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ABSTRACT

In recent years, there have been an increasing number of documented cases of transformer
failures attributed to corrosive sulfur in oil. Reports to date include failures in generator step-up
(GSU) transformers, high-voltage direct current (HVDC) transformers, and shunt reactors from
various designs and manufacturers with different oil sources. Most utilities see this as a serious
concern because failures have occurred without prior warning and failures can not be predicted
by traditional tests (for example, dissolved gas analysis). Even though oil refiners are by now
well aware of the problem, it is interesting to note that several oils are still testing positive or
borderline for corrosive sulfur.

In an effort to further the understanding and mitigation of corrosive sulfur risks in oil-filled
transformers, the Electric Power Research Institute (EPRI) has a project that aims to answer
questions such as the following:

e What are the sources of corrosive sulfur in transformers?
e What can be done to mitigate corrosive sulfur attacks?

e What measures can be taken to prevent future attacks?

e Can corrosive sulfur be removed on-line?

As part of this project, a process for removal of corrosive sulfur from oil containing dibenzyl
disulfide (DBDS) was developed and evaluated. Laboratory tests have demonstrated that DBDS
is the most dominant corrosive sulfur compound. However, although DBDS plays a major role in
the corrosiveness of oils, it is not the only corrosive sulfur compound present. In an effort to
demonstrate the feasibility of removing corrosive sulfur compounds from DBDS-free oils, a
transformer was selected to perform a field test.

The objective was to attempt to demonstrate the corrosive sulfur removal capabilities from oils
free of DBDS (that tested corrosive). At this stage, the preliminary results of the field test of the
on-line corrosive sulfur removal unit show the oil as borderline corrosive, with ASTM 1275B
confirming that progress has been made in removing unknown corrosive sulfur from this oil.

Although good progress has been made so far, there still remain many unresolved issues—in
particular, the identification of specific corrosive sulfur compounds and their correlation to
corrosive sulfur qualitative and quantitative testing as well as the development of noninvasive
techniques to detect the presence of copper sulfide deposits in operational transformers.
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INTRODUCTION

Background

A multitude of sulfur containing compounds is always present in crude oil. Some of the
compounds are reactive while others are stable. Elemental sulfur, mercaptans and sulfides will
react with the copper in the transformer system and produce copper sulfide. Disulfides are
believed to be stable and non reactive although DBDS (dibenzyl disulfide) proved to be very
corrosive. Thiophenes are very stable and can be beneficial as they improve the oxidation
stability of the transformer oil. Generally speaking, the refining of crude oil is undertaken to
remove or transform reactive sulfur compounds and to preserve the beneficial ones.
Unfortunately this is not always easily achieved since the most suitable crudes used for
production of insulating oils are depleted.

In recent years, there have been an increasing number of documented cases of transformer
failures [1-7] attributed to corrosive sulfur in oil. Reports to date include failures in step-up
transformers, HVDC transformers and shunt reactors from various designs and manufacturers
with different oil sources. Most utilities see this as a serious concern since failures have occurred
without prior warning and failures cannot be predicted by traditional tests (DGA and others).

The introduction of hydrotreating in the refining process around 1990 resulted in a dramatic
reduction of the total sulfur content of insulating oils. The average total sulfur content dropped
from approximately 3000 ppm to less than 1000 ppm [8], and in some cases even less than 100
ppm, yet at the same time the number of transformer oils testing positive for corrosive sulfur
increased [9]. This also coincides with the increase in the number of transformer failures
attributed to corrosive sulfur. The link between the increased amount of corrosive sulfur in newer
oils and increased transformer failures is of great concern as the trend implies a continued risk
for transformer failures. To complicate matters, the problem is not restricted to one source or
type of oil. More than 100 large transformers and reactors have failed worldwide since 2000 due
to corrosive sulfur in oil, with no advance warning.

The failure mechanism is believed to be that corrosive sulfur from the oil attacks copper
components to form copper sulfides not only on the copper surface but also on and within the
paper insulation, compromising the paper’s dielectric integrity and eventually causing
equipment failure.

Even though utilities and oil refiners are by now well aware of the problem, it is interesting to
note that a number of oils introduced to the North American market are still testing positive or
borderline for corrosive sulfur by ASTM D1275 B, and will likely test corrosive by either
CIGRE/Siemens (now IEC 62535) or CCD-ABB teats. This indicates that oil distributors and
utilities have to be very diligent before they consider buying new oil. The picture below shows
the results of the new oil offered for sale in Canada that did not pass IEC 62535 corrosive sulfur
test and was found to be borderline corrosive by the ASTM 1275B.
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Figure 1-1

Test results from ASTM 1275B (at left) showing a borderline corrosiveness and IEC 62535
corrosive sulfur test (at right) showing corrosiveness both on the copper and on the paper for a
new oil offered at the beginning of 2009.

Project Objectives

The objectives of this project are:

Perform laboratory work that will provide the necessary information about oil(s) from
selected in-service transformers and the expected efficiency of a corrosive sulfur
removal process.

DBDS is the only corrosive sulfur compound identified in most oils, and usually present in
the highest amounts compared to other sulfur containing compounds. This work will try to
identify any other corrosive sulfur compounds that may originate from new or used oil.

Build prototype units and carry out field trials in order to investigate the effective removal of
corrosive sulfur compounds from transformers filled with oil that has tested positive for
corrosive compounds and to prove that it can be done without power outage and any
interruption to the transformer operation.

Develop an analytical technique capable of detecting and measuring sulfur compounds in oil
at the oil ppm level. This fingerprinting technique could be used to monitor the progress of
the removal of corrosive sulfur compounds or any changes to the sulfur fingerprint that may
result from chemical transformation of non-corrosive to corrosive sulfur or contamination
from other components in contact with the oil.
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LESSONS LEARNED FROM LABORATORY WORK

Source and ldentity of Potentially Corrosive Sulfur Compounds

Sulfur compounds are indigenous to oils of petroleum origin. Their amount and type in
insulating oils is dependent on the type of refining process used. Typically only some
organosulfur compounds are expected to remain in the processed oil. Many of them are natural
oxidation inhibitors and are beneficial to oil aging; others are corrosive and detrimental to
transformer internal components [3,4]. Total sulfur content is not sufficient to assess the
potential towards corrosion, as many sulfur compounds are inert.

To address the above concerns, several suspect oils from different manufacturers and from in-
service equipment were acquired for detailed analysis for sulfur compounds. Given that sulfur
compounds are typically in the parts per million ranges and in the presence of hundreds of
potentially interfering hydrocarbon compounds, traditional analytical methods were deemed
inadequate for this purpose. To assist in overcoming these hurdles, research was focused on other
analytical techniques, including:

e Analysis for total sulfur by inductively coupled plasma spectroscopy (ICP)

e High resolution gas chromatography equipped with an Atomic Emission Detector (GC-AED)
specific for sulfur and

e Gas chromatography-mass spectrometry for compound identification

Mineral insulating oils are a complex mixture of thousands of hydrocarbon compounds not
readily distinguished from each other. Interdispersed among them is a host of complex
organosulfur compounds, making their identification very difficult. Figures 2-1 and 2-2 show
chromatograms of insulating oils analyzed by GC-AED with the detector tuned to the sulfur
wavelength. Although in this mode the instrument is highly selective for organosulfur
compounds, it cannot positively identify them. This is better accomplished by GC-MS. However,
as evident from Figure 2-1 this oil contains only small amounts of sulfur compounds that are
inseparable from the hydrocarbons, making it difficult to identify them even by this technique.

A sample of oil from a reactor that had failed the ASTM D1275B corrosive sulfur test was
subjected to a selective extraction process to concentrate the sulfur compounds. The extract was
analyzed by GC-MS and the major sulfur compound as indicated in Figure 2-1 was tentatively
identified as dibenzyl disulfide (DBDS) and confirmed by comparison to the MS spectrum of an
authentic standard. The identity of this compound has also been confirmed by other

researchers [10].
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Figure 2-1
GC-AED Chromatogram in Sulfur Mode of Oil from a Reactor. Sample with Low Total Sulfur
Content (<50ppm). This Oil Failed the ASTM 1275B Test.

Testing oils with and without its presence confirmed the corrosive nature of dibenzyl disulfide.
In laboratory tests, non-corrosive oil without a passivator was deliberately spiked with low levels
of dibenzyl disulfide and tested for corrosive sulfur in accordance to ASTM D1275 Method B. In
this case, the spiked oil failed the test.

Figure 2-2 shows a GC-AED chromatogram in sulfur mode, of old stock oil with a high sulfur
content (~2000ppm of total sulfur), but with no detectable presence of DBDS. This oil originally
passed the ASTM 1275 corrosive sulfur test.
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Figure 2-2
GC-AED Chromatogram in Sulfur Mode of Mineral Insulating Oil with High Sulfur Content, Old
Stock. No Detectable Presence of DBDS in this Oil.

From Figures 2-1 and 2-2 it can be concluded that total sulfur content alone is not a good
indicator of potentially corrosive sulfur compounds as many sulfur compounds are inert or
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beneficial [1,2,4,11-14]. Only certain sulfur compounds (these that contain reactive sulfur) are
responsible for oil corrosiveness, which can be detrimental to transformer internal
components [15].

Corrosive Sulfur Tests—Efficiency and Reliability

There are several industry standards used to measure the presence of corrosive sulfur in oil. For
example, ASTM 1275B expose the oil to a copper strip at 150°C for 48h. IEC follows DIN
51353 in which the oil is exposed to a silver strip at 100°C for 18h. Both of these tests measure
the extent of darkening on the metal strips. However, their reliability has been in question as
there have been reports of cases where copper sulfide deposits were detected in transformers in
which the oil had tested non-corrosive.

To address this issue, ABB developed the Covered Conductor Deposition (CCD) test that
measures the presence of copper sulfide deposits both on the copper and the paper [1]. This test
was designed to study the effects of corrosive sulfur at simulated transformer operating
conditions. One version of this test exposed the oil to the paper covered copper strip at 140°C for
96 hours with restricted access to oxygen through a capillary tube inserted through the cap of a
vial. Additionally, Siemens developed a similar test that also exposes oil to a paper covered
copper conductor in a hermetically sealed vial, at 150°C for 72 hours.

After evaluating three proposed tests (ABB, Siemens and one identical to ASTM 1275B) through
an international round robin test, CIGRE [4] decide to recommend the Siemens test to be adopted
in Europe as an official standard. This recommendation came after the conclusion that both the
copper conductor and paper need to be examined for the presence of copper sulfide to minimize
the number of false negative results, since all these test are qualitative and subjective in nature.

In our review of these tests, it was also noticed that the metal passivator was consumed to a
much greater degree when the test was carried out in the presence of oxygen. What is clear from
the various tests (see Figure 2-3), is that classifying oils as corrosive or non-corrosive depends on
the time and temperature of the test. Thus oils may be corrosive with one test but non-corrosive
in another [15].

This is particularly the case when the metal passivator is added to the oil. These tests rely on the
degree of discoloration of the metal surface or the paper color as an indication of corrosivity.
This makes it difficult to establish accurate values and criteria for acceptance specifications and
maintenance guides.
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Figure 2-3
Comparison of 3 Different Corrosive Sulfur Test Methods on 3 Different Mineral Oils.

Removal of Corrosive Sulfur from Oil

Preliminary Work

This work was focused on developing methods to selectively remove corrosive sulfur
compounds from oil. The first graph in Figure 2-4 shows the GC-AED chromatogram for sulfur
in the corrosive oil before it was treated. There is one dominant sulfur compound (DBDS) and
several minor ones. On the right side of Figure 2-4 the graph shows the GC-AED chromatogram
for sulfur of the same oil following corrosive sulfur removal treatment. This treatment was
capable of removing most of the dominant sulfur compound (DBDS) and the treated oil passed
the corrosive sulfur test.

The treated and untreated oils were tested for corrosive sulfur using the test method proposed by
Siemens/CIGRE. We can see from the picture in Figure 2-4 (right) that the treated oil shows no
signs of corrosion on the copper strip or the paper whereas the untreated oil shows Cu,S deposits
on both the copper and the paper Figure 2-4, left image.

After proving that corrosive sulfur from the oil could be successfully removed, the project
expanded to the evaluation of oils from US utilities. Ten in service oils from US utilities were
chosen for evaluation as a part of the project.
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Analysis of in Service Oils from US Utilities

Oils from ten different power equipments from US utilities were analyzed for the presence of
corrosive sulfur (DBDS), presence of additives and for the relevant oil quality parameters to

establish a baseline. The results of the analysis are shown in Tables 2-1 and 2-2.

Table 2-1

Sulfur, Metal Passivator, and Oxidation Inhibitor Content in Oils from Ten Different Power
Equipment from US Utilities (Laboratory Test Results).

T
25 min

DBDS DBDS | Total S by |
Oil # Sﬁ;‘;ﬁ(‘f by GC-AED | by GC-ECD IcP Pafs":rf‘)tor D(Ej/gc
(PPM) (ppm) (ppm) PP
1 NI-RM7 38 38 280 a 0.073
2 CE-R2NL 1656 156.4 438 <1 0.285
3 CE-R2N2 187.9 1810 577 <1 0.284
4 CE-SLL 182.9 196.7 728 108 0.006
5 CE-TU 223 6.1 264 38 0.075
6 CE-EBG 1617 159.1 434 <1 0.029
7 BN-T2 <38 <38 126 <1 0.091
8 G-T1 <38 38 215 <1 0.344
9 5513 <38 38 151 <1 0.254
10 SW-TL <38 3.8 662 <1 0.315

From Table 2-1 it can be noted that half of the oils contain some amount of DBDS, though the
amount of DBDS in oil #5 is not significant. The total sulfur content varies between 126 and 728
ppm, which is typical for newer, more refined oils. Only oils #4 and 5 are passivated. The
amount of passivator in oil #4 is close to the common amount that can be found in passivated
oils, while the amount of passivator in oil #5 is about half of what can be considered the typical

passivator content in passivated oils. Oils # 2, 3, 8, 9, and 10 are inhibited, while the rest of the

oil samples contain trace amounts of DBPC.
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All of these oils were also tested for oil corrosiveness using ASTM 1275B and CCD test method.
The test results are shown in Table 2-2.

Table 2-2
Test Results for Oil Corrosiveness from ASTM 1275B and CCD-ABB.
Oil # Sample ASTOM 1275B CCOD-ABB
Name (150°C/48hrs) (140°C/96hrs)
1 NI-RM7 Non-Corrosive Corrosive
2 CE-R2N1 Corrosive Corrosive
3 CE-R2N2 Corrosive Corrosive
4 CE-SLL Non-Corrosive Non-Corrosive
5 CE-TU Non-Corrosive Non-Corrosive
6 CE-EBG Corrosive Corrosive
7 BN-T2 Corrosive Corrosive
8 G-T1 Corrosive Corrosive
9 SS-T3 Corrosive Corrosive
10 SW-T1 Borderline Corrosive

Except in the case of oils #1 and #10 both of the test methods were in agreement. The ASTM test
for oil #10 did not display an undoubtedly positive corrosive result while the CCD-ABB test did.
Also, even though oil #10 on average has more than three times the total sulfur than any other
oil, the severity of the corrosiveness on both tests was somewhat lower than that for all the other
oils. These results indicate that the total amount of sulfur in the oil cannot be directly related to
the corrosiveness of the oil.

Removal of Corrosive Sulfur from Oils that Contain DBDS

Since DBDS was identified as the major compound responsible for numerous transformer
failures worldwide, the focus of this research first aimed to test oils that contained DBDS under
laboratory conditions for their suitability for corrosive sulfur removal process.

The treated oils were analyzed by GC-AED and GC-ECD chromatography for the presence of
DBDS, and tested for corrosiveness by ASTM 1275B and CCD-ABB tests. The oil quality of
these oils (IFT, PF, KV, etc.), before and after the treatment, were also analyzed and compared.
The test results of the oils before and after treatment for corrosive sulfur removal are presented in

Table 2-3.



Table 2-3
Before and After Results for Relevant Oil quality Parameters for Oils that Contained DBDS
(Laboratory Test Results).

S
IET or | Ky Nﬁ:q'ger DBP gg‘g Oxidation
Oil # | (Dyneslc o kV) | (mgKOH Color C S ASTM 1275B CCD-ABB Stability
m | | g (%) (min)
/9) (pr)Jm
2 31.9 0.84 68 <0.01 <1 0.285 43 Corrosive Corrosive 200
2* 40.6 0.05 70 <0.01 0.5 0.27 <1 Noncorrosive Noncorrosive 226
3 32.1 0.18 75 <0.01 0.5 0.291 47 Corrosive Corrosive 216
3* 41.9 0.03 67 <0.01 0.0 0.244 <1 Noncorrosive Noncorrosive 225
4 37 0.03 75 0.028 0.0 0.065 51 Noncorrosive Noncorrosive 66
4* 41.8 0.01 66 <0.01 0.0 0.005 <1 Noncorrosive Noncorrosive 64
5 35.6 0.85 61 <0.01 0.5 0.082 1.6 Noncorrosive Corrosive 175
5* 42.5 0.08 70 <0.01 0.5 0.081 <1 Noncorrosive Noncorrosive 171
6 24.4 0.45 58 -- <1 0.03 42 Corrosive Corrosive 147
6* 41.6 0.06 66 -- 0.5 0.03 <1 Noncorrosive Noncorrosive 143

*Treated oil, DBDS removed

Figures 2-5 and 2-6 show an example of the changes in the GC-AED (amount of DBDS) for the
oils before and after the treatment.

AED2 B, Sulfur 181 (S8JAN3\CE2RN1.D)
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Figure 2-5
GC-AED Chromatogram in Sulfur Mode of Oil #2 Before Treatment.
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Figure 2-6

GC-AED Chromatogram in Sulfur Mode of Oil #2 After Treatment. The DBDS was Removed to Less
than 3.8ppm.

After treatment, the oils tested non-corrosive under both the ASTM 1275B and the CCD-ABB
test methods. Figure 2-7 presents an example of the results obtained.

Figure 2-7
Test Results from the ASTM 1275B (left) and CCD-ABB Corrosive Sulfur Tests (Right) of Oil #2
After Treatment.

The results of the laboratory work for oils that tested corrosive and contained DBDS
demonstrated:

o Potential for corrosive sulfur removal by the on-line process developed by Powertech

e After corrosive sulfur removal all the relevant oil parameters remain at the same level or
better.

¢ Oils had similar oxidation stability before and after corrosive sulfur removal

Removal of Corrosive Sulfur from Oils that Do Not Contain DBDS

Since DBDS was identified as the major compound responsible for numerous transformer
failures worldwide, oil manufacturers changed their refining and formulating process so that
newer oils on the market came free of DBDS. Unfortunately some of these oils are still testing
corrosive. At the same time, broad research into transformer failure caused by copper sulfide
buildup on and in the paper insulation discovered that corrosive sulfur related failures were still
happening in transformers filled with DBDS free oil [1]. This oil later tested corrosive by newer
corrosive sulfur test methods. This discovery introduced new challenges in regards to the
quantitative determination of corrosive sulfur presence in oil, and to the feasibility of removing
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unknown corrosive sulfur compounds from oil. Therefore, after proving that corrosive sulfur

from oils containing DBDS can be successfully removed, the work was expanded the work to
other oils that were free of DBDS, but tested corrosive.

The treated oils were analyzed by GC-AED and GC-ECD chromatography for the presence of
DBDS, and tested for corrosiveness by ASTM 1275B and CCD-ABB tests. The oil quality of
these oils (IFT, PF, KV, etc), before and after the treatment, were also analyzed and compared.

The test results of the oils before and after treatment for corrosive sulfur removal are presented in

Table 2-4.

Table 2-4

Before and After Results for Relevant Oil quality Parameters for Qils that Do Not Contained DBDS

(Laboratory Test Results).

Acid

. S from Oxidation
Ol ol PE | KV | Number | o6, | PBPC | ppps | ASTM 12758 | CCD-ABB | Stability
# | (Dynes/cm) | (%) (kV) | (mgKOH (%) .
(ppm) (min)
/9)
7 33.1 0.264 60 0.01 1.0 0.091 <1 Corrosive Corrosive 197
7 40.4 0.035 53 <0.01 0.5 0.069 <1 Noncorrosive Noncorrosive 195
8 32.1 0.201 68 <0.01 1.0 0.344 <1 Corrosive Corrosive 288
8* 40.5 0.030 67 <0.01 0.5 0.283 <1 Noncorrosive Noncorrosive 276
9 34.7 0.138 53 <0.01 1.0 0.254 <1 Corrosive Corrosive 289
9* 41.3 0.037 50 <0.01 1.0 0.224 <1 Noncorrosive Noncorrosive 258
10 335 1.21 32 <0.01 1.0 0.315 <1 Borderline Corrosive 211
10* 41.7 0.021 42 <0.01 0.5 0.280 <1 Noncorrosive Noncorrosive 269

*Treated oil, DBDS removed

Figures 2-8 and 2-9 show an example of the changes in the GC-AED (even though they did not

contained DBDS only corrosive sulfur compound that have been positively identified in oils that
tested corrosive) for the oils before and after the treatment. From these chromatographs it is
apparent that some sulfur compounds in the treated oil are removed while the amounts of others
are reduced to various degrees. The sulfur compounds that were completely removed seem to be
responsible for oil corrosiveness, since this oil tested non-corrosive after treatment. Efforts have
been made to identify the compounds that were removed, unfortunately no characterization have

been possible at this time.
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Figure 2-8
GC-AED Chromatogram in Sulfur Mode of Oil #7 Before Treatment.

AED2 B, Sulfur 181 (S8AUG19\310T.D)

Norm.
6]
0]
%]
0]
No
o DBDS
10 + l
0 ‘ ‘ WWWWWMMMW%%“M
15 16 17 18 19 20 21 22 23 24 mir
Figure 2-9

GC-AED Chromatogram in Sulfur Mode of Oil #7 After Treatment.

After treatment, the oils tested non-corrosive under both the ASTM 1275B and the CCD-ABB
test methods. Figure 2-10 presents an example of the results obtained.

Figure 2-10
Test Results from the ASTM 1275B (left) and CCD-ABB Corrosive Sulfur Tests (Right) of Oil #7
After Treatment.
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The results of the laboratory work for oils that tested corrosive and were free of DBDS
demonstrated:

e Potential for corrosive sulfur removal by the on-line process developed by Powertech.

e After corrosive sulfur removal all the relevant oil parameters remain at the same level
or better.

e Oils had similar oxidation stability before and after corrosive sulfur removal.

In addition extensive laboratory work was performed in an attempt to identify any of corrosive
sulfur compounds in these oils, but up to now without tangible success. Since the transformer oil
matrix is very complex and the amounts of corrosive sulfur may be at trace levels it was
expected that the identification of any corrosive sulfur compound (apart from DBDS) would be
difficult. In the future more efforts will be geared towards finding a way to identify corrosive
sulfur compounds that cause these oils to test corrosive.
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FIRST FIELD TRIAL: LESSSONS LEARNED

As previously reported [15, 16], a process for removal of corrosive sulfur from oil that contained
DBDS has been developed and evaluated in the laboratory and in the field. Powertech’s
proprietary process for on-line removal of corrosive sulfur from transformers/reactors that are at
risk proved that it is capable of removing DBDS from corrosive oil. The advantages of on-line
removal of corrosive sulfur include: no power interruption, no wasted oil, and no negative impact
on the environment.

Transformer Chosen for First Field Trial

After laboratory testing of the oils presented in the previous section, oil #10 was selected for a
field trial. The on-line corrosive sulfur removal unit was installed on a Three-Phase, 30MVA,
138kV transformer manufactured in 1999. The transformer contains 5,515 gallons of oil. This oil
presented a challenge not only from the corrosive sulfur removal aspect (oil free from DBDS),
but also because of the high power factor, which had been a problem since this oil was new.

The objective of this field trial was an attempt to prove the corrosive sulfur removal capabilities
from oils free of DBDS (that tested corrosive). The unit has been running continuously on the
energized transformer without any disturbance to the transformer operation and it is likely that at
the end of this trial the treated oil will test noncorrosive. The corrosive sulfur removal unit can be
observed in Figure 3-1.

Figure 3-1
On-line Corrosive Sulfur Removal Prototype Unit Installed on a 30MVA Transformer.
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Results Obtained During First Field Trial

The results of this ongoing field trial are documented in Table 3-1. Based on these results the
prototype corrosive sulfur removal unit has shown the following;

e All relevant oil properties were brought to the level of new oil after only two sets of columns
being exhausted. Power factor improved from 1.3% to 0.07%, which had been a problem for
this oil.

e The result from May 2010 by ASTM 1275B method shows that the oil as non-corrosive.

e At this stage the oil is showing as borderline corrosive by ASTM 1275B confirming that
progress have been made in removing un-known corrosive sulfur from this oil.

Table 3-1
Test Results of Oil from 300 MVA Transformer During the Field Trial.
N Qil
Date Oil Sample IFT PF DBPC OS)f[gijTI[iI?yn Corrosivene
(Dynes/cm) (%) (%) (min) ss (ASTM
1275B)
3-Dec-08 M;,1 36.6 1.289 0.348 211 Corrosive
3-Dec-08 Moul 45.3 0.023 - - -
23-Dec-08 Moutl™ 43.7 0.1382 0.359 - -
23-Dec-08 M;,2 40.3 1.05 - - -
23-Dec-08 Mou2 449 0.067 - 262 -
21-Jan-09 M;,3 42.8 0.269 0.354 - -
21-Jan-09 M3 43.8 0.05 0.365 - -
29-Jan-09 M;,4 425 0.19 - - -
29-Jan-09 Mo 43.9 0.045 - - -
14-Apr-09 M;,6 41.9 0.066 - - -
14-Apr-09 M .6 41.3 0.037 - - -
14-Apr-09 M;.7 42.2 0.05 - - -
14-Apr-09 Mout? 42.5 0.03 - -
23-Jul-09 M;.8 42.1 0.05 - - Corrosive*
23-Jul-09 Mou8 42.3 0.02 - - Noncorrosive
23-Jul-09 M;i.9 - - - - Corrosive*
23-Jul-09 Mou9 - - - - Corrosive*
9-Aug-09 M;,10 - - - - Corrosive*
9-Aug-09 Mot10 - - - - Noncorrosive
22-0Oct-2009 M;,12 - - - - Corrosive*
22-0ct-2009 Mol 2 - - - - Noncorrosive
6-Nov-2009 M;,15 43 - 0.334 - Corrosive*
6-Nov-2009 Moutl5 42.5 - 0.339 - Noncorrosive
28-Jan-2010 M;,16 - - - - Corrosive*
28-Jan-2010 Mo,:16 - - - - -
29-Jan-2010 M;,17 - - - - Borderline
29-Jan-2010 Moud7 - - - - -
4-May-2010 M;,18 - - - - Noncorrosive
4-May-2010 Mo.:18 - - - - Noncorrosive
20-Sep-2010 M;,20 - - - - Borderline
20-Sep-2010 Mout20 - - - - Borderline
6-Oct-2010 M;.21 - - - - Corrosive
6-Oct-2010 M2l - - - - Noncorrosive
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CONCLUDING REMARKS

The work described on this technical update is part of an on-going EPRI effort to improve the
understanding and mitigation of corrosive sulfur in oil filled transformers/reactors.

Lessons Learned from Laboratory Work
Work to date in the laboratory has demonstrated the following:

e DBDS (the most dominant corrosive sulfur compound) can be removed from oils.

e While DBDS plays a major role in the corrosiveness of oils, it is not the only corrosive sulfur
compound present.

e The removal of other corrosive sulfur compounds from DBDS-free oils that test corrosive is
also feasible and will produce oils that will test non-corrosive.

e Oil quality parameters (PF, IFT, KV, etc.) of all oils after corrosive sulfur removal treatment
showed improvement.

e Oil oxidation stability of treated oils was practically unchanged.

Lessons Learned from On-going Field Trial

The initial field test results of a new on-line corrosive sulfur removal unit that has been installed
and is operating smoothly on 300 MV A transformer have confirmed that all relevant oil
properties (oil quality parameters) were brought to the level of new oil.

Field evaluation which is underway is designed to remove unknown corrosive sulfur compounds
so that at the end of the treatment the oil will test non corrosive. However, it has not been easy to
determine the exact progress of the corrosive sulfur removal process because of

e The fact that the corrosive sulfur compounds removed are unknown.

e The accuracy and reproducibility of the inductively coupled plasma spectrometry (ISP)
method for total sulfur content in the oil is close to the amount of the unknown corrosive
sulfur compound in the oil.

e Since we do not know which sulfur containing compound(s) are corrosive (in oil that doesn’t
contain DBDS) and the accuracy and reproducibility of the ISP method for total sulfur
content in the oil is close to the amount of the unknown corrosive sulfur compound, it is not
easy to determine the exact progress of the corrosive sulfur removal. Efforts are needed to
improve the method accuracy and we are looking for other available options. At present, the
only exact way to determine oil corrosiveness is the ASTM 1275B method or IEC 62535.

The result from May 2010 by ASTM 1275B method showed the oil as non-corrosive. However,
this does not mean that the oil is free of corrosive sulfur. At this stage the oil is testing as
borderline corrosive by ASTM 1275B confirming that progress have been made in removing
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unknown corrosive sulfur from this oil. This confirms the progress in removing un-known
corrosive sulfur from this oil. Further testing of subsequent oil samples is underway and will help
verify this result.

Ongoing Work

A second on-line corrosive sulfur removal unit field test is underway in a shunt reactor. The
objectives in this case are to demonstrate the corrosive sulfur removal from oil containing DBDS
and the development of a methodology to quantify the progress made in the removal process.
The corrosive sulfur removal unit can be observed in Figure 4-1.

Figure 4-1
On-line Corrosive Sulfur Removal Prototype Unit Installed on a Shunt Reactor.

Future Work

Although good progress has been made so far, there still remain many unresolved issues that
could be of further focus for this project:

e The identification of specific corrosive sulfur compounds.

o Further development is needed towards a quantitative method to determine the progress made
on the removal of corrosive sulfur compounds. For example, after several filter changes, one
should be able to calculate with certain degree of confidence, the time (or filter changes)
required to eliminate corrosive sulfur compounds from the oil.

e Understanding of the correlation of sulfur compounds to corrosive sulfur qualitative and
quantitative testing.

¢ The development of non-invasive techniques to detect the presence of copper sulfide deposits
in operational transformers.
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