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Abstract: The aim and contribution of this paper is to identify with Duval Pentagon 2 the stray
gassing (SG) patterns of inhibited and uninhibited mineral oils in transformers in service and in the
well-established laboratory SG tests of CIGRE and ASTM, so that SG in transformers can be easily
distinguished from the other types of faults occurring in them. The SG test of IEC 60296-2020 is
inadequate or much less effective for that purpose.
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1. Introduction

Most large power transformers in service worldwide contain mineral insulating oils. About half
of them are uninhibited [1], with a tendency to use more and more inhibited oils [2]. Only a tiny
minority contain non-mineral (e.g., vegetable) oils.

The belief in the UK in the 1960s was that inhibited mineral oils were “low-quality oils” masked
by the addition of an inhibitor and therefore that uninhibited mineral oils were more appropriate.
However, this has been proven wrong by the fact that inhibited mineral oils have been used successfully
during several decades in North America in transformers of all types.

All oils tend to produce “stray gases” in service, in various amounts and patterns depending
on the oil used. Stray gassing (SG) of oil has been defined by CIGRE [3] as “the formation of gases
in electrical insulating oils heated at relatively low temperatures of 90 to 200 °C”. SG is due to the
chemical instability of oil molecules after they have been submitted to refining procedures, such as for
example hydrogen treatment to remove impurities and undesirable chemical structures in mineral
oils. Such treatments may oversaturate the hydrocarbon chains of mineral oil with hydrogen, which
is then released as Hj gas, together with some C;Hg and CHy, when the oil is heated at various SG
temperatures, or is in contact with oxygen [4].

H, gas formed by SG is often mistakenly attributed to corona partial discharges (PD) in the
transformers, sending false fault alarms to maintenance engineers. The aim and contribution of this
paper is to avoid such misinterpretations, by identifying with Duval Pentagon 2 the SG patterns of the
two main types of mineral oils used in transformers and in the well-established laboratory SG tests of
CIGRE and ASTM, so that SG in transformers can be easily distinguished from the other types of faults
occurring in them.

Duval Pentagon 2 is a graphical method used in the new CIGRE and IEEE Gas Guides [4,5] for
the interpretation of dissolved gas analysis (DGA) in transformers. Pentagon 2 allows to precisely
and easily identify visually the gas formation patterns occurring in the transformers in service and
the types of faults that produced these gas patterns, i.e., electrical and thermal faults, corona partial
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discharges (PD), low energy arcing (D1), high energy arcing (D2), high temperature faults in oil only
(T3-H), possible carbonization of paper (C), overheating (O) and stray gassing of oil (S).

This paper is a “research” paper containing original experimental data developed at the High
Voltage Testing and Engineering Commission of Switzerland (FKH), comparing the stray gassing
(SG) of inhibited and uninhibited oils during SG tests in the laboratory and in transformers of the
FKH, as well as unpublished data discussed in CIGRE/IEC working groups in the past 10 years but
not published nor reported anywhere. The conclusions arrived at in this paper also have never been
discussed nor presented anywhere before.

2. Material and Methods

The database of dissolved gas analysis (DGA) of the High Voltage Testing and Engineering
Commission of Switzerland (FKH) was used to identify the transformers of the FKH filled with
inhibited mineral oil A (Nynas 4000X) or uninhibited oil B (Nynas Taurus) and producing gases of the
SG type. Samples of oils A and B taken from the transformers were subjected to stray gassing tests in
the laboratory of the FKH, using two different procedures:

(1) SG Procedure 1, developed by CIGRE in 2002 and published in 2006 [3], consisting of heating
the oil in a syringe in an oven at a temperature of 120 °C during 164 h. This procedure can also be
used at other temperatures (between 70 and 160 °C) and during different periods of time (from 24 h to
>164 h). Different SG temperatures and periods of time were indeed used in this paper to determine
the influence of these two factors on the SG patterns during the SG tests, as illustrated in Figures 1, 3, 5,
7 and 8. The same procedure, but at 120 °C, 164 h only, was used in the ASTM Standard Test Method
D7150, first published in 2005 [6].

(2) SG Procedure 2, described in the new IEC Standard 60296-2020 [7], consisting of heating the oil
at 105 °C during 48 h, with or without a piece of copper foil inserted in the syringe. This procedure
was developed in 2004 by Donald Hepburn at the Glasgow Caledonian University, for National Grid
Transco UK, but has not been used elsewhere.

Gases formed in o0il during the SG tests at the FKH were analyzed by its DGA laboratory and
plotted in Duval Pentagon 2 [8] for easier comparison of the results. Gases formed during these SG
laboratory tests were then compared to those formed in zones S and O of Pentagon 2 in the FKH
transformers filled with oils A or B.

The same was done for the SG results reported by sources other than the FKH during laboratory
tests and in transformers in service. The identity of these other laboratories and transformer owners
cannot be disclosed publicly, only on a confidential basis through a special request to the authors and
are thus represented by an anonymous reference number in the Figures of this paper (e.g., ref. 1 to ref.
6 in Figure 3). Around 15 laboratories and owners of transformers other than the FKH are mentioned
in Figures 3, 4, 7-10, from 12 different countries. Most of them are highly respected laboratories,
strictly following the SG test and DGA standard procedures, so their results can be considered as very
accurate and reliable. All of them indicated the type of oil used (inhibited or uninhibited), but rarely
the commercial brand of oil. Their SG tests were performed on the same oil used in their transformers.
The age of their transformers and oils in general was not mentioned.

From the results examined in this paper, the main factors influencing SG patterns are the SG
temperature and the type of oil used (inhibited or uninhibited). No data were available suggesting
that the age of the transformers and oils may influence the SG patterns.

3. Stray Gassing of Inhibited Mineral Oil A

When the testing inhibited mineral oil A at the FKH with Procedure 2 at 10 °C during 48 h, with
or without copper, only very small amounts of gas were formed (below 2 ppm), too small to reliably
identify the SG patterns of inhibited oil A.

This is possible using Procedure 1 because of the longer test duration (164 h) and/or the higher
temperature (120 °C) used. The SG patterns of inhibited oil A using Procedure 1 during 164 h are
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indicated in Figure 1. SG at 105 °C and at 120 °C, with and without copper, occurs in the same small
region (“Cluster 1”) of zone S and at 160 °C in Cluster 2. The same term of “cluster” will be used
throughout the following text to indicate a small specific region of Pentagon 2.

SG test Hz | CHs | CoHa | CaHs | CaHe |
Qil A 105°C 164h 45115 0 0 0
Inhibited | 120°C 164h Cu | 16 | 4.8 0 0 0 .
120°C 164h 73 |32 0 23 0
160°C 48hh 2001 110 0 19 29 _
Pentagon 2

Hz

s Cluster1
[

CzHs CzHz

Fluster? (7]

CHas CzHs

Figure 1. Stray gassing (SG) of inhibited mineral oil A during laboratory tests at the High Voltage
Testing and Engineering Commission of Switzerland (FKH), in Clusters 1 and 2.

It can be seen in Figure 1 that copper does not affect the SG pattern of inhibited oil A (at 120 °C it
is similar with and without copper). However, copper unexpectedly reduces the amount of H, formed,
so it behaves as an inhibitor of SG formation.

This means that SG gas formation in the inhibited mineral oils is not related to oxidation, otherwise
it would be enhanced by the copper, but rather to thermal degradation only. The reason why it is
inhibited by copper would require further investigations outside the scope of this paper.

From these SG laboratory test results with inhibited oil A, it can be concluded that (1) SG Procedure
2 is not appropriate for identifying the SG patterns of the inhibited mineral oils, because not enough
gases are formed, with or without copper; (2) SG Procedure 1 is much more appropriate—it produces
amounts of gas large enough to identify SG patterns; (3) copper does not affect the SG patterns; and
(4) copper, however, markedly reduces the amount of gases in the ppm formed by SG—so, transformers
filled with inhibited mineral oil will produce less gases if they are built with bare copper wires rather
than with enameled ones.

The typical SG patterns observed in a transformer of the FKH filled with oil A are indicated in
Figure 2. They tend to occur in Clusters 1 and 2, almost exactly as during the laboratory SG tests.
Therefore, they were probably due to local overheating of the oil at ~120 °C and ~160 °C, respectively,
almost impossible to detect with electrical and acoustic tests and by visual inspection.

The amounts of gas formed in the transformer are higher than during the laboratory SG tests,
probably because the oil was overheated during years in service, not only after 164 h.

This transformer had bare copper wires. Had the enameled copper be used, H; levels probably
would have been higher.

Corona Partial Discharge (PD) tests made on these transformers did not detect any corona PD
activity, so gas formation was due only to SG of the oil.
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Figure 2. SG of inhibited mineral oil A in a transformer of the FKH, in Clusters 1 and 2.

4. Stray Gassing of Other Inhibited Mineral Oils

4 0f9

Results of the SG tests performed at various temperatures by other laboratories (indicated as ref.
1 to ref. 6 in Figure 3) on inhibited mineral oils other than oil A and obtained from various sources are
indicated in Figure 3. SG of these inhibited oils occurs in Clusters 3 and 2, close to those observed for
inhibited oil A in Figure 1 at similar temperatures.

SGest H: [CHs [ CH. [ CH: [ CHe

Inhibited oils

ref 1 95°C 164h 35 0 0 0 0 . |

ref 2 120°C 164h | 167 5 0 2 0 o |

ref3 120°C 164h | 335 [ 23 0 6 3

ref 4 160°C 48h 98 | 54 0 5 8 e |

ref 5 160°C 48h 53 | 82 0 7 42

ref 6 160°C 48h 148 | 164 0 27 59 "

Ha Pentagon 2

CaHs CzHz

Cluster 2

CHas

CzHs

Figure 3. SG of inhibited mineral oils other than o0il A during SG tests by laboratories other than the

FKH, in Clusters 3 and 2.
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In Figure 4 are indicated cases of SG with high H; formation in transformers filled with inhibited
mineral oil and reported by various sources other than FKH (indicated as ref. 1 to ref. 9 in Figure 4).
The PD tests made on these transformers did not detect any corona PD activity, so gas formation was
due only to SG of the oil.

Ref Hs CHs | CaHs | CoHy | CoMe
Inhibited oils | ref 1 739 a8 0 18 37
in senice ref2 | 813 a3 0 B9 | 284 B
with highHz | ref 3 | 2048 11 0 1 3 7
no failure refd4 | 2404 512 7 8 153
ref 5 | 10316 | 1060 | 0 3 [ 345 e |
refG | 17024 | 412 0 7 182 7]
ref 7 | 19616 | 2006 0 2 309 ™
ref 8 | 33412 | 3612 0 3 1007 | m |
ref 9 | 55000 | 10000 1] i 2481 |
Pentagon 2

Cluster 3

G
Cluster 1

CaHs CaHz

CHs CaHs

Figure 4. SG of inhibited mineral oils other than oil A in transformers other than from the FKH, in
Clusters 1 and 3.

These cases occur in Clusters 1 and 3, close to those in Figure 2 with oil A. They were therefore
probably due to overheating of the oil between 105 °C and 120 °C during several years or decades,
possibly in the core.

5. Stray Gassing of Uninhibited Mineral Oil B

Results of the SG laboratory tests at the FKH with uninhibited mineral oil B at 70 °C to 160 °C,
with and without copper, using mostly Procedure 1 but also Procedure 2, are indicated in Figure 5.

SG occurs in Cluster 1, only at 70 °C without copper. It occurs in Cluster 4 for all other test
conditions (105 °C to 160 °C, with or without copper).

From this laboratory, for the SG test results with uninhibited mineral oils, it can be concluded
that the SG patterns of the uninhibited oils are similar using Procedure 1 and Procedure 2, with or
without copper. However, Procedure 1 is more versatile, providing SG patterns at all temperatures
and producing larger amounts of gases in ppm.

The typical SG patterns observed in the FKH transformers filled with uninhibited mineral oil B
are indicated in Figure 6, listed by increasing amounts of C;Hg. They tend to occur in Clusters 3 and 4,
close to those during the laboratory SG tests in Figure 5.
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SGtest Hz [ CHs | CoH: | CaHa | CaHs
QilB 70°C 168h 29111 0 0 0
Uninhibited | 70°C168h Cu| 13 | 18 0 0 50 . :
105°C 48h 36 | 37 0 0 5 -
105°C 48h Cu | 83 | 150 0 55 | 220
120°C 164h 110 170 0 3.2 150 .|
160°C 48h 140 | 260 0 12 210
160°C 48h Cu | 65 | 350 0 12 310 0
Pentagon 2

CzHz

Figure 5. SG of uninhibited mineral oil B during laboratory SG tests at the FKH, in Clusters 1 and 4.

CzHs

Clusterd /=

Cluster 3 .

CHa

CzHa

2 | CHs | CaHa | CaHy | CaHe
0l B 63 |54 | 0 13| 6 B
Uninhibited | 87 | 4 0 0 11 '
insenice | 450 | 67 1] 10 20 .
50 [ 34 | 0 20 | 110
48 | 61 1 5 120 | » |
7 [10| 0 7 | 390 ]
100180 0 11 420 | m
5 120 0 33 [ 450 | m |
20 | 230 | O 6 | 520 |
Pentagon 2

CaHz

Figure 6. SG of uninhibited mineral oil B in transformers of the FKH, in Clusters 3 and 4.

6. Stray Gassing of Other Uninhibited Mineral Oils

6 0f 9

The results of the laboratory SG tests performed by laboratories other than the FKH (indicated as
ref. 1 to ref. 5 in Figure 7) on uninhibited mineral oils other than oil B at temperatures of up to 120 °C
are indicated in Figure 7. They tend to occur in Clusters 1 and 2.
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SGtest Hz | CHy | CzH2 | CaHs | CaHe
Uninhibited oils
ref 1 100°C 39555 [ 0 0 [ 26 [ e |
ref 2 105°C 93212341 0 13 106 N
105°CCu [ 612258 0 15 175
120°C 314 | 316 | 0 7 [ 123 [ o |
ref 3 120°C 98 | 123 0 7 58 B
ref 4 120°C 108 | 88 0 1 82 u_|
ref 5 120°C 214 | 68 0 41 82 n_|
Pentagon 2

CzHs CaHz

CH4 CaHa

Figure 7. SG of uninhibited mineral oils other than oil B during the SG tests (T < 120 °C) by laboratories
other than the FKH, in Clusters 1 and 2.

The results of the laboratory SG tests performed by laboratories other than the FKH (indicated
as ref. 6 to ref. 8 in Figure 8) on uninhibited oils other than oil B at temperatures above 140 °C are
indicated in Figure 8. They tend to occur in Cluster 4.

SGtest H: [CHa| CH: [CH: | CHs
Uninhibited oils |
ref 6 140°C 178 | 219 0 6 149 .|
ref 7 140°C 35 | 58 0 20 109 -
150°C 38 | 86 0 31 184
160°C 70 | 149 0 | 89 [ 367 | e |
ref 8 100°C mild | 207 | 386 0 0 356
steel
Pentagon 2
D
CzHe CaHz
Cluster 4
D2
T3-H
CaHs4

Figure 8. SG of uninhibited mineral oils other than oil B during the SG tests (T > 140 °C) by laboratories
other than the FKH, in Cluster 4.

SG formations in Clusters 1 and 2 in transformers other than from the FKH (indicated as ref. 1
to ref. 5 in Figure 9) filled with uninhibited oils other than oil B are indicated in Figure 9. They are
probably due to temperatures <120 °C in the transformers.
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Figure 9. SG of uninhibited mineral oils other than oil B in transformers other than those from the FKH,

in Clusters 1 and 2.

Cz2Hs

-]

Cluster2 -

Cluster 1

Hz

CHas

CzHs

Ref | Hz | CHa| CaHz | CaHa | CoHe
Uninhibited | ref 1 | 345 | 50 | 0 ] 13 T
oils ref2 | 134 | 23 ] i 0 . |
Inserdce |ref3 | 247 | 25 [1] T 80 * |
11| 45 | © a a1
102 | 58 0 0 | 142 | & |
refd | 921 337| O 9 | 477 ]
ref5|150] 70 | O 85 | 230 | =
171138 14 | 70 | 376 | w |
Pentagon 2

8of9

SG formations in Cluster 4 in transformers other than from the FKH (indicated as ref. 5 to ref. 7 in
Figure 10) filled with uninhibited oils other than oil B are indicated in Figure 10. They are probably
due to temperatures >140 °C in the transformers.

CzHe

Ref Ha | CHs | CaHa | CaHy | CaHe |
Uninhibited | ref5 | 10 | 288 | 0 | 22 | 528
oils tef4| 0 | 118 | O 3 | 371 | e
insenice |ref6 |29 | 138 | O 0 | 140 | e |
ef7| 5 80| 0 4 | 242
Ha Pentagon 2

Cluster 4

e

CHas

CzHs

Figure 10. SG of uninhibited mineral oils other than oil B in transformers other than those from the

FKH, in Cluster 4.
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A comparison of Figures 1-10 shows that the uninhibited mineral oils produce much more SG
gases in ppm than the inhibited oils, particularly of Hy, CH4 and CyHg.

7. Conclusions

(1) The SG patterns of the inhibited and uninhibited mineral oils during the laboratory tests and
in the transformers have been identified and compared in this paper using Duval Pentagon 2.

(2) There is a good correlation between SG in the transformers and SG in the laboratory tests
performed at one or several temperatures on samples of the oil used in the transformers. SG in
transformers can thus easily be differentiated from other possible faults, such as corona PD and thermal
faults of higher temperatures.

(3) SG patterns during laboratory tests allow to evaluate the approximate temperature of
overheating of the oil in the transformers, between 70 °C and 160 °C.

(4) The stray gassing (S5G) procedure of CIGRE TB 296-2006 [3] is much more appropriate for
identifying the SG patterns of inhibited mineral oils than the new procedure of IEC 60296-2020 [6],
which produce much smaller, insignificant amounts of SG gases. It is also much more versatile for
uninhibited mineral oils, providing SG patterns at all temperatures.

(5) Once SG of the oil has been identified in a transformer, it has been shown in [4] that it does
not affect the normal operation of the transformer, even when very large amounts of SG gases are
formed (see Figure 4). The mandatory limits of SG for new mineral insulating oils in IEC 60296-2020
are therefore unneeded and irrelevant.
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