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WHY THIS PRESENTATION? ﬁ

KINECTRICS

« To demonstrate the importance of moisture management in power
transformers as a critical maintenance activity.

« Show the significant impact of moisture on transformer operation
and lifespan.

« To show the limitations of conventional transformer drying
processes in achieving low levels of moisture in paper insulation.

« Understand the issues associated with measuring the moisture
content inside transformers, specifically the paper.

« To show that Low-Frequency Heating is the BEST method for
Field-Drying of Medium to Large Power Transformers.
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The Threat of Transformer Fallure Caused by
Moisture is REAL!

The possibility of moisture-induced catastrophic
failure of mission-critical transformers is real!

N :
KINECTRICS

Consider the following:

= This single-phase, 400 MVA, OFW, GSU
transformer was considered “middle aged” (DP ~
700) and was expected to be in service for years
to come

* The oil in the transformer was processed to
remove moisture from the unit only weeks before
it failed catastrophically without warning.

= LFH drying of the paper insulation would have
prevented this failure.

* |n this case there was an on-site spare, but lead
times for new power transformer are currently two power plant that experienced

to three years. dielectric failure due to moisture in
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400 MVA, 1 &, GSU at a nuclear-




The Threat of Transformer Failure Caused by ﬁ
Moisture iIs REAL!

KINECTRICS

« Arecent survey conducted by S.D. Meyers found that 9.7% of 85,210 in-
service transformers tested had unacceptable moisture levels (> 18%
Relative Saturation).

 Search of INPO database for relevant OPEX shows several instances of
transformer failure attributed to excess moisture in the insulation.
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Why Worry About Moisture? E

KINECTRICS

The basis of the moisture problem...

» Cellulose insulation — when dried and oil impregnated - is one of the best
electrical insulators known, and one of the most cost-effective.

» Electrical papers and pressboards are made from 100% cellulose (Kraft-
process, softwood fibers).

» Unfortunately, the “dark side” of cellulose is that it is one of the most hydrophilic
materials known.

» Cellulose has a natural affinity for water, which it wants to absorb, and removing
moisture from cellulose takes a lot of energy and time.
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Why Worry About Moisture? .

KINECTRICS

Moisture affects the dielectric performance of the solid insulation

Clampmg plate Clampmg plate
Tube Snout
Cylnder Spacer block
Angle rng Cap
Metalized stress
rng
Moulded lead exit
Paper wrap around
copper wire
Cylnder
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Why Worry About Moisture?

= Moisture affects the dielectric performance of the solid
insulation (e.g. water-treeing)

KINECTRICS

= Moisture affects the dielectric performance of the fluid
in the transformer

= Moisture accelerates the aging of cellulose insulation
and can degrade other non-cellulose insulations as
well (hydrolysis)

= Moisture reduces the volume resistivity of the oil
(HVDC units!)

= Other undesirable chemical reactions in the tank e.qg.
rust!

» Moisture can lead to bubble formation under high load
conditions. :::

- Moisture affects the loadability of a transformer

= Moisture can lead to Partial Discharge (PD) activity in
areas of high dielectric field stress.

= Bridging dielectric failures — moisture in cellulose
particles
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Why Worry About Moisture?

KINECTRICS

Moisture affects the loading capability of a transformer
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Fig. 2: Recommended maximum loading limits as function of moisture [4].
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Why Worry About Moisture?

KINECTRICS

Moisture in cellulose particles suspended in oil can lead to
bridging failures
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Why Worry About Moisture?

KINECTRICS

Moisture in cellulose particles suspended in oil can lead to
bridging failures

For higher-voltage
units (> 161 kV) test
the transformer oll for
particle count and

particle

characterization!
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Why Worry About Moisture?

KINECTRICS

Moisture affects the aging of the cellulose insulation in a

transformer
1000

This effect would only
manifest itself through
Degree of
Polymerization (DP)
measurement using
furanic compound
assay on the oil.

Life expectancy [years]
o
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Temperature [°C)

S . ' Fig. 1: Life expectancy for cellulose at different temperature
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BREATHER IN
SERVICE. OPEN THE
e VALVE SLOWLY :

] ]

Where Does Moisture
Ccome From?

KINECTRICS

* There are four sources of excessive water in transformer
iInsulation:

» Residual moisture in the thick structural components
which was not removed during the factory dry-out or due
to moist accumulation of the insulation surface during
assembly.

* Ingress from the atmosphere (breathing during load
cycles, site erection and/or maintenance/repair
processes). Example - silica gel breathers not
regularly maintained

» Leaks (gaskets, conservator air bags, weld pinholes,
etc.)

» Decomposition of cellulose and oil during natural aging




Where Does Moisture Come From? E
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Decomposition of cellulose

» The ageing of cellulosic materials is an auto-catalytic chemical reaction,

the rate of which is determined by the presence of water, oxygen and
heat.

= Aging of cellulose leads to molecular chain scission of the polymer and
the formation of by-products including water and furanic compounds.
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KINECTRICS

Where Does Moisture Come From?
Cellulose molecule

Glucose Monomer

Degree of Polymerization = DPv = Average Number of
Glucose Monomers Chained Together
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Where Does Moisture Come From? u

HOH (Water) KINECTRICS
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Where Does Moisture Come From?
—> HOH

KINECTRICS

80 °C - 300 °C
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Where Is the moisture In a transformer?

KINECTRICS

Most of the Moisture is “Stored” in the Cellulose Insulation Materials

Winding
22%

Water Distribution

Insulation Weight Distribution
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Where Is the moisture?

KINECTRICS

Moisture in a transformer is constantly migrating between ol
and paper, depending on temperature.
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Where Is the moisture?

KINECTRICS

Moisture in a transformer Moisture profile
IS constantly migrating
between oil and paper,
depending on
temperature.
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Where Is the moisture?

Equilibrium values of moisture content KINECTRICS
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How Dry Is Dry Enough?

KINECTRICS

As a benchmark, consider that new transformers have residual moisture content in
the paper as follows:

» <69 kV class: 0.5% —0.75% MCP (Moisture Content in the Paper)
= >69 kV class: <0.5% MCP

There are industry-accepted guidelines for acceptable moisture limits in power transformers,
and these limits are different depending on voltage class; rating; and possibly other factors.

Utilities often develop their own limits based on these inputs and OPEX.

Maximum water content | Equivalent
in oil water
Transformer ppm content in

In the IEEE Std C57.106 — 2002 Guide, rated voltage paper
. . :: 50°C | 60°C | 70°C
permissible values of water content in oll

can be used to infer allowable moisture Up to 69kV 27 35 55 3%

content in paper 69 to 230kV 12 20 30 2%
230kV and 10 12 15 1.25%
above

22 confdential and © 2022 Kinectics nc Less moisture in your transformers is always better!



How do we measure moisture content in a Transformer? L

1. From a scientific perspective, the most
accurate method to measure moisture is to
take a sample of paper from the active part
of the transformer. This is invasive and
potentially damaging, so it is not generally
used.

2. Measure the moisture content of the oil
(using Karl Fischer titration assay per
ASTM D-1533) - from this data, we can
infer the moisture content of the insulation.

3. Dielectric spectroscopy (aka Dielectric
Frequency Response) is an electrical
measurement of power factor on
transformer windings and provides a better
estimate of the moisture content of the
paper.

4. Dewpoint measurement of the gas space in
a transformer (oil removed).

5. Monitoring equipment on the transformer.
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Moisture Analysis - DFR Results

Test Date Test Object % TD Moisture Cond.
@ 60Hz & 20°C Y% (wit/wt) (pS/m) @25°C
2020-APR-08 S-32440-S01 0.335 0.6 -
2020-FEB-27 S$-32440-S02 0.282 0.6 -
~ Legend
% TD Moisture Cond.
@ 60Hz & 20°C Y (wit/wi) (pS /m) @25°C
< 0.30% < 1.0% < 0.37 pS/m.
As New As New As New
0.30 — 0.50% 1.0-2.0% 0.37 — 3.7 pS/m
Good Dry Good
0.50 — 1.0% 2.0—3.0% 3.7 —-37pS/m
Deteriorated Moderately Wet Service Aged

> 1.0%
Investigate

> 3.0%
Wet

> 37pS/m

Deteriorate

KINECTRICS

It is not possible to directly measure the moisture content of the paper!



How Do We Dry Transformers in the Field? ﬁ

Physics of Drying KINECTRICS

Three moisture-moving forces must be considered when drying a
porous material such as paper and pressboard:

1. Moisture gradient (isothermal diffusion)
2. Temperature gradient (thermo-diffusion)
3. Pressure gradient (convection diffusion)

For cellulose insulation materials, the diffusion time constants for
each type of gradient are very long, so the best (fastest and most
complete) solution combines all three physical processes.

The water molecules need to migrate through the pores of the
paper...this takes a long time .. surface dries more quickly than
interior. The presence of oil impedes this movement even more!
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How Do We Dry Transformers in the Field?

KINECTRICS

« Transformer drying is a critical maintenance action in today’s aging
transformer fleet

« Two major techniques are used:
1. Drying the insulation by drying the oil

2. Drying the insulation directly

25 Confidential and © 2022 Kinectrics Inc.



How Do We Dry Transformers in the Field? E

1. Drying the insulation by drying and recirculating the oil NS

OIL PURIFIER
L |q
& : a—
® #| RS Paper insulation is
0 o e not continually
=l
exposed to vacuum
]Lbo-o-f{\ > >

Problem: Extremely slow
transfer of moisture from

paper to oll
BUT
the oil looks to be dry!

BOOSTER TRANSFORMER
PUMP



How Do We Dry Transformers in the Field?

KINECTRICS

2. Drying the insulation directly
Heat , Then Apply Vacuum (“Rip and Dump”)

OIL PURIFIER VACUUM

7 i | N, 10 - ) | oo o CASCADE
COLDTRAP

(OPTIONAL)

@D

-l_ - oal Lo
| . - !J _
Perform a vacuum leak test prior to the , . A
procedure! Otherwise you may pull in g 2 o J £
moisture, rain, dirt, contamination when =

vacuum is applied...pull vacuum to 1 Torr

Transformer

» Acceptable loss is < 700 microns for a 2
3. Tank Must Be
new transformer. 3 Full-Vacuum
* Acceptable loss is <1300 microns for a S BilnsEel
used or rebuilt transformer. 70000000
TRANSFORMER
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28

How Do We Dry

2. Drying the insulation directly

ransformers in the Field?

Heat and Vacuum — Heat Applied by LF Power Source

OIL PURIFIER

1]

VACUUM

Only %IR

Inside the
Unit!

Voltage Exists | & T
2 e ls

. |
-

Ideal

>

€ Actual
short
caeomt

-

ansfornes
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ORE & COIL

2700000272

TRANSFORMER

KINECTRICS

Oil is removed from the transformer
Current is induced in all windings as in the short-circuit

method.

To prevent hotspots during drying (due to reduced cooling),
the applied LF current should be <30% of the nominal

Advantages:

current.
+ .
V ~1Hz. .

Fast, deep drying

Unit heats itself “inside out”

Heats all windings uniformly

No discharge problems inside unit
More energy-efficient

Minimal aging damage to insulation
Better control of drying processes



WHY THIS PRESENTATION?

KINECTRICS

Low-Frequency Heating is the BEST method for Field-Drying of
Medium to Large Power Transformers:

» LFH drying is the ONLY method that allows simultaneous application of heat
and vacuum on the paper insulation, where the bulk of the moisture in a
transformer resides.

» LFH generates thermal energy directly in the transformer windings from INSIDE
the colils rather than trying to push heat into the coils from external sources.

= Dry-out processing using LFH is the fastest method available for field drying.

= Compared to any other method, LFH produces the most effective drying of the
iInsulating paper in the shortest amount of time.

= Compared to methods using conventional oil processors, LFH reduces the
process time to days instead of many weeks or months.
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How Do We Dry Transformers in the Field?
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Online oil degassing
200 Ih average oil
temp. 30°C

o Online oil degassing
Molecular sieve,____® | 200 It/h average oil
temp. 50°C

~ 115 days

Online oil degassing

6000 I/h average oil
temp. 30°C

~ 76 days

Hot ol circulation + ==\ F1 + ol circulation
& | vacuumcycles || gV

~ 9 days

-

LFH + Hot oil spray I

Fig. 11: Drying time to dry a 400 MVA transformer with 14 ton insulation from 3% down to 1,5 %
average humidity [13].
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How Do We Dry Transformers in the Field? ﬁ

KINECTRICS

Drying by oil processing can’t take THAT long!!! Nobody runs a processor for months!!!

Consider the following basic math using some hypothetical values:

31

Large oil processor 5,000 litres per hour capacity.

Incoming oil has 30 ppm moisture content.

Processor outlet moisture content 3 ppm

Moisture removal 30 — 3 =27 ppm =27 x 10% per unit = 27 x 10 percent = 0.0027%
Oil mass flow rate through processor = 5,000 litres/hour x 0.87 = 4,350 kg/hour
Moisture removal = 0.000027 x 4,350 kg/hour = 0.117 kg = 117 grams / hour

Medium power transformer has 5,000 kg of solid insulation in the core/coil assembly
Moisture content of the paper = 3%

Water to be removed =0.03 x 5,000 kg = 150 kg

Time to remove moisture = 150 kg / 0.117 kg/hour = 1282 hours = 53 days.

Confidential and © 2022 Kinectrics Inc.



OPEX — NPP GSU Transformer Failure

KINECTRICS

FORENSIC ANALYSIS CONCLUSIONS HVkine Lead

Moisture in the paper caused
dielectric failure in one of the most
highly stressed areas of the core/coil
assembly...even though the
transformer had been maintained
using oil processing a few months
previously.

Cross-Sectional View
Of Core/Coil Assembly

HI-LO BARRIER(S)

Conventional oil processing as a means of drying the transformer was ineffective!
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Lessons Learned

Oil processing as a means of drying the paper insulation
|r1[ _'lt_he éransformer were ineffective in the timeframes
utilized.

There were multiple data points over several years
o_llntlng to elevated moisture in the unit prior to the
ailure

= Moisture-in-oil data
* DFR data

» Historical maintenance and test data (e.g. power
factor)

There were no station alarms or other indicators
(monitoring systems) in place to monitor in-tank moisture
or an impending failure due to PD.

Regardless of the method of moisture “measurement”
used, the moisture content is an estimate, and an
average.... Some areas of the transformer will have

hi Rerathtan-average moisture content than is in indicated
inthe data.

DFR data taken before/after oil processing maintenance
activities showed minimal moisture extraction during
these operations.

Relevant limits of acceptable moisture content in oil and
paper were unclear.
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Transformer Insulation Dry-Out

KINECTRICS
RECOMMENDATIONS 3

b/
°

To determine moisture content in the paper
insulation, multiple data sources should be utilized
and a holistic approach taken:

« Qil testing

» Dielectric Spectroscopy

* Insulation Resistance (DAR, PI)

« Power factor
Evaluate current practices for the evaluation of
moisture content in the paper insulation.

When speed and depth of dryness are of paramount
importance for mission-critical transformer assets,

Low-Frequency Heating is the preferred method for
drying insulation.
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Kinectrics’ LFH Transformer Dry-Out System

KINECTRICS

= Will be the largest LFH system in North America
= 600 Amps of heating capacity
= Up to 680 volts output at ~1 Hz.

= Companion 10,000 litres/hour oll treatment plant and vacuum
booster pump.

» Heat and vacuum are applied simultaneously for fast, efficient,
and safe moisture removal.

» LFH and OTP are each housed in a 40 ft sea container for ready
mobilization.

= Large diesel generator required to run LFH and OTP.
= Current plan is to be operational October, 2023

“Solving the moisture management problems experienced by
utilities in their mission-critical transformer assets.”
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KINECTRICS

Thank You!

Questions?

jJames.cross@Kkinectrics.com
+802.535.2493
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