or DGA interpretation, faults identified using

F hydrocarbon gases are considered more serious if
they appear to affect paper insulation. That is made

explicit in CIGRE technical brochure 771 [1]. Production

of hydrocarbon gases from the oil by electrical or thermal

stress does not significantly affect the oil's function

as a coolant or electrical insulator. On the other hand,

production of carbon oxide gases from paper insulation

raises a concern of paper deterioration. In particular,

charring of the paper by a localized hot spot, especially

in the windings, can lead to transformer failure.

Recently R. Cox and C. Rutledge have developed a
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method for judging the location of a fault in paper
insulation from the percent change of the CO,/CO

carbon oxide gas ratio [2, 3]. In a controlled experiment
with a sacrificial transformer and a heating element, they
found that direct heating of paper tends to generate

more CO than CO,. Case studies of faulty transformers

have revealed that a large percent decrease in CO,/CO is
associated with charring of winding paper. A moderate
percent decrease in the ratio is often associated with paper
charring outside of the windings, such as on bushing or tap
changer leads. A minor percent decrease or an increase of
the ratio (with production of carbon oxide gas) is usually
associated with mild bulk overheating of paper insulation
rather than a localized hot spot. See Table 1 for details.

Condition Cco,/Co Co/ Co,

Normal aging Slight increase Slight decrease
Bulk heating Increase Decrease

Hot spot outside  Moderate decrease Moderate increase
of windings 25% to 45% 33% to 82%

Hot spot in Big decrease 65% Big increase
windings or more 186% or more

Table 1: Ratio interpretation criteria

We propose on mathematical grounds that the CO/CO, ra-

tio should be used instead of CO,/CO. With the most serious
problem - charring of winding insulation - the CO,/CO ratio
approaches zero asymptotically, so that numerical and graphi-
cal resolution are worst when the problem is most severe. By
contrast, charring of insulating paper causes the CO/CO, ratio
to increase, while decreases are associated with less damaging
low temperature bulk overheating. (See Table 1.) The case his-
tory portrayed in Figure 1 shows two episodes where CO/CO,
increased sharply in parallel with methane before the trans-
former failed with extensive charring of winding insulation.
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Figure 1: Evidence of two episodes where CO/CO, increased

sh

arply in parallel with methane before the transformer failed with

extensive charring of winding insulation.

This behavior of the carbon oxide gas ratio can generally
be explained by chemical principles. Higher temperature and
lower oxygen concentration favor the production of CO, while
lower temperature and higher oxygen concentration favor CO,
production. The oxygen concentration in the windings tends
to be lower than in the more freely circulating oil outside the
windings, so a hot spot in the windings produces more CO
than one outside the windings.

We conclude with some useful observations. First, stabiliza-
tion of the gas ratio after a large change is not necessarily a
good sign — it may signify that the paper near a hot spot has
been consumed. Second, the criteria in Table 1 remain rough-
ly valid even in the presence of gas loss. Since CO is lost to the
atmosphere much faster than co,, the CO/CO, ratio can only
increase if CO is truly being produced faster than CO.,. Finally,
some carbon oxide ratio changes are not fault related. For
example, in transformers that have just been degassed and in
transformers immediately after factory heat run testing, the
gas ratio may change as gas trapped in oil-soaked paper insu-
lation diffuses into relatively gas-free bulk oil.
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