaison avec I'lECs~participent égalem
bux. L’'IEC collabore étroitement avec I'Organisation Internationale de Normalisation (ISO), se
Hitions fixées par accord entre les deux organisations.

décisions ou accords officiels de I'lEC concernant les questions techniques représentent, dans la
ossible, un accord international sur les sujets étudiés, étant donné’ que les Comités nationaux (
essés sont représentés dans chaque comité d’études.

Publications de I'lEC se présentent sous la forme de recommandations internationales et sont
me telles par les Comités nationaux de 'lEC. Tous les effofts raisonnables sont entrepris afin qy

bntuelle mauvaise utilisation ou interprétation qui en est faite par un quelconque utilisateur final.

4) Da

megure possible, a appliquer de fagon transparente les Publications de I'lEC dans leurs publications na

et

régipnales correspondantes doivent étre indiquéessen termes clairs dans ces derniéres.

5) L’IE]
fou

conformité de I'lEC. L’IEC n'est responsablée~d'aucun des services effectués par les organismes de cert
indgpendants.

6) Tou

7) Aucy
y cd
pou
naty
dép
Pub

8) L'at
réfé

9) L’at
I’'ob
de

le but d'encourager I'uniformité internationale, les, Comités nationaux de I'lEC s'engagent, dans

dgionales. Toutes divergences entre toutes Publications de I'lEC et toutes publications nation

elle-méme ne fournit aucune attestation~de conformité. Des organismes de certification indép
issent des services d'évaluation de conformité et, dans certains secteurs, accedent aux marg

les utilisateurs doivent s'assurerqu'ils sont en possession de la derniére édition de cette publicatig

ne responsabilité ne doit étr€ imputée a I'lEC, a ses administrateurs, employés, auxiliaires ou mand
mpris ses experts particuliers’et les membres de ses comités d'études et des Comités nationaux d
tout préjudice causé ef,cas de dommages corporels et matériels, ou de tout autre dommage de
re que ce soit, directe;ou indirecte, ou pour supporter les colts (y compris les frais de justice
Enses découlant de\la publication ou de ['utilisation de cette Publication de I'IEC ou de tout
ication de I'l|EC, ou_au crédit qui lui est accordé.

ention est attirée sur les références normatives citées dans cette publication. L'utilisation de publ
Fencées est @gbligatoire pour une application correcte de la présente publication.

ention.est-attirée sur le fait que certains des éléments de la présente Publication de I'lEC peuvd
et de"droits de brevet. L'IEC ne saurait étre tenue pour responsable de ne pas avoir identifié de tel
revets“et de ne pas avoir signalé leur existence.

lisation
a pour
maines
ionales,
et des
es, aux
sations
ent aux
on des

mesure
e I'lEC

hgréées
e 'EC

sure de |'exactitude du contenu technique de ses publications) 'I|EC ne peut pas étre tenue responsable de

oute la
ionales
bles ou

endants
ues de
fication

=]

ataires,
e I'IEC,
luelque

et les
e autre

cations

nt faire
s droits

La Norme internationale IEC 60599 a été établie par le comité d'études 10 de I'lEC: Fluides
pour applications électrotechniques.

Cette

troisieme édition annule et remplace la deuxiéme édition parue en 19

I'Amendement 1:2007. Cette édition constitue une révision technique.

99 et

Cette édition inclut les modifications techniques majeures suivantes par rapport a I'édition
précédente:

a) révisionde 5.5,6.1,7,8,9, 10, A.2.6, A3, A7;

b) ajout d'un nouveau paragraphe 4.3;

c) en

richissement de la Bibliographie;

d) révision de la Figure 1;
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abouti a I'approbation de cette norme.

Cette publication a été rédigée selon les Directives ISO/NEC Partie 2

Le comité a décidé que le contenu de cette publication ne sera pas modifié avantla’date de
stabilifé indiquée sur le site web de I'lEC sous "http://webstore.iec.ch" dans.les données

relatives a la publication recherchée. A cette date, la publication sera

e re¢onduite,

e supprimée,

e remplacée par une édition révisée, ou

e anjendée.



https://iecnorm.com/api/?name=950d564e7a86e76437325981952ac576

IEC 60599:2015 © IEC 2015 - 45—

INTRODUCTION

L'analyse des gaz libres et des gaz dissous dans I'huile (AGD) est I'un des outils de
diagnostic les plus couramment utilisés pour la détection et I'évaluation de défauts dans les
matériels électriques remplis de liquide isolant. Cependant, l'interprétation des résultats
d'AGD est souvent complexe et il convient qu'elle soit toujours faite avec prudence, en faisant
appel a des personnes expérimentées en maintenance des isolants.

La présente Norme internationale fournit des informations visant a faciliter cette interprétation.
La premiére édition, parue en 1978, a bien servi l'industrie électrique, mais a montré ses
limites, comme |'absence de diagnostic dans certains cas, l'absence de niveaux de
conce 9 P P les
transformateurs de puissance. La deuxiéme édition a tenté de remédier a certaines-de ces
insuffisances. Les schémas d'interprétation étaient fondés sur des observations-‘résultant
d'examens effectués sur un grand nombre d'appareils remplis d'huile, apres{un défaut en
servicg, et sur les niveaux de concentrations résultant d'analyses recueillies, dans le monde
entier
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MATERIELS ELECTRIQUES REMPLIS D'HUILE MINEBALE
EN SERVICE - LIGNES DIRECTRICES POUR L'INTERPRETATION
DE L'ANALYSE DES GAZ DISSOUS ET DES GAZ LIBRES

1 Domaine d'application

La présente Norme internationale décrit comment les concentrations de gaz dissous ou de
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3 Termes, définitions et abréviations

3.1 Termes et définitions

Pour les besoins du présent document, les termes et définitions suivants, dont certains sont
basés sur I'lEC 60050-191, I'lEC 60050-192, I'lEC 60050-212 et I''EC 60050-604, s'appliquent.

3.1.1

défaut

événement imprévu ou défectuosité (anomalie) d'un dispositif qui peut donner lieu a une ou
plusieurs défaillances de ce dispositif, ou d'autres dispositifs associés

[SOURCE: IEC 60050-604:1987, 604-02-01]

3.1.2
défaut sans dommage
défauf ne nécessitant ni réparation ni remplacement a I'endroit du défaut

Note 1 [a l'article: Des exemples types sont les arcs auto-extinguibles dans les ‘matériels de coupurg ou un
échauffement général sans carbonisation du papier ou encore un stray gassing de'huile.

[SOURCE: IEC 60050-604:1987, 604-02-09]

3.1.3
défaut avec dommage
défauf qui a provoqué des détériorations nécessitand ine réparation ou un remplacement a
I'endrgit du défaut

[SOURCE: IEC 60050-604:1987, 604-02-08]

3.1.4
incidgnt
evénement, d'origine externe ou interne, se produisant dans un matériel ou dans un résgau et
qui en| perturbe le bon fonctionnement

Note 1 [a l'article: Pour les besoins_de la présente norme, le terme "incidents" est associé a des défajllances
interneg.

Note 2 h I'article: Pour les(besoins de la présente norme, les exemples types d"incidents" désignent des alarmes
de gaz,|un déclenchement du matériel ou des fuites du matériel.

[SOURCE: IEC 80050-604:1987, 604-02-03]

3.1.5
défaillance
perte deN'aptitude a fonctionner tel que requis

Note 1 a l'article: Dans les matériels électriques, une défaillance est la conséquence d'un défaut avec dommage
ou d'un incident nécessitant la mise hors service, la réparation ou le remplacement du matériel, tel qu'un claquage
interne, une rupture de la cuve, un incendie ou une explosion.

[SOURCE: IEC 60050-192:2015, 192-03-01]

3.1.6
défaut électrique
décharge partielle ou disruptive a travers l'isolation

3.1.7

décharge partielle

décharge électrique dont le trajet se développe sur une partie seulement de l'isolation entre
des conducteurs
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Note 1 a I'article: Une décharge partielle peut se produire au sein méme de l'isolation, ou a partir d'un conducteur.

Note 2 a l'article: Les scintillations de faible énergie a la surface de matériaux isolants sont souvent décrites
comme des décharges partielles, mais il convient plutét de les considérer comme des décharges disruptives de
faible énergie, étant donné qu'elles sont le résultat de claquages diélectriques locaux de haute densité d'ionisation,
ou de petits arcs, selon les conventions de la physique.

Note 3 a I'article: Pour les besoins de la présente norme, la considération suivante peut également étre ajoutée:

— L'effet couronne est une forme de décharge partielle qui se produit dans les milieux gazeux autour des
conducteurs placés loin de toute isolation solide ou liquide. Ce terme ne doit pas étre employé comme terme
général pour désigner toutes les formes de décharges partielles.

— En raison de décharges d'effet couronne, de la cire-X, une substance solide composée de fragments
polymérisés des molécules du liquide de départ peut se former.

[SOURCE: IEC 60050-212:2010, 212-11-39]

3.1.8
amorgage

déchgrge (disruptive)

passape d'un arc a la suite d'un claquage

Note 1 [a l'article: Le terme "amorgage" (en anglais: "sparkover") est utilisé lorsque la décharge disrugtive se
produit [dans un diélectrique gazeux ou liquide.

Le terme "contournement” (en anglais: "flashover ") est utilisé lorsque la décharge disruptive longe la surfgce d'un
diélectr|que solide entouré d'un gaz ou d'un liquide isolant.

Le terme "perforation" (en anglais: "puncture ") est utilisé lorsque la<décharge disruptive se produit a trajers un
diélectr|que solide.

Note 2 p I'article: Les décharges sont souvent appelées arcss claquages ou courts-circuits. Les termes plug précis
suivant$ sont également utilisés dans certains pays:

— chdminement (dégradation progressive de la surface~d'un matériau isolant solide par des décharges|locales
formant des chemins conducteurs ou partiellement‘eonducteurs);
—  étincelles qui, selon les conventions de la physique, sont des claquages diélectriques locaux de forte [densité
d'idnisation ou de petits arcs.

[SOURCE: IEC 60050-604:1987, 604-03-38]

3.1.9
défaut thermique
élévatjon (augmentation).excessive de la température dans l'isolation

Note 1 p l'article: Les causes types sont
— un fefroidissement.insuffisant;

— deq courants trop élevés circulant dans des parties métalliques adjacentes (en raison de mauvais cpntacts,
deq courantsade Foucault, des pertes vagabondes ou des flux de fuite);

— deq courants trop élevés circulant dans l'isolation (en raison de pertes diélectriques élevées), conduisgnt a un
empallement thermique;

— un échauffement d'enroulement interne ou de jonction de traversée;

— une surcharge.

3.1.10

valeurs typiques des concentrations de gaz

concentrations de gaz se trouvant normalement(habituellement) dans les matériels en service
ne présentant aucun symptéme de défaillance, et qui ne sont dépassées que par un
pourcentage arbitraire de teneurs en gaz plus élevées (par exemple 10 % (voir 8.2.1))

Note 1 a l'article: Les valeurs typiques sont différentes selon les types de matériels et les réseaux électriques, et
selon les pratiques d'exploitation (niveaux de charge, climat, etc.).

Note 2 a l'article: Les valeurs typiques, dans nombre de pays et pour beaucoup d'utilisateurs, sont appelées
"valeurs normales", mais ce terme n'a pas été retenu ici, pour éviter de possibles fausses interprétations.
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3.2 Abréviations

3.21 Noms et formules chimiques

Nom Formule

Azote N,
Oxygeéene o,
Hydrogéne H,
Monoxyde de carbone Cco
Dioxyde de carbone Cco,
Methane CH,
Ethane C,Hg
Ethyléne C,H,
Acétyléne C,H,

NOTE [Acétyléne et éthyne sont tous deux utilisés pour C,H,; éthyléne et éthéne\sont tous deux utilises pour

3.2.2 Abréviations générales

D1 décharges de faible énergie

D2 décharges de forte énergie

AGD: analyse des gaz dissous

CIGRE Conseil International des Grands Réseaux Electriques

DP décharges partielles et effet couronne

S limite de détection analytique

T1 défaut thermique, t <300 °C

T2 défaut thermique, 300 °€\<t< 700 °C

T3 défaut thermique, t>700 °C

T défaut thermique

D défaut électrigue

TP défaut thermique dans le papier

ppm parties-\'par million par volume de gaz dans [I'huile, équivalent a | pl(de
gaz)d(d'huile). Voir I'EC 60567:2011, 8.7, note 1

OLTC changeur de prises en charge

4 Mécanismes de formation des gaz

4.1 Décomposition de I'huile

Les huiles minérales isolantes sont constituées d'un mélange de molécules de différents
hydrocarbures, contenant des groupements chimiques CHj;, CH, et CH reliés les uns aux
autres par des liaisons moléculaires carbone-carbone. Des défauts thermiques ou électriques
peuvent couper certaines de ces liaisons C-H et C-C avec la formation de petits fragments

instables, sous une forme radicalaire ou ionique, tels que H®, CH3' ,CH, ,CH® or C* (parmi de

nombreuses autres formes plus complexes), qui se recombinent rapidement, par des
réactions complexes, en molécules de gaz comme I'hydrogéne (H-H), le méthane (CH3-H),
I'éthane (CH3-CH3), I'éthylene (CH, = CH5) ou l'acétyléene (CH = CH). Des hydrocarbures
gazeux en Cj3 et Cy4, ainsi que des particules solides de carbone et des polyméres
hydrocarbonés (cire-X), sont d'autres produits de recombinaison possibles. Les gaz formés se
dissolvent dans [I'huile, ou s'accumulent sous forme de gaz libres s'ils sont produits
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rapidement en grandes quantités, et peuvent étre analysés par AGD conformément a
I''EC 60567.

Les défauts de faible énergie, tels que les décharges partielles de type plasma froid
(décharges couronne), favorisent la coupure des liaisons C-H les plus faibles (338 kdJ/mole)
par des réactions d'ionisation, et ['accumulation d'hydrogéne comme gaz principal de
recombinaison. De plus en plus d'énergie et/ou des températures plus élevées sont
nécessaires pour la coupure des liaisons C-C et leur recombinaison en gaz contenant une
liaison simple C-C (607 kJ/mole), une double liaison C=C (720 kdJ/mole) ou une triple liaison
C=C (960 kJd/mole), suivant des réactions présentant des similarités avec celles observées
dans l'industrie du craquage du pétrole.

Ainsi, [la formation d'éthyléne est favorisée par rapport a celle de méthane et d'éthane|a des
tempéfatures supérieures a 500 °C environ (bien que I'éthyléne soit toujours présentymiais en
plus faibles quantités). L'acétyléne exige des températures d'au moins 800 ¢C a 1 200 °C
suivies d'une descente rapide a de plus basses températures pour pouvoir s'accymuler
comme produit de recombinaison stable. L'acétyléne se forme ainsi en quantites signifigatives
principalement dans les arcs, ou le canal ionisé conducteur est a plusieldrs -milliers de degrés
Celsius, et ou l'interface avec I'huile liquide avoisinante est nécessairement en dessdqus de
400 °C¢ (température au-dessus de laquelle I'huile se vaporise ,complétement), avec une
couchp de vapeur d'huile et de gaz de décomposition entre~les’ deux. L'acétyléeng peut
toujours se former a des températures plus basses (<800 °C){mais en trés faibles quantités.
Les particules de carbone se forment entre 500 °C et 800 °€” et s'observent effectivement
aprés [un claquage dans I'huile ou autour de points trés chatds.

L'huilg peut s'oxyder, avec la formation de faibles quantités de CO et de COj, qui pguvent
s'accumuler en quantités plus importantes sur de longues durées.

4.2 |Décomposition de l'isolation cellulosique

Les chaines polymériques de l'isolationcsolide cellulosique (papier, carton, bois de cplage)
contiennent un grand nombre de noyaux anhydroglucosidiques, et des liaisons moléc:tlaires
C-O fhibles et des liaisons glycosidiques qui sont thermiquement moins stables qlie les
liaisorl]s hydrocarbonées de I'huile,. et qui se décomposent a des températures plus basses.
Les Vitesses de coupure de’’chaines polymériques deviennent significatives § des
températures supérieures a 105 °C, avec décomposition compléte et carbonisation au-dessus
de 300 °C (défaut avec demmage). Il se forme du monoxyde et du dioxyde de carbone], ainsi
que de l'eau, et de faibles quantités d'hydrocarbures gazeux, de composés furaniqlies et
autreg composés. Les eomposés furaniques sont analysés conformément a I'lEC 61198, en
complgment a l'interprétation de I'AGD, pour confirmer si oui ou non l'isolation cellulpsique
est impliquée dans-le défaut. La formation de CO et de CO, augmente non seulement gvec la
température, mais également avec la teneur en oxygéne dissous dans I'huile et avec la feneur
en eall du papier.

4.3 ing de I'huile

Le stray gassing a été défini par le CIGRE [6]1 comme la formation de gaz dans I'huile
chauffée a des températures modérées (<200 °C). La formation de H,, CH, et de C,Hg peut
étre observée dans tous les matériels a de telles températures, ou du fait de I'oxydation de
I'huile selon sa structure chimique. Le stray gassing est un défaut sans dommage. Il peut étre
évalué a I'aide des méthodes décrites dans les références [6] et [12].

NOTE |l a été observé dans certains cas que le stray gassing de I'huile est renforcé par la présence dans I'huile
d'un additif passivant des métaux ou d’autres additifs.

1 Les chiffres entre crochets se référent a la Bibliographie.
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4.4 Autres sources de gaz

Dans certains cas, des gaz peuvent se former, non pas a la suite de défauts dans le matériel,
mais a cause de réactions chimiques de corrosion ou autres impliquant I'acier, les surfaces
non peintes ou les peintures de protection.

De I'hydrogéne peut étre produit par réaction de l'acier et de I'acier galvanisé avec l'eau, tant
que de l'oxygene est présent dans I'huile adjacente. Des quantités importantes d'hydrogéne
ont ainsi été observées dans des transformateurs qui n'avaient jamais été mis sous tension.
De I'hydrogéne peut aussi se former par réaction d'eau libre avec des revétements spéciaux
de surfaces métalliques, ou par réaction catalytique de certains types d'acier inoxydable avec
I'huile,_en particulier avec de I'huile & haute température contenant de |'oxygéne dissous. De
I'hydragéne, de l'acétyléne et d'autres gaz peuvent aussi étre présents dans dé |'acier
inoxydable neuf, absorbé pendant le procédé de fabrication, ou produit pendant |le. soydage,
et libéré lentement dans I'huile. Des peintures internes du transformateur, commedes rgsines
alkydgs et les polyuréthannes modifiés, contenant des acides gras dans leur formulation,
peuvept aussi former des gaz.

Des ghz peuvent aussi étre produits, et de I'oxygéne consommeé, par exposition de I'huile a la
lumiére solaire.

De tels cas ne se produisent néanmoins qu'extrémement rarement, et peuvent étre détectés
en effectuant des analyses d'AGD sur des matériels neufs ‘qui n'ont jamais été migd sous
tension, et par des essais de compatibilité des matériaux. La présence d'hydrogéhe en
I'absepce totale d'autres hydrocarbures gazeux peut étrepar exemple, une indication dfun tel
probléme.

NOTE |Le cas des gaz provenant d'un défaut ancien et subsistant dans le transformateur est traité en 5.4.
5 Identification des défauts

5.1 Généralités

En segvice, toute formation de gaz;-méme minime, résulte d'une contrainte quelconque, méme
trés fdible, telle qu‘un vieillissément thermique normal. Néanmoins, tant que la concenjration
de gap reste en dessous des“valeurs typiques et n'augmente pas de fagon significajive, il
convignt de ne pas la considérer comme l'indication d'un "défaut", mais plutét comme le
résultat d'une formationtypique de gaz (voir Figure 1). Les valeurs typiques sont spécifiques
a chaque type de matériel.

5.2 |Composition des gaz dissous

Bien que le hiveau de température atteint ou I'énergie mise en jeu dans le défaut favorigent la
formaliofiyde certains gaz (voir 4.1), en pratique, des mélanges de gaz sont presque toujours
obtenlsrlUne des raisons est thermodynamique: bien qu'ils ne soient pas favaorisés des gaz
secondaires se forment toujours, mais en plus faibles quantités. Cependant, les modéles
thermodynamiques existants issus de l'industrie pétroliere ne peuvent prédire avec précision
la composition des gaz formés, parce que ces modeles correspondent a des équilibres idéaux
de températures et de gaz qui n'existent pas dans les défauts réels. Des gradients élevés de
température existent aussi en pratique, dus, par exemple a I'écoulement ou a la vaporisation
de I'huile le long d'une surface trés chaude. Ceci est particulierement vrai pour les arcs de
puissance qui transférent une grande quantité de chaleur a la couche de gaz de
décomposition et de vapeur d'huile située entre I'arc et I'huile, expliquant probablement la
formation accrue d'éthyléne observée en plus de l'acétylene. D'autre part, les modéles
thermodynamiques existants ne s'appliquent pas non plus au papier, qui se carbonise de
fagon irréversible au-dessus de 300 °C.
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Types de défauts

L'examen interne de centaines de matériels défectueux a conduit aux grandes classes
suivantes de défauts détectables visuellement:

— les décharges partielles (DP), de type plasma froid (couronne), avec dépdt possible de
cire-X sur l'isolation en papier;

— les décharges de faible énergie (D1), dans I'huile et/ou le papier, mises en évidence par
de plus larges perforations carbonisées a travers le papier, une carbonisation de la
surface du papier (cheminement) ou des particules de carbone dans I'huile (comme dans
le rupteur, suite aux manceuvres du changeur de prises); les décharges partielles de type

eti
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Tableau 1 — Table d'interprétation d'AGD

Cas Défaut caractéristique C,H, CH, C,H,
CoH, H, CoHg
DP Décharges partielles (voir notes 3 et 4) NS @ <0,1 <0,2
D1 Décharges de faible énergie >1 0,1-0,5 >1
D2 Décharges de forte énergie 0,6 -2,5 0,1-1 >2
T Défaut thermique t <300 °C NS @ >1 mais NS 2 <1
T2 Défaut thermique 300 °C < t <700 °C <0,1 >1 1-4
T3 Défaut thermique t >700 °C <0,2° >1 34
NOTE| 1 Dans certains pays, le rapport C,H,/C,Hg est utilisé plutét que le rapport CH,/H,. Egalemént| dans
certaifs pays, des limites Iégérement différentes des rapports de gaz sont utilisées.
NOTE|2 Les conditions de calcul des rapports de gaz sont indiquées en 6.1 c).
NOTE|3 CHy/H, <0,2 pour les décharges partielles dans les transformateurs de mesure)CH4/H, <0,07 pqur les
déchafges partielles dans les traversées.
NOTE|4 Des types de décompositions gazeuses similaires aux décharges partielles ont été observés a 13 suite
du dégagement gazeux vagabond de I'huile (voir 4.3).
2 N$ = Non significatif, quelle que soit la valeur.
b Ure valeur croissante de la quantité de C,oH, peut indiquer gquele point chaud est & une température
supérieure a 1 000 °C.
Des ekemples typiques de défauts correspondani”aux six cas du Tableau 1, observég dans
les différents types de matériels (transformateurs de puissance, de mesure, etc.) peuvent étre
consultés dans les Tableaux A.1, A.5, A.8 et Ai12.
Dans |e Tableau 1 figure un certain recouvrement entre les défauts D1 et D2, ce qui sfignifie
qu'une double attribution de D1 ou’de D2 doit étre donnée dans certains cas de résgultats
d'AG0O. Cependant, la distinction-entre D1 et D2 a été conservée parce que la quantité
d'énergie de la décharge peutiaccroitre de maniére significative les dommages pogsibles
causép au matériel et nécessiter des mesures préventives différentes. Le Tablgau 1
s'appllqgue aux transformateurs. Pour les matériels de coupure, voir I'Article A.7|et la
référence [8] de la bibliographie.
NOTE |Les combinaisons’ de rapports de gaz qui sortent des limites du Tableau 1, et ne correspondent pps a un
défaut faractéristique.de ce tableau, peuvent étre considérées comme un mélange de défauts, ou coqme de
nouveapx défauts qui se superposent a un niveau élevé de gaz produit antérieurement (voir 6.1).
Dans un tel cas, le Tableau 1 ne peut pas fournir de diagnostic, mais les représentations graphiques de I'Apnexe B
peuvent étre utilisées pour voir quel défaut caractéristique du Tableau 1 est le plus proche.

Le schéma d'interprétation simplifié, donné au Tableau 2, peut également étre utilisé dans un tel cas pour obtenir
au moins une distinction approximative entre décharges partielles (DP), décharges (D) et défaut thermique (T),

plutét gq

ue pas de diagnostic du tout.

Tableau 2 — Schéma d'interprétation simplifié

Cas C,H, CH, C,H,
C2H4 H2 C2H6
DP <0,2
>0,2
<0,2
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5.5 Rapport CO,/CO

La formation de CO, et de CO a partir de l'isolation en papier imprégné d'huile augmente
rapidement avec la température. Des valeurs élevées de CO (par exemple, 1 000 ppm) et des
rapports CO,/CO inférieurs a 3 sont généralement considérés comme l'indication d'une
implication probable du papier dans le défaut, avec une carbonisation possible, en présence
d'autres gaz de défaut.

Cependant, dans certains transformateurs récents de type scellé, ou dans les transformateurs
ouverts (respiration libre) fonctionnant sous une charge constante (c'est-a-dire a respiration
faible), le CO peut s'accumuler dans I'huile, produisant le rapport CO,/CO < 3, sans aucune
irrégularité ou aucun défaut en I'absence de formation d'autres gaz tels que le Hy qu des
hydrog¢arbures [7].

Des vpleurs élevees de CO, (>10 000 ppm) et des rapports CO,/CO élevés (>10) pguvent
indiquer un léger (<160 °C) échauffement du papier [6, 8] ou une oxydation de [huile,
notamment dans le cas des transformateurs ouverts. Le CO, peut(staccumuler plus
rapidgment que le CO dans les transformateurs ouverts fonctionnant)sous des charges
variabjes du fait de leurs solubilités dans I'huile différentes. Ce phénomeéne, ainsi que la
dégradlation a long terme du papier a des températures basses (<160 C), peut produife des
rappofts CO,/CO plus élevés dans des matériels anciens.

Dans [certains cas, des défauts localisés dans le papier he“produisent pas des quantités
imporfantes de CO et de CO, et peuvent ne pas étre dgteectés avec ces gaz (cas semplable
avec des composés furaniques).

Par cgnséquent, l'implication des défauts dans le_papier ne doit pas reposer uniquemgnt sur
le CO[et le CO,, mais doit étre confirmée par la formation d'autres gaz ou par d'autres| types
d'analyses de I'huile.

Pour pvoir des rapports CO,/CO représentatifs de ce qui se passe dans le matériel, il
convignt tout d'abord de corriger |es* valeurs de CO, et de CO pour tenir comgte de
I'absofption possible du CO, de *l'dir, et des valeurs de CO, et de CO accumulées
antérigurement (voir 6.1 et Article}9), résultant du vieillissement de I'isolation cellulosiqpe, de
I'échapffement des bois de egalage ou de I'oxydation de I'huile a long terme (celle-ci étant
fortement influencée par .la~"disponibilité en oxygéne due aux détails particuliers de
construction du matériel.et’a son mode d'exploitation).

Les matériels respirants, par exemple, saturés a environ 9 % a 10 % d'air dissous, pg¢uvent
contenir jusqu'a~300 ul/l de CO2 provenant de l'air. Dans les matériels scellés, I'gir est
normalement exelu, mais il peut entrer par des fuites et la concentration en CO, est en
propoftion devl'air présent.

Lorsqyi'on“soupgonne une dégradation anormale du papier, il est recommandé de demander
une analyse supplémentaire (par exemple des composés furaniques) ou une mesure du degré
de polymérisation d'échantillons de papier, quand cela est possible.

NOTE 1 Dans le cas des matériels contenant des quantités négligeables de papier (par exemple, la plupart des
types modernes de changeurs de prises en charge (OLTC), la quantité de CO et de CO, peut augmenter avec
I'oxydation de I'huile sous une contrainte thermique. Les valeurs des rapports CO,/CO peuvent étre assez
différentes de celles observées avec les transformateurs.

NOTE 2 Des niveaux élevés de CO peuvent également se former dans le cas de décharges de forte énergie dans
I'huile uniquement.

NOTE 3 Dans les transformateurs de mesure et dans certains types de traversées, des rapports faibles <3 sont
observés, sans aucune dégradation du papier.
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5.6 Rapport O3/N;

De I'oxygéne (O») et de I'azote (N») dissous dans I'huile sont présents, en raison du contact
avec l'air atmosphérique dans le conservateur des matériels respirants, ou de fuites dans les
matériels scellés. A I'équilibre avec I'air, les concentrations en O, et en Ny dans I'huile sont
~32 000 et ~64 000 ppm, respectivement [8], et le rapport O,/N, est ~0,5.

En service, ce rapport peut diminuer par oxydation de I'huile et/ou vieillissement du papier, si
'O, est consommé plus rapidement qu'il n'est remplacé par diffusion. Des facteurs comme la
charge et le systeme de préservation utilisé peuvent aussi affecter ce rapport, mais a
I'exception des systemes fermés, des rapports inférieurs a 0,3 sont généralement considérés
comme l'indication d'une consommation excessive d'oxygéne.

5.7 |Rapport CyHs/Hy

Dans |les transformateurs de puissance, les manceuvres du changeur de prises en g¢harge
(OLTQ) produisent des gaz caractéristiques des décharges de faible énergie (D1). Si lgs gaz
ou [l'Huile de I'OLTC peuvent communiquer avec la cuve principale” ou entre| leurs
consefvateurs respectifs, ces gaz peuvent contaminer I'huile de la cuve-principale et cohduire
a des|diagnostics erronés. Cependant, le type de décomposition gazeuse dans I'OLTC est
trés caractéristique et différent de celui des D1 habituelles dans la €uve principale.

Des rapports CoHo/Hy supérieurs a 2 ou 3 dans la cuvec¢principale sont ainsi consjdérés
commeE l'indication d'une contamination par I'OLTC. Ceci, peut étre confirmé par compafaison
des r¢sultats d'AGD dans la cuve principale, dans I'OKTC et dans les conservateurf. Les
valeurs du rapport de gaz et de la concentration envacétyléne dépendent du nombre de
mancoguvres de I'OLTC et de la fagon dont la contamination s'est produite (a travers I'hyile ou
par vdie gazeuse).

Si lI'on soupgonne une contamination par, les gaz de I'OLTC, il convient d'interpréfer les
résultats de I'AGD dans la cuve principale® avec prudence en soustrayant la contamination
antérigure due a I'OLTC, ou il convient\d'éviter l'interprétation en raison de son mandue de
fiabilitg.

NOTE |[Les OLTC modernes sont congus’/pour ne pas contaminer I'huile de la cuve principale.

5.8 [Hydrocarbures en C3

La mdthode d'interprétation de I'analyse des gaz décrite ci-dessus ne tient compte qye des
hydrog¢arbures en Cy.et Co. D'autres méthodes pratiques d'interprétation utilisent également
les concentrations=des hydrocarbures en C3, et leurs auteurs pensent que ces dernierp sont
fiableg pour fournir des renseignements complémentaires utiles pour réaliser un diagnostic
plus précis.".€omme les hydrocarbures en C3 sont trés solubles dans ['huile,| leurs
conceptrations ne sont pratiquement pas affectées par une possible diffusion vers l'air

Gfaryse—pet gepenare—o e de—la—methede—d'e aetor—u —Be- plus,
I'expérience a montré que, dans la plupart des cas, un diagnostic satisfaisant peut étre
obtenu sans tenir compte de ces hydrocarbures. C'est la raison pour laquelle, dans un but de
simplification, ils n'ont pas été retenus dans la méthode d'interprétation décrite ci-dessus.

5.9 Evolution des défauts

Les défauts apparaissent souvent comme des défauts naissants de faible énergie, qui
peuvent se transformer par la suite en défauts plus séveres de plus fortes énergies,
conduisant a des alarmes de gaz, a des claquages ou a des défaillances possibles.

Lorsqu'un défaut est détecté a un stade d'évolution précoce, il peut étre intéressant de suivre
non seulement l'augmentation de la concentration des gaz, mais également I'évolution
éventuelle avec le temps vers un défaut plus dangereux de forte énergie, donnant lieu a une
défaillance.
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