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Moisture Under Control

FUNDAMENTALS OF
TRANSFORMER MOISTURE

Understanding the Invisible Threat to Transformer Life

Moisture is one of the most important factors affecting transformer reliability, insulation
life, and asset performance. Unlike electrical faults that occur suddenly, moisture acts
2 .

slowly and conti Itaccelerates insulati

DryTrans Knowledge Series

increases bubble formation risk, and ultimately shortens transformer life.

[IY] WHAT IS MOISTURE
IN A TRANSFORMER?

Answer:

Moisture refers to water present within the

transformer insulation system.

It can exist in:

Transformer oil

-

& Cellulose paper insulation

& Pressboard insulation

& Wood and insulating structures

& Free water droplets (in severe cases)

s A KEY MESSAGE
(2= Moisture s invisible, but its impact s real
and unavoidable.

HOW MUCH MOISTURE IS
NORMALLY STORED IN OIL?
Answer:
Con Moisture i Oil (ppm)
& veyory <10 ppm
& oy 10 - 20 ppm
() Moderate 20-30ppm
& wet 30 - 40 ppm
& verywet >40ppm

[iyd WHAT IS THE DIFFERENCE BETWEEN
DISSOLVED WATER AND FREE WATER?

DISSOLVED WATER —

@ invistie 6,20\ ©
© tomalsperangconsion | O :vu ) e
@ Measured in ppm % st || @

So

© Partcpstesinoi-paper  NOZ
cquibriam

@ KEY MESSAGE
part

'WHERE DOES MOISTURE EXIST
INSIDE A TRANSFORMER?
Answer:
Moisture is not evenly distributed.

Liid

Small amounts
of moisture
can have a

very large impact
on transformer

performance
and life.

WHY DO UTILITIES
MONITOR MOISTURE?

nswer:
Moisture directly affects:

Typical distribution: @ Transformer life
Location Moisture Distribution @ Dielectric strength
Loading capabil
Cellulose Insulation (Paper) 95-99% ° e N_m’_
@ Bubble formation risk
Transformer Oil 1-5% @ Failure probability
Free Water Normally 0% @ Overall asset reliability

KEY MESSAGE
Oilis where moisture is measured.
Paper is where moisture is stored.

©

‘moisture contamination

Free

[ s moisTURE ALwaYs HARMFUL?

Answer:

WHAT HAPPENS IF INSULATION

in cellulose insulation.

The abjective is not to achieve zero moisture. The objective.
s to maintain moisture within a safe oper

KEY TAKEAWAYS

DRYTRANS INSIGHT

Most transformer failures are linked
directly or indirectly to insulation
degradation, and moisture is one of
the primary drivers of that degradation.

©

HOW MUCH MOISTURE IS WHY DOES PAPER HOLD MUCH MORE
NORMALLY STORED IN PAPER MOISTURE THAN 0IL?
INSULATION? Anawer
Answer: Cellulose contains hydroxyl (-OH) groups
ot SRRl P (%) that attract water molecules.
& veyory <i% Asaresult:
® ov -2 @ Paper behaves like a sponge
D Moderate 2-3% @ Water bonds strongly to cellulose
b we T © Moisture remains tapped
S e 5 inside insulation
ery >
WHY IS MOISTURE CONSIDERED THE ENEMY OF
TRANSFORMER INSULATION?
Answer:
FREE WATER — pec .
w— P | | 3
ossgwaiscncton.  (JOPS 06 s o
Severe delectricrisk | ° = °
Indicates excessive ° °

© Increase bubble formation risk

DRYTRANS INSIGHT
Moisture is unique because it affects both aging
(long term) and dielectric performance (short term).

m WHAT IS THE OPTIMUM MOISTURE RANGE?

Excossive moisture acceleates aging and inreases dvectric sk

000000

BECOMES COMPLETELY DRY?
Amswer:
Answer:
y Moisture in Paper (%) Condition
« Brittle. <1% Very Dry
+ Less flexible 1-2% | Preferred Range
 Mechanically weaker 2-3% Acceptable
In practice, completely dry insulation 3-4% | Elevated Risk
A ey achieve.
DRYTRANS INSIGHT REFERENCES
T T S ——
« coerorar-
Itis  continuous process Sbatngon -
ingre rage, migrati * mmce.
o bossicortoh mioion e ooty
and generaton. Therefore, - .

moisture management

vishal@drytrans.com

should also be continuous.

+971 50 679 0417

Moitrs Acacoment Uing
Dictc Response

www.drytrans.com
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DryTrans Knowledge Series
Moisture Under Control

SOURCES AND GENERATION
OF TRANSFORMER MOISTURE

Moisture is Always Finding Its Way In
and Being Generated From Within

3. INSULATING MATERIALS
& COMPONENTS

Paper, pressboard,
wood, gaskets,

sealing materials

1ATMOSPHERIC
\..) MOISTURE INGRESS
e

b X 4 30 bresthersesls
Understanding where moisture comes from is essential

; 4.INTERNAL GENERATION

and tank breathing
to control it effectively. Moisture enters a transformer
. . OF MOISTURE
from external sources and is also generated internally 2.0IL HANDLING &
. y ; AR MAINTENANCE Aging, chemical
during normal operation and insulation aging. SN e b
pling, servicing electrical stress
and maintenance
Moisture is continuously entering and being generated.
Conti is the only long: solution.
[i}] What are the main sources m Can moisture remain inside a m insulation agir Why does i ion aging
of i from i moisture? create water?
Answer: Answer: Answer:
Transformer moisture originates from Yes. Vas: Cellulose undergoes hydrolysis and

both external and internal sources.
External sources:

© Atmospheric humidity

© Breather issues

© Seal leakage

Even after factory drying, a small amount
of residual moisture remains in cellulose
insulation.

Reasons include:

© Manufacturing processes.

Cellulose degradation continuously
produces water throughout
transformer life.

oxidation. These reactions break
polymer chains and release water
molecules.

This creates a self-accelerating cycle:

© Maintenance activities X Mojetive
© Transportation

Internal sources: o s

o Cellulose agi Faster Aging

© Hydrolysis
© Oxidation processes

© Cellulose moisture retention

More Water Generation

TYPICAL CONDITION IMPORTANT
KEY MESSAGE AR o g
Moisture is continuousy enterin
N @ less than 1% molsturs even when no R o
transformer ife. paper moisture. external ingress exists.

Can transformer oil

How does moisture enter

What role does the breather

Can leaking seals allow

generate moisture? through the atmosphere? play? moisture ingress?
Answer: Answer: Answer: Answer:

Not significantly. Transformers continuously breathe. The breather removes moisture Yes.

The primary source of internally As temperature changes: from incoming air Common locations include:
ganeeatecincletins Is cahulaes © Airenters Ahealthy silica gel breather: © Conservator gaskets
degradation rather than oil o Afeilts <

deGrdstion, © Moisture enters with i i i i bt

il oxidation mainly produces:

incoming air

ad

/ Protects insulation
V' Extends oil life

Valve assemblies
Inspection covers

o Acids
o Sludge
o Polar compounds

1y

] ‘Without proper moisture control,

A saturated breather

loses effectiveness.
« ) Even smallleaks canntroduce
oty

humidity gradually accumulates
inside the transformer.

Can maintenance activities Which source contributes

KEY TAKEAWAY:

Q10

introduce moisture? the most moisture?
o . @  Moisture originates from both external and internal sources.
Yes. It depends on transformer age. @  Celuiose aging continuously generates water.
Typical activities include:
o oilfiling former Age | Dominant Moisture Source @  Breathers and seals play a critical role in moisture control.
© Oil sampling N [} introduce moisture.
© Internalinspections. ew e .
o Repairs ) @  The dominant source of moisture changes with transformer age.
o Oil processing Midife Atmospheric moisture P

Understanding moisture sources is the first step toward
effective moisture management.

ingress
Proper procedures are essential
to provent contamination.

DRYTRANS INSIGHT

Cellulose degradation
(internal generation)

REFERENCES

# . etz o ntng Ot o CIGRETE 300- Mo Squmau

Moisture is not a one-time contamination event. Therefore, o ﬂm_c_l z and Mostur

Itis a continuous process of: [moietixs marwgasnent o 1806001 MM of Wetar o GoMT I~ Mow(un Mlawl-m(
P e e oo
Cad 0 e Ot TG s imi
ok IS e et e T s s
5 5 chee e i o S e A

52 vishal@drytrans.com Q, +97150 679 0417 @ www.drytrans.com
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INSULATING MATERIALS
& MOISTURE BEHAVIOR

How Different Materials Store, Hold and Release Moisture

‘The insulation system of a transformer is made of different mater

ryTrans Knowledge Series

Each
i is essential
‘moisture management.
What are the main insulating

materials in a transformer?

Answer:

Which material holds the most
moisture?

Answer:

INSULATION SYSTEM

Pressboard

Cellulose Paper
(Windings & Insulation)

(Structural Parts)

(Structural Parts)

Insulating Ol
(Liquid Insulation)

Why does cellulose paper hold

S0 much moisture?

Answer:

© Cellulose paper (windings, insulation)
° e )

Typical moisture holding capacity

© Wood (structural parts)
°

ol Mol

© Gaskets and sealing materials

@

‘These materials form the complete
insulation system and determine
the moisture behavior of the
transformer.

How does wood behave with
moisture?

Wood is hygroscopic.
Itabsorbs or releases moisture
based on relative humidity.

Moisture content varies with:

High (3 - 6% or more)

Pressboard Moderate (2 - 4%)
Wood Moderate (varies with type)
Tansformer Ol Low (pprm level)

Approximately 95-99% of the total
moisture in a transformer is stored
in cellulose insulation.

Why does oil hold very little
moisture?
Answer:
Oilis non-polar and has low affinity
for water.
It can dissolve only a small amount
of water.

olding Capabliity

that attract water molecules through
hydrogen bonding.

As a resul

' Itbehaves like a sponge
¥ Itabsorbs moisture rapidly
¥ Itholds moisture strongly

v Itreleases moisture slowly

3
M_f{}é

bonding between
ceblose and water molecuies

How does moisture move
between oil and solid insulation?

Q7

Answer:
Moisture continuously migrates

between oil and cellulose based or
© Temperature
© Relative Humi

SECTION 3

@ KEY MESSAGE

Different materials have
different moisture capacities,

Moisture is stored mostly
in solid insulation, while

oil acts as the transport
medium.

[iY] How does pressboard store
moisture?

Answer:

Pressboard is also cellulose based,

but with a denser structure.

It absorbs less moisture than paper,
but still holds significant amounts.

Typical equilibrium moisture:

2% - 4%

[ v o soiriomt

Answer:
Moisture equilibrium is the condition
‘where moisture in oil and moisture in
paper are in balance.

At this point, there is no net

ty
© Moisture concentration gradient

Moisture i oil s expressed in ppm movement of moisture between
o Wood ¢
S (parts per millon). oil and paper.
o Temperature p Absomption
o Relative Humidity (RH) e} 4 h ———*
o
~—
[er——
Which material reacts most to Which materi m Why is it m L
temperaturs changes? humidity changes? ‘material moisture behavior? materils s too high?
Answer: Answer: Answer: Answer: h
Gellvose paper reacts the most. Colulose paperis most sensitive Because: Excess molvare in sokd Insuletion
o ’ can cause:
B i worembit 1o humidity changes. ' ithelps interpret test results comectly S T i i
; . Higher RH i v o
% Itreleases moisture to oil J;! 1 o ¥ e © Loss of mechanical strength
As temperature decreases: Lowes BHJ-> Feleeses moktiny b ey © Reduced dielectric strength
' ithelps plan effective maisture control
~ Itabsorbs moisture from oil l strategies © Increased risk of bubble formation
648 © Higher failure probability

MOISTURE CHARACTERISTICS OF INSULATING MATERIALS MOISTURE CYCLE IN INSULATION SYSTEM

KEY TAKEAWAYS

Mot Copaciy  Mosre s 3
paerl | Mosre AT qulibriom) e | PoeinTossomet @) Ciioso paper holds the most moisture, &v Q
Coore Paper | VeryHgh 3-exormone Som Monnconserence @ Oilholds very ltle moisture. V=
o e
Pressbond 20 Modecte
e~ ‘oil and solid insulation. Moisture Released "‘Mumvnl Moisture Absorbed
oo [PPRe P ——— Y o— wopon from Pagar oo ) e
= < Ll o @ Tempersture and humidiy srongly inflence
Tooserur 08 | VayLow pomievt f | Mosnes e moisture movement. \
— @ Understanding materil behavior s essentis
(SR T — vades Madste Dynaric qutbenm
(- Pape )

moisture mansgoment.

DRYTRANS INSISHT REFERENCES

'SUSTAINED INSULATION LIFE IMPROVEMENT REQUIRES:

Q @& 9 ip

Usdurstand  Mondo Moistre Conto Ingress
Contevouly

Testing gives a snapshot of ofl moisture.
Understanding material behavior reveals
the true story of insulation moisture.

Materils Sources Conditons

[ vishale

drytrans.com , +97150 679 0417
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Moisture Under Control

MOISTURE MEASUREMENT &
INTERPRETATION

Measuring the Invisible to Understand the Critical

Accurate moisture measurement is the foundation of effective

methods, parameters and interpretation is essential for correct
decisions and reliable asset management.

R vnariseeme

[Z) wiar is RELATIVE SATURATION (Rs%)?

DryTrans Knowledge Series

m WHY IS %RS MORE IMPORTANT

SECTION 4
@ KEY MESSAGE

What you measure in oilis only a small part
of the total moisture in the insulation system.

Correct measurement + Correct interpretation
= Correct decision + Longer life

m WHAT IS KARL FISCHER (KF)

THAN PPM? TITRATION?
Answer: Answer:
PPM (parts per million) is the unit used Relative Saturation (RS'%) indicates how close the {Anewer: Aawes:
i o 2 ) Karl Fischer titration is the most accurate
ey iste: ® B i ‘method for measuring moisture in
1 ppm = 1 mg of water per kg of il transformer oil.
100 @ %RSsh i
0. i saturation. Types:
1,000 ppm = 0.1% water in ol Fox F ype:
-200 . © High%RS .
PPM indicates how much water is dissolved oy Oy, moisture transfer to paper. (For <200 ppm)
inthe transformer oi, 20-40% oy © %RSs a better ndicatorof the true + Volumetric Karl Fischer
40-60% Moderate moisture condition. (For > 200 ppm)
60-80% Wet
LA, KEYPOINT
E i i h
80-100% Very Wet (Risky) P = e BN @ KFis the reference method as per
>1005  Supersaturated (Free water risk) PPM alone does not. 1EC 60814 and ASTM D1S33/D6304.
CAN OIL MOISTURE INDICATE WHY CAN MOISTURE READINGS WHY DOES MOISTURE RETURN WHAT IS THE BEST MEASUREMENT
PAPER MOISTURE? CHANGE DAILY? AFTER FILTRATION? STRATEGY?
Answer: Answer: Answer: Answer:
Yes. Oil and paper i to:
v Temperature fluctuations (day/might) (insaulation) and not only from oil. assessmer
willalso be high itrations: i
£ v Load changes M © Moisture in Oil (ppm)
However, the reverse is not always ' Oilbecomes dry @ Relative Saturation (%RS)

immediate because:

' Breathing of the transformer
(Erseo ol e e miomay V' Molsture migrates from paper to i © Temperatre
© Poper v Humidity variati v @ Paper
than oil.
5 M’,: oy e v © 064 (to rule out foutts)
oisure transfer rom paper 100
is slower. e sper OilAftrFitiation @) Furan (1o assess aging)
A (High Mosture) Coviory
€3 Fer ppven &
(ﬁl’ Alg Daily or weekly variations are normal. — BEST PRACTICE
U & Tntie o ottt 0ot ey o g paramate
\ siogle reading ey Use mutple parameters and trends.
onlis Paper " Moisture Migration =
Pliper Is the reservolr. (95-99%) (Equilibrium Restored)
[ vmaris e BD v MOISTURE WHAT IS CONSIDERED A SAFE WHAT IS THE GOAL OF MOISTURE
ACCURACY? MOISTURE CONDITION? MEASUREMENT?
b > Avswer Answr
ower: owar:
Weisurein0a EximaedPaper OIS 5) @ o th e s
© Routine testing: Every 6 - 12 months ® Sampling method (@20-30°C)
© Understand therisk
: o edton | pom s
= o © Tockuenss
© After major events: © Temperature atthe time of measurement oo O v bk adn
o 0-m ks [ 3
- Overloads ® Type and calibration of instrument @ Extend insulation life
Moderte | 20-30 | 40-e0n 2o
- Fauts © Contamination durng sampling
- il handiing o ik wgonm) il D-ujj ezut) [ W L] REMEMBER
d VW | a0 s veywn | s Messurement withoutinteprtation
= Makrdmnence just data. Interpretation converts.
/Y A visher paper

KEY TAKEAWAYS

@ PPM s the amount of misture i ol

@ RS s the risk of the oll (temperature compensated).
@ K tiration s the most accurate method

© Ol moisture and paper malsture are In equiibrium.
© Moisture readings change with time and condiions.

DRYTRANS INSIGHT
|

OUR PHILOSOPHY

REFERENCES

IEc 60422

Trends reveal the sory. .

Trends drive the strategy.
Strategy extends the lfe.

@ oisur reurns from paper after ftaton. E

Measure accurately 3
@ Use mutiple parameters and trends for correct decisions. ey O H
° Manage continuously.

vishal@drytrans.com

IEC 60814 - Determination of Water by Kar Fscher Titration
IEC 61550 - Dotermination of Relativa Permittivty.

Dissipation Factor and D.C. Resistivity

IEEE C57106 - Guide for Acceptance and Maintenance.

of Insulating Oil

(CIGRE T8 349 - Moisture Equiibrium and Molsture Assessment
(CIGRE T8 741 - Moisture Measurement and Interpretation

TV, Oommen - Moisture Equilirium in Paper-Oil Systems
Koch 3 Tenbohien - Moisture Assessment Using

Dielectric Response Methods.
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Moisture Under Control

MOISTURE MEASUREMENT METHODS ; i
FOR TRANSFORMER OIL

Choosing the Right Method for Accurate Results

(@) Kev MessacE

No single method is best for all conditions.
Understanding the principles, limitations
and proper use of each method ensures

g

reliable moisture assessment and longer
are available, each with its own principle, advantages, limitations and transformer life.

suitable applications.

(Y] WHAT ARE THE COMMON METHODS KARL FISCHER TITRATION KARL FISCHER TITRATION CAPACITIVE (RELATIVE
TO MEASURE MOISTURE IN 0IL? (COULOMETRIC) (VOLUMETRIC) HUMIDITY) PROBES
Answer Answer: Answer: Answer:
© KarlFischer £
N o e e laboratory method, reagent. humidity (aw) of oil.
o= 4 Principle: Principle: Principle:
o woscopy : h : ;
o Ea The i ed il The value
© Online Molsture Sensors electrochemically and s equivalent to electronically. is converted to ppm using temperature.
the water content. cC compensation

=

=hi

Advantages: Advantages:
@ Very igh accuracy (21 pom or better) Advantages: © Fastresponse (seconds)
© s o . i °
@ Reference method (IEC 60814) @ Ssimple setup © Good for trend monitoring
i Limitations: Limitations: Uimitations:
U | o e © © Reies i cabesion
° ° y °
° ° °
m INFRARED (IR) SPECTROSCOPY EQUILIBRIUM (OIL-PAPER ENSOR m
EQUILIBRIUM METHOD)
Answer: Answer: — o
absorption of water moleculs. moisture and temperature. Reference
KoFischer 11 s-18
Principle: Principle: oirny| e | o | W [EiSaeey
librit il and | are polymer i)
‘wavelengths. The absorbance is inbalance. - ity =
: ' N ot s5-toom 8- MO
moisture is estimated. (Vokmetric)  (20ppm)  min e
3 Fikonte
2ospm  Seonds Ve e
( @Probe)
\/ — g — V‘l Ny Y
Advantages " »
Equilibrium State. Infrared = s Yes ols ek
© Very fast (seconds) i — 2-t0pm  Seconts ves oS
Low mebensce Advantages: @ Continuous monitoring
© Suiableforfd use .
Gubom | WA e Papor mostee
Unitations: ° KEECSTIS)  © Metod  (Estmaton)  (hnsie) M estimaion
© Requres caRbaton ith KE method Uiitations: Limitatons:
© Accuracy affected by ofl type: © Requires aceurate of temperature © Higher niial cost online Comtoue
and contaminants ° " P = 2-Sppm  Contooous Ve | mantorng &
° o paper o i time

BEST PRACTICES DRYTRANS INSIGHT

Accurate moisture measurement is
the foundation of effective moisture

management.

HOW TO CHOOSE THE RIGHT METHOD:

Objective.

Calibrate field nstruments regulary with KF results.

I Volumetric ’
Always measure and record oiltemperature. Right method

Use equilibrium methods only when the system

Correct interpretation

Monitorrends,not just singe values
Longer transformer life and
higher reliability

00 0000

Combine maliple methods for btter confidence.

KEY TAKEAWAYS REFERENCES
°

© (¢ Codamertdrtont bt el 2 Tanstome it
© Fieid and oiine methods are essentia for rend monitoring. 2 - cioae

i i 7 « Koch 8 Tenbohlen - Moisture Assessment Using
°© of ondaing 08 Dislectric Response Methods

R, +97150 679 0417 @ ww

hal@drytrans.com




/.\ drytrans

Moisture Under Control

DryTrans Knowledge Series

OIL-PAPER EQUILIBRIUM:
THE SCIENCE BEHIND MOISTURE BALANC

Why Transformer Moisture Always Seeks Balance

Moisture in a

is not static. It

the oil and the

until both reach

ata given temperature. Understanding this principle is essential for accurate

sty d

WHAT IS OIL-PAPER

m WHY DOES EQUILIBRIUM
OCCUR?

EQUILIBRIUM?
Answer: Answer:
il-paper o
B~ epe g io
insulation are in balance at a specific lower concentration
temperature. « From higher water activity
Atequilibrium, there is no net movement to lower water activity

of moisture between oil and paper.

‘This continues until both oil and paper

SECTION 6

o
@ KEY MESSAGE

Moisture does not stay where itis.
It migrates until oil and paper reach
equilibrium at the same temperature.

Equilibrium is the foundation of
moisture assessment and life

management.
WHAT FACTORS AFFECT HOW DOES TEMPERATURE
EQUILIBRIUM? AFFECT EQUILIBRIUM?

Answer Answer:

Oil-paper : A

' Temperature (most important) + Oilhoids more moisture 1

v Paper type and quality
v Oiltype and condition
' Total moisture content

v (minor effect)

+ Paperholds ess moisture |

+ Equilibrium shifts from paper to oil

a given temperature. As temperature decreases:
Temperature is the .
oo\ L e dominant factor. e R
o H Coo Even small temperature + Paperholds more moisture 1
Y —— r
Migraton changes significantly « Equilibrium shifts from oil to paper
: shift equilibrium.
HOW IS EQUILIBRIUM HOW CAN WE ESTIMATE 1S THE TRANSFORMER ALWAYS WHY IS EQUILIBRIUM IMPORTANT
REPRESENTED? PAPER MOISTURE FROM AT EQUILIBRIUM? IN MOISTURE MANAGEMENT?
2
Answer: EMOISTINE? Answer: Answer:
Equilirium is represented using curves Answer: s atal
that y P s onit.
+ Moisture in Ol (ppm)
Siepe: Exampl ' Estimating paper moisture

« Equilibrium Moisture in Paper (%)
* Temperature (°C)
Standards provide these curves

for cakculations.
Tl Equiom Curv (s OF)
s we
- 42 e
2
” /wC
.
B W e e
e 8 )

‘TYPICAL EQUILIBRIUM PAPER MOISTURE (%) AT DIFFERENT TEMPERATURES EQUILIBRIUM IS THE REASON WHY...
(MINERAL OIL)

© Measure oil maisture (ppm)
@ Note operating temperature (*C)
© Use equilibrium curve for the oil type

« After oil drying
« After filling with new oil
« Afterload

 Assessing insulation condition
W/ Predicting aging and life

%)

EXAMPLE
il moisture = 25 ppm
Temperature = 40 °C

+ After moisture ingress

Equitbration ime can range from

Estimated paper moisture » 2.3%

@ several days to several weeks,

v
' Understanding moisture behavior
@ KEY POINT

Without considering equilibrium,
moisture interpretation can be

BEST PRACTICES.

= Equlbrum Paer Moisure () ﬂ O oper per
Molsture (ppm) perature. en interpreting mosture.
e w0°c 'c s0c nc ey L bl
s 18 1 o7 o5 @ Use oil-paper eqilirium curves from
. P Y VN VR | 7= e
2 29 18 12 08 @ Allow time for equilibration after any change
Mosture retums to paper ' .
. 1 1 moisture migrates
2 0 R © e
100 43 29 20 14 from paper to oil. @  Track both ofl moisture and temperature
200 8 34 24 1 T Ol absorbs moisture until fonds:
500 54 “ 29 21 75 insulation moisture o
s re-astablished. E 4
1,000 61 a8 34 24 drying and maintenance.
Oue to temperature,
LJB Stecen usmatormers show e, itypo.losd ©  intepret maisture data in combination with
different moisture levels
and history. other tests and trends.
KEY TAKEAWAYS DRYTRANS INSIGHT REFERENCES

© Mastune contiosuly moves between od snd paper

166 60422 - Minerl nsultig Ol s Becrical Eqipment

°
@ Temperatse i the st et facter

@ moetre behork, Masteing RUansforms

© Eauttrum ndersaning i ssentsl o comectducisions snd

ongertranstormer e

[X vishal@drytrans.com

mansgamant

R, +97150 679 0417
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Moisture Under Control

ESTIMATING PAPER MOISTURE:
FROM OIL MEASUREMENT
TO INSULATION INSIGHT

The Key to Understanding True Insulation Condition
Direct measurement of paper moisture is not possible in service.
Hawever, by using oil test results and temperature,

e niper moisture usir

we can accurately e:

DryTrans Knowledge Series

paper

WHY CAN'T WE MEASURE
PAPER MOISTURE DIRECTLY?

Answer:

WHAT IS THE PRINCIPLE BEHIND
PAPER MOISTURE ESTIMATION?

Answer:

WHAT INPUTS ARE REQUIRED TO
ESTIMATE PAPER MOISTURE?

Answer:

Paper mois
transformer insulation and cannot

Ata given temperature, they reach

the active part.

o

Therefore, we estimate it

irectly u

a :
Moisture in Ol 4—» Moisture in Paper
If we know the moisture (ppm)

and temperature, we can calculate
the corresponding paper moisture (%).

@ Moisture in Ol (ppm)

@ Temperature (°C)

@ Oil-Paper Equilibrium Model
(e.9. IEEE /IEC / CIGRE models)

@-d-w

il Moisture:
(ppm)

Temperature
) ot

WHAT IS A GOOD, ACCEPTABLE OR

KEY MESSAGE

Oil test + Temperature
+ Equilibrium Model
= Estimated Paper Moisture
= Real Insulation Condition
= Better Decisions & Longer Life

WHICH MODELS ARE USED FOR
ESTIMATION?
Answer:
Commonly used and widely accepted
models:
© IEEECS7.106
© IEC60422
© CIGRETB 349
© Owal Yn-»gle/ Moisture Equilibrium
Curve:
All models are based on extensive
research and field data.

HOW ACCURATE IS PAPER

HOW IS PAPER MOISTURE WHAT IS A TYPICAL OIL-PAPER a7
CALCULATED? EQUILIBRIUM CURVE? HIGH PAPER MOISTURE? MOISTURE ESTIMATION?
Answer: Answer: Answer: Answer:
Moisture in i il test data, correct
L temperature and proven models are used,
curve moisture (%) at different tempes the estimation accuracy is typically:

Estimated Paper

paper moisture. Con
Typical Oil-Paper Equibrium Curve Molsture (%)
Example (conceptual): iners! O
w0 <% Very Ory
il Moisture (ppm) + Temperature (‘C)
o 1-2% Preforred (Good)
Equilibrium Model / Curve 20 2-3% Acceptable
o 3-a% Elevated (Monitor Closely)
Estimated Paper Moisture (%) % High Risk
0w 100
Different models use equations, Ot Masture (opm)
Bias s (MR, e Higher paper moisture = Higher aging rate
e st ppr e = Higher ik ofinsulation feure
WHAT FACTORS AFFECT HOW OFTEN SHOULD PAPER PYE] HOW DOES PAPER MOISTURE HELP
ESTIMATION ACCURACY? MOISTURE BE ESTIMATED? IN LIFE ASSESSMENT?
Answer: Answer: Answer:
° interval. per

© Accuracy of temperature
© Correct mode for il type

Track the trend

o

the insul.

o

@ identityincreasing moisture
° .

(]

© Aging rate calculation
© Loss of Life estimation
@ Remaining Life prediction

© Recent drying or il change

Correct data

Plan
strategi

Reliable estimation

@

© Fiskassessment

+10% to 15%

of the actual paper moisture.

This is sufficiently accurate for
‘asset management and life
assessment decisions.

WHAT IS THE GOAL OF PAPER
MOISTURE ESTIMATION?
Answer:
To reveal the hidden insulation condition
and take timely actions to:

00000

Extend transformer life

'w

@ If paper moisture is hi
it i lerat

@ Know the paper moisture,

EXAMPLE: PAPER MOISTURE ESTIMATION OIL-PAPER EQUILIBRIUM: KEY FACTS BEST PRACTICES

Using IEEE CS7.106 Equation (Mineral Oi) o Moisture migrates until oil and paper @  Aiways use accurate oil moisture and temperature.
ol s Estimated Paper Moisture (%) reach equiibrium at the same temperature i 3
Use appropriate equilibrium model fo the oil
J <) Trplon! Apprag Vabue Temperature changes shift equilibrium. Qs s e
e D e | | o S
2 2 15-19 -1 e ey ©  Monitor the trend, not just the single reading.
2 2 22-28 ~2s% equilibrium must bo ro-established. © Combins with otie tests (DGA, Fursn, OF, TAN)
w© 2 29-38 -azm Paper holds 95-99% of total moisture, for better understanding.
© » 43-81 -am Z Otolds oy 1-5%. ©  Pian drying strategy based on paper moisture
T Smal change n ol misture can mean and aging rate.
= large change in paper moisture.
REFERENCES
KEY TAKEAWAYS DRYTRANS INSIGHT

1660422 - Mineral nsulating Oils i Electicol Equipment.
© Paper moisture is the most important indicator of insulation health. 1

it W, Seva e P e\
AlS o == . acne T8 349 - Moisture Equilibrium and Moisture Assessment

@) Oh-paper opullbriemn o e s e e 2 moisture into actionable insight. - Moisture Equilibrium in Paper-Oll Systems.

° . Insight drives action. Action extends fe. ] Vosh &TRnbetbn lhiiturs Abaantretnt Uslrg

Dielctric Rasponsa Methads

R, +97150679 0417
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Moisture Under Control

INSULATION LIFE MODELS:
PREDICTING TRANSFORMER LIFE

Turning Data into Remaining Life

DryTrans Knowledge Series

Life models

factors to

remaining useful life (RUL) of a transformer.

m WHY DO WE NEED LIFE MODELS? WHAT ARE THE MAIN LIFE
CONSUMPTION FACTORS?

Answer: e

Life models help us:

v Quantify aging rate

V' Estimate remaining ife (RUL)

v Compare transformers

' Plan maintenance and replacement Moisture  Temperature  Chemical

¢ Optimize assetife and cost (Accolerates  (Most  Degradation

aging)  dominant)  (Oilaging,
acidiy, etc)

@ Models convert data into

!!.

WHAT ARE THE COMMON LIFE
MODELS USED?
Answer:
‘The most widely used insulation life models
are:

v IEEECS7.91

(Mineral Oil & Paper Insulation)

IEC 60422

(Mineral Oil Insulation)

' Duval Triangle / Moisture Equilibrium
Curves (Support Models)

<

@ Kev Messace
Life models help answer the most
important question:

“How much life s left?”

Use the right model, with the right
inputs, and interpret results wisely.

WHAT IS IEEE C57.91 MODEL
BASED ON?

Answe
IEEE C57.91 is based on:
v Arthenius equation (temperature effect)
V Inverse power law (moisture effect)
 Empirical aging data from field

and laboratory

Basic Principle:

IEEE C57.91 is the most accepted

®

HOW DOES TEMPERATURE m HOW DOES MOISTURE AFFECT
AFFECT AGING? AGING?
Answer: Answer
i y6-7°C
wer legE cs7.91

(Arrhenius Rule)

Rolative Aging Factor (F;)
‘Compared to 98 °C reference:

o SpoxTomp () | Agng Factor (gprox)
B

% 25
. % 050
98 (Referonce) 100

1o 200

120 400

1% 800

Moisture Aging Factor (Fy)

_
= i

assessment.

HOW IS AGING RATE CALCULATED?

temperature.
moisture content.

with paper

HOW IS REMAINING LIFE (RUL)

ESTIMATED?
Answer: Answer.
Iege Cs7.91 inir
Remaining Life Consumption to Aging Rate.
AAF = F; x Fy x Fe
RUL (Years) =
Where:

Fr = Tomporature aging factor
Fu = Moisture aging factor
Fe = Chemical aging factor (0il condition)

Aging Rate (%) = AAF x 100

Example:
1t ARF = 2.5 — Aging

100 - Life Consumed (%)
Aging Rate (% per year)

Where:
Life Consumed (%) =

Total aging already occurred
Aging Rate (%/year) =
Current aging speed

RUL is dynamic, not static.

WHAT INPUTS ARE REQUIRED
FOR LIFE MODELS?
Answer:
Moisture i oil(ppm)

Paper moisture (%)

Average load / loading history

v

v

V' Hot:spot / Top-oil temperature (*C)
v

Ol condition (TAN / acidity)

V' Transformer design data

(paper type, insulation class) (E=

« Paper moi
s oaTaNo008 mchN/g
+ Life consumed = 30%

.35 % 1,35 x 110 = 0.52
= 52% per year

WHAT ARE THE LIMITATIONS OF
LIFE MODELS?
§ Sy anaouie
=
v Extreme faults or events are not predicted
A alparboniy
s i
' Not a replacement for engineering judgment
A

WHAT IS THE GOAL OF LIFE
ASSESSMENT?
Answer:
Know the true insulation health
Prioritize assets

v

v

v Plan maintenance intelligently

v Avoid unexpected failures

v Optimize replacement timing

v Extend ife safely and economically
Right assessment today
= Reliable transformer

Always use with engineering
RUL = (100 - 30) / 52 = 1.35 years experience and trends. tomorrow.
AGING ACCELERATION FACTORS (TYPICAL VALUES) KEY TAKEAWAYS BEST PRACTICES
Puramter Retoence 3
4 s ©  Mointain sccuratetest data and trends.
Tompersure (o 5500 9 + Aghgrate 1t Agngrate e Snd chomietry. o
Paper Moisure 208 + Aggate  Agograte ° °
CiAcdny AN 0.03mgKOHIg Sighteffect * Aggate @ Models help auantity aging and estimate RUL.
Lood Factor o0%. 4 Aging rate 1+ Agingrate @ Goodinputs = Good outputs. ©  Update RUL after every test.
° ° Furan, OF, TAN.
IEEE C57.91 REFERENCE CONDITION @  Focus on contrlling moisture and temperature.
DRYTRANS INSIGHT
@  Plan maintenance based on life assessment.
ﬁ 1., Ostawithoutinterprtationis ust rumbers.
Use ife modeis to turm data into
98°C 2.0% 0.03 mgKOH/g 100% insights and strategic
Hotspot Poper Moisture Losd ctor decisions.
REFERENCES REMEMBER
o wecson Trostormers o CIGRE Insulotion lfe i not about age,
. o owl M itis about condition.
== . o o Kechs Manage the condition, extend the ife

ishal@drytrans.com 0\0 +97150 679 0417

www.drytrans.com
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Moisture Under Control

POWER OF TRENDS :

INTERPRETING MOISTURE DATA

OVER TIME

From Single Data Points to Reliable Insights

Asingle test s only a snapshot.

Trends reveal the real story of transformer insulation h
Consistent monitoring and correct interpretation of moisture
rly action, risk reduction and life extension.

trends enable

WHY ARE TRENDS MORE
IMPORTANT THAN
SINGLE READINGS?
Answer
Moisture is dynamic, not static
Single reading can be misleading
Trends show direction and r

and prevention
Trends support risk-based
asset management

o

HOW OFTEN SHOULD MOISTURE
BE MONITORED TO BUILD TRENDS?
Answer:
°
]

@ 0 000

Atrend is the real indicator
of insulation behavior.

Every 6 months to 1 year
Across different climatic conditions
(summer, monsoon, winter)

‘After major maintenance or events.

EXAMPLE: MOISTURE TREND
INTERPRETATION

Msturein O (ppm)
»,

Consistency in frequency
creates reliability
trends.

o —
kg
© — s
(ontd
== - s
merovos)
R EER
P—

Interpretation is based on direction,
rate of change and context.

GUIDELINE: TREND-BASED ASSESSMENT GOOD DATA PRACTICES

DryTrans Knowledge Series

ith.

WHAT DOES AN INCREASING
MOISTURE TREND INDICATE?

Answer:

Anincreasing trend suggests:

Moisture ingress

« Breather issue

Seal leakage

High ambient humidity

Oil degradation affecting

equilibrium

Vo

WHAT FACTORS AFFECT
MOISTURE TRENDS?

Early action can prevent
insulation acceleration
and failures.

Answ
Trends can be influenced by:
Temperature variations.
Ambient humidity

Load cycles

Moisture

ingress

il quality and degradation

® Dedpe=

Hil

ﬁ\":'

WHAT DOES A DECREASING
MOISTURE TREND INDICATE?

Answer:
A decreasing trend suggests:

Effective drying or filtration

Good sealing and breather condition

<

Lower ambient humidity

v
v
v

Stable or improving insul
condition

Py

HOW DO YOU INTERPRET
MOISTURE TRENDS CORRECTLY?

Answer:
Use the 3R principle:

(]
(2]
(2]

Keep doing what is
working and continue
monitoring.

REVIEW - Look at long-term dat
(at least 2-3 years)

RELATE - Relate with temperature,
load and events

RESPOND - Take action based

on the trend direction and rate

Answer

@ KEY MESSAGE

Trends, not single readings,
drive correct decisions.

Measure - Trend = Interpret
- Act - Extend Life

WHAT IS A STABLE
MOISTURE TREND?
Answer:
Astable trend indicates:
© Equilibrium is maintained
@ Nosignificant moisture ingress
]

© Continue routine monitoring

Insulation system is under control

Stable is good,
but continuous monitoring
is still essential.

WHAT ACTIONS SHOULD BE TAKEN
BASED ON TRENDS?

Trend Recommended Action

+ Investigate ingress sourcos

i breather
+ Considor drying/filtation
« Increase monitoring frequency

+ Continue routine monitoring
I swble . Vrity equilibrium condition
+ Maintain current practices.

+ Continue drying/filtration

WHAT IS THE GOAL OF TREND

© Understand insulation behavior

© Plan right actions at right time
@ Extend life safely and economi

Always evaluste trends along
with operating and environmental 3
e Right interpretation leads § Decressng |
toright action. .
HOW LONG OF A DATA HISTORY Q WHAT ARE THE BENEFITS OF Q
1S REQUIRED? ‘TREND-BASED DECISIONS? ANALYSIS?
Answer: Answer: Answer:
For meaningful o ly i ‘problems.
' Minimum 2 years of ° L i @ Predict future condition
' More data = higher confidence @ opt o
¥ Include different seasons : Extegels "”‘s':x“’ "L‘ 3
and load conditions. s e s e

Patience in data collection
leads to confidence
in decisions.

Trond icction Rate of Change iterpreaton  RiskLevel | Action Pricrty
7 incron »2 v Molsturelngress gy Inmedine
= T ot protiem 4
2 ncroasing 05~ 2ppmperyear Monitorclosaly | Modium ™
= sube 205 ppmpor your Undorcontel tow Routine
§ Oncroming any improving Low | Maintain & Montor
KEY TAKEAWAYS

Supports asset management
and planning

@

Trends turn data into
action and value.

Uso calibrated instruments
Maintain consistent test methods
Record tomperature with each test
Use the same sampling points
Keop good data records

3
3
8
&
]
4

Volidate data quality

REFERENCES

Qe +971

679 0417

160 60464 - Guidefor the Iterpeetation o
‘a0 Froe Goses Ansiyie

+ IEEE CS7.91 - Guide for Loading Mineal-Ol immarsed Transformers

+ CIORE T8.349 - Mlsture Equlib and Molsure Assessment

A —
EE i

@

o

www.drytrans.com

The goal is ot just data,
the goal is longer life and
higher relial

@

DRYTRANS INSIGHT

Maoisture trends reveal hidden problems.
before they become failures.

They enable proactive management
instead of reactive actions.

Measure consistently.
Track trends. Interpret wisely.
Act early. Extend life.

REMEMBER
Data s history.
Trends are understanding.
Actionis protection.
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Moisture Under Control

FURAN ANALYSIS:
MEASURING PAPER AGING

Life C

DryTrans Knowledge Series

Furan compounds are formed when cellulose insulation
(paper) degrades due to heat and moisture. Furan analysis is
a proven method to quantify paper aging and estimate

remaining lfe of a transformer.

WHAT IS FURAN ANALYSIS?

Answer:
Furan analysis measures furanic
‘compounds dissolved in transformer

oil. These compounds are by-products
of cellulose (paper) degradation.

Main furans:

« 2-Furfural (2-FAL)

« 5-Hydroxymethylfurfural (S-HMF)

+ 2-Acetylfuran (2-ACF)

* S-Methylfurfural (5-MEF)
+ 2-Furfuryl alcohol (2-FOL)

v

m HOW ARE FURANS MEASURED?

o0—o0
LY
o
Furan = Direct indicator

of paper aging.

Answer:
Furans are measured using ﬁ

HPLC (High Performance
Liquid Chromatography)
with UV detection.

=
LB

© Clean and representative sample

Key requirements:

+ Proper sampling (oif)

 Calibrated instrument

® Correct method as per IEC 61198

TV FURAN GUIDELINE (IEC 61198)

m HOW ARE FURANS FORMED?
Answer:
Furans are formed when cellulose

breaks down due to:

a Heat (high temperature)

a Moisture (high paper moisture)

e ——

s "GI 2
(rh |

|

WHAT DOES FURAN LEVEL
INDICATE?
Answer:
Furan level indicates the percentage
of paper life already consumed.

Higher furan = More aging
= Less remaining life

Benefit

+ Quantifies paper aging
' Helps estimate remaining life (RUL)

« Support: planning

A

« Helpsinri

HOW IS LIFE CONSUMED (%) HOW IS AGING SEVERITY
CALCULATED? INTERPRETED?
Answer: Answer:
IEC 61 IEC 61
based on 2-FAL (and total furans) to
Example (simplitfed using 2-FAL): <10% Very Low
Life Consumed (%) = 10-20% Low
D x 2-FAL (ppm)®! 20-40% Moderate
Where D = Ageing Acceleration Factor 40 - 60% High
(based on temperature & paper moisture) >60% Very High

Always use tools/software or

2 Above 40% life consumed,

y
calculation.

risk of insulation failure
increases significantly.

SECTION 10

@ KEY MESSAGE

Furan analysis tells you
how much life the paper
has already consumed ~
s0 you can act before

it becomes risky.

m WHICH STANDARD IS USED?

Answer:
IEC 61198 is the most widely used
standard for furan interpretation.

It provides:
+ Life consumed (%) calculation
+ Aging severity classification

« Guidance for decision making

@

WHAT FACTORS AFFECT
FURAN RESULTS?

Answer:

IEC 61198 - Industry
accepted worldwide.

Furan formation depends on:

' Temperature (most critical)

' Paper moisture content

+ il quality

« Oxygen exposure

' Transformer design & hot spots

Control temperature and
@ moisture 10 slow down
paper aging.

BEST PRACTICES FURAN - THE BOTTOM LINE

° Furan analysis measures
<r0n Very Low
14 © what has already happened.
10-20% Low Continue monitoring © Measure 2-FAL and otal urans.
It helps you understand how much
Plan maintensnce, control ©  Record paper moisture and ht-spot temperatur.
20-40% Moderate molsture & temperature life is left — so you can take the
©  Colculte Life Consumed (%) using IEC 6118, ; by -8
10-60% W Inasigma/suucs sireed; ©  Trackrend over time, not ust single value. o i s
oh ‘consider refurbishment - E
@  Combine furan with DGA, moisture and DF for
Yook Vaey High High ek - plen mafor R A Measure — Interpret — Act
intervention  replacemant
@  Act eary when furan trend Isincreasing. = Longer Life & Lower Risk

REFERENCES

« 1EC 61198 - Mineraloilimpregnated electrical equipmentn service -

KEY TAKEAWAYS

@ Furans are by-products of cellvlose degradation.
© Furan level ndicates lfe consumed (%)

© 1EC 61198 is the standard for interpretation.

DRYTRANS INSIGHT

Furan analysis,
moisture, temperature and DGA,

EE « 1EC 60422  Mineralinsulating ol n electrical equipment

provides the most reiable view of o 1EEE CS7.106 - Guidefor Acceptance and Maintenance ofInsulating O
@ Higher furan = More aging = Less remaining e

insulation aging and remaining e + GIGRE T8 761 - Ageing of Paper and Moisture Equibrium
@ Trend analyss s more important than single vale. Bt e i N B

(R vishal@drytrans.com o +97150 679 0417 @ www.drytrans.com
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DryTrans Knowledge Series

DGA INTERPRETATION:

DETECTING DEVELOPING FAULTS EARLY
Gases Speak First — Listen Early, Act Early

Dissolved Gas Analysis (DGA) detects gases generated by
thermal and electrical faults in transformer insulation.
Interpreting DGA correctly helps identify the type, severity
and evolution of faults ~ before they become failures.

m WHAT IS DGA? HOW ARE GASES
GENERATED?

Answer: Answer:

DGA Faul heat energy

dissolved gases in transformer ol that that break down il and paper,

are produced due to thermal and producing gases.

electrical faults.

Key gases:
Hz, CHy, CoHq, CHy, CoHy,
€0, €O,

©

WHICH METHODS ARE USED
FOR DGA INTERPRETATION?

DGA detects faults

before major damage occurs.

Answor:
Common interpretation methods:

* Key Gas Method (IEC 60599)

+ Duval Triangle Method (IEC 60599)
+ Duval Pentagon Method (IEC 60599)
Doernenburg Ratio Method

+ IEC 62770 (Rogers Ratios)

Main sources:
’ Electrical discharges (PD, arcing)

Overheating (low or high
temperature)

-

L& o andpaper dogradton

DUVAL TRIANGLE:

HOW DOES IT WORK?
Answer
Plot % CH, % C;H, and % C;H,
(based on total combustible gases)
tolocate the fault zone.

CaH,

02 o1
e Dachar
oteae /| PO o

3
oy,

Use gether.
Cross-check for accuracy.

HOW OFTEN SHOULD DGA
BE PERFORMED?
Answer:
Every 6 months to 1 year
For critical transformers: 3-6 months.
After fault, maintenance or filtering

LSS

Across different load and

temperature conditions

Consistent monitoring
builds confidence.

WHAT DOES EACH GAS
INDICATE?

SECTION 11

KEY MESSAGE

DGA is not just numbers.
Itis an early warning system.

Correct interpretation =

Early action = Prevent failures,

Reduce downtime, Extend life.

WHAT ARE THE COMMON
FAULT TYPES?

Answer:

DGA helps identify:

W, Partial Dischargo (°D)
% @ Low temperature overheating (T1)
Mo Lowtempersture overheati
e i © Medium temperature overheating (T2)

CH, i & i X
CH,  Hightemperature overheating @ Arcing / Discharges
CaHy Y in paper
o =3 © Tracking i
€O, Paperinsulation overheating

No single gas gives the answer. @ dentify the faut,

Look at the complete picture. not just the gas.

WHAT ACTIONS SHOULD BE

(7] \WHAT IS THE IMPORTANCE OF
GAS TRENDS?
Answer:
¥ Asingl testis a snapshot.
¥ Trends reveai the story.
¥ Increasing gas levels =
Active or escalating fault
' Stable gas levels =
Condition under control
' Decreasing gas levels =
Fault mitigating

CH, C.Hy 4 Trend is more important
o, [l 1l o sssciote vate.
Overhesing
WHAT FACTORS AFFECT LIMITATIONS OF DGA
DGA RESULTS? INTERPRETATION?
Answer: Answer:
v v i zones

' Load and load duration
Ol condition and age

' Moisture and paper condition
% v

' New oil may mask gas generation
V' Inactive fauts may not produce gas
' Requires experience and correlation

Always interpret DGA with
operating context.

Use DGA with moisture,
furan, DF, and other tests.

other tests

TAKEN BASED ON DGA?
Answer:
Take action based on:

Fault type

Fault severity

Transformer c;

icality

v
v
¥ Rote of gas increase
v
¥ Operating condition

High-risk trend requires
immediate attention.

A

WHAT IS THE GOAL OF
DGA PROGRAM?

Answer:

Do not wait.

Detect developing fauts early
Understand fauit type and severity
Track fault evolution over time
Plan timely maintenance

Prevent failures and downtime
Extend transformer life

@

LS 258

Early detection.
Safe operation. Long life.

TYPICAL DGA GAS RANGES (ppm) - GUIDE ONLY BEST PRACTICES DGA INTERPRETATION CHECKLIST

prrr— W O G GH G G oo
Normal <100 <120 <65 <50 <@ <350 <2500 °
PO Activity 100-700 <120 <65 <50 <« <350 <2500 °
LowTomp Overheating (T1) <100 120-400 <65 <0 <@ <350 2500-4000 °
i i | Te i G e | | @
KTrpOmtesig 100700 1000 5300 200 so-uco oo O
Aring { Dacharges 5700 >1000 5300 >200 > >400  >10,000 )
KEY TAKEAWAYS

P © Gam vty e
O

DRYTRANS INSIGHT

DGA s your ransformer'seary warming system.

Sample correctly and avoid contamination.
Use IEC 60599 and IEC 62770 methods.
Interpret with trends and operating data.
Combine with moisture, furan, DF, TAN.
Maintain heathy oiland keep moisture ow.

Act early on abnormal trends.

REFERENCES

Sample taken correctly?
il temperature recorded?
All key gases measured?
Trends analyzed?

Method cross-checked?
Fault type identified?
Severity assessed?
Action plan defined?

ceee e

@ Trends dive comrect actions.

@ Acteary, provent fakres, extend i

vishal@drytrans.com

understand the message, .
and act before it i too late.

+97150 679 0417

EE 0 the interpretation of dissolved and free gases

 Duval, M. - The Transformer Furan Handbook
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Molsture Under Control

MAKING IT ACTIONABLE:
FROM DATA TO DECISIONS

Turning Insights into Reliability and Life
Data has value only when it leads to the right action.

A structured approach converts test results and trends
into decisions that improve transformer reliability,
reduce risk and extend asset life.

WHY IS ACTION BASED ON

INSIGHT IMPORTANT?
Answer:
Because transformer failures are
preventable. Acting on insights:
v Prevents small issues from
becoming big problems.

LS %Y

Extends useful ife
Insight without action
does not create value.

WHEN SHOULD DRYING
BE CONSIDERED?
Answer:
Consider drying when:

<

Moisture is above target
Moisture trend is rising
Paper moisture is high

L

After major maintenance or
oilingress event

Moisture control is the most

Optimizes maintenance spending
Improves reliability and availability

effective life extension strategy.

m WHAT TO DOCUMENT?

Answer
Maintain a complete record
Test results and trends

v

¥ Interpretation and i
¥ Decisions taken
v
v

ights

Actions implemented
Results after action

Good documentation
builds knowledge an
supports decisions.

DryTrans Knowledge Series

WHAT STEPS TURN DATA
INTO ACTION?
Answer.
Collect accurate test data
Analyze trends and relationships
Interpret using engineering

o
(2]
(]
knowledge
(4]
3
(]

Identify risk and priority
Decide the right action
Implement and verify

Follow a structured
decision process.

m HOW DO YOU SET TARGETS?

Answer:
Typical targets (guideline):

« Ol Moisture < 15 ppm

« Paper Moisture < 2.0%

« Relative Saturation (RS) < 60%
« Water Activity (aw) < 0.30

Targets may vary based on
transformer and environment.

HOW DOES THIS IMPACT
MAINTENANCE?
Answer
It enables:
Condition-based maintenance
Right activity at the right time
Avoids unnecessary work
Reduces downtime

PSS

Improves life-cycle cost

R

From reactive to proactive
maintenance.

i

HOW DO YOU PRIORITIZE
"TRANSFORMERS?

Answer:

Use risk-based prioritization based on:

Moisture level and trend
Aging (furan, acidity, methanol)
DGA and fault risk

Load and criticality
Consequence of

Focus on high-risk assets
first.

iy HOW DO YOU CONFIRM
ACTION EFFECTIVENESS?

LR S K

swer:
Verify with trend improvement in:
Moisture (oil & paper)

RS% and aw

DGA gases

Dielectric performance

LR LS

Aging

©

WHAT IS THE END GOAL?

Measure - Monitor -
Confirm — Continue.

+ Healthy insulation system
Lower risk of failure

Higher reliability and availability
Longer asset life

Better ROI

Reliable transformers.
Stronger grid. Lower cost.

SECTION 12

@ KEY MESSAGE

Data — Insight — Decision — Action
+ Understand the true condition
v Take the right action
 Reduce risk and downtime

v Extend transformer life

WHAT ACTIONS CAN BE TAKEN
IMMEDIATELY?

Answer:

If moisture is high or trending up:

v Improve sealing and breather

condition

Start online or offline drying

Reduce ingress sources

t S Y

Increase monitoring frequency

Early action prevents.
acceleration of aging.

HOW OFTEN SHOULD YOU
REVIEW AND UPDATE?

Answer:

Review insights and decisions:

v After every test cycle

v After major events

+ When trends change

v Atleast annually for strategy

B8 Continuous review keeps the
strategy relevant and effective.

WHAT IS THE DRYTRANS
APPROACH?
Answer:
We help uti
Understand the real condition

<

 Interpret with engineering insight
' Recommend the right actions

v Support implementation

v Ensure measurable results

©Qp Your partner in moisture
management and reliability.

CONDITION ASSESSMENT - ACTION MATRIX DECISION FRAMEWORK BEST PRACTICES FOR ACTIONABLE INSIGHTS

I ” cotactDua
e L —— P e
el TR s
st | aw | e | L, | cmembentnee
Pl
~ Q. ©'=mi ..
Incroase moritoring e comonees
e T P = i
Conier g, A © i
e e
s
[ 35280 | i | b | e 0
e St
s
Critcal >60 WoroM0 | o bich | Detaded inestigetion. AR Implement & Verlty
pro T s R
widy [ty fil © i
® 0 i
o P
o
KEY TAKEAWAYS

© 0stabecomes volusbie oty when acted upon.
© Use structured approach to make bettor decisions.

@ Moisture conrol deivers the highest impac.
@ Trends, no single readings,drive elabiy.
@ Right action at therigh time extends Ife.

DRYTRANS INSIGHT

/ We tum data into actionable insights

and actionable insights into results.

reliable tomorrow.

Better decisions today for a more

» +97150 679 0417

@ Understand the Whole Picture

Look at all parameters together, not in isolation.
@ Trust Trends, Not Single Tests.

rends reveal the real story.

© ActEarly

Early action s faster, easier and cheaper.
@ Control Moisture Continuously

Moisture s the primary driver of insulation Iie.
@ Usethe

Accurate testing and reliable data are essenti

ight Tools

@ Build Knowledge
very transformer has a history — use it
@ Review and Improve
Keep improving your process and decisions.

REFERENCES
 1EC 60599 - Ninersl ikimprogrsted
1EC 60247 - Guide to the losding of power trans

lctrcal oquipment
elormars.

CIORE T8 349

- Moisture oquibrium and moisture assessmant

Ouvel M. - The Transfommor DGA Book
Koch & Tenbeihen — Transformer Assessment Using Diclectic Response.

+ IEEE CS791 - Guidefor looding minerskollimwmersed transformers




Moisture Under Control

MOISTURE MANAGEMENT STRATEGIES:
PROTECT, CONTROL, EXTEND LIFE

/\ drytrans

SECTION 13

{g" KevMEssace

Proactive Moisture Control is Proactive Asset Management

Moisture is the #1 driver of insulation failure. A strong moisture

You
but you can control it continuously.

Control moisture = Control aging

management strategy prevents aging, improves reliability, and Control aging = Extend life
significantly extends transformer life.
m WHY IS MOISTURE MANAGEMENT m WHAT IS THE GOAL OF MOISTURE m WHAT ARE THE KEY ELEMENTS OF HOW DOES MOISTURE ENTER
CRITICAL? MANAGEMENT? AMOISTURE MANAGEMENT PLAN? ATRANSFORMER?
Answer: Answer: Answer: Answor:
v o i © Montor s S ol onitiig v i
¥ Reduces dielectrc strength oiland paper to: ) Aies S e v Loskage through sesis snd gesiats
= Ly A R :
v igher e v i o - i o v
v Shortens transformer fe v Prevent faults -t e ' Through conservator expansion
V' Ensurelong-term reliabilty e i - i contraction
Moisture control s the most F
offective way to extend St e S PoEpe @ Aplan i 3 A ook ook
transformer all slements work together. as removing moisture.

m WHAT ARE THE BEST WAYS TO m HOW DOES VACUUM DEHYDRATION '] VWHAT IS THE TARGET MOISTURE HOW OFTEN SHOULD MOISTURE
REDUCE MOISTURE? WORK? LEVEL? BE MONITORED?

Answer: Answer: Answer: Answer:

' Vacuum dehydration (highly effective) Reduces pressure v Every 6 months to 1 year

point and removes moisture from

' Oniine drying systems (or more frequently f critical)
. Parare Targot Velon ;.
v Moot shesionvithvacsmaing | P + Al o maenance o g
' Oil purification with moisture removal weour —— Derstod Molrreinod 28pem  After breather replacement
' Molecuar siove /slca gl systems o || o || o -y PE Py e B
%00 Qower Poassure . Relative Saturation (RS) $60%
pr v 030
Remove moisture continuously, andis removed: N
Frequent monitoring detects
notjust during outages. Maost effective method to achieve @ Lower moisture = Slower aging = e
low and stable moisture. Longer life.
m HOW DO BREATHERS HELP? HOW DOES SEALING IMPACT 1 WHAT ROLE DOES OIL QUALITY HOW DO YOU KNOW IF YOUR
MOISTURE? PLAY? STRATEGY IS WORKING?
Answor: Answer: Answor: Answer:
' Prevent moistura from entering v Poor seals v 0 i ' Moisture levels e stable or decreasing
v i V' Good ol improves heat transfer v RS% and aw are within target
v Extond transformer lfe v Increases aging and risk v Red v Furan and agi low
' Supports battar dilectric strangth V' Fewer faults and alarms.
Breather Best Practices Sealing Best Practices AT T Y e aaniss sl
Q Use bigh-aueiy dessicont £ inspect graets nd seis L e
©  Chockcolor regularly ©  Tighton flangos properly pE, e i e
B Reploce when saturated O Avoidoilesks ol s
@ Ensuro propor seaing O Usoqusity sesling materials BN e e
@ A good breather is a low-cost Smallleaks = Big moisture 6 Good oil + Low moisture = /j Results confirm that your
ffe insurance. problems. Reliable insulation. ].III strategy Is effective.
MOISTURE MANAGEMENT ACTION MATRIX BEST PRACTICES FOR MOISTURE MANAGEMENT THE BENEFITS OF EFFECTIVE
MOISTURE MANAGEMENT
Ackon Pupose Froquency  Efoctivaness ©  Make moisture control a top priority.
Slower Aging
Monitor regularly and analyze trends.
S D e (@i g || S U B
& ©  Act before moisture crosses limits. et S99 (e angl foren fometon
Q) cowoiingress  spnewmostreenty  Contiowous AR @ Use vacuum dehydration for best results. 4} Higher Reliability
8 P O Wakiaan Breiiiors oot voahiig eystems: Fewer faults and unexpacted outages
mmowmoetre  Oryolandpeer  Asnesded : 2
©  Use quality oil and maintain cleanlines: Tores Vilitocene Gon
© wemsnsesing  preventieskage Contiwous ek © Combine online and offine drying. Less breakdown maintenance and repairs
© Track performance and keep improving. L2 Longor Trantormerite
0 s i ik P —— ot
Vel Simgrove Enwurooffectvoness  Contivoun A A DRYTRANS INSIGHT

Moisture management i not a one-time
activiy. It is a continuous commitment
to reliability and asset life.

5

KEY TAKEAWAYS REMEMBER
s o e et e contrl R R . a L
aategy provents problems. Ry B8
© Monitoring + Action = Relabllty. ou oot sk aphic) =
e ke T dpaniniy e e

ishal@drytrans.com +97150 679 0417

Better ROI
Higher return on asset investment

Protect today. Control moisture.
Extend life.

REFERENCES

1EC 60422 - Minera insulting ofs i eectricsl equipment
1EC 60599 - Guido for looding mineral-oimmersed.

(CIGRE T8 349 - Moiatue equitirum and moisture assesament
Orytrans Technical Library and Fild Experience
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Moisture Under Control

INSULATION LIFE EXTENSION:
THE MOISTURE ADVANTAGE

Manage Moisture. Control Aging. Extend Life.

Moisture is the primary driver of insulation aging.
By controlling moisture proactively, you slow down aging,
improve reliability, and significantly extend transformer life.

[IJ] WHAT DRIVES INSULATION AGING?

Answer:
¥ Moisture (primary driver)
v Temperature
v Oxygen

v Electrical stress
¥ Contaminants
v Load cycling

Of these, moisture has the
highest impact and is the
most controllable.

m WHAT IS THE OPTIMAL MOISTURE
LEVEL?

Answer:
Recommended targets (typical):

[— Target Valus
Moistura in O <15 ppm
Paper Moisture s20%

Relative Soturation (S) <60%
Water Activiy (s, 2030

Lower moisture levels deliver

]

m 'HOW DOES THIS IMPACT RELIABILITY?

maximun life extension.

Answer:
¥ Lower moisture = Fewer faults
¥ More stable operation
¥ Better performance during overloads
¥ Improved grid reliability
v Higher asset availability

Reliable

DryTrans Knowledge Series

HOW DOES MOISTURE
REDUCE INSULATION LIFE?

Answer:

High moisture:

Accelerates paper aging

Reduces dielectric strength

Increases risk of faults

Promotes chemical degradation

LHEALSN

Leads to sludge and deposit
formation

More moisture = Faster aging

Less moisture = Slower aging

HOW MUCH LIFE CAN YOU GAIN BY
CONTROLLING MOISTURE?
Answer:
Life extension potential (guideline):

Paper Molsture (%) | Expected Life (
51.0% 15-25%
10-20% 12-15x
20-3.0% 10 x (Base)
>30% <10 x (Reduced Li

@ Every 1% reduction in paper moisture
‘can add 20-50% more life.

m HOW DOES LIFE EXTENSION REDUCE
cosT?

Answer:
¥ Delays replacement
Reduces unplanned outages
Lowers maintenance cost

Improves energy efficiency

LR

Better return on investment

WHAT IS THE IMPACT OF
MOISTURE CONTROL?

Answer:

Slows down aging

Maintains dielectric performance

Reduces fault probability

Improves reliability

Extends transformer life

R L

Lowers life-cycle cost

2
11|

Invest

moisture control,
gain years of life.

SECTION 14

@ KEY MESSAGE

Insulation life is not fixed.
Itis a result of how well
you control moisture.

Lower Moisture = Slower Aging
Slower Aging = Longer Life

WHAT IS THE RELATIONSHIP
BETWEEN MOISTURE AND LIFE?
Answer:
The relationship is exponential.
Small reduction in moisture
life.

creates a big increase
2
30

Insulation Life
Vasen)

@ % ™ B B e T8
Moisture in Paper (%)

WHAT ROLE DOES
07 Ry

Answer:
Temperature and moisture work together.
High temperature + high moisture

= Fast aging

Keep both under control for

maximum benefit.

§

Control moisture.
Control temperature.
Control aging.

WHAT IS THE KEY TO SUSTAINED
LIFE EXTENSION?
Answi

Continuous monitoring

Early detection of moisture rise

v

v

' Consistent drying and filtering

+ Sealing and breathing management
v

Data-driven decisions

ont actions.

m WHAT
INSULATION LIFE?

Answer:
Maintain low and stable moisture
Control temperature

Use online monitoring

Prevent moisture ingress
Regular maintenance

Use high-qualiity oil and materials

A proactive strategy always
outperforms a reactive one.

m WHAT IS THE ULTIMATE BENEFIT?

Answer:
Longer asset life
Lower risk

Higher rel

ity
Better performance
Stronger grid

[k Syl &

Peace of mind

Control m

ure today.

e i is one of the (™ Sustained resuits come from
start with dry highest ROl actions. x_J o

MOISTURE LEVEL vs INSULATION LIFE IMPACT BEST PRACTICES FOR LIFE EXTENSION LIFE EXTENSION - THE BOTTOM LINE

sulation. Enjoy benefits for years.

PaperMoisture  Aging Rate  nsulatin Life f % ©  Keep moisture as low as possible
frl i g (e ke Loy (O T—
s10% 025-040x  15-25x ©  Dry il and paper when required
© Prevent moisture ingress (U tower moisture sows aging.
10-20% | 080-070x | 12-15x © Maintain temperature within limits
© Maintain breathing and sealing system: ﬁ Slower aging means longer life.
20-3.0% 1.00 x 1.0 x (Base) & e
©  Act carly on any deviation
Do | nr ] e foleaee || caeeey @) swraess
>a0% >20% <OSx  VeryHigh- Severe o reduction e re @ e Ly s e
Life extension i not  one-time event.
@ v ! Manage moisture.
to moisture control and asset care. Extend life. Deliver value.
KEY TAKEAWAYS REMEMBER REFERENCES
© Moisture rives aging " 3 . - 16C 60070 - Pows Tans
T P e ad fou cannot change the design ife, EE d
9— ] © smallactons today = B benefits tomrrow. P g D ! VA ——

© Proactive management is th key. with the right moisture strategy. - Drytans Tchmica Ubray and Fied xparionco

bR vishal@drytrans.com R, +97150 679 0417 @ www.drytrans.com
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Moisture Under Control

THE MOST EFFECTIVE MOISTURE SOLUTION

DryTrans Knowledge Series

VACUUM DRYING OF TRANSFORMERS:

Remove Moisture. Restore Insulation. Extend Life.

Vacuum drying is the only process that removes moisture from

both

significantly extends transformer life.

WHY IS VACUUM DRYING
SO EFFECTIVE?

Answer

nd paper insulation to the lowest pos:
It restores dielectric strength, improves reliabil

ity, and

WHAT DOES VACUUM
DRYING REMOVE?

Answer:

m WHAT ARE THE KEY BENEFITS?

Answer:

v Reduces
boiling point

Water evaporates at low temperature
Removes moisture from oil and paper
Achieves extremely low moisture
levels

LSENRN

<

Itis the only method that truly
removes moisture - not just

moves it around.

WHAT ARE THE TYPICAL TARGETS
AFTER VACUUM DRYING?
Answer:
Typical achievable targets:

Parameter Target Vot

Moisture in Ol (ppm) <10ppm
Paper Moisture (%) <1.0%

Relative Saturation (RS) <20%
Water Activity (5.) 5020

@' Lower moisture targets lead to
exponential lfe improvement.

v R
' Moisture from paper insulation

v Sludge and soluble deposits
(with filtration)
v Gases and volatile contaminants.

Cleaner oil + Drier paper =
Stronger insulation.
m HOW DOES VACUUM DRYING
WORK?

Answer:
The process is simple and powerful

#- O -

Connect
totanstormer  pressure atlow tomp.
(vocuum)

L @m - 6

Romovo watervoper  Glan,dry o
(vough condenser)  back o transormer

Low pressure + Low temperature =
Safe, effective, and proven.

Improves insulation resistance
Reduces risk of faults and breakdowns
Extends transformer life

Improves reliability and availability
Reduces maintenance cost

CRIUK TR TS

Better return on investment

A Vacuum drying delivers the
I bighest e extension potentia

iy] HOW LONG DOES VACUUM

DRYING TAKE?

Answer:

Duration depends on:

v Initial moisture level

v Transformer size

v il volume

' Paper condition

v Temperature

Typical duration:

-« 2t07days

« Longer for very wet units

We do not rush drying.
We remove moisture completely.

SECTION 15

(- KEY MESSAGE

Moisture s the root cause.
Vacuum drying is the cure.

Remove Moisture = Restore Insulation
Restore Insulation = Extend Life
Extend Life = Maximize Value

[Y] WHEN SHOULD VACUUM
DRYING BE DONE?
Answer:
v When moisture level is high
After major fault or overheating
After water ingress o flooding

During routine life extension program

LUK R UEN

Before putting new or rewound
transformers into service

The earlier you dry, the more
life you save.

m IS VACUUM DRYING SAFE?

When done by trained experts
using the right equipment.

Low temperature process

No damage to insulation

No heating stress.

Maintains transformer integrity

Safe for the transformer.
Safe for the asset.

HOW DOES IT COMPARE WITH HOW OFTEN SHOULD VACUUM m WHAT EQUIPMENT IS USED? m WHAT IS THE RESULT?
OTHER METHODS? DRYING BE DONE?
Answer: Answer: Answer: Answer:
[ V' Notevery year. ' High vacuum drying unit v Dryinsulation
Method | Molenwetrom | Moisure :
% = v Only v system ' High dielectric strength
GiTsicn 7 i « Moisture level ' Condenser (water cooled) Fvowlees
+ Condition assessment ' Heaters (low temperature) v Stabl i
onineDrying Medom jum = able operation
b3 e * Operating environment v Fine filtration system v Longer asset life
NeogenDrg X Medum  Madum + Maintenance strategy ' Oil handiing system
Typicall 5-10 v Peace of mind
VecwmDying v Veylow Veryhgn  Typlcally oncein 5-10 years v Moisture measurement instruments

or as per condition.

Dot right. Do it on time.
Do not do it too often.

{@} « ecuipment + Right process = ? Dry today. Refiable tomorrow:
Right people = Right results. Value for years.

TYPICAL MOISTURE LEVEL vs LIFE EXPECTANCY (GUIDELINE) BEST PRACTICES FOR VACUUM DRYING THE VALUE OF VACUUM DRYING

LA\ #50peric nt i, thwanstomr i not

s e e e ° iormar o Bion e Gyt @ i
© Use calibrated instruments for misture measurement O o R boeer:
o L | 0 et @ Lot seskdouns and ouoges
10-20 20-40% Good 20-30 years © Maintain vacuum and temperature within lmits o=
Use fine fitration during and after drying 4 ExtendsLif
20-30 40 - 60% Fair 10 - 20 years 4 e ] 3
=== - = O M s Sho ot B s 1 ignificant life extension potential.
30-80 3 il ey © Ory until target is achieved ~ not by time only e Cost Effective
>a0 >80% Very Poor <Syears © Record before, during and aftor results Prevents major failures and costly repairs.
@ Follow up with proper maintenance practices Improves Reliability

Better performance and availability.

(© Lower moisture = Longer lfe. I’ that simple. o

is a process.
Complete drying is a commitment.

It is not an expense. It is an investment.

KEY TAKEAWAYS DRYTRANS INSIGHT REFERENCES
@ Mlsur s the 1 threat to ranstormerinsaion. oy = ] . 1EC 60422 - ines g o i sectricl sipment
© Vacuum drying removes maistur from oi and poper. = e ampe Siethecs s EE 1EC 60076:2 - Power transfommers i

a lifo extension solution.
When done right, it delivers results
that last for decades.

@ 1restores insolston and extends tanstormer e
@ Dot only when required - but do it completaly.
© Choose quality expert. Follow best proctices.

EC 60599 - Guidefor looding of ollimmersed transformers
(CIGRE T8 349 - Molsture equillrum and Moisturo Assessment
Orytrans Tochnical Library and Fild Experionce

+971 50 679 0417

shal@drytrans.com

www.drytrans.com
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Moisture Under Control

THE ONLY WAY TO CONTROL INSULATION LIFE

Monitor. M

DryTrans Knowledge Series

CONTINUOUS MOISTURE MANAGEMENT:

Transformer insulati

s a dynamic system.

Moisture continuously changes with temperature,
load, and environment. Only continuous moisture

management can keep it under control.

] WHY ConTiNuOUS m WHAT DOES CONTINUOUS WHAT ARE THE KEY
MOISTURE ? ACHIEVE? COMPONENTS?
Answer: Answer: Answer:
v Moisture is always moving ' Keeps moisture at safe levels @ Online moisture mornitoring
v is al h v Mair i o 0
' Temperature and load are always V' Slows down aging © Woisture controllogic:
changing v Prevents faults and breakdowns - —
' Ingress cannot be stopped ' improves reliability e
v Aging never stops v Extends transformer lifo

You cannot eliminate moisture,
but you can control it
continuously.

WHAT IS THE IDEAL
MOISTURE RANGE?
Recommended targets:

* Moisture in Oil 515 ppm

*+ Paper Moisture 52.0%

*+ Relative Saturation (RS) s 60%

+ Water Activity (a,,) 5030

@ Lower moisture = slower aging
Stable moisture = longer lif.

Answer

v High load - high temperature
-+ more evaporation

v Lowload » low temperature
- more condensation

¥ Load cycles cause moistur
fluctuations

g

HOW DOES IT IMPACT
RELIABILITY?

Answer:

Fewer fauits and trips

More stable operation

Higher asset availability

Botter performance under stress

Improved customer satisfaction

L

Lover management and
moisture management
go hand in hand.

LR NN

Reliable transformers start
with controlled moisture.

The goal s not zero moisture.
The goal s safe and stable
moisture.

WHAT HAPPENS WITHOUT
CONTINUOUS CONTROL?
Answer:
Moisture keeps ent

9
Moisture level keeps rising
Aging rate accelerates
Risk of faults increases.

v
v
v
v
v

No control = Faster aging.

A

m HOW IS INGRESS CONTROLLED?

Faster aging = Higher risk.

Answer:
v High-quality breathers

v Proper sealing of tank and
components

Regular inspection and maintenance
Minimize oil conservator breat
Monitoring helps detect ingress early

©

m HOW DOES IT IMPACT COST?

AN

Stop new moisture.
‘Then remove existing
moisture.

Right system + Right process +
Right monitoring = Success.

5] HOW OFTEN SHOULD SYSTEMS
BE MONITORED?

Answer:

v Online systems: 24.x7

' Data review: Weekly

v Detailed analysis: Monthly

v Comprehensive review: Quarterly

Real-time monitoring
enables real-time action.

WHAT TECHNOLOGIES
ARE USED?
Answer:
Online moisture sensors
Vacuum dehydration units
PLC/SCADA based control
Data logging and analytics
Remote monitoring and alerts

o

m WHAT IS THE ULTIMATE GOAL?

Technology + Process +
People = Reliable Results.

SECTION 16

" KEY MESSAGE

Testing shows the condition.
Monitoring shows the trend.
Management changes the future.

Continuous Moisture Control =

Controlled Aging
Controlled A

= Longer Life

m HOW DOES IT WORK?

Answer:
Moisture is measured online
Trends are analyzed
Dehydration removes moisture

Ingress is minimized

<

SR SENRN

System keeps moisture
in control

©

HOW DOES TEMPERATURE
AFFECT MOISTURE?
Answer:
+ Higher temperature
-+ more evaporation
v Lower temperature
- more condensation
' Seasonal changes impact

equilibrium
WHAT ACTIONS ARE
TAKEN BASED ON DATA?
Answer:
v Adjust dehydration cycle
Optimize drying time
Investigate high moisture events.
Improve sealing or breather
Review load and temperaturs

Q

m WHAT IS THE MINDSET
SHIFT?

Continuous cycle
of measure -+ remove -+
control -+ maintain.

Moisture control must
adapt to temperature
and load.

Data without action
has no value.

Improves energy efficiency
Batter return on investment

AN NN

Moisture control pays for itself
many times over.

Keep transformer reliable
Keep life long and cost low

Sustained moisture control =
Sustained asset value.

b 4

Reduces unplanned outages v Keep moisture low and stable From:
. » Ve soboet X 9 drying
L v Ee
b o:
v

+/ Continuous monitoring &
continuous management

®

From reactive maintenance
to proactive asset care.

MOISTURE BEHAVIOR - A CONTINUOUS CYCLE CONTINUOUS MANAGEMENT VS PERIODIC APPROACH BEST PRACTICES FOR CONTINUOUS MOISTURE MANAGEMENT

T Measire : =
= e
[rs— [ p priority
e N\ outa Snapahot Reaktime trend © invest in online monitoring and drying systems
Reviow, lasn and @ @ 2 Analyze. Moisture Control Reactive Proactive @ Use calibrated instruments and reliable sensors
pronoea & - R = e © Maintain sealing and breather systems
b o Dr and ¥ continuous
Woisture [ o tow © 0y oiland paper continuously
— 5 © Monitor trends. Act before limits are eached
oy Shartr P
O 3 © Record, analyze and improve continuously
oy ey Mo Cot Hohar Lower © Work with experienced partners
gy tabiry = Wiber . 3 -
\_/'/ = Consistent Action. Continuous Control.
Pesce of Mind tow i Maximum Life. Maximum Value.
KEY TAKEAWAYS DRYTRANS INSIGHT REFERENCES
© Morein  ewt. Conreis the setion e do ot ot provide oqipment

L3
@ Smal actions today deliver big benefits tomorrow.
© Controt mosture. Control aging. Extend .

solutions ~ technology, proces, and
partners

+97150 679 0417

vishal@drytran
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Moisture Under Control

DryTrans Knowledge Series

BREATHERS: FIRST LINE OF DEFENSE
AGAINST MOISTURE INGRESS

A Small Component. A Big Impact.

Breathers protect transformers by keeping moisture out.
A neglected breather can undo all other efforts.

Good breather:

WHAT IS THE FUNCTION
OF A BREATHER?
Answer:
v Allows air to enter/exit during
cooling and heating
v Absorbs moisture from incoming air
v Protects oil and insulation
from humidity
Breather is the gatekeeper

WHAT IS THE IDEAL BREATHER
INSTALLATION?

Answer:

v Atthe highest point

v Away from rain splash

v Vertical and secure

v Properly sealed connections

2

Correct installation ensures
maximum protection.

HOW IS SILICA GEL

= Dry insulation. Bad breathers = Moisture problems.

HOW DOES A BREATHER
WORK?

Answer:

v Air enters through silica gel

SECTION 17

{J- KEY MESSAGE

WHAT ARE THE TYPES OF
BREATHERS?
Answer:
v

ica gel breathers

v Silica gel absorbs moisture v Self-indicating breathers

¥ Dry air goes into the transformer v Non-indicating breathers

v Moisture stays trapped v Conservator breathers

in silica gel

Good silica gel = Dry air in. (& Self-indicating breathers
Moisture out. are strongly recommended.

m HOW OFTEN SHOULD BREATHERS 07 WHAT INDIEATES A SATURATED
BE INSPECTED?

Answer: Answer:

v Every 3to 6 months v Silica gel tums from blue to pink

v More frequently i v “Saturated”

v Check color v High moi il

v Record and trend condition

Regular checks prevent
unexpected saturation.

OR REPLACED?
Answer:

' Remove and replace the gel
v Orbake in oven at 120-150°C
for 4-6 hours (if reusable)

v Ensure proper drying
v Reassemble and test

¥\ Freshsilica gel = Effective
A moisture absorption.

'WHAT ARE THE BEST PRACTICES
FOR BREATHERS?

Answer

Answer:

' Rising paper moisture

fioS

Pink gel = Warning.
Take action immediately.

Clean and i t
moisture ingress.

A good breather is essential for
insulation life.

Good Breather = Low Ingress
Bad Breather = High Moisture

'WHY ARE SELF-INDICATING
BREATHERS BETTER?
Answer:
v Show silica gel condition
v Color change indicates saturation
' Helps in timely maintenance

v Reduces risk of moisture ingress

Visibilty leads to action.
Action prevents moisture.

WHAT HAPPENS IF A BREATHER
IS SATURATED?

Answer:

¥ Moisture enters the transformer

v Increases oil and paper moisture

v Reduces dielectric strength

v Accelerates insulation aging

A saturated breather can
cause prevous damage.

v

v Check

WHAT crruEn FACTORS AFFECT m HOW DO BREATHERS IMPACT
BREAT! LIFE?
Answer: Answer:
V' Yes, if designed for reconditioning ¥ Amblent humidity v Prevent moisture ingress
i i v Rain ing ¥ Maintain insulation dryness
v Dustand i v Improve reliability
v

v Replace if damaged or corroded
Recondition only if safe
and recommended.

HOW DO YOU CHOOSE THE RIGHT
BREATHER?
Answer:

v Use high-quality
v Inspect regularly

¥ Replace or regenerate on time
v Keep area clean and dry

7R ;
v Self-indicating type
v Quality of silica gel
v Trusted manufacturer

o reliability tomorrow.

v Poor sealing or leaks

Environment matters.
777 So does maintenance.
WHAT IS THE COST OF NEGLECTING
BREATHERS?

Answer
Moisture ingress

v Insulation aging

' Breakdowns and outages

' High repair and replacement cost

®

<

Neglect today = High cost

tomorrow.

Extend transformer life

Good breathers (small cost)
bring big benefits.

WHAT IS THE SIMPLE RULE TO
REMEMBER?
Answer:

€6 “A good breather breathes
dry air in.
A bad breather lets
moisture in.

Protect the breather.
Protect the transformer.

@

SILICA GEL COLOR INDICATION GUIDE BREATHER MAINTENANCE CHECKLIST THE VALUE OF GOOD BREATHER MAINTENANCE

Socitw conten ° B P s
Biue Ory / Active No action required © Checksilica gel color e i
@] Chodasaitfgasiats and Olinge % waintains dielectric strength
@ Povieriiec | PaciokySutmsted | Moritor clossly ©  Ensure proper installation and sealing @ Reduces insulation aging
g e or replace ©  Keep the breather housing clean and dry e b
© e wrot ! liabilit
= ‘et immediataly ©  Record condition and maintenance e Ty,
” i ©  Replace or regenerate as per condition e Lowers maintenance and repair cost
O (Ars ISl NS/ Stica O &l Extends transformer fife
A small checklist today can prevent
® ‘major failures tomorrow. Good Breather Maintenance = Reliable Transformers
ST DRYTRANS INSIGHT REFERENCES

© Breothers ro casentis for keeping moisture out
@ Seltindicating breathers are highlyrecommended.
@ Inspoct, moritor and maintin regulaly.

@ Fresh siica gel = Dry air = Long transformer if.

© Alitie attention to breathers pravents big problems.

Most maisture problems start with a
saturated or poor breather.

Focus on breathors - Itis the simplest
and most effective protection.

" IR0 S e
+ CIGRE T 3as cquilibrium and Maisture Assessment
+ DryTrans e At Wby o et

+97150 6’

0417 rytrans.com
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Moisture Under Control

LEAKS & SEALING: SMALL GAPS,
BIG CONSEQUENCES
Seal it Right. Keep Moisture Out. Protect Your Transformer.

Even the smallest leak can allow moisture to enter,

degrade insulation, and reduce transfor
Sealing and integrity are critical for lon,
'WHY ARE LEAKS

m SO DANGEROUS?

Answer:
v Allow maisture ingress
Accelerate insulation aging
Reduce dielectic strength
Increase risk of fault and failure
Shorten transformer life

A

WHAT ARE THE SIGNS
OF ALEAK?
Answer:

ASENE NN

A small leak today can

cause a big failure tomorrow.

Oil seepage or stains
Drop in oil level

Moisture rise in tests

Rust around joints

Wet or oily conservator walls
Visible ol on gaskets or bolts

LSESE SR SR RN

Visible signs are warnings.
Don't ignore them.

CAN OLD GASKETS
BE REUSED?
Answer:
v No, gaskets age and harden
¥ Lose elasticity and seal
v Risk of future leakage
v Always use new gaskets

®

m WHAT ROLE DOES TRAINING PLAY?

Old gasket = Future leak.
Always replace.

Answer:
v Trained teams find small leaks
v Use correct tools and methods

DryTrans Knowledge Series

rmer life.
g-term re

SECTION 18

KEY MESSAGE
Leaks are silent.

Moisture is persistent.

The damage is expensive.

Find the leaks.

Seal the leaks.

Stop the moisture.
Extend transformer life.

v o

WHERE DO LEAKS m WHAT CAUSES LEAKS? HOW DO LEAKS

TYPICALLY OCCUR? ALLOW MOISTURE IN?
Answer: Answer: Answer:
' Tank gaskets and flanges ' Gasket aging and hardening ' Negative pressure during cooling
<4 i g flange v L v Breathing cycles
v Drain valves and fittings ' Loose bolts and connections ' Conservator oil level changes
v Radiator connections v o v i gl

v ' Moisture dissolves in oil
v

V' Weld cracks and tank seams.

Any joint or connection
can be a leakage point.

HOW OFTEN SHOULD LEAKS
BE CHECKED?
Answer:
' Routine visual inspection: Monthly
Detailed inspection: Every 6 months
After overload or fault
After short-circuit or vibration

ESENENEN

During major maintenance

Regular checks prevent

small leaks from growing.

HOW DOES TEMPERATURE
AFFECT SEALING?
Answer:
High temperature hardens gaskets
Causes loss of elasticity
Leads to cracks and leaks

&

v
v
' Cold weather causes contraction
v

Both increase leak risk

U]

Temperature cycles stress
gaskets and seals.

WHAT IS THE COST OF IGNORING
LEAKS?

Answer:
v Moisture damage
Premature aging

v g
v Ensure long-term sealing integrity

@  skilled people =
@A Reliable sealing.

COMMON LEAK POINTS & SOLUTIONS LEAK INSPECTION CHECKLIST THE BENEFITS OF EFFECTIVE LEAK MANAGEMENT

Check oil level and look for unusual drop
Inspect all flanges, gaskets and joints
Chock bushings and their flanges.
Inspect drain valves and fittings

Coute

point

2 Tekrnges  Aged skt oose ot
B ouions g gkt o
& ouinveies Worn pacing
T ]
a

®

Cracks, vibration

KEY TAKEAWAYS

© Loaks are the main entry for moisty

CF

© Inspect regularty and act earty.

PR vishal@drytrans.com

Use quality materiols and correct mothods.
ool it right to protect your investment.

v
v
v Expensive repairs
v

Early replacement

®

Ignoring leaks is
always more expensive.

Solution

tighton to torave

Perform leak test if required

 Thermal expansion and fatigue

Leaks develop over time.
Inspection must be regular.

WHAT IS THE IMPACT OF

L poor seaLine?
Answer:

v Continuous moisture ingress
v Faster insulation degradation
v Higher maintenance cost

v More frequent outages

v Reduced reliability

v Shorter transformer life

Poor sealing = Higher risk
+ Higher cost + Lower life.

I

WHAT TESTS CAN DETECT
LEAKS?

v Visual inspection
v Soap bubble test

v Oil dye penetrant test

' Vacuum box test

v Pressure holding test

v Helium leak test (advanced)

Test it. Don't guess it

Detect leaks early.

WHAT IS THE BENEFIT OF

W Goon seauine?

Answer

 Prevents moisture ingress
Maintains insulation dryness.
Improves reliability

Extends transformer life

Reduces maintenance cost

Longer life + Lower cost.

Migrates to paper insulation

Leak + Breathing =
Moisture Ingress.

WHAT IS THE CORRECT
SEALING PRACTICE?

Answer:

Use quality gaskets

Ensure clean sealing surfaces

Apply correct torque

Use proper gasket material

Check alignment

Verify after tightening

@

QAR TS

Right mat
Leak-free performance.

HOW SHOULD LEAKS

BE REPAIRED?
Answer:
Clean the area
Replace gasket or seal
Tighten to correct torque
Repair damaged parts
Retest after repair
Monitor after re-energization

AN

m WHAT IS THE GOLDEN RULE?

SRIC

Repair right. Test right.
Stay leak-free.

Answer:

[13

“A tight seal today
keeps moisture away.
A dry transformer today

Prevents moisture ingress
Maintains insulation integrity
Roduces risk of faults and failures

Lowers maintenance and repair cost

0000000000

Verify after repair and recheck

¢ Achecklist today prevents
a breakdown tomorrow.

, +97150 679 0417

DRYTRANS INSIGHT

Leak management s not a one-time job.
s a continuous commitment

to reliability and asset ifo.

Improves reliability and availability

REFERENCES

1EC 60075-2 - Power Transformers

ial + Right method =

(CIGRE T8 345 - Misture equilbrium and Moisture Assessment

OryTrans Tochnical Library and Fiid Exparionce
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Moisture Under Control

OIL QUALITY MATTERS:

KEEP IT CLEAN, DRY & RELIABLE

Good Oil =

Transformer oil is more than just a coolant.
Itis the lifeline of insulation.
Clean, dry, and good quality oil protects your transformer.

SECTION 19

(i)~ KEY MESSAGE

0il quality directly impacts
insulation performance.
Monitor. Maintain. Manage.
Good oil today,

Reliable transformer tomorrow.

Good Insulation = Long Life

Clean Oil = Strong Insulation
Strong Insulation = Long Life

WHY IS OIL QUALITY m WHAT AFFECTS OIL QUALITY? WHAT ARE THE KEY OIL HOW DOES MOISTURE AFFECT
SO IMPORTANT? QUALITY PARAMETERS? OIL QUALITY?

Answer: Answer: swer: Answer:

v Provides dielectric strength ¥ Moisture ingress Moisture (ppm)  Reduces dielectric strength

¥ Cools the transformer

v Insulates and prevents arcing
' Carries heat away

v Protects paper insulation

An
v

P\ s  Brealdown Voltage (80V)

v Oxidation and aging A

+ Sludge and contaminants v

v

v

+ Overloading and thermal stress

v Slows down heat transfer

v Causes paper insulation aging
v Forms sludge and deposits.
' Increases risk of faults

Interfacial Tension (IFT)
Dissipation Factor (tan 3)
Color

Sludge and sediment

Strong protection. Many factors. One result. Test. Track. Trend. @ Moisture is the #1 enemy.
Higher risk. Oil quality goes down. Take Action. Keep it out.
WHAT IS THE IDEAL MOISTURE m HOW DOES OIL AGING OCCUR? YA WHAT ARE SIGNS OF HOW OFTEN SHOULD OIL
LEVEL IN OIL? DEGRADED OIL? BE TESTED?
Answer: Answer: Answer: Answer:
Recommended targets: v High temperature breakdown v High acidity (TAN) ' Routine: Every 6 to 12 months
' Oxidation with oxygen v LowBDV v After overload or fault
‘Molsture in ORI <1 ppm v Contamination by particles v High dissipation factor ' After maintenance or oil top-up
e S ) %o ¥ Reaction with metals ' Dark color ' Before and after fittration
¥ Electrical stress and arcing v Sludge and sediments ' During high humi
Water Activity (2.) 5020

Lower moisture.
Better performance.

Regular testing.

jing is natural. Detect earl
© 4
Better decisions.

Control is eritical. Prevent failure.

CAN OIL QUALITY BE m WHAT IS OIL FILTRATION? WHEN SHOULD OIL WHAT IS THE ROLE OF GOOD
IMPROVED? BE REPLACED? OIL IN RELIABILITY?
Answer: Answer: Answer: Answer:

V' Yes, with proper maintenance
Remove moisture

Filter and clean oil

Remove sludge and deposits
Use high-quality oil

CITTY

¥\ Good maintenance.

A Better oil.

m WHAT HAPPENS IF OIL QUALITY
1S 1GNO!

Answer:

v Insulation breaks down faster
¥ More faults and trips.

v Higher maintenance cost

v Shorter transformer life

v Risk of catastrophic failure

¥ Removes particles and sludge
v Removes moisture

v Improves dielectric strength

' Restores oil clarity

¥ Extends oil and transformer life

Clean oil flows.
Protection grows.

HOW DOES TEMPERATURE
AFFECT OIL QUALITY?

Ans
v Higher temperature speeds aging
v Oxidation rate increases
v
v
v

re solubility changes
Sludge and acidity increase
Reduces overall oil life

v When oilis severely degraded
' High acidity and low BDV.

v Sludge cannot be removed
v After major internal fault

v As per manufacturer advice

A~ Replace when needed.
+7 Don't take risk.

WHAT IS THE BEST PRACTICE
FOR OIL QUALITY?

Answer:

v Keep moisture low

v Fiter oil regularly

v Monitor key parameters

v Seal and protect from ingress.

v Use quality oil and components

<

Ensures high dielectric strength
v Improves cooling efficiency

v Reduces insulation aging

v Prevents faults and outages

' Extends transformer life

Good ol = Reliable transformer.
Reliable g

WHAT IS THE GOLDEN RULE

TO REMEMBER?
Answer:
66 “Clean oil,
dry oil,
good oil -

that's the key

to long transformer life.

Ignoring oil quality Lower temperature. Best practice today. Ol quality is not a cost.
A leads o big losses. Better oil lfe. Reliability tomorrow. Itis an investment.
TYPICAL OIL QUALITY LIMITS (GUIDELINE) OIL QUALITY MAINTENANCE CHECKLIST THE BENEFITS OF GOOD OIL QUALITY
Paramater Good Condiion  Caution Poor Condition

©  Keep mosture within target limits O igh diectric srongth

Moisturein O (ppm) 15 15-30 >30 © Testoil at regular ntervals.
Relative Saturation (RS %) <20 238 © Trend resuits, not just snapshots B etter cooling and heat transer
Water Activity (o) <020 030 © Fiter oil to remove moisture and particies R P TR
Breskdown Voltage (V) 260 <40 O] Coclirein: sd sk i ©  Reduced aging of insulation
Acldity (TAN mg KOH/g) 5010 >020 ©  Monitor temperature and load %  Lower risk of faults and breakdowns
Interfacial Tension (mN/m) 240 <30 © Top-up with same grade oil only
T ool ° e O i and repair cost
=28 @ Use proper handling and storage practices. Longer transformer life
None Present © Act early on any oil quality alarm

Good Oil Quality = High Performance
High Performance = Long, Reliable Life

A small checklist today can prevent

(D) Liiks oy vy b o standds s st . .
a major faiurs tomorrow.

KEY TAKEAWAYS

© Moisture and aging are the main threats.

© Test, wend, and take imely act

9 Cloan, dry. good il ensuros refisbily.
Provention is always better than repair.

DRYTRANS INSIGHT REFERENCES
Oil quality is not just a test result. * 1EC 60296 - Mineral "‘!A‘-lﬂ"n oits in electrical equipment
g R

o ST = B

e e A S

IORE T8 349 - Motturesautriom mofture sssessmont

OoyTrans Technicl Library and Fild Experionce

+971 50 679 0417

shal@drytrans.com www.drytrans.com
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Maisture Under Control

WATER ACTIVITY (a,,):
THE MOST MISUNDERSTOOD PARAMETER

Small Number. Big Meaning. Critical to Insulation Life.

Q" KEY MESSAGE

PPM tells you how much moisture is
present.

Water activity tells you how harmful
that moisture is.

Water activity (aw) is not the amount of moi

It is the availability of moisture to affect the insulation.

Low a,, = Safe Insulation
Itis the single best indicator of insulation risk, aging rate,

2 High a,, = Rapid Aging
and remaining life.

m WHAT IS WATER ACTIVITY (a,)? HOW IS WATER ACTIVITY WHY IS WATER ACTIVITY WHAT IS THE SAFE RANGE
DIFFERENT FROM PPM? SO IMPORTANT? OF a,?

Answer: Answer: Fra.

V' Water activity is the ratio of the v i aging rate v Best practice target: ay, < 0.20

vapor pressure of water in ol to of paper insulation

PR i il v Good condition: a,y < 0.30
he & i i controls chemical reactions
the vapor pressure of pure water v a, = Free / available moisture -y ot 53038 % 550
at the same temperature. (how much can cause damage) o dpaapen B e o
. 2 & igh risk: ay, > 0.
¥ Itranges from O (completely dry) ¥ Two oils can have same PPM Y iEives molyre migration x
t0 1.0 (saturated). but different a,, and risk. Y/ ([bgetnes e aoumi el
not just moisture quantity
2w, shows how "active” i et aw directly controls m Keep ay aslow
the moisture is. insulation life. as practically possible.
HOW DOES a,, AFFECT WHAT IS THE RELATIONSHIP (73 HOW DOES TEMPERATURE WHAT IS A GOOD a,,
PAPER AGING? BETWEEN a,, AND RS%? AFFECT a,,2 FOR LONG LIFE?

Answer: Answer: Answer: Answer:

v Asa, increases, the rate v a,,is the driving force. v At higher temperature, v For maximum insulation life,
of cellulose aging increases ¥ RS% s the equilibrium result. same PPM gives higher a,,. target a,, 5 0.20 consistently.
exponentially. ¥ Even at same RS%, different v When oil cools, a,, drops. v This minimizes aging,

v Higher a,, = Faster aging temperatures can give  This is why seasonal changes slows reactions, and

v Lower a,, = Slower aging different a,,. matter. keeps insulation stable.

Small increase in a,, can a,, changes with 4 Hotoil = Higher a,, Lower a,, = Longer life

greatly reduce life. temperature. Cool oil = Lower a,, Higher a,, = Shorter life.
HOW IS WATER ACTIVITY m CAN PPM BE LOW BUT a,, HIGH? HOW DOES a,, IMPACT WHAT IS THE BEST PRACTICE
MEASURED? CHEMICAL REACTIONS? FOR MANAGING a,,?

Answer: Answer: Answer: Answer:

¥ Using calibrated Water Activity V' VYes. If temperature is high, v Most aging reactions need v Keepa, s0.20
metors (capacitive sensor) v orifoil is contaminated, available water. v Use good breathers

¥ Measures moisture in oil phase same PPM can give higher a,,. v Higher a,, accelerates hydrolysis « Prevent ingress
directly ¥ Always look at both PPM of cellulose. v Seal leaks

v Fast, accurate, and reliable and a,,. v Lower a,, slows chemical aging. ¥ Use continuous moisture

management
Measure it. PPM alone can a,, fuels aging reactions. Monitor a,, continuously.
Manage it. be misleading. Control a,,, control aging. Keep it low. Keep it safe.
ay VS INSULATION CONDITION HOW a,, DRIVES INSULATION AGING TARGET. TREND. CONTROL.

Water Activity (a.)  Condition Impact on Insulation

e = High 8w / Target
2020 Excellont Vory siow aging, long ife (More Available Moisture) (&) Keepa, <020
atall times
0.30-0.50 Accelerated aging begin rend|
A ® A e
0.50-0.70 Poor High agi ok b e L not just single value
Reactions Dogradation | | Insulation Life
>070 Very Poor Severe aging, failure rsk v ——
L Tows J Remove moisture,
=i gl (Loss Avaiabl olstre) prevent ingress,
for insulation health and life prediction. manage continuously

LOW a,, = SLOW AGING = LONGER LIFE

FACTS TO REMEMBER BEST PRACTICES DRYTRANS INSIGHT DEFERENCES

- TS
§ ¢ e, Mewe o — RR———
V8, is moisture availability. y 5 3 cor ing . ] al Insulat

‘ Vg loa N e o toas earmsagon
@ Yt ond st g e
S A e W gy o e

Sk L e N * Pt s

hal@drytrans.com , +97150 679 0417 @ www.drytrans.com
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Moisture Under Control

THE MOISTURE CYCLE INSIDE

TRANSFORMERS:

A CONTINUOUS CHALLENGE

Moisture Never Stands Still. It Moves, Reacts,
Ages, and Multiplies the Damage.

Moisture follows a continuous cycle inside a transformer.

DryTrans Knowledge Series

1. Moisture
Generation

Generation

If not controlled, each step accelerates insulation aging

and increases the risk of failure.

m WHAT IS THE MOISTURE CYCLE?

Answer:

v Acontinuous sequence of events
that increases moisture and
accelerates insulation aging.

¥ Itrepeats unless the source of
moisture s controlled.

£\ Mtisacycle, not an event.

A it keeps repeating.

m HOW DOES PERFORMANCE
DETERIORATE?

Answer:

Dielectric strength reduces.

.

Insulation becomes weal
Risk of PD, breakdown,
and failure increases.

L

The transformer becomes
more vulnerable.

HOW CAN THE CYCLE
BE IDENTIFIED?
Answer:

¥ Rising moisture trend (ppm, a, RS%)

¥ Rising acidity (TAN)
v Rising methanol and furan
¥ Low BV and high tan

m WHAT IS THE ROLE OF
TEMPERATURE?
Answer:
High temperature drives moisture
into paper.

Hot spots accelerate aging.
Temperature control is critical.

Trends reveal the cycle.
Not single tests.

<

LSRN

m 'WHERE DOES MOISTURE
GENERATE?

Answer:

@7

5. More Moisture s

2. Moisture
Migration

3 Inslation

Degradation

4. Performance

Deterioration
m HOW DOES MOISTURE
MIGRATE?
Answer:
v High drives moisture

v From external i 3
leaks, seals, handiing).

v From ol oxidation and

paper oxidation.

From chemical reactions

during aging.

<

Moisture is generated
inside and outside.

HOW DOES THIS CREATE
MORE MOISTURE?
Answer:
v Aged paper holds more moisture.
¥ More by-products attract moisture.
v Poor oil quality holds more
dissolved water.

O

Aging creates conditions
that attract more moisture.

WHAT IS THE IMPACT OF
IGNORING THE CYCLE?
Answer:
Insulation ages rapidy.
Unexpected failures.

from oil to paper.
Low temperature or low load

<

brings it back to oil.
It moves until equilibrium

%

is reached.

Temperature drives
the movement.

—
=

Y] VWHAT MAKES THE CYCLE
DANGEROUS?
Answer:
¥ Each loop makes the insulation
weaker.
v Damage is cumulative and
irreversible.
Failure is not sudden, it is
the resuit of many cycles.

Jiy

<

Slow damage.
Sudden failure.

HOW CAN THE CYCLE BE
BROKEN?
Answer:
Prevent moisture ingress.
Maintain ol quality.

High repair or cost.

Reduced asset life.

m HOW DOES LOAD AFFECT
THE CYCLE?

Answer:
High load = High temperature

¥ More moisture in paper

v Faster aging

v Low load = Moisture returns to oil

LSENRNEN

Ignoring today,
costs tomorrow.

<

Load management

Remove existing moisture.
Monitor continuously.

L

m WHAT IS THE GOAL?

v
v
v Conts
v
v

Break the cycle.
Protect the life.

Answer:
v Keep insulation dry.

v
v
v

Ensure reliability.

Control the cycle.

SECTION 21

(- KEY MESSAGE

The moisture cycle is
self-reinforcing.

Break the cycle anywhere,
and you protect

the transformer completely.

Control moisture. Control aging.
Control reliability.

Y] WHAT HAPPENS IN THE

DEGRADATION STAGE?

Answer:

ENENRN

A

Moisture weakens cellulose bonds.
It accelerates chemical re
and produces by-products
(acidity, methanol, furans).
Paper insulation loses strength.

ctions

Moisture + Heat
Faster chemical aging.

WHAT ARE THE MAIN DRIVERS
OF THE CYCLE?

Answer:

v

v
v
v

Temperature variations
Moisture ingress

Oxygen and oil oxidation
Load cycles and hot spots

Muttiple factors work
together.

WHERE SHOULD WE BREAK
THE CYCLE?

Answer:

v
v

v

@

At the source (ingress)

During migration (temperature
and load control)

Before degradation (dry insulation)

Break anywhere,
stop everywhere.

m WHAT IS THE GOLDEN RULE?

Answer:

€6 “Adry transformer
does not age fast.
A controlled transformer
lives long.”

Moisture control is
life control.

Temperature is the engine
of the cycle.

)

THE MOISTURE CYCLE EXPLAINED CYCLE BREAK STRATEGY DISTURB THE CYCLE - SAVE THE TRANSFORMER

controls the cycle. Extend the life.

- o [re— it o s T
o —— ~— Uen gaod Seahers, oo sk, manti gakets i
e g okl possiog [ Rrectevgeed / N
ure s bt " Manageloa, Improve coolng.avsd hotspts
2 Moisture Migration (= o = anz 2 Moisture
o o e g Remove Moisture i =2 Migration
. | Vo s . Vecuum oo cotiuous dehyiraton =) 2
. provac L tenoiamy g
o e D, gt Fite,doges, i asdaton SAVE THE LIFE
o froscion Py—
i st | | (3] St Oty arbysd (e
5 Mo o Mature,temporetre, DGA,scidy rands b (D) o~
@ Consistent action breaks the cycle.
Consistent monitoring keeps it broken. (% One weak point allows the cycle.
Strong conrol t avery poin stops .
KEY TAKEAWAYS DRYTRANS INSIGHT
© Moisture follows a continuous cycle. The moisture cycle is the root cause of insulation aging. SEPERNCEY
© Each cycle causes more. Our mission s to break this cycle continuously

- 1EC 80422 Minarai Insulating Ols
=L=) -+ ci0RE T8 340: Molsture Equitbrium and Mosture Assessment
- DryTrans Technical Ubrary and Fild Experience

hrough sclence, tochnelogy. and monitoing.
Wo don st romave moisture
W break the ycle.

EE - 1C 60076-22: Powar Transformars - Load Guide

+991 50 679 0417
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Moisture Under Control

BUBBLING RISK IN

POWER TRANSFORMERS

Small Bubbles. Big Consequences.
Moisture + Heat = Bubbles. Bubbles reduce
strength, cause partial discharges,
failure.
Understanding bubbling risk is critical

dielect
and can lead to catastrop

for transformer reliability.

WHAT IS BUBBLING?

Answer:
¥ Formation of vapor / gas bubbles
in the oil.

Occurs when local temperature
exceeds the oil's boiling point
at that pressure.

Bubbles collapse or grow,
disturbing the electric field.

<

<

ooo
Oo

Bubbles = Weakness
in the insulation system.

WHAT ARE THE TYPES

OF BUBBLING?
Answer:
v General bubbling (bulk oil)
v Localized bubbling (hot spots)
v Surface bubbling (near
windings / conductors)
Interface bubbling (oil—paper
interface)

<

9= Localized bubbling is
the most dangerous.

HOW CAN WE DETECT
BUBBLING RISK?
Answer:
Monitor moisture (ppm, a,, RS%).
Monitor top oil temperature.
Monitor load and hot spot
temperature.
Use DGA ~ look for H, and CO.
Watch for tan 5 increase.

Q

LSRN

Test. Trend. Analyze.
Act before it bubbles.

DryTrans Knowledge Series

m WHAT CAUSES BUBBLING?

Answer:
High temperature (hot spots)
Excess moisture in oil / paper
Low oil quality (acidity, sludge)
Overloading

Poor cooling

Sudden load changes

LR

Moisture lowers oil's boiling
point and increases risk.

WHAT TEMPERATURES
CAUSE BUBBLING?

Answer:

<

Depends on pressure, oil type
and moisture content.

<

More moisture = lower boiling point.
Rule of thumb:
10 ppm moisture can reduce
boiling point by ~10°C.
HOW DO LOAD CONDITIONS
AFFECT BUBBLING?

Answer:
Higher load = higher temperature.

<

Hotter oil + more moisture =
Bubbling at lower temperature.

LSRN

Higher temperature = higher
bubbling risk.

Sudden load changes create
thermal stress.

<

<

Overloading is a major risk factor.

I

Manage load.
Manage risk.

Bubble

HOW DOES MOISTURE
INCREASE BUBBLING RISK?
nswer:

Water has a lower boiling point

boiling point.
Moisture in paper releases
vapor under heat

Both lead to bubble formation.

0
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More moisture =
Higher bubbling risk.

WHERE DOES BUBBLING
OCCUR MOST?

Answer:

¥ In hottest parts of the winding.
Near conductor joints.

At loose connections.

pockets with poor

circul

@

ANRNRY

Find the hot spot.
Control the bubbles.

Vapor / Gas

SECTION 22

¢ KEY MESSAGE

Bubbling is not just a sign of high
temperature. It is a sign of moisture
and reduced dielectric strength.

Prevent bubbling.
Protect the insulation.
Protect the transformer.

WHAT HAPPENS WHEN
BUBBLING OCCURS?
swer:

¥ Dielectric strength reduces.
v Partial discharges can start.

Vv Insulation ages faster.

¥ Gasis generated.

¥ May lead to breakdown.
Bubbling today can become
a breakdown tomorrow.

4

HOW DOES BUBBLING LEAD
TO FAILURE?
Answer:
Partial discharge erodes insulation.
Carbonization of paper begins.
Mechanical stress on windings.
Loss of dielectric strength.
Eventual breakdown.

9

<

v
v
v
v

Bubbling is the early warning
of a bigger failure.

HOW DOES COOLING HOW DO WE PREVENT
IMPACT BUBBLING? BUBBLING?
Answer: Answer:
¥ Good cooling removes heat. v Keep moisture level low.
v Maintains safe oil temperature. v Maintain oil quality.
v Prevents hot spots. v Control temperature.
v Poor cooling increases bubbling v Ensure proper cooling.
risk significantly. v Avoid overloading.

Good coolin
Lower bubbling

k.

Prevention is always cheaper
than failure.

©

MOISTURE LEVEL VS BUBBLING RISK BEST PRACTICES TO REDUCE BUBBLING RISK

Mosnrein | Relavo Soenion | ubblng
O gpm) @) ok
<10 S1%  Verylow
10-20 15-30% Low
20-30 30-50%  Moderate
30-50 50-70% High
>50 >70%  VeryHigh

@ Lower moisture. Lower risk. Longer life.

KEY TAKEAWAYS

Moisture lowers boiling point.

9

000000

Bubbling leads to partial discharges.
Control moisture. Control temperature.
Prevent bubbling. Extend transformer lfe

vishal@drytrans.com

Impacton @ Moisture in Oil / Paper [}
Waaon Lowers bailing point °
+
Excoentnoton
Heat from Load / Hot Spots
T e o
Sofo undor ol v ]
gt Bubbles Form
Vapor pockets appear (1]
Buiiog posail under °
high heat g Dielectric Strength Reduces
Partial discharges start [
ih bbbl ik v
toioon srss @y isutionDegrades °
ST Aging accelerates °
Falur ok igh

3%

DRYTRANS INSIGHT
|, Most bubbling-related fai
aro preventable.

bubbling and extend life.

Moisture management is the
most effective way to stop

R, +97150 679 0417

Failure / Breakdown
Transformer trips or fails

BREAK THE CHAIN. CONTROL MOISTURE AND HEAT.

REMEMBER

You can see the signs.

You can controlthe causes.

Maintain moisture at safe levels (RS% < 30%).

Use online moisture monitoring if possible.

Monitor top oil, hotspot and load regularly.
Ensure proper cooling - radiators, fans, pumps.
Avoid overload and sudden load changes.
Maintain oil quality - filtration, degassing.
Check and tighten all connections.

Use high quality breathers and seals.

Consistent action = Consistent reliability.

REFERENCES
- 1EC 60076-2: Power Transformers
- 1EC 60422: Minarl inulating Ot

EERE el

ST - IEEE CS7108: Guidefor Meisture in Transformers.
- OryTrans Tochnicsl Library & Fild Exporionce.

You cannot see bubbles.

You can prevent the foilure.

www.drytrans.com
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Moisture Under Control

PARTIAL DISCHARGE (PD) & MOISTURE:
THE INVISIBLE CONNECTION

Moisture is one of the strongest enablers of Partial Discharge.
It reduces dielectric strength, lowers inception voltage,
and accelerates insulation deterioriation.

LESS MOISTURE = FEWER PDs = LONGER LIFE

Trans Knowledge Series

SECTION 23

Q KEY MESSAGE

PD is a symptom.
Moisture is a root cause.
Control moisture.
Suppress PD.

Protect insulation.

WHAT IS PARTIAL n HOW DOES MOISTURE a EFFECT OF MOISTURE PD LOCATION B PD ACTIVITY THE MOISTURE-PD-AGING
DISCHARGE (PD)? CAUSE PD? ONPD LEVELS IN TRANSFORMERS OVER TIME FEEDBACK LOOP
v v v tig V' Windings (tum-to-tum, ' PD starts small. V' Moisture causes PD
st oot 8 swal ol strength of il and paper. V' Higher PD magaitude ayerto-ayer) V/ Increases with moisture, ¥/ PD generates heat
the insulation. 5 = 3
v pul v Y Heat drives
V' Does not bridge the full voids n cellulose.
insulation gap. V' Fastarinsulation aging  Floating metal pats V' Eventually causes s ol :
V' Lowers PD inception voltage nsulation breakdown.
e = Ol voids and gas bubbles. V Cyclerepeats
weakness Zul T, V' Bushings (inside nsulation) V Insulation ages quickly
charge mabiity.
‘Small today. # e /f More moisture. @ PD can be anywhere. P grows. £CN Braskithaop
Big fallure tomorrow. onRiom) More PD activiy. Detection is critical. Sodoestherisk R _J  Extendfe.
PD reveais the damage.
THE SCIENCE BEHIND IT HOW TO REDUCE PD
BY MANAGING MOISTURE
Moisture Lowers Dilectric Strength Moisture Lowers PD Inception Voltage (PDIV) PD Accelerates Insulation Aging
¥ Keep moisture in oil low (ppm).
o 0 ) V' Maintain paper moisture at safe level.
0s° 0.0° 00 " Dry Insulation v Control relative saturation (RS%).
0 0% .’ 6,05 Loz of d
09,00 o o . Oegradet Oivlctrc ' Prevent moisture ingress.
oo ) 7 v dohyd
3 se continuous dehydration
Ry b g (OryTrans system)
(Srong) .
G W Y2 5 4 6
h Low moisture.
Wter malecolescrese conductivepaths Maisturein Papor (%) PD doos not justindicate ging. e
Lol Mors meisturs = P starts st lower vtage. L s High reliability.

n INDICATORS THAT MOISTURE ‘TESTS THAT HELP CORRELATE TYPICAL PD LEVELS
MAY BE CAUSING PD PD & MOISTURE (IEC 60270)
v HighPD v POLevel  TypicalInterpretaton
' PD increases at high humidity V' Maisture in Paper (%) <10pC  Nommal/ Very Low
V' PD reduces after dehydration V' Relative Saturation (RS%) 10-100pC  Acceptable
' High RS% or high ppm ¥ Dissipation Factor (tan &) 100-500pC  Caution
' High tan & with PD ' PD Measurement (IEC 60270) 00-00pC | Heh
V' Temperature Monitoring g I e

1 PD improves after dehydration,
moisture was the driver.

Combine data.
Understand the root cause.

Lower PD levels mean
stronger, healthier insulation.

4

m BEST PRACTICES

m THE BOTTOM LINE

v Keep moisture low at all times. €6 Moisture is silent.
' Monitor PD periodically. PD is the alarm.
V Investigate any increasing trend. fipioringGithar
' Combine PD data with moisture,

gas, and electrical tests. canbecontly.
7 cx s IDo ok el ok Control moisture.

Control PD.
Control the future.

Early action on moisture
keeps PD under control

w

MOISTURE LEVEL vs PD BEHAVIOR (TYPICAL GUIDE) PD DETECTION METHODS DRYTRANS INSIGHT

= )| e i
<20% <1.0% Very Low PD Risk 4 (EcsoD)
HEL TR
20% - 40% vo-20% ConPO Tk St
progyres 20308 owmeroms o
6o% - 80% 30-40% High PD Risk A IHeCY/ O e
Tood T TETl | e sk itonianecs
CONTACT DRYTRANS ABOUT DRYTRANS

OryTrans provides advanced mjsture management (13
solutions that improve relability, extond transformer
Iife and protect your investment. Our solutions are
proven in utiities, industries and critical infrastructure
around the world.
DRY TODAY. RELIABLE TOMORROW.
POWER FOR YEARS.

X vishal@drytrans.com
Q, +97150 679 0417
@ www.drytrans.com
Q Dut

United Arab Emirates

2024 DryTrans. All rights e +97150 679 0417

In thousands of transformers, we have seen the same trth:

When moisture is controlled, PD levels drop.
When PD levels drop, insulation life extends.
significantly.

Moisture management is the most effective
way to keep PD low and transformers reliable.

SCAN TO EXPLORE
THE SERIES

Control moisture.
Protect your transformer.
Protect your future. 2

@ www.drytrans.com
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Moisture Under Control

INTERFACIAL TENSION (IFT) & MOISTURE:
A CRITICAL, OFTEN IGNORED LINK '

Interfacial tension (IFT) is the “health” of the oil.

KEY MESSAGE

<

IFT indicates o' abity to wet cellulose.

<

Maisture lowers IFT.
Moisture, aging, and contaminants reduce IFT,

S

o e 2 & . Low IFT increases the risk of
leading to poor oil impregnation, weak insulation, s Pl W s
and higher failure risk.

GOOD IFT = STRONG INSULATION = RELIABILITY

<

Monitor IFT. Maintain it. Protect life.

WHAT IS INTERFACIAL a WHY IS IFT IMPORTANT B HOW DOES MOISTURE OTHER FACTORS THAT WHAT HAPPENS WHEN a WHAT IS THE IDEAL
¥ W AFFECTIFT? REDUCE IFT IFTISLOW? IFT RANGE?
V' IFT s the force at the ¥ HighIFT ensures good il v Mok ih v Aging (eck ' Poor ol impregnation. V' New, high quaity ol
interface between impregnation of paper. celulose for oil increase polarity). 3 T IFT > 40 mN/m
(o V' 1t i ) v Rtforms. " V' Oxidation by-products in paper. v Good condition:
I represents the abilty pockets and voids interface (sludges, gums). i 1FT 30 - 40 mN/m
of ol to repel water ;
SR || e || v m ¥ Contaminants and sy v Couton
strength. V' Low IFT means oll cannot dirt particles. v Faster aging of cellulose. IFT 20 - 30 mN/m
' Messured in mN/m
o par ), | | ¥ retaco ik o psit properly wet the paper. 4 Use oflow-quality or  Roduced diclctric srongth. ¥ Poor / High Risk:
discharge (PD). degraded oil V' Highae ik of falre. IFT <20 mN/m
Of { Wateg High IFT More Moisture <
e i Aging + Contamiants + Low IFT = Keep IFT High.
e Good Wetting = — Moisture = Low IFT High Risk Keep Risk Low.
High IFT Low IFT Strong Insulation Higher Risk

THE RELATIONSHIP: MOISTURE vs IFT LOW IFT = HIGH PD RISK (WHY?) BEST PRACTICES TO MAINTAIN IFT

Typical Trend V' Keep moisture in ol low (ppm).
V' Prevent moisture ingress
v As moisture increases,
= Sy - +( Q)+ ) ' Use high-qualiy,inhibitor-treated oil.
iy v Avoid overheating and oxidation.
o st s =/ & :
v Filter and remove contaminants.
2 Tacresse can Low PoorWetting  Voids & Partial Insulation
sigificanty reduce IFT. T ofCelliose  Moistre  Discharges  Dogrades ¥ Monitor IFT regularly.
o TN Pockets. Start v Act early if IFT starts dropping.
110 100 100010000 Control moisture.
Molsture in Oil (ppr) Maintain IFT. Low IFT creates the path. PD accelerates the damage. Monitor IFT. Manage Moisture.
Ensure Reliable Insulation.

HOW OFTEN SHOULD B IFT AS AN EARLY WARNING a COMBINE IFT WITH m THE BTN LN HOW IFT IS TESTED
IFT BE TESTED? INDICATOR OTHER TESTS

v For critical transformers: v IFT starts dropping v Moisture (ppm, RS%, a,) €C IFTis smal o Bunisee; V' Aplatioun dog -
Every 6 - 12 months. before insulation fails. oL bk ige 5 mpest. pulled at the nterface.
" st High IFT protects.
v handii Vv Igives carly igh IFT prot b
S = v DGA (goses) Low IFT wems. oil 9, Taforch reqpired
or fitration. of il and maisture problems. s
¥ When misture oraging V' Use it with moisture, DGA, AiDwziic drenth (30Y) Manage moisture. ™) intarfaca s

indicators are high. and acidity for better decisions. e ;; - .
Protect your transformer. ¥ Reported in mN/m.

IFT Trend = Complete Picture.
Regular Test. nd o o .
Early Insight = Batter Decisions.

2l :
Smart Action Longer Life. Test Method: ASTM D971 / IEC 62961
KEY TAKEAWAYS DRYTRANS INSIGHT REFERENCE STANDARDS
@ IFT shows the oif's ability to keep water away and wet the paper. In thousands of transformers,
A ik A e et ||
© Low IFT leads to poor impregnation, PD, and faster aging. e Sl it g

+ CIGRE T8 349: Moisture Equilbrium in Transformer Insulation
+ DryTrans Technical Library

insulation stays strong. PD stays low, and =

@ Monitor IFT :

vishal@drytrans.com % +971 50 679 0417
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Moisture Under

METHANOL AS AN EARLY AGING INDICATOR:
THE FIRST CHEMICAL WHISPER

Methanol is the earliest by-product of cellulose degradation.

It appears long before furans rise.

Ignoring methanol means ignoring the first warning.

EARLY DETECTION. TIMELY ACTION. LONGER LIFE.

KEY MESSAGE

Methanol = Early aging indicator.
It forms first. It warns first.
Track it. Understand it.

Methanol
CH,OH

Act early. Save insulation life.
Moisture accelerates methanol formation.

LR UR T ST

Control moisture. Control aging.

i HoW B WHY IS METHANOL METHANOL vs FURAN WHAT INCREASES WHAT DO HIGH
< FORM? IMPORTANT? (2-FAL) METHANOL LEVELS? LEVELS MEAN?
v Methanal (CH,OH)is a simple. v/ v Parsmoter  Mothanal Fusn@fA) ¥ High moisturein paper v Active cellulose
sicohal. © Hest aging indicator and il degradation
stge By e
' isa byproductof cellose. - Moisture ' Wappoars befors furans. v High temperature Vv Faster aging rate
e Coltlose  Advanced
(paper) degradation. - Oxygen v Rhelps in early trend degradation degradation ¥ Oxygen (air ingress) v Reduced insulation life
ViR dmbentmmomer ol || ol o neitand Gatacion: = P v Longer exposure to v Higher risk of failure
' s not produced by fauls. 2 v Windicates the rate of 5w YR thermal stress v Need for immediate
/118 produced by eghy. v More aging = more methanol. inistion ore: dotoction)  detection) ' Overloading moisture & aging
management
e Teedbrae biston
olagng e estimaton
First by-product Early Warning Moisture + Heat + ligh Methanol =
Methanol = by A g Methanol shows the boginning. by
of celluose: Early Action. Oxygen = More High Aging =
Aging Signature Furan shows the extent.
degradation Life Extension Methanol High Risk

METHANOL TREND = AGING TREND TYPICAL METHANOL LEVELS (GUIDELINE®) HOW TO USE METHANOL DATA?

Methanolin . )
” s Interpretation Action V' Samplo o regularly (6-12 months).
ey v Arising methanol trend v Track methanol trend over time.
20 | <10 Normal/Vory LowAging  Continue Menitoring
. conferns active agng. ' Compare with misture, temperature and load.
] E ow Mansge Mistre ,
150 ¥/ I diope Incoorss W 1055 lavidke Mosiie ¥ Use with Furan, TAN, DGA and other parameters.
| rate of aging.
e 50-100 Moderta Aging  Ivestgate & Rackco MGRKS. 4 Intagratein a holisti aping assessment,
v Early control can change
50 = 100 - 200 High Aging Toke Comrctive Action
(g R >200 Sove Aging Immediate Acion Recuired
o) &12 18,24 3038 | (EoRT o Methano data + Other d:
Time (Months) “Guideli vary Accurate aging picture
o type and operating conditons

FA MeTHANOL & MOISTURE
CONNECTION
v Moisture accelerates
cellulose hydrolysis.

n BEST PRACTICES n CASE EXAMPLE

v i A40MVA
and paper.

V' Use continuous dehydration
(OryTrans system).

n18 months.
v Higher moisture = + Foran was stil low (150 ppb).

More methanol. 7

- Methanol increased from 25 ppm to 120 ppm

v Koep moisture low, (low acidity, low sludge). optimization:
Keep methanol low. ' Monitor methanol trend
regularty.

v Act early. Do not wat.

- Mothanol trond revorsed.

Fure

rise was prevented.
+ Insulation e extended significanty

Control Molsure, e
Control Mathanol. (o/°, Action protectad.
Control Agig. Lite extended.
KEY TAKEAWAYS DRYTRANS INSIGHT

@ Mothanol is the earliest aging by-product.

m THE BOTTOM LINE

METHANOL TESTING

[13 Test Method
Methanol is the first sign GC (Gas Chromatography) =

of cellulose aging.

B Standard
oue IEC 60567
furans shout.
Listen early. Sample
Act early. Oil sample
Protect always.
”» Typical Detection Limit
@ 1-2ppm

REFERENCE STANDARDS

© Htappoars before furans.
testhe rate of nsulaton agip

© Rising methanl = active agin.

@ Control moisture to control methanol.

Methanol never lies.

It tells the real story of aging.
Use it. Understand it.
Acton it. Extend life.

DX vishal@drytrans.com Ry +97150

N5

- IEEE C$7.104: Guide for the Interpretation of Gases in
Transformers nd Electrical Equipment

- CIGRE T8 349: Moisture Equibrium in Transformer Insulation

+ DryTrans Technical Library

@ www.drytrans.com
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Moisture Under Control

MOISTURE MONITORING ®
MOISTURE MANAGEMENT

Know the Difference. Protect What Matters.

Measure
Understand
Alert

Monitoring tells you what is happening.
Management ensures it stays under control.
One informs. The other protects.

Data without action has no value.
Action without data has no direction.

MONITOR  MANAGE
Control
Reduce
Prevent

orytons nowsig S [l SECTION 2

@ KEY MESSAGE

v Monitoring shows the problem.
Management solves the problem.
Monitoring is periodi

Management is continuous.

Monitoring reports moisture.
Management removes moisture.
Monitoring reacts.

Management prevents.
Monitoring is a cost.
Management is an investment.

Monitor to know.

KLECARASE LTRSS

Manage to protect.

ONITORING vs MANAGEMENT GLANCE WHY BOTH ARE IMPORTANT

FEATURE MOISTURE MONITORING MOISTURE MANAGEMENT
Q Purpose Measure and report moisture levels Control and reduce moisture levels
Nature Periodic (snapshot in time) Continuous (24/7 protection)
ﬁI/l Output Data, trends, alarms Dry, stable, healthy insulation
A Action Reacts after from rising

Focus Information Resuits
@ Impact Helps in decision making Extends life, improves reliability
{%} Limitations Late warning, cannot remove moisture Requires proper system & discipline
@ Outcome You know the risk You eliminate the risk

THE CONSEQUENCES OF DOING ON
ONLY MONITORING (NO MANAGEMENT) ONLY MANAGEMENT (NO MONITORING)

E

© Moisture keeps fluctuating © Novisibility of actual condition
© Paper keeps aging © Noway to validate effectiveness
© Dielectric strength reduces. @ Hidden issues may be missed
© Risk of PD, corrosion, and failure increases ©  Poor optimization and higher cost
© Unexpected outages and repairs MOISTURE, o iisadaitiy srvadia
DOES NOT
WAIT

You act, but may not be addressing

You see the problem, but cannot stop it.
the real need.

HOW TO MAKE THE SHIFT: FROM MONITORING TO MANAGEMENT

d-Q-8-9 -

1. MEASURE
Establish baseline

2. ANALYZE
dentify rends,

3.ACT 4 MAINTAIN 5. VERIFY

and stable. optimize continuously.

A systematic approach. A continuous cycle. A reliable future.

Y

DRYTRANS INSIGHT
In thousands of transformers worldwide, the ones
that perform best are not the ones monitored most,
but the ones where moisture is managed best.
Make the shift. See the difference.

P4 vishal@drytrans.com

@ www.drytrans.com
Q, +97150679 0417

Monitoring and Management are
not alternatives  they are partners.

MONITOR
Understand
the condition

R’

Monitor without manage = Risk continues
Manage without monitor = No direction

THE REAL GOAL

Not just to measure low moisture,
but to keep it low - all the time.

D- &~ G-

Analyze Act

MANAGE
Improve and
protect

Protect

Measure

This is Moisture Management.
This is Transformer Reliability.

BEST PRACTICE APPROACH

@ Monitor continuously for early detection.
@ Analyze trends, not just numbers.

@ Manage proactively to keep moisture low.
@ Verify effectiveness through monitoring.
@ Document, review and improve.
Data-driven + Action-oriented =
Reliable Transformers

KEY TAKEAWAY

Monitoring tells you Monitor to know.
where you are today. Manage to protect.
Management decides Protect to perform.
where your transformer

Perform to deliver.
will be tomorrow.

REFERENCE STANDARDS
- IEC 60076-22: Transformer Oil Guide
- IEC 60296: Mineral Insulating Oils
- IEC 60422: Mineral Oil Impregnated Paper
+ CIGRE TB 349: Moisture Equilibrium in Transformers
~ DryTrans Technical Library

DryTrans - Continuous Moisture Management Solutions for Reliable Transformers
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PERIODIC DEHYDRATION ®
CONTINUOUS MOISTURE MANAGEMEN

%- KEY MESSAGE

v Moisture is always trying to come in

Ca ' Periodicity cannot stop ingress.
A CHOICE THAT DEFINES TRANSFORMER LIFE | 4 ?

| | ‘ V' Only continuous management

Both approaches remove moisture. | U i e e can keep moisture low.
But the results, the impact on insulation life, i ‘[‘ IIIE 9. ' ' Low moisture = long insulation life.
and the long-term reliability are drastically different. [ ‘ HxIC Keepit v Choose management, not just removal.
The goal is not just to remove moisture. : Think'longerm. Act contmously.

The goal is to keep it low - all the time.

PERIODIC DEHYDRATION vs CONTINUOUS MOISTURE MANAGEMENT WHY PERIODIC DEHYDRATION IS NOT ENOUGH

PERIODIC DEHYDRATION CONTINUOUS MOISTURE MANAGEMENT

PARAMETER © Moisture ingress never stops.
Ll (LCE) © Oil breathes with temperature and humidity.
Done once in 2-5 years Approach 2477, all year, every day © Paper is hygroscopic and re-wets.
© Moisture migrates inside the insulation.
Removes bulk moisture Purpose Prevents moisture from rising
© Moisture pockets cannot be eliminated fully.
High initially, rises again Moisture Trend Low and stable © After every dehydration, moisture starts rising again.
Insulation spends most of it life in a “wet” condition.
Moisture re-enters from ingress Moisture Ingress Continuously blocked and removed °
Result: Short-term benefit, Long-term damage.
Temporary improvement Effect Duration Permanent improvement

Cyclic aging continues

Insulation A ignificantly reduced WHY CONTINUOUS MANAGEMENT IS SUPERIOR

RQBEPCAQIRCE

Higher risk Risk of Failure: Much lower risk © Continuously removes incoming moisture.
© Maintains low moisture in oil and paper.
Higher over life cycle Life Cycle Cost Lower over life cycle © (Provents cietine pockets.
Repairs and unplanned outages Operational Impact Fewer outages, higher reliability O Regiogs taejger ure Srlstins e action
© Greatly slows down insulation aging,
Reactive Strategy Proactive © Extends transformer life significantly.
© Improves relability and reduces risk.

Result: Long-term protection, Maximum life.

MOISTURE TREND COMPARISON INSULATION LIFE IMPACT TOTAL COST OF OWNERSHIP (TCO)
(Typical 25-Year Comparison)
Insulation life doubles for every 6-

o~ Poriodic Dehydration (Every 2 Years)

e S e racuction In hot-epot temperature Periodic Dehydration Continuous Moisture Management
L AND for every 50% reduction in moisture. i
2o | .
§ w0 | L Mitimts ™ v tow
H (Continuous Management)
g High Moisture  More breakdowns v Lessaging
© (Peridic Dehydration) o More repaics v Fewer breakdowns.
o
! * More outages v Minimal outages
R R S
o Higher risk v Lowerrisk
[ — — Life Utilization %
o Al 2 el e 7 9 1 100% 38243 Yeiss. o Higher total cost  Lower tota cost
Time (Years)
R o 3 Continuous moisture management
riodic dehydration gives a temporary drop. =
i reduces life cycle cost by 30-50%
Continuous management keeps moisture low and stable. Low and stable molsture) GO

= Slower aging = Longer life “Typicalindustry abservation

RECOMMENDED IMPLEMENTATION THE BOTTOM LINE

BEST PRACTICE APPROACH

1. Prevent Ingress @ tnstail 2 continuous dehydration system 66
Seal, Breathe Right designed for on-spot operation. 7 Periodic dehydration is like
/' © Enuure brothors reactive visiting a doctor after you get sick.
B ot S yoec o Continuous moisture management
3, Act Proactively 2 Remove (@) Uss dutndives moskaring o is like staying healthy every day.
Before Moisture Rises: Continuously Vedew pertemance. PROTECT
Thisisthe 2417 Moisture Control @ Roview trends and optimize CCONTINUOUSLY Don't just remove moisture.
DryTrans Way 2 per load and climate. PERFORM .
o, Manage it continuously.
P © Mske moistue management a ~ That's how you extend life.
Data + Tronds stondand epstmbunsl peseicd That's how you ensure reliability. 99
DRYTRANS INSIGHT REFERENCE STANDARDS R
I thousands of transformers worldwide, + 1EC 60076-22: Transtormer Ol Guide B vishal@drytrans.com
the ones that last the longest have EE + IEC 60422: Mineral Ol Impregnated Paper @ WWW. dvylrans com
‘one thi + CIGRE T8 349: Moisture Equilibrium in Transformers 3 "
They are continuously protected from maisture. + IEEE €57.143: Guide for Acceptance and Q, +97150 679 0417
Not just periodicaly dried. Maintenance of Maisture Control Systems.

DryTrans — Continuous Moisture Management Solutions for Reliable Transi
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Moisture Under Control

TRANSFORMER

CAN MOISTURE MANAGEMENT

STILL HELP?

When a transformer is old and heavily aged, many believe
itis beyond recovery. While true aging cannot be reversed,
effective moisture management can still deliver
significant benefits and extend useful life.

END-OF-LIFE: | ,

It's Not Over
Until It's Over!

Moisture is the accelerant. Control it, and you slow down the clock.

WHAT DOES “END-OF-LIFE" REALLY MEAN? THE IMPACT OF HIGH MOISTURE WHAT MOISTURE MANAGEMENT
ON AGED INSULATION CAN STILL ACHIEVE

b
s s
O

Frequent issues / failures.

High maintenance cost

OF P>POCG

DECISION FRAMEWORK: REPAIR, MANAGE OR REPLACE? REAL WORLD EXAMPLE

High Moisture Causes  Impact on Aged Insulation
End-of e s NOT  ied number.
it a condion, ot just an age. ap Paper chain scission
g Mok (0P reduction)
Determined by:
il . Mre sludge, more acids,
g ton o dg‘g faster ageing
 Moistur vl
Low Dislectric Higher risk of PD,
 Losd nd stress istory Strength breakdown & falure
& PoorOlQuatyy | Redueed coskg,
B optraiest poor performance
amvironmant

Moisture + heat =
accelerated ageing

Thermal Stress

§

Moisture turns ageing into rapid deterioration.
Remove moisture, and you slow it down.

Condition 40 MVA transformer, 38 years old
Initial Condition:
s Low 0P Good Continue Monitoring + il Mosture: 78 ppm
(<20-25 ppm) 8OV Good Keep maisture low « Paper Moisture (Est): 4.2%
- op:2
o Moderate 0P Moderate Moisture Management + BOV: 18KV
(25-50 ppm) BDV Moderate Extend Life « History of OTF and high TAN
Action:
P High P Low i i
(> 50 ppm) BOV Low Evaluate Risk vs. Reward oisture Management System
After 24 Months:
o Very High DP Very Low Plan Replacement * il Moisture: 12 ppm
(-100ppm)  FrequentFallures  but mensge moisture t then « Paper Moisture (Est): 1.6%

+ DP:320 (52% improvement)
« BDV: 32 kV (78% improvement)
+ No OTF, TAN stable

in “Poor” catege

by pi years through continuous moisture management.

y extended

Result: Transformer life extended.
Replacement deferred by ~10 years.

LIFE EXTENSION POTENTIAL
(WITH MOISTURE CONTROL)

SECTION 28

KEY MESSAGE

Ageing is permanent. Moisture damage is not.
Even at end-of-life, moisture control helps.
Lower moisture = slower ageing rate.
Improved reliabilty, fewer failures.

Better dielectric strength and safety.

Defer costly replacement.

v
v
v
v
v
v
V' Get more years of service.
v

Make the right decision based on data.

Reduces ageing rate significantly
Prevents further insulation degradation
Improves dielectric strength

Reduces PD risk

Improves ol quality and cooling
Increases reliability and availability
Reduces risk of catastrophic failure
Defers replacement / re-powering cost

Provides more years of safe service

FLCLELE LS

Improves return on existing asset

o

Moisture management adds
LIFE to what is LEFT.

Relatve 30-40+
Uite
(Vears)
40
20-25
20
0| 1015
o
High Poriodic  Continuous
Moisture Dehydration Moisture
Management
Life extension depends on:
« Inalcondition « Losdprofle + Maintenance.
* Environment * System design
Continuous moisture management

delivers the highest life extension.

KEY TAKEAWAYS RECOMMENDED APPROACH THE BOTTOM LINE

End-of e is a condition, not just an age.
Meisture accelerates ageing — control i

Even heavly aged transformers can benefit.
Moisture management can add S-15+ years.
Better relabity, safety and performance.

Make data-driven decisions.

Don't replace too eary, don't take unnecessary risk.
Manage moisture and maximize assat volue.

RS SR

B vishal@drytrans.com
@ www.drytrans.com

R-O0-&-9-O

1. ASSESS. 2. DEHYDRATE 3. MONITOR 4. MANAGE 5. MAINTAIN
Fulldisgnostic  Remove bulk Trocktrends  Keepmoisturelow  Preventingress
(Moisture, DGA, moisture continuously  24/7 with DryTrans & follow best
Furan,OP.BOV)  effectivaly system practices

Assessment - Dehydration - Monitoring - Continuous Management - Life Extension

DRYTRANS INSIGHT REFERENCE STANDARDS

We cannot stop ageing,

* IEC 40722 Tanslormer 04 Guide

(13

Ageing is inevitable.
Further deterioration is optional.
Moisture management will not
make an old transformer new,
but it can make a tired
transformer RELIABLE again.
More years. More value.
More peace of mind.

but we can control the biggest
accelorant —

moisture. I in Transformers

. ackenm Moisture Equibiium

 1EEE C3.143: Guide fo Aceptance 3nd
Maintenance of Molsture Control Systems.

DryTrans — Continuous Moisture Management Solutions for Reliable Transformers

R, +97150 679 0417

Control moisture. Extend life.
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BREATHERS: THE MOST COMMON
MOISTURE INGRESS POINT

ECTION 2

KEY MESSAGE

V' Breathers protect oil only when they are
AND HOW TO MANAGE THEM v
V' Saturated breathers allow moisture to
A transformer breather is designed to protect the oil from contaminants. enter the transformer.
But if not maintained, it becomes the biggest source of moisture ingress. v Regular inspection and maintenance
A small oversight in breather care can undo years of good transformer prevent silent damage.
s ' Agood breather habit = Long transformer lfe.

WHAT IS A BREATHE HOW DOES MOISTURE ENTER
THROUGH A BREATHER?

BREATHI

Abreather llows thetranst
F- e siois e vpeformr © Desiccant gets saturated. Moisture ingress increases HEAL_THY SA"‘RATED
= mbflmmnelltlbll\dilnd (Active) (Inactive)
=9 ° ime.
2 jiil Insulation ages faster
« AirOutlet -
i e o © Ol level rises and covers the
1t prevents dust and moisture P | 4 Risk of PD and breokdown increasos
entaring the ol

©  Breather seals leak.
It contains desiccant that absorbs TN T
moisture from incoming air.

© incorrect or poor quality desiccant.

il quality deteriorates & Dssiccanti =y

Higher chance of failures « Airinlet -

o}

Reduced asset life and higher cost

+ Dry desiceant (Orange) @ Wet desiccant (Purple)
A healthy breather keeps moisture OUT. e + Low moisture © High moisture
A neglected breather lets moisture IN. s A small maintenance lapse today Sirisis el 6 Abows s
becomes a moisture source. W
can cause a major failure tomOTOW. ./ Extends life © Reduces life

BREATHER MAINTENANCE GUIDE BEST PRACTICES FOR BREATHER MANAGEMENT

PARAMETER BEST PRACTICE FREQUENCY = DESICCANT
- e — Use high quality silica gel (Color indicator type). COLOR GUIDE
e we apection 4 v Replace desiccant before it gets saturated. Orar
- ey ;i 0
Good
Monthly v Groen
: . (Sightly Wet)
ey s sMss V' Ensure breather is vertically mounted and level. or
‘seals durir in: ion. L d
FEy .V Checkgaskets and seals during every inspects . D
V' Use weather shields indirect ain or dust conditions. Replace
A sresther Ciaring Clean housing and seals Every 6 - 12 Months . e
= V' Train maintenance team to recognize breather condition. s
= ¥/ Make breather maintenance a standard PM activity. Roploce
Immediately

* Depends on climate, load, and humidity conditions.

THE REALITY THE SOLUTION REMEMBER

© Most reathers ae never checked.
© Desiceant s replaced only when it i fully saturated.

Replace
Timely

© Breathers are often ignored in maintenance plans.
© Moisture enters silently and causes hidden damage.
ple.

Inspect
Regularly

© Failures often start from something so

A

Neglected breathers are one of the top
reasons for high moisture in transformers.

DRYTRANS INSIGHT
In thousands of transformers
worldwide, we have seen one

X vishal@drytrans.com
@ www.drytrans.com

common pattern in failures:
Moisture ingress through breathers
that were not maintained on time.

Qs +97150 679 0417

Simple breather care can save lakhs in repair
and prevent long outages.

(13

A transformer can have the best oil,

@

ca..umms.,

al
Extend Life &
Improve Relability

the best paper, and the best design.
But if the breather is neglected,
moisture will find its way in.

Good breather maintenance
is smart transformer management. g9

REFERENCE STANDARDS SCAN TO LEARN MORE
- 1EC 60076.22:Trnsformer O Guide
EE « IEC 60422: Mineral Ol Imprognated Paper About Continuous.
=l - e 60599: Minera nsuating O n Savica y
+ CIGRE TB 349: Moisture Equilibrium Woleture Mesegeent
n Transormers with DryTrans

Don't
Protect the big asset.

Maintenance of Moisture Control Systems

DryTrans - Continuous Moisture Management Solutions for Reliable Transformers

DX vishal@drytrans.com |

Q. +97150679 0417 |

@ www.drytrans.com
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e Under Control
MOISTURE

UNDERSTANDING MOISTURE LEVELS: INOIL (PPM) G- KEY MESSAGE

WHAT IS SAFE, RISKY AND DANGEROUS BORREK L tur el dfineth hlth

(Dangerous) i
" of insulation.

Not all moisture levels are the same. G R

The difference between 10 ppm and 30 ppm can mﬂl' Risk v Higher moisture = Faster aging.

mean the difference between long life and early failure. toygon) ' Know your level. Understand

ol YR S i - the risk. Take action.
Moisture s the #1 driver of insulation aging in power transformers. Acceptable e x
The key is not just to measure it (Monitor) O Mueagma et
one-time. It is continuous.

but to understand what the number means. S 3

This section helps you interpret moisture levels Excellent ' Gt trsnaformenn are ot
b dry by chance. They are kept dry

and take the right action.

by design and dis¢

MOISTURE LEVELS: RISK, IMPACT & ACTION HOW MOISTURE IMPACTS INSULATION LIFE

MOISTURE INSULATION L -
WouLTEeND RISKLEVEL  IMPACT ON TRANSFORMER o ACTION REQUIRED Insulation e reduces exponentially
with increase in paper moisture.
+ Very high aging rate Immediate Action e, (| P S
HIGH RISK + Paper gets saturated Papermoisture  + Investigate source ® (APPROX,) COMMENT
(DANGEROUS) . pp risk increases >3.0% of moisture
>30 ppm i + Dehydrate <1.0% 100% Excellent Life
e Insulation is wet immediately 2
’ and under stress = Monitor closely 1.0-2.0% 50 - 70% Normal Aging
* Failure probability « Review breather,
increases significantly sealing & leaks 2.0-3.0% 20 - 30% High Aging
>3.0% <10% Very High Risk

« Aging rate is high Take Action Soon

MODERATE RISK 3 Paper moisture
caution)  * ::::'::;" e 20%-30%  « Dehydrate WHY EVEN 10-20 PPM MATTERS?

« Improve sealing

20 - 30 ppm

+ Ol quality Insulation is Moisture is dynamic.
& duteriorates b e @ It keeps coming in.
+ Higher carbonation accelerated + Increase monitoring
of paper frequency A 10 ppm today can be 30 ppm
227" inafew months.
" " Monitor & Maintain
ACCEPTABLE . Aging rate is moderate Paper moisture % G Transformer ages every day.
(MONITOR) . inguiaion e T | Cae s Don't give moisture a chance.
10 - 20 ppm « Maintain breather L 4
Insulation is + Controlingress Good moisture management
acceptable « Plan dehydration otos youlin e sota sons:
ifrising trend
EXCELLENT + Very low aging rate Paper moisture Maintain Excellence FACTORS THAT INCREASE MOISTURE LEVELS
(SAFE) « Long insulation life <1.0% « Keepitdry ©  Saturated or faulty breather
<10 ppm @ « High dielectric s p « Monitor trends. Poor sealing and leaks
strength insulation is dry . Maintain systems A A T
. pening tank during humid conditions
« Very low failure risk j2d sty « Protect your investment

High ambient humidity
No dehydration / drying system
Oil not maintained properly

OOOBOR

RECOMMENDED MOISTURE TARGETS

NEW TRANSFORMER NORMAL OPERATION ~ MAXIMUM ACCEPTABLE TAKE ACTION CRITICAL LEVEL
- THE BOTTOM LINE

LN

y Moisture is invisible,
<10 ppm <15ppm <20 ppm >20 ppm B
i forfactory dry Ideal range for Monitor closely, Plan dehydration butits impact is not.
o] ey tahe getan inmedietely Understand your level.

Target: Keep moisture in oil below 15 ppm and paper moisture below 2.0% Control it continuously.

That is how you ensure

BEST PRACTICE APPROACH [T= ) relia

lity and long life.

@ & . o i

1. MONITOR 2.CONTROL 3. DEHYORATE 4.PROTECT . EXTEND LIFE A dry transformer is a reliable transformer.
Extend fife and A wet transformer is a future failure.

rogulary ogress contiouously continuously improve relabilty

Monitoring tells you. Management protects you. Action extends |i

8 vishal@dmyans com DRYTRANS INSIGHT REFERENCE STANDARDS 'SCAN TO LEARN MORE
" « 1EC 60076-22: Transformer Oil Guide 2
& oy g st oo : I oo o
i e e i = e
+ 5 ooness ol el e
% o o Maintenance of Moisture Control Systems Lalel

s — Continuous Moisture Management Solutions for Reliable Transftc
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PAPER INSULATION & MOISTURE; G- KEY MESSAGE
THE TRUE CONNECTION

Transformer paper holds most of the insulation.
Paper is the heart of a transformer.
Moisture is its biggest enemy.

Moisture in paper is more dangerous than in oil.
Higher paper moisture = faster aging.

Keep paper moisture low and stable.
Transformer paper is hygroscopic - it naturally
absorbs and releases moisture based on the
environment and oil condition.

LSS U

Continuous moisture management
protects paper and extends transformer life.

H ' Dry transformer = Reliable transformer.
Control moisture, protect paper.

Protect paper, extend life.

HOW PAPER ABSORBS MOISTURE IMPACT OF HIGH PAPER MOISTURE PAPER MOISTURE vs LIFE EXPECTANCY SAFE PAPER MOISTURE GUIDELINE

o, air p Average Paper J
£y Mot ners i . o Life reduces TP e Rk
5= and through insulation gaps. exponentially Mot

with increase
75
By gl B mamsn | in | 5% o @1
7,77 breather condition accelerate ingress. e Woissure
50
69 Increases risk of PD and breakdown ) LE%20%. L fesad) | [ @it
@ Temperature rise causes misture
migration within paper. % ”
444 Roduces mechanica srength 20%-25%  Caution Moderate
g Paper holds moisture and releases it °
if oil becomes dry. n/lle Shorsis ARG S 1% 2% 3% 4% 5% 2.5%-3.0% High @ High
Average Paper Moisture (%)
>3.0% Very High @ Very High
Moisture is always in motion. High paper moisture = Short life Kaop pepes mcistuts hetowd 2% for
Balance is the key. Low paper moisture = Long life maximum life and reliability. Target: Paper Moisture < 2.0%

FACTORS THAT INCREASE PAPER MOISTURE BEST PRACTICES TO PROTECT PAPER

Qﬁ&ﬂ@ﬁ@@@ ﬂi".ll

WghAmbiont  Setuatedor Ol Lesks &Poor  High Oparstng  Moisturein O Track Trands &
Humidity Faulty Breather Sealing Temperature. (High ppm) CN"M Regularly Continuously & Breather nmpcmun ‘Take Action Early
(1 Papen
Eliminate the source. Manage continuously. Proactive care today. Reliable asset tomorrow.

PAPER MOISTURE MEASUREMENT METHOI THE GOLDEN RULE THE BOTTOM LINE

KARL FISCHER (O1L)

3
(Paper) 'MONITORING 113
You cannot see moisture.
i a
v Accurte R v Resime You can only measure it.
v Quk v Fidproven ot You cannot stop it once it enters.
— V Reencebetod () EvtyWaming You can only manage it continuously.

Manage moisture.

@)

Me: Both extremes are harmful.

n ol ppm) Papermcetrs (K feend e s Maintain balance for maximun life. Protect paper. Extend life. 99
: REFERENCE STANDARDS SCAN TO LEARN MORE
BX vishal@drytrans.com DEVTRANS INS1GHT
o n st (<[] - 0725 Trtomer o e
@ www.drytrans.com failures are moisture related. &= . CiGRE T8 349: Moisture Equilibrium in

Mot Management
Peper molstr today defiees Tronstormers “

R, +97150 679 0417 - IEEE CS7.143: uide for Acceptance snd with DryTrans
your iansiommers Conoreou: Maintenance of Moisture Control Systems.

DryTrans — Continuous Moisture Management Solutions for Reliable Transformers

@

vishal@drytrans.com | Q, +97150 679 0417 | @ www.drytrans.com
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Moisture Under Control

HOW TO ESTIMATE
PAPER MOISTURE
FROM OIL MEASUREMENTS

0il moisture is easy to measure.
Paper moisture is what really matters.

>95-99%
of total moisture

7

Hﬂl

il

More than 95-99% of the total moisture in a

resides in the
(paper). Since paper is difficult to access,

we estimate its moisture using oil measurements,
temperature and equilibrium models.

'WHY DIRECT MEASUREMENT COMMON ESTIMATION METHODS
IS DIFFICULT

0 EQUILIBRIUM CURVES (THERMODYNAMIC MODELS)

is in the oil

Paper is buried inside Oil and paper reach an equil

windings. temperature and humidity.
Higher Temp
Requires transformer Wdely e spodéle: I e
shutdown. + Oommen Model
« Fabre-Pichon Model o] =, HidhiacPepse
Moisture

Paper sampling is
destructive.

* CIGRE Equilibrium Charts

Vg

Therefore, we estimate paper
moisture using indirect methods.

ONLINE MONITORING SYSTEMS
Continuous measurement of oil moisture, temperature
and %RS allows estimation of paper moisture.

0-8-6

Time consuming
and costly.

Moisture. Temperature Estimated Paper
Gom) ) (ll-hrm sn-m) Molsture (%)
TYPICAL RELATIONSHIP
Paper Moisture (%) /\/' Use TRENDS
50 Higher temperature 2010 not single readings.
or higher %RS results
PO & s panet & Use actual oil
moisture for the same Pomparature:
30 oil moisture (ppm). @ Use 318 together
20 with ppm.
10 Always use the % Correlate with electrical
actual operating and chemical indicators.
o
1 10 100 1,000 10,000 et Q Conts g eipta
Oil Molsture (ppm) parameters.
RULE OF THUMB INDUSTRY REFERENCES

+ IEEE C57.106 - Guide for Acceptance and
Maintenance of Insulating Oil

If you reduce oil moisture (ppm) and %RS,
paper moisture will slowly reduce.
 16C 60422 - Mineral Oi Impregnated Paper

. + CIGRE TB 349 - Molsture Equilibrium in Transformers
Lower Paper Moisture

= Lower Aging Rate
= Longer Transformer Life

+ IEEE C57.143 - Guide for Acceptance and
Maintenance of Moisture Control Systems

SECTION

Only 1-5%

KEY MESSAGE

<

Paper holds almost all the moisture.

L

Oil moisture represents only a small
portion of the total moisture.
Estimate paper moisture using oil
moisture, temperature and equilibrium
models.

<

Use trends, not single readings.

<

Close to equilibrium = better estimation.

S

Controlling oil moisture helps reduce
paper moisture.
¥ Moisture management = Life extension.

IMPORTANT LIMITATION

Paper moisture estimation is only valid when the
transformer is near equilibrium.

Not at Equilibrium Near Equilibrium
© After v e
© During cooling  Stable load
© During heating V' Stable ambient
conditions

© After oil processing
© During major ambient
s

V' After sufficient time
for eqilibrium

In transient conditions, oil moisture may NOT
represent actual paper moisture.

A

BEST PRACTICE

ACCURATE
PAPER MOISTURE

THE BOTTOM LINE

66 You cannot see paper moisture.
You can only estimate it.
But when you estimate it correctly,
you can manage it effectively.

Good estimation leads to
better decisions and longer life.

9

CONTACT DRYTRANS DRYTRANS INSIGHT SCAN TO LEARN MORE DRYTRANS SOLUTION
(3 vishal@drytrans.com il is the window. . o Continuous Moisture
Paperis the heart. boiret b ey Management Systems:
R +97150679 0417 Read the window correctly g = for Reliable Transformers
@ www.drytrans.com to protect the heart. e and Extended Life.
ture Management So rs
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Moisture Under Control

MOISTURE AND
DIELECTRIC
BREAKDOWN
VOLTAGE (BDV)

High moisture lowers dielectric strength.
BDV is often the first property

affected by excessive moisture.
Dielectric Breakdown Voltage (BDV) is the
maximum voltage that insulation oil can
withstand before it breaks down and conducts.
As moisture increases, the oil's ability to
withstand electric stress decreases.

ECTION 3

KEY MESSAGE

v Moisture reduces dielectric
strength of oil.

v/ Higher moisture = lower BDV.

v/ BDV is a sensitive indicator
of oil quality.

v/ Good BDV does not always
mean dry paper.

v Correlate BDV with moisture,
%RS, temperature and
paper health.

More water =

Weaker dielectric

= Lower BDV

v/ Control moisture to maintain
high dielectric strength and
reliability.

HOW MOISTURE REDUCES BDV TYPICAL TREND TYPICAL BDV RANGE IMPORTANT LIMITATIONS

Water molecules increase BDV vs Moisture in Oil (at 25 °C)

O

the conductivity of oil. 80
o Moisture forms microscopic 60
O bubbles under electric stress. o
f 40
Bubbles and water create 2
weak paths for discharge. p

Breakdown occurs at a

: 110

lower voltage.
Moisture in Oil (ppm)

More moisture - More weak paths -
Lower BDV

BDV decreases significantly as
moisture increases.

100 1,000 10,000

BDV (kV) OIL CONDITION o BDV reflects oil condition,
not paper moisture directly.
> 60KV Excellent © Ol can be dry and paper
can still be wet.
40 - 60 kV Good
€ Good BDV does not guarantee
30 - 40 kV Caution long insulation life.
° BDV is affected by temperature,
20-30kv Poor gas, particles and test method.
<20kV Very Poor €© Always interpret BDV

with other test results.

BDV is an indicator, not the
complete answer.

Values may vary with test method,
electrode gap and temperature.

CORRELATION: BDV WITH MOISTURE AND %RS BEST PRACTICES WHAT TO DO IF BDV IS LOW?

Keep oil moisture as low as practical.

Maintain %RS below 60%.

Check moisture level and %RS.

Verify temperature and test method.

inMOui:s(‘::ﬂ) (a::‘;s-c) Tw‘(c:\l')mv foteepestation
<10 <20% >60 Excellent
10 -50 20 - 40% 40 - 60 Good
50 - 200 40 - 60% 30 - 40 Caution
200-1,000  60-80% 20-30 Poor
>1,000 >80% <20 Very Poor

As %RS increases, BDV decreases.

BDV TEST METHOD (IEC 60156)

Adjustable gap
(2.5 mm)

AC Voltage applied
until breakdown occurs

CONTACT DRYTRANS
PR vishal@drytrans.com
Qo +97150 679 0417

@ www.drytrans.com

DryTrans

Keep %RS below 60% for safety.

Key Points
+ Standard g

+ Voltage ramp:

« Minimum 3 breakdowns

+ BOV = Average breakdown voltage

« Ensure oilis free from large bubbles
and moisture during test

DRYTRANS INSIGHT
BDV tells you how much

Moisture management
ensures your transformer
can withstand the stress
throughout its lfe.

= voltage the oil can withstand.

Continuous Moisture Management Solutions for Rell

Monitor BDV regularly (6-12 monthly). Check for gas, particles and sludge.

Test at standard temperature (25 °C)
and use same test method.

Dry and filter the oil.

Identify and eliminate moisture ingress.
Correlate BDV with moisture, %RS,
Tan 8, resistivity and DGA.

A
A
A
A
A
A

Monitor trend until improvement.

R R RRRQ

Investigate low BDV immediately.

REMEMBER THE BOTTOM LINE
Moisture lowers BOV. O
il

Monitoring improves visibility.

Low BDV is a warning.

High BDV = Strong dielectric 3
Act early to avoid failure.

= Greater reliability

€6 BDV is often the first electrical property to
show the impact of moisture.
Control moisture.
Protect dielectric strength.
Ensure transformer reliability. 99

Management ensures reliability.

Dry insulation lasts longer.

REFERENCE STANDARDS SCAN TO LEARN MORE
+ 1EC 60156 - Insulating liquids -
Detrminton o th reakdonn ol sioess
=] voltage at power
08 4t pgwer ey Moisture Management
+ 1EC 60296 - Mineral oilmpregnated
with DryTrans

electrical equipment in service -
Guide to the interpretation of
dissolved and free gases analysis.

ble Transformers
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Moisture Under Control

MOISTURE AND

Higher moisture increases
dielectric losses.

Dissipation Factor (Tan 5) measures the
energy lost as heat within the insulation
system when subjected to AC voltage.
Moisture increases these losses and

accelerates insulation aging.

Increased Polarization
= Higher Losses

v
v

$

SECTION 3

Moisture increases dielectric losses.
Higher Tan 5 indicates
deterioration.

Tan & is influenced by moisture,
acids, sludge and aging.
Always evaluate Tan § at the
same temperature.

Compare trends, not single
readings.

Lower moisture = Lower Tan § =
Longer life.

HAT IS TAN 5? HOW MOISTURE AFFECTS TAN & TYPICAL TREND: TAN § vs MOISTURE TYPICAL REFERENCE VALUES
1.0

Tand= —
€
Where:

&= Loss component
(energy dissipated as heat)

€ = Storage component

(energy stored in insulation)

Lower Tan
= Better insulation

Higher Tan &
= Poor insulation

Water molecules increase
dielectric losses.

O
4{;
o3
4
(%)

More moisture -+ Higher losses
Higher Tan & - Faster aging

and lag.

Creates conductive paths
and leakage current.

Generates more heat
inside insulation.

Accelerates chemical
aging of paper.

Increases dipole polarization

08
08

06

-

&

04

1 10 100

il Moisture (ppm)

Tan 8 increases significantly
as moisture increases.

1,000 10,000

insulaton Condition 15:“/650 ~
Excellent <0.3%
Good 0.3% - 0.5%
Caution 0.5% - 1.0%
Poor 1.0%-15%
Very Poor >15%

Note: Values vary with transformer
design, oil type and test method.

FACTORS THAT INFLUENCE TAN § (BESIDES MOISTURE) CCORRELATIO! MOISTURE AND %RS

@

LEER
Acidity Sludge &
(TAN) Particles

Always correlate Tan & with moisture, temperature, acidity and aging i

0il Moisture
(ppm) (at25°C)

d) ; <10 <20%
10-50 20 - 40%

Aging “Temperature Electric Field = =

s el 50 - 200 40 - 60%
200 - 1,000 60 - 80%

>1,000 >80%

TEST METHOD BEST PRACTICES WHAT T0 DO IF TAN 8IS HIGH?

IEC 60247 (Oil)
ASTM D924

<|_.5 »—I—
AC Voltage Applied

Measure Current & Phase Angle
Calculate Tan &

CONTACT DRYTRANS

B vishal@drytrans.com
R +97150679 0417

@ www.drytrans.com

Measure Tan 5 at standard
temperature (20 °C or 25 °C).
Keep oil moisture as low as practical.

Use Tan 5 trend for decision making.

QRRQAR ]

Correlate with BDV, moisture, %RS,
resistivity, acidity and DGA.

R

Repeat tests periodically
(6-12 months).

DRYTRANS INSIGHT

Tan & is a window into
insulation health.
Moisture management
keeps losses low and
insulation strong.

@

ryTrans - Continuous Moi

Check and reduce oil moisture.

Verify temperature and test
conditions.

Check for acidity and sludge.
Perform il filtration and dehydration.

Monitor trend after corrective action.

> BB

REFERENCE STANDARDS

+ IEC 60247 - Measurement of relative

IN: TAN § WITH
ARS

Typical Tan &

™ Interpretation
<03 Excellent
03-05 Good
05-1.0 Caution
1.0-15 Poor
>15 Very Poor

66

High Tan  means higher losses.
Higher losses mean more heat.
More heat means faster aging.

Control moisture.
Lower Tan &.
Extend transformer life.

2

SCAN TO LEARN MORE

factor and DC resistivity of insulating
iquids.

+ ASTM D924 - Standard Test Method for
Dissipation Factor (or Relative
Permi

ittivity) of Electrical Insulating Liquids

Moisture Management

with DryTrans

e Management Solutions for Reliable Transformers
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MOISTURE AND
RESISTIVITY

High moisture lowers resistivity.
Lower resistivity = higher risk.
Resistivity indicates how strongly the oil
opposes the flow of electric current.
Moisture introduces ions and increases

conductivity, reducing resistivity and
weakening the insulation system.

HOW MOISTURE
REDUCES RESISTIVITY

= Lower resistivity

More ions = More current flow

KEY MESSAGE

V' Moisture increases ionic conductivity.

v As moisture increases, resistivity
decreases.

v/ Low resistivity reduces insulation
strength.

v/ Resistivity is a sensi
of oil quality.

indicator

v Always correlate resistivity with
moisture, temperature and other
diagnostic tests.

V' Higher resistivity = Better insulation
= Lower risk.

WHAT IS RESISTIVITY? HOW MOISTURE AFFECTS RESISTIVITY TYPICAL TREND: RESISTIVITY VS MOISTURE TYPICAL RESISTIVITY RANGE (at 25 °C)

Resistivity (p)is a measure of a flud's
abiliy to resist the flow of electric
current.

Formula:
A
p=Rx(7)

Where:
p = Resistivity (Q-m)

R= Resistance (2)

A= Electrode area (m?)

L = Electrode gap distance (m)

High p = Strong resistance
= Good insulation

B i

O, Increases ionic concentration
inthe oil.

B} tons cary chrge unr et et

More charge movement = Higher
conductivity.

Higher conductivity =
Lower resistivity.

More moisture —+ More ions —
Lower resistivity — Higher risk

10

1om

e

10

Resistivity (@ m)

100
100

100
110 100

il Moisture (ppm)

Resistivity decreases exponentially

as moisture increases.

1,000 10,000

Resistvty (m)  OILCONDITION  RISK LEVEL.
>1x107 Excellent  Very Low
1x10%-1x10" Good Low
1x10"=1x10%  Caution | Moderate
1x10°-1x10" Poor High
<1x10% VeryPoor  Very High

Note: Values vary with temperature, oil type
and measurement method.

FACTORS THAT REDUCE RESISTIVITY (BESIDES MOISTURE) CORRELATION: RESISTIVITY WITH MOISTURE & %RS

= &

Moisture Acids

(TAN)

Conductive
Particles

3 e | #

Sludge

Tempﬂalun

Always interpret resistivity along with moisture, Tan 3, BDV, acidity and DGA.

TEST METHOD BEST PRACTICES WHAT TO DO IF RESISTIVITY IS LOW?

1EC 60247 (i)
ASTMD1169
L

ax

& Maintain oil moisture as low as practical.
@ Keep %RS below 60%.
& Monitor resistivity regularly
(6-12 monthly).
& Correlate with moisture, Tan 5,
BOV, acidity and DGA.

AC Voltage Applied
Measure Resistance (R)

immediately
@ Filter and dehydrate the oil

Calculate Resistivity (5) continuously.
CONTACT DRYTRANS DRYTRANS INSIGHT
5= v com

R +97150679 0417
@ www.drytrans.com

y quickly to

Itis one of the fastest

indicators of oil deterioration.

Aging
Products

moisture and contamination.

il Moisture
(ppm) (-« zs )
<10 <20%
10-50 20 - 40%
50 - 200 40 - 60%
200 - 1,000 60 - 80%
>1,000 > 80%

Check oil moisture and %RS.
Verify temperature and test method.

Check transformer breathing system

A
A
A\ Check for acidity, sludge and particles.
A
and seals.
A

Perform oil fltration and dehydration.

/A Monitor trend unti improvement.

Low resistivity is a warning.
Act early to protect insulation life.

REFERENCE STANDARDS

+ 1EC 60247 - Messurement of relaive

""""[' ““)‘5'""’ Interpretation
>1x10? Excellent
1x10%-1x 107 Good
1x10"-1x 107 Caution
1x10°-1x10" Poor
<1x10%° Very Poor

THE BOTTOM LINE

€6 Resistivity isthe oif's ablity
to resist current flow.
Moisture destroys this ability.

Higher Resistivity =
Stronger Insulation
Lower Risk = Longer Life. 99

Control moisture.
Maintain high resistivity.
Ensure transformer reli

SCAN TO LEARN MORE

ESl-—

of Electrical Insulating Liquids.

and DC resistivity of insulating liuids

+ ASTMD1169 - Standard Test Method
for Specific Resistance (Resistivity)

Moisture Management

with DryTrans

Continuous Moisture Management Solutions for Reliable Transformers
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Molsture Under Control

TRANSFORMER

MOISTURE ASSESSMENT i

FRAMEWORK

Key Message

No single test can define transformer
moisture condition.

A comprehensive assessment requires
combining multiple indicators across
four levels to understand moisture

impact, insulation health and failure risk.

SECTION 36

Q- KEY MESSAGE

DryTrans Knowledge Series

/' Transformer condition is multi-dimensional.

v/ Moisture is the primary driver of insulation
degradation.

V' Useintegrated data from all levels.

+/ Trend analysis is more important than
single readings.

' Good assessment leads to the right action.

V' Control of moisture = Control of life.

THE ASSESSMENT PYRAMID LEVEL WHAT IT TELLS US TYPICAL PARAMETERS WHY IT MATTERS
Evaluate the transformer using - oy et e e
a four-level approach. S iaton risk of failure Ay e Sheady develcpg 10

% + Partial Discharge (PD) Helps in early intervention
or active faults.
Each level adds deeper i + Bubbling / Gassing and risk mitigation.
into the true condition.
+ Furan (2-FAL)
Aging Shows how fast + Methanol Quantifies life consumed
Indicators the insulation is + Acidity (TAN) by thermal, moisture and
INDICATORS chemically aging. « Interfacial Tension (IFT) chemical aging.
« DP (Degree of Polymerization)*
ELECTRICAL Electrical Reflects the + Breakdown Voltage (BDV) Indicates how much
INDICATORS Indicators current dielectric * Dissipation Factor (Tan 8) dielectric strength and
performance. * Resistivity
+ Capacitance / Power Factor
U liza U Shows how much Moisture in Oil (ppm)
" " D o i the
INDICATORS 1 DirectMosure g | e e bl Moisture is the root cause
Indicators molsture is pres ative that influences al other
in the insulation « Water Activity (aw) coritione!
system. + Estimated Paper Moisture (%)

*DP testing requires paper sampling (offine)

HOW MOISTURE AFFECTS ALL LEVELS ASSESSMENT APPROACH TREND ANALYSIS IS CRITICAL
& 4} © Collect Data 200

Perform tests and record values across all four levels.

o Reduces (2] Undemn\d Moisture State (Level 1) E 150
AN y N A te ppm, %RS, aw and estimate paper moisture. H
\ e © Evaluate Electrical Margin (Level 2) % o
( Check BDV, Tan & and resistivity. ® 2051140 Moleoms Menagurint
P \ / © Evaluate Aging (Level 3) £ & With Moistre Management
D G, 2 Assess furan, methanel, acidty and IFT. g
( ) %98 © Evaluate Risk (Level 4)
ncreases Increnses Review DGA, CO/CO; and PD activity. 9 4 2 Py 2
- Ny © Correlate & Trend Time (Months)

Compare with historical data and trends.
@ Decide & Act
Define the right moisture management strategy.

TYPICAL ACCEPTANCE GUIDELINES WHAT TO DO IF ASSESSMENT KEY INPUTS FOR ASSESSMENT LIMITATIONS TO REMEMBER
(AS PER IEC & INDUSTRY PRACTICE) SHOWS HIGH MOISTURE

Asingle reading is a snapshot.

deterioration and failure. Atrend s the real story.

= dood Candion & Thonms sl g @  Oitests refect cumen conditon
[\ Reduce moisture continuously. R
Moisture in il - %8S (2125 °C) Py @ Comcttampersirs comuction D) et sunals s
= - £\ improve sealing and breathers.
Moisture n O~ ppm (at25°C) <50 ppm & Oiltype and ranstormer design @  Equilibrium may not be achieved
Water Actvity (aw) <o0s A\ performoi fiation & dehydration. G Loading istory during rapid load/temperature changes.
Breakdown Voltage (BDV) > 60KV (typ) iy i & B g i st
Dissipation Factor (Tan 8) <0.5% £\ Investigate source of ingress. @& History of maintenance are critical.
Resistivty >1x10%am A Reviewloading per & ® o =
Furan (2-FAL) Low (Trending Stable) & Historicaltest rend single values. i
z Act early - Prevent aging, & Operational events.

e T O failure and unplanned outages. Good assessment = Right action = Extended life.

CONTACT DRYTRANS DRYTRANS INSIGHT REFERENCE STANDARDS RELATED DRYTRANS SOLUTIONS SCAN TO LEARN MORE
= e |l Slis -+ 1EC 60422 - Mineat nulatiog o + TRS / TRS0 - Continuous

',@\' helps identify maisture E E and maitenance idance ES

R +97150679 0417 e root cause and. p = MMSS0 - Mojsture
® i enables effective Ife clecticslequipment i senvice -

W ? * 3 Guidance on the interprtation of - TRAMS0 - Transformer

SN nsoived and e gases antysis Asset Management

DryTrans - Continuous Moisture Management Solutions for Reliable Transformers
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MOISTURE AND DGA

Moisture does not create fault gases. ¥ Moisture accelerates insulation aging.
Moisture accelerates the processes v/ Moisture increases partial discharge (PD)
that generate gases. Insulation activity.

Weakening | ./ Moisture promotes thermal stress and

Dissolved Gas Analysis (DGA) identifies
symptoms of faults or abnormal conditions.
High moisture lowers insulation strength,
accelerates aging and partial discharge,
which increases the probability and
severity of gas generation.

J overheating.

V' These conditions lead to higher levels
ey of dissolved gases.
V' DGA shows the effect.

AS

Faults /PD/ Moisture is often the root cause.
Arcing v Control moisture to reduce gases

and failure risk.

HOW MOISTURE INFLUENCES DGA KEY DGA GASES AND MOISTURE RELATIONSHIP

Mechanism Effect of High Moisture. Result Typical Gases Gas Source / Cause Influence of Moisture
Cellvose Degradation  Water + Heat breaks down  Lower DP, weaker paper, 0,0, Hydrogen (H;) PD, partial arcing Increases PD activity
(Hydrolysis) cellulose chains. increased gas generation. ¢

Methane (CH,)

Moisture lowers dielectric  More PD activity in oil

= N Qo

Panti Discharge (PD) Ha, oMy, CH,
arisl Discharge (°0) 11 iy X Ethylene (C;H) Therma faults Increases with temperature
Acatylene (C:H;) Higher
Therm Stress {ichimelegre buseese: | ACcHed Soing 3nd . CoHa, CH, s weak & wet
hot.spot temperature. overheating
ydroly
s, Moisture + Oxygen id formation, sudge, and oxidation
()) o Oxidaton w o) e G co,co,
& (Sposioratas gelduton. insulation aging. Carbon Dioxide (CO;)  Advanced cellulose. Increases with aging
degradation and moisture
Arcing/ Faul : A0 g e
L prone 1o arcing. high gas levels (Hy. CH,, Gy, ete) ® Moisture does not produce these gases directly,

but it accelerates every process that produces them.

TYPICAL TREND: MOISTURE VS TOTAL DGA MOISTURE - DGA - INSULATION LIFE CONNECTION INTERPRETATION GUIDELINES

10,000 V' Always evaluate DGA along with moisture.

(weakvtectic | [ 70, Thermat | [ere0n | [retr g
£ 1000 High Maisture —— sy e | ||+ High moisture can mask early waming
& dl g * o M signs in DGA.
g é 4 ] 3| B
8 l | Os e
3 - U /' Asudden increase in gases with high
g 1w moisture is more dangerous.
1 REALITY OHECK V' Use trend analysis, not single test results.
1 10 100 1000 10,000 A Low gas levels + high moisture = WARNING (aging has started)
Maisture inOfl (ppm) V' Lowmoi gases = healthy.
/' High moisture + ising gases = act early!

higher total dissaolved gases over time.

BEST PRACTICES STANDARDS & REFERENCES THE BOTTOM LINE

& Mionttor molsture snd DGA together. EE * 16060550 - inwloivimpregnated ocical €€ DGA tells you what is happening.
equipmentn service - Guidance on the 3
“ ain moisture at safe levels (< 40% RS E==]  interpretaion of dissolved and free gases Moisture tells you why it is happening.
or as per transformer design). analysis. Control moisture.

& Reduce malsture contivously. + IEEE C57.104 - Guide for the Interpetation

& Keep oil clean and free from oxidation. Transformers Increase reliability.

& Controltemperature and loading. + 1EC 60422 - Mineral insulting il in Extend transformer life. 99

& oot s barwd ouk sl lectrical equpment - Superision nd

& Actearty o praveot major faut, i e DryTrans keeps moisture low,

Always follow standard interpretation insulation strong and DGA stable.

Moisture management = Gas management = Life management methods and consider molsture ss Continuous Moisture Management

2 maj

luencing factor.

CONTACT DRYTRANS DRYTRANS INSIGHT RELATED DRYTRANS SOLUTIONS
Moisture is the hidden driver
= behind most insulation
problems. Managing moisture
continuously is the most
effective way to control
gases and extend iife.

+ TRS/ TRSO - Continuous
Moisture Management

+ MMS90 - Moisture Moisture Management
Monitoring System

+ TRAM90 - Transformer
Asset M nt

DryTrans - Continuous Moisture Management Solutions for Reliable Transformers

vishal@drytrans.com About Continuous.

+97150 679 0417
Solutions by DryTrans

www.drytrans.com
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HYDROLYSIS OF
CELLULOSE

The primary aging mechanism
of paper insulation in transformers.

Cellulose paper is the structural backbone
of transformer insulation. In the presence
of moisture and heat, cellulose molecules
undergo hydrolysis, causing the polymer
chains to break. This reduces the Degree
of Polymerization (DP), weakens the paper
and shortens insulation life.

THE HYDROLYSIS REACTION

Cellulose Polymer Chain

+ H0 (Water)

‘

Chain Scission (Hydrolysis)
K-35« OO
$

Shorter Polymer Chains
Lower DP —> Weaker Paper

KEY MESSAGE

/' Hydrolysis is driven by moisture
and accelerated by temperature.

Itreduces DP (Degree of
Polymerization).

Lower DP means weaker paper
| andlower mechanical strength.

Itis the main cause of insulation
‘ aging in transformers.

Controlling moisture is the only
way to slow hydrolysis.

WHAT IS CELLULOSE? HOW HYDROLYSIS OCCURS FACTORS THAT ACCELERATE HYDROLYSIS EFFECT ON INSULATION

poper L- Lo Degree of Polymerization (DP) decreases
Saetursl o ] the paper. Essential for the reaction.
chaios o gucose unks @ oo E
Higher mlsture  faser hycrolysi.
o Tensile strength decreases
Heat provides energy for
P i e i
g eaction rate avery
thereactin. T
st § e
- -0- . Paper becomes brittle
a5 % The gycosidicbonds in © rme S er
" (Sefdong chals tresk Less mechanical withstand
) il A acids(ray  Ackie conditionscatalyze l
+ HighDP = Strong paper 6’9 e ‘hydrolysis.
« LowDP = Weak paper i (P Secaan @ " Dronsise cullilion wWhich sles Higher risk of failure
Eryeh Weskens cluiose

DP AND INSULATION LIFE

ARRHENIUS RULE (TEMPERATURE EFFECT) TYPICAL DP DEGRADATION CURVE

‘The rate of hydrolysis approximately doubles

1,200

OP (Approx)  Paper Condition Insulation Life i z
for every 6-8 °C rise in temperature. £ 100 High moisture
2100 New/VeyGood  >30yews 1 g and high
2 £ w0 temperature
600-1,000 Good 20-30years : £ e
F 1 g o0 oM
e 2 s P drop.
200- 600 . 0-20ye 5 B
200-300 Poor 5= 10years H 5 1500
A 2
<200 Very Poor High failure risk - o
' o 10 20 30 0
o s e 70 s s
temperature Age (Years)
Temperature (°C)

& Furan Analysis (2-FAL)
(<]
& 0P Tesing Oirect/ Estimation) " i
% Remove acids and oxidation by-products.
4 er Mois st tion
@ & e & T
& Moisture Trend Analysis @ Monitor DP / furans regularly.

BEST PRACTICES TO SLOW HYDROLYSIS
@

Rising furans or falling DP indicate
hydrolysis s active.

CONTACT DRYTRANS
vishal@drytrans.com
+971 50 679 0417

e

@ R

www.drytrans.com

Control moisture + temperature =
Control hydrolysis = Extend life.

DRYTRANS SOLUTIONS

+ TRS/ TRSO - Continuous
Moisture Management

+ MMS90 - Moisture
Monitoring System

+ TRAMS0 - Transformer
Asset Management

‘and maintenance guidance

Lower DP = Shorter insulation life.

STANDARDS & REFERENCES DRYTRANS INSIGHT

Hydrolysis cannot be stopped,

1, butiteanbe slowed dramatically.

mineral insulating liuids.
+ ASTM DA243 - Test Method for

keeps paper dry, slows DP loss
and preserves mechanical strength.

Degroe of New and Aged Elecrical
Paper and Paperbord

extend transformer

aging and remaining insulation life.

ABOUT DRYTRANS

reliability for tomorrow.

SCAN TO LEARN MORE

‘moisture management solutions

protect insulation, improve
relability and extend the lie of
power transformers.

articles, case studies.

and technical resources.

DryTrans - Continuous Moisture Management Solutions for Reliable Transformers
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OXIDATION, ACIDS
AND MOISTURE

Moisture and oxygen create
a destructive partnership.

Moisture accelerates oil oxidation,
which produces acids and sludge.
These by-products attack insulation,
reduce dielectric strength and
shorten transformer life.

Oil+ Oxygen
+Heat
0.0

7

THE OXIDATION CYCLE

~

°
MoreHeat  Thecycle  Oxidation
More Oxidation  continues tarts
T and accelerates l
e
2| e A
nsulaion Acids Form
Degrades (TAN Increases)
Sludge /
Deposits

V' Moisture accelerates oil oxidation.
v Oxidation produces acids.

V' Acids attack cellulose insulation.
v

Sludge and deposits reduce cooling
and insulation performance.

<

Higher temperature increases
oxidation rate.

<

Controlling moisture slows oxidation.

<

Control moisture + temperature +
oxygen = extend transformer life.

HOW OXIDATION OCCURS ROLE OF MOISTURE COMMON ACIDS IN TRANSFORMER OIL EFFECTS OF ACIDS & OXIDATION

Increases oil conductivity

@ Moisture dissolves n il
andionic actvy

‘

)

Promotes oxidation

chemical reactions.

@ Oxygen dissolves in oil
}

& Hest breaks il molecues.

®
A Acids

Helps acids to dissolve
and spread

4
[ Yoy

= More acids = Faster aging

Acid Effect @ Attack cellulose insulation
(hydrolysis + depolymerization)
Carboryic Acds Increase TAN,
(o9 Formic,Acet) O N onage metals 4} Reduce dielectric strength
and BDV
Sulfaric Ackd OoNonct |t conoeis, Increase oil acidity
sulforcompounds  damages paper
and corrosiveness
ShanasAda | eomscaoli i Idmerof peper a,\6 Form sludge and deposits,
el ssng O3 clog radistors and valves

Total Acid Number (TAN) is a key indicator
of oxidation and acid bulld-up.

@

Shorten transformer life
and reliability

©

OXIDATION RATE VS TEMPERATURE TAN (ACIDITY) VS TRANSFORMER CONDITION MOISTURE + OXYGEN = ACCELERATED AGING.

10,000

i TAN (mg KOWG)  Conditon Acton Rk Level Factor LowLevel High Level
E 100 %
K ki o4 Ve Sesd {Ooeise Mocherng Yoy Low: Moisture ‘Slow oxidation Fast oxidation
5 00 01-03 Good Moritor Trand Low
3 Oxygen Loss reaction More reaction
; w02 e
H Temperature Lowerrate Rapidrate
3 07-10 Poor  TakeCometveActon  High
2
'
>1.0 VeryPoor  Immediste Action Needed  Very High Result Longer Life Shorter Life

Temperature (°C)

(6]

Higher temperature + moisture = Rapid oxidation

Al three factors must be controlled
10 break the aging cycle.

BEST PRACTICES WHAT 0 DO IF TAN IS HIGH MONITORING PARAMETERS THE BOTTOM LINE

RS,

Molsture (ppm, %RS)

R

breathor maintenance). Investigate oxygen ingress.

4

Temperature

TAN (mg KOH/g)

& Monior TAN,
4

DGA (€O, €02, Hz)

BEPEBPBR

2

Good ol care = Less oxidation
Less oxidation = Longer transformer life

Ty SETE R

Furan (2-FAL)

PrEPec

€6 moisture feeds oxidation.
Oxidation creates acids.
Acids destroy insulation.

Control moisture.
Control oxidation.
Extend transformer life.

”

DryTrans keeps mosture low,

CONTACT DRYTRANS DRYTRANS SOLUTIONS

+ TRS/TRSO - Continuous.
Moisture Management

+ MMS90 - Moisture
Monitoring System

+ TRAM90 - Transformer
Asset Management

vishal@drytrans.com

&

+971 50 679 0417

® R

www.drytrans.com

©

and protects
your investment.
REFERENCE STANDARDS SCAN TO LEARN MORE
in lectricalequipment
- 1EC 60567
and pressboord - Determinaton 4
B e artcles, case studies
Number of Petroleum Products

DryTrans - Continuous Moisture Management Solutions for Reliable Transformers
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MOISTURE AND | X1 oz - KEY MESSAGE
TRANSFORMER
RELIABILITY

Moisture is a reliability issue,
not just a maintenance issue.

Moisture directly reduces insulation strength.
Moisture accelerates aging and degradation.
Moisture increases the risk of partial discharge.
Moisture increases the probability of failure.
High moisture weakens insulation,
accelerates aging, increases the risk
of failure and reduces the overall
reliability of the transformer.

Controlling moisture is controlling
reliability.

HOW MOISTURE AFFECTS RELIABILITY RELIABILITY EQUATION RELIABILITY VS MOISTURE LEVEL

Lower moisture = Higher reliability.

v
v
v
v
v
v

Reliability improvement starts with
moisture management.

Lower Dielectric Strength Reliability o Insulation Strength 100
Moisture reduces breakdown strength .
of oil and insulation. As paper moisture
O High Moisture 80 increases, reliability

Higher Partial Discharge Risk
Moisture lowers insulation resistance

drops exponentially.

0
and promotes PD activi
PrORIPNNG D aetiviy: @ Insulation Strength Decreases l S
&
s 40
2
s
3
% 20

Higher Failure Probability

Weakened insulation leads to faults, N 2 [)
outages and catastrophic failures. Ii"k Reliability Decreases ‘ 0 1 2 3 4 5

Shorter Service Life Paper Moisture Content (%)

Faster Aging
Moisture accelerates hydrolysis, N
Quldation'sn g sold formatios: ‘ {'} Failure Probability Increases 1

:’:L’:':;""‘::;:":" '":'V SSuDes Lower moisture improves insulation strength Keeping paper moisture below 2% s critical
> and increases reliability. for long-term reliability.
MOISTURE IMPACT ON KEY RELIABILITY FACTORS RELIABILITY IMPROVEMENT THROUGH THE COST OF POOR RELIABILITY
MOISTURE MANAGEMENT =
ReliabityFactor Lo Moisture  High Moisture _ Impact High molstues laads v

High cost and resource mobilization.

< ® Unplanned Outages
@) viecticswengn High Low $ ( Production loss and revenue impact.
Maisture
B puisiviechuoe Lowhisk  High ik éy Y Moot

(D) raimgrate Slow. Fast 4} Equipment Damage

Repairs or replacement of components.

Improve
Insulation

w,  Reduced Asset Life
Nog  Early replacement and lost investment

@ N / Safety and Environmental Risk
Risk to personnel and environment.

ity Management Good reliability starts with low moisture.

7 et Long shat

3
t
S |
i
t

A\ roeriy ow i

Moisture Management = Relial

RELIABILITY TARGETS BEST PRACTICES MONITOR, TREND, ACT RELIABILITY AT A GLANCE

v P Moisture: < 2% it i i . i
aper Moisture: @& Monitor moisture continuously. X M:)anskn“ Py Q Moisture I
' Relative Saturation (20°C): < 60% @ Kepcchmmddy. istre, Temp, RS, 0GA,
V' Water Activity (a,): < 0.5 @  Control temperature and loading. - = 9 @ Insulation Strength |
i 'REND
4 (] sealing. dentity changes and ks early
/' Stable DGA with low gas levels @ Use online moisture mnitoring. v /N Faire probabiity
/' Good delectic strength (BOV, Tan 8) @ Manage moisture proactively. acT
' Healthy insulation and long service lfe © i ion 4 @ Reliability !
Meet l . i Early action = Higher reliability Control moisture. Control rell
CCONTACT DRYTRANS 'DRYTRANS SOLUTIONS REFERENCE STANDARDS ABOUT DRYTRANS 'SCAN TO LEARN MORE
; - TRS /RS0 - Conti g 3 ]
B9 vishal@drytrans.com il IEeee
moisture management slutions
R, +o71 506790417 © MMS90 - Moisture == . (e a0 - power ranstomers hatioprove ey, extend
Monitoring System + IEEE €S7.104 - Guide for the transformer life and protect
@ www.drytrans.com + TRAM90 - Transformer interprtaton of Gases yourovestmen.
Y O GeneatedinOiimmersed Transfomers

DryTrans — Continuous Moisture Management Solutions for Reliable Transfor:
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SECTION 41
MEASURING MOISTURE , §

MEASURED?
IN POWER TRANSFORMER o T ——
< Q (Dissolved ) i
You can't manage what you don't measure. moisture) ¥ Ussihe ol method fos theright
measurement.
3 9 ; P

Accurate moisture measurement is the [ ( S‘:ied'insuhl V' Regular measurements reveal trends
foundation of an effective moisture and risks.

moisture) 3
management program. It helps you
understand the condition of the insulation, Ambient Air v Nwieiag e"'}"“ bettsr declelons
track changes over time and take Q (Relative humidity ond longersset He:
proactive action before problems occur. & v requency match

the risk and operating conditions.

OIL MOISTURE MEASUREMENT PAPER MOISTURE MEASUREMENT
T
(DISSOLVED MOISTURE) (INSULATION MOISTURE) R

Moisture in oil is measured as parts per million (ppm) Moisture in paper is measured as Percentage Moisture
or mg/kg. in Paper (%MP). and drying.

Karl Fischer Titration :l":""“ ol Oven Dry Method Reference method.

ot igh aceuracy. (ec 60414) Accurate but destructive Measured using digital
Laboratory test, (sampling required). Relative Hum hygrometers or

transmitters.
Equilibrium Relati ir

Capacitive Moisture

Sensor (Online) messurament V" Humidity (ERH) Method ol ERH at equilibrium.
Fastand reliable. (IEC 61439) Non-destructive. R

Temperature teasured using RTDs

preT—— S or digital sensors.

Infrared / Optical ielectric. i3 ~

A s"«"":) " i Requires calibration @ Dielectric ReSPonse e imates paper
2 s g Analysis (ORA) Mooiiee teatia:
° Critical for assessing
Dew Point i
: 8 Advanced method moisture risk and
. Field screening. " Domai Jil
Lab Quick Test Kits ( o) ) requency Domain N # e oAl
m Quick indcation. () Goecuoscory rosy i sccurscyan o

ight into aging,

MOISTURE UNITS AND CONVERSIONS TYPICAL MOISTURE LEVEL GUIDELINES MOISTURE TRENDING — WHY IT MATTERS

Parameter  Common Urits Parameter aution  High Risk -

== Good (Stable Low)
1ppm = 1 mg water

s P MOAD et ot OlMoswreppm) | <20 20-30 30 T = Cauton Rising)
e == High Risk (Rapid Rise)
] e ol dry paperweight  paper Moisture (xMP) < 1.5 5-2.5 >25 A
£
: 3 20
Equibrium Relative $
i s Humidity Ol ERH (%) <40 40-60 >60 B
attad o Motare s Ambient RH (%) <60 60-80 >80 0
P % Temperature at which Jan  Apr  Jul  Oct  Jan
e saturated Dew Point (°C) <10 10100 >0 Time
Always record temperature with moisture ® lines vary by manufacturer, design, and service Trending helps you detect problems early
measurements. Moisture is temperature dependent. conditions. Always follow asset-specific limits. and validate the effectiveness of drying.

MEASUREMENT BEST PRACTICES HOW OFTEN SHOULD YOU MEASURE? TOOLS THAT HELP HE BOTTOM LINE

@ Use calibrated and reliable instruments.
© et st sttt (ECASTH fex (J
before energization.
@ Sample from the correctlcation. into knowledge.
= Normal Operation: Ever 2 "

@ Control sampling and handiing procedures. e -4 1 ‘scava0GA Platforms Knowledge drives action.

@ Record temperature,load and oi condiion Action ensures reliability. ~ 99

pe 5 igh or High Risk: @

¥ Data Loggers
& Trend results and investigate changes. Monthly,or as needed. M i
" N leasure it right.
& Acton data, not just on single readings. After Maintenance / Drying: " e b
o el stable Q Anaiytics & Trending Software Manage it smart.
Keep it dry.
‘Good measurement = Good decisions More risk = i i
‘of moisture problems. Keep it reliable.
CONTACT DRYTRANS DRYTRANS SOLUTIONS REFERENCE STANDARDS SCAN TO LEARN MORE
; - TRS / TRSO - Continuous - IEC 60814 - Determination of
B4 vishal@drytrans.com {é} MR Makaamant water in insulating liquids Visit our knowledge hub for
R, 497150679 0417 - MMS90 - Moisture S| GIIeCeon 4= Dutrriiion f more articles, case studies

g water in solid elec
Monitoring System insulation

www.drytrans.com + TRAM90 - Transformer + IEC 61439 - Determination of the
Asset Management equilibrium relative humidity

and technical resources.

DryTrans - Continuous Moisture Management Solutions for Reliable Transformers
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EQUILIBRIUM RELATIVE HUMIDITY (ERH)

(" KEY MESSAGE

THE KEY TO UNDERSTANDING § 4 e TR
MOISTURE IN PAPER SN S et

ERH is more accurate than DGA

—
<

ERH defines the moisture content that
paper will reach when in equilibrium

or Karl Fischer alone.
Moisture Transfor

unti Equilibrium

’ 3 ¥ V' Low ERH = Dry insulation = Long life.
with surrounding oil and temperature. 1
V' High ERH = Wet insulation = High risk.
Janced Moist
Itis the most accurate way to assess the
¥ o 4 A By (ROULIRRRS s v/ Use ERH to set drying targets and
moisture condition of transformer insulation 2
monitor progress.
and the effectiveness of drying. At equiibrium, there is no net molsture.
ransfer betwoen paper nd ol
WHAT IS ER ERH vs RELATIVE HUMIDITY (AIR) ERH - MOISTURE CONTENT RELATIONSHIP TYPICAL ERH TARGETS
Humidity (RH). S Ineulaion Condion  BRH(3) Target Status
equiibrium with il at a given temperature. 3
4 e () New / Very Dry. 0-20 Excellent
Pasmeter  RefersTo Medium £ =
) €4 L
«— —w
Good 20-40 Good
Y P ey e |1 w
Paper ol § 01 = ::u A o
Moisuren Paper
™ (at equilibrium) Prreegs e
ERH (%) = 100 x (Actual Mosture Content o Wet HighRisk -0 Poor
in Paper / Saturation Moisture Content ° o A B N
atthat Temperature) ERH is the corect parameter for i Very Wet >80 Very Poor
paper For the ERH, hi
Lower ERH targets extend

moisture content in paper.

life and improve reliat

HOW ERH IS MEASURED FACTORS AFFECTING ERH ERH AND INSULATION AGING ERH IN PRACTICE

Higher ERH accelerates aging and
6 reduces Insulation life. & Measure oil moisture and temperature
= 100 regularly.
emperature
@ Higher temperature = Higher ERH g @ Calculate or monitor ERH continuously.
2
: = § 10 @ Track ERH trends over time.
Eae e 3 (& Set ERH targets based on asset criticallty.
il Type & Condition gt 1 2
@ Mo s mirtce @ Take action if ERH is above target.
L‘ N e = » @ Verify drying effectiveness with ERH.
ERH (%) =1 Aged paper hlds more moistre o 2 4« e 80 10
ERH (%)
AN fac . i Good data + ERH = Smart decisions

Keeping ERH low is one of the most
effective ways to extend transformer life.

BEST PRACTICES ERH TARGETS BY TRANSFORMER TYPE TOOLS & TECHNOLOGIES THE BOTTOM LINE

Better decisions = Reliable transformers

g . Transtormar Type o
 secntne o o e 66 (i itz et
& Maintain oil and paper in equilibrium. Power Transtormers S It tells you the true condition of
< o6 SCADA / Asset Management your insulation, not just what
& Control temperature and loading. Power Transformers. <30% & Integration is in the oil.
(il High Relablty)
& Dry the transformer systematically. - Measure ERH.
& Monitor ERH trend, not just single value. BemaTmebogaes bl (Capacitive / FOS) Manage ERH. ’Y)
& Document and act on resuits. S Roacrs <40% [ Do Arayics 8 Tronding aeizoLite:
New Tantormars <20% Q- software
Low ERH today.
Consistent practices daive consistentrlibilty. ek e Viebiy enabios olabity, High reliability tomorrow.
CONTACT DRYTRANS DRYTRANS SOLUTIONS REFERENCE STANDARDS ABOUT DRYTRANS
+ TRS /TR0 - Continuous - 1EC 60422 - Mineralinsulating oils e
(3 vishal@drytrans.com @ oo s v EE B @ e otis ot
R, +97150679 0417 < IMIROY TNt Sy (FIECEMNAS Danoetionof that improve relability, extend
Monitoring System wate insolid electrical nsulation bt
www.drytrans.com - TRAMS0 - Transformer - IEC 61439 - Determinaton of the s g
@ W Asset Management ‘equilibrium relative humidity " -

ns for Reliable Transforme:

DryTrans - Continuous Moisture Management Solu
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Moisture Under Control

MOISTURE MIGRATION |
THE INVISIBLE RISK

Moisture moves. Unchecked,
it causes damage.

0 9 .
& () From high concentration v/ Moisture migration is natural

V' Itcan create wet spots and
reduce dielectric strength.

From high temperature
to low temperature
Moisture migration is the movement
of moisture within transformer
insulation due to concentration
differences, temperature gradients
or pressure changes. It can lead to
wet spots, reduced dielectric
strength and premature failure.

v/ Temperature and concentration

(‘:} [FromBioh prespuse; differences drive migration.

tolow pressure

v/ Good design, drying and sealing
‘Through paper, barriers, reduce the risk.
Voids and interfaces

<

Monitor and manage moisture

resistance until equilibrium is reached.

DRIVERS OF MOISTURE MIGRATION WHERE MIGRATION OCCURS EFFECTS OF MOISTURE MIGRATION EXAMPLE: WET SPOT FORMATION

mi @) e

Moisture moves from wet area (Lower Moisture)

@ Concentration Gradient

to dry area. Winding to Reduces dielectric
Winding strength
Temperature Gradient .
Moistre
Moisture moves from hot area Rodial theough Increases risk of partial M
tocold area. pesten @ discharge
(?3 Pressure Gradient arieoes Accelecates aging Wet Spot
Void Spaces o
s o B e e
o .
pressure to low pressaure. ot oo
= (exists) Leads to unexpected Hot Bottom Region
ime /N\ 5
@ AT failures and outages @ e holetare)
Over time, migration continues
il equilibri ched.
until equilibrium is rea : & R TR
become molsture traps. if not controlled. awet spot at a cooler location.

TEMPERATURE EFFECT ON MIGRATION MIGRATION OVER TIME FACTORS: THAT INCREASE MIGRATION RISK

> W == High ntial Moisure (PoorDying) O itz

g A —— Moderate Moisture

5 z :
£f < ~ == Lowlnitial Moisture (Good Drying) & Large Temperature Gradients
kN H
I e i pose Senin Lo
$5 ¢
iz moieture migrationrate 2 @ Long-Term Operation
H == ]

: D Poor Drying or Vacuum Processi
0 10 20 30 4 50 60 i e "
Temperature Difference (C) o s 10 8 28 & Freavent overloads
Time (Years)
Controltemperature gradients to control migration. Even well-dried insulation can absorb maisture over time ‘Address the causes to reduce the isk.

if exposed to humidity or leaks.

BEST PRACTICES TO MINIMIZE MIGRATION SIGNS OF MOISTURE MIGRATION TOOLS TO DETECT MIGRATION THE BOTTOM LINE

& Dy insulation thoroughly o fow mostur evels. /A High mosure inbottominulation ) 66 -

& Maintain i ngood condiion nd saled. /A Rising moisuretrend over time but dangerous.

= 4 ; 7 J+ 0ite Paper Moisture Anaysis Ve,

P N A (@) partal ischarge Montoring but you can control it

. " i Control moisture.

& Avoid ovrhesting and overloading £\ Wotspots during thermal scan 8 Temperature Monitoring R

& Monitor moisture and trends regularly. /A Unexpected insulation falures . Protect your transformer. 99
i " Awareness today.

Good design + Good crying + Good sealing = Low risk Detect ealy.Actealy. Prevent faiure. Use data, Understand rends, Tk action. Reliability tomorrow.
(CONTACT DRYTRANS AABOUT DRYTRANS

3 RS / TRSO - Continuous 3
B9 vishal@drytrans.com .
Moisture Management in lectial quipment e
R, +971506790417 + MMS90 - Moisture = . e e
Manitoring System ool i i
@ www.drytrans.com + TRAM90 - Transformer -+ 1EC61439 - Detemination f the essies
Asset Management equilbrum rlative humidity =

ns for Reliable Transformers

DryTrans - Continuous Moisture Management Solu
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MOISTURE INGRESS

PATHWAYS
IN POWER TRANSFORMERS

Moisture finds a way in.
Your job is to keep it out.

‘THE IMPACT OF MOISTURE INGRESS. KEY MESSAGE

r Je——

A

() e kot pr e

Moisture ingress is continuous f not controlied.

v
v
/' Smallleaks = big misture problems over time.
v

Good design, sealing and maintenance stop.
moisture at the source.

3 X €7 oot soton s tomaion
Understanding how moisture enters

atransformer is essential to
prevent insulation deterioration,
avoid failures and extend
transformer life.

v/ Keep moisture out to keep your transformer
A om

Iways better than cure.

Preventionis

Sresther Corsr Breathrremoves malsture Damaged,hardened
(Desiccant —— (Open from air entering the. of poorty installed
Seturstion ""“W L conservator. seals allow
L moisture entry.
When desiccantis
/A Oitesks Bushing eats e e,
@) oo s e o oo
Seals or Joints) or Damage) . seals during
maintenance.
Chack beather regulry.
/%" Moisture in il Thp Chaaonr Replace or regenerate Use high-quality
) Coanines — : &) orminer desccanton e, materls and
" Oilor Handiing) proper torque.
A failed breather = Open door Good sealing keeps moisture out
Every pathway, no matter how small, can allow moisture in. for molsture. and performance i
TAP CHANGER AND BUSHINGS OIL HANDLING AND QUALITY ENVIRONMENTAL FACTORS
Tap Changer Bushings Factor HowltConrbutes  WhatYou CanDo
O Momm«‘ in new il or during handiing adds to & ey MOSe  Usecciebren
. 08, Y peus baap et v
(_J o leaks. ‘open conservator
o ? Always fiter il and sore in sealed, dy tanks. Temporsure  Breatingefect  Malntan stable ol leve,
‘can “breathe? if seals aro bushing seals allow Fluctuations  sucksinmoistair Use nitrogen blanketing
worn or pressure reliel moisture along the where possible
device arenot working. conductorpath
" Keep equipment clean,
Ensure proer seaing Chck bushing €2)  ostoitmotsture efoe fiing th wransformer. sutaon | Clous brethers,
and mainenance Seals and langes. ® retsing moiturg  Check brethrs
reguiary
Small gaps = Big risks. Clean, dry oil = Strong insulation. ¥ ", but yc the ri
MOISTURE INGRESS - THE CHAIN REACTION BEST PRACTICES TO PREVENT MOISTURE INGRESS SIGNS OF MOISTURE INGRESS
& Use high- A insulation.
Fa% 7 w  Mointain and st brethers. Replace desiocantn ime.  /\  Eraquentbreather clor change o sauration
O )= —( 4} (/)= & Koottt e cmert s BT R
& Store oil and equipment propery.
 store ol and eculpmen property. Keep them sealed g A
Moisture Partiol Discharge  Fallure & & Fiter and dry the ol before fllng. ¢ i
Ingress Inwhllw\ u-l«u&: & Aging Outage & Inspect regularly and fix leaks immediately. 4\ tnereneed partiel diachergs activiy.
e & Monitor moisture in o and nslaton. A U tpedaios ki
Stop it at the start. Break the chain. Prevention today. Reliability tomorrow. Watch the signs. Act before it's too late.
DESIGN FEATURES THAT HELP MAINTENANCE CHECKLIST TOOLS THAT HELP THE BOTTOM LINE
(@) Hermetically Sealed Design Check il level Moisture Analyzers €6 Moisture enters quietly.

(Online / Portable)
P

® ;

Inspect for leaks Damage happens slowly.

ity Indicators. Protection starts with you.

Conservator with Nitrogen Blanket
Breather Huni

Check breather and desiccant

Ultrasonic Leak Detectors Know the pathways.
Inspect sesl and gaske Control the entry.
(@ Leak-Proof Welds and Joints nect gaskets e TS Enaure reliabity.

Review PD (Partil Discharge) trends

CEERDDD
®v o= =

Effective Bresther withindictor

Document and follow up Ol Test Kits & Labs Dry transformers are rellable
transfor
Good design = Firstline of defense. Routine chacks. Long-term protection. Use the right tools. Get the right insight. (Keap moistuns cua.
CONTACT DRYTRANS DRYTRANS SOLUTIONS REFERENCE STANDARDS ABOUT DRYTRANS SCANTO LEARN MORE
| vishaigaani s @ s/ ’ B8 Tonstomers @ Dryhans provides advanced
R, 4971506790417 + MMS90 - Molsture. == . keceose?
Monitoring System and pressboard anaformeer e and protect
® www.drytrans.com - TRAMS0 - Transformer - 1EEE C57.106 - Guldeforthe =
Asset Management Interpretation of Gases

DryTrans - Continuous Moisture Management Solutions for Reliable Transformers
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MOISTURE CONTROL
STRATEGIES AND SOLUTIONS

DryTrans Knowledge Series

SECTION 45

Q KEY MESSAGE

You can't eliminate moisture,
but you can control it.

Effective moisture control combines
good design, quality materials,
proper manufacturing, and proactive
maintenance to keep transformer
isulation dry and reliable.

Reliable transformer.

V' Moisture control is a lifecycle responsibility. ‘

v/ Prevention is more effective and ‘
less expensive than cure.

V' Multiple strategies work together. ‘

v Monitor, maintain, and manage continuously.

V' Dryinsulation = Strong insulation = ‘

1. PREVENT MOISTURE INGRESS 2. REMOVE MOISTURE 3. MONITOR MOISTURE 4. MANAGE MOISTURE

Use hermetically sealed
or well-sealed designs.

Vacuum drying of active
parts and insulation.

©

processing during manufacturing.

Install effective breathers
with desiccant.

Keep conservator sealed
and oil level proper.

Ensure high-quality seals /\ Hotoll circulation and
and gaskets. @ vacuum dehydration.
proper and

drying agents.

Filter and dehydrate oil
during processing.

Re-dry insulation during
refurbishment.

Q B %e

Measure oil moisture
and temperature.

0

Monitor ERH or DGA
for early warnings.

7

L

Set alarms and alerts.
for limit exceedance.

continuous visibility.

§ @@= =0 @

MOISTURE CONTROL HIERARCHY

9

PREVENT
Keep moisture out

REMOVE
Remove existing moisture

MONITOR
Meazure and detecteary

MANAGE
Maintsin sndcontl
conticusty

Layered approach = Best results

MOISTURE CONTROL METHODS COMPARISON

Method BestFor  Efectvoness  Cost
Vacuum, New s, mOr  catent
2R refurbishment =
ot O Vacming Ol molture Woh  Medum
reducton
Olftuamion  Poriclesssome  Medum  Low
molsture
Buhes  Preentambet  Medum  Low
Onte i €y detecion Woh  Modum
snd vends

it causes damage.

You don't measure.

Use online systems for

Schedule regular maintenance
and oiltesting.

Replace or regenerate
breathers on time.

Control temperature
and loading.
Repair leaks and address

issues promptly.

Keep records and document
molsture activities.

@ % = @ [

Active management keeps
moisture under control.

MOISTURE CONTROL OVER TRANSFORMER LIFECYCLE THE BENEFITS OF MOISTURE CONTROL

A~ﬁ~@~

Manufacture  Commission

CSddmn - Oymuwcas - Oatusiog

Mt slcion - Vicom prcess - Orestha hack

Mot barirs - Ofydnion - Bl dota
+ + +

&-C

Stronger insulation and higher e

Longer transformer life

Operate  Mointain  Refubish
Lower failure risk and outages
Moo |- Totraty | - Ryt
e Reduced maintenance and costs
Conetengs | elce et < ety s Better performance and effciency
B B

Moisture control is a continuous journey, not a one-time task.

OOOOOO6

Protects your investment

Good moisture control pays off
in every way.

o Symptom Posaible Cause What ToDo
vy Good Service Soon Replace -

s ©m (saturated) (Foly Saturated)

acltion orblocked breather
Removes disoived Ringmastrevend  Leskor igh nspect for lasks,
moisure humidiy improve sealing
Usewith debydration Hotspots Wetinsulation Ory insulation,
capabitty improve cooing
Repiace o regener Low detctic Oehydrate o, dry
rogiarty X £ R swengtn insulation
tiis ot protectngol  Planreplacement  Replace inmedistely e P e
scton ivestigate source

A saturated breather is as bad as no breather.

BEST PRACTICES SUMMARY TOOLS THAT HELP. COMMON MISTAKES TO AVOID THE BOTTOM LINE

v @ ® €6 Moisture will always try to get i
7 & ® Your control strategy determines
/' Monitor maisture continuously. ) Test Kits and Lab Anlysi hether Staye ot
QO o ® or causes trouble.
moisture through maintenance. (ooking small leaks 4
¥/ Manage moisture through maintenance. @, 0GA Monitors () overlooking smallleak: Control moleture.
/' Act early based on trends, notjust imits. & ® e Control reliability.
/' Train your team and folow procedures. P it @ Rescting only aferafiure Control your future.
Your transformer.
Your responsibilty.
Our solutions.
CONTACT DRYTRANS DRYTRANS SOLUTIONS REFERENCE STANDARDS ABOUT DRYTRANS
59 vishal@drytrans.com - TRS /TRSO - Continuous  1EC 60076 - Power Tranformers OryTrans rovides dvanced
Molsture Management c s0a22 =4
R, +97150679 0417 + MMS90 - Molsture == . kceoss? T A
Monitoring Syot andPreschoard wanatormer it snd protect
@ www.drytrans.com + TRAMS0 - Transformer + IEC 61639 - Determination of your lnvestment. =R
Asset Management Equilbrium Relatve Humidity
DryTrans — Continuous Moisture Management Solutions for Reliable Transformers

BRESTURE MAINTENANCE GUIDE MOISTURE TROUBLESHOOTING QUICK GUIDE



/\drytrans DryTrans Knowledge Series SECTION 46

MOISTURE MEASUREMENT
TECHNOLOGIES
TOOLS FOR ACCURATE INSIGHTS

Accurate measurement is the
foundation of effective moisture
management.

KEY MESSAGE

No single method measures everything.

Each technology has strengths and limitations.

v

v

v Combine methods for a complete picture.
v Calibrate, maintain and use properly.

v

Accurate data leads to smart decisions.
and reliable transformers.

Different technologies provide
insights into moisture in oil, paper
and air. Use the right tool for

the right measurement.

OIL MOISTURE MEASUREMENT (DISSOLVED MOISTURE) PAPER MOISTURE MEASUREMENT (INSULATION MOISTURE) AMBIENT AIR MEASUREMENT

T T : e T
Thration (Online) ‘Sensor (Online) Test Kits (1EC 60414) Method (IEC 61439) ‘Analysis (ORA) (RH) o) (c)
-

- @
éﬁ E %@B | M %
ey NS BV M Sl | i WA T N | e ) B VAP o
orimall oy P Lol (ol | M ol e ol e o B [ sk
o T ool o =l o Eo ol e el I N T

ook = e
ST PR W T e [l (e e R R | PP S I R
e e ke ke e e de e vx R 2.2 2 243 dekok e ek etk i e e e o R 2 3 2543 ek dekok ok ke

Measures moisture dissolved in transformer ol (ppm or mg/k).
METHODS COMPARISON GUIDE MOISTURE MEASUREMENT ECOSYSTEM ACCURACY IMPROVEMENT TIPS

Mathod Messuws  Accuacy  Onine Detucthe  BestUse
Oil Moisture:
efohTesen  OlGm  VeyMgh X v Ubreence (Health of Ol

Use calibrated and reliable instruments.

/' \ Follow standard test mathods (IEC/ASTM).
ot | G | WA | v | X | mmmy
Py o e -8 B Take proper samples from correct locations.
Lab Quick Test Kits Ol (ppem). Medium x x Fiekd screening Lt
(insulation Health)
Omayietod  Pawch)  VeyMgh X Consider temperature when interpreting results.

Use multiple methods for cross-verification.

ot P W X X ot N 7

o P hiarepot) Medmbigh v X Adneceddaposcs Trending &
4 Tompaore e R T ——a— (Data Driven Decisions)

Dot A High v X Ak Combine measurements. Understand moisture.
‘Take action. Improve reliabiliy.

MEASUREMENT FREQUENCY GUIDELINES SAMPLE RECOMMENDATIONS (Ol

Maintain and service instruments regularly.

(]
(]
[
@ Avoid contamination during sampling.
[
[
[
()

Document resuts and track trends over time.

Better measurement = Better decisions.

s PSR — o -
§ O Moisture (Onina) Continuous. Continuous. Top O Most exposed 10 ir and moisture ingress.
g » OllMolsture (b)  Every 3~ 6 months Moathly w01 Represents average condiion
A e an] ) (e[ e [
¥ i Pape Mo Ovny)  Evryz-dyeas Aoty

§ AnblrsHaTen.  Contouoss p— LR v —
L Dew Polat Weekly Weekly or more.

Accuracy depends on method, nstrument quality and proper use.

BEST PRACTICES TOOLS THAT HELP. COMMON MISTAKES TO AVOID. THE BOTTOM LINE

® ® €6 You can't manage what you donit measure.
& Combine methods for a complete picture. (6 Portable Oil Test Kits (®  Ignoring temperature effects. Accurate measurement turms uncertainty
¢ ® y @ Poor sampling or contamination. into knowledge.
& Act on early warings and changes. & 0GAMonitors @ Using uncaiibrated instruments. ;”‘m“ ::!r‘:l'::h :::;« action.
& Keep records and snalyze data. & scaval " 1
s Measure it right.
ud = ® Manage it smart.
Keep it dry.
i Small mistakes. Big consequences. e Wit 2
CONTACT DRYTRANS ABOUT DRYTRANS
BR  vishal@drytrans.com {@} + TRS/ EE .
R, +97150679 0417 + MMS90 - Moisture. == . 1kc61439 - ERH method thatimprove reabilty, extend
- teceosr
@ www.drytrans.com ‘and pressboard your investmant.
- 16C 60076 - Power Tranaformars
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Moisture Under Control

MOISTURE IN PAPER INSULATION
EFFECTS AND CONSEQUENCES

4
Moisture weakens paper. v/ Itreduces dielectric strength and mechanical strength.
Weak paper risks your transformer. B " 3

v/ Itaccelerates aging and chemical degradation.
Paper insulation provides mechanical ' f N g
strength and dielectric performance. i It increases risk of partial discharge and failure.
When moisture increases, paper . (Kaabireitiins o iaben posi siroms:
deteriorates, leading to reduced
strength, higher losses and greater /' strong paper = Strong transformer = Long life.
risk of failure.

Moisture Effect Result 100

Reduces dielectricstrength  Higher risk of breakdown

Lower short-circut
ithstand capabitty

X drops sharply.

Insulation damage over time

Dielectric Strength (kV/mm)
& 8

)
I
- S —
4

Increases partial discharge
activiy

5 Reduces thermal endurance Mot spots cause more harm 0.1 1 10 100
== Moisture Content in Paper (%)

Paper and oil work together.

Paper provides strength. ; & : Canloosen windings
Ol provides cooling and dielectric support. g e and spacers igher molsture = L
MECHANICAL STRENGTH VS MOISTURE AGING RATE VS MOISTURE TYPICAL CONSEQUENCES
20 Breakdown and flashover
100 More misture Aging ate ncreases.

=)
b
|

1

3 3 Loss of mechanical strength

Increased partial discharge

Relative Tenolle Strength (%)
3

8
Relative Aging Rate (Times)

4
A
m]llll-
S5 iohrlsse and ot o
ot
®

20
Reduced transformer lfe
o4 01
o 5 10 16 20 25 3 ] 5 15 20 25 e
Moisture Content in Paper (%) Moisture Content in Paper (%)
Wet paper is weak paper. Moisture dramatically shortens transformer lfe. High mosture leads to failure and high costs.
Moisture Content
(xbywoighy  Conditon status @  Fromoi tioh moistre ) $55 Vacuum drying @ Keep paper ry.
<=1.0 Very bry Excelient O @ Usedryail.
@ (XY
1.0-20 ory Good (@ seal and maintain the system.
~
0| bl | s 8 C @ Mottt
High Poor p<d poo [©) @ strong paper. Strong transformer.
>40 Very H Unacesptable
tdkio oo ) Fromteaksand poor sesing (@ contim target achieved
Protect the paper today.
Lower is always better. Control the entry. Protect the paper. Remove moisture. Restore strength. Secure your transformer tomorrow.
BEST PRACTICES TOOLS THAT HELP COMMON MISTAKES TO AVOID THE BOTTOM LINE
& Keep moisture as low as possible. [ Kart Fischer 66 wasniabeai sl mny
< 2 ] ® Using wet oil or wet materials. It steals strength. It shortens life.
@ Maintain oil quality and dryness. A ® Z Control moisture.
@ . ®  swippi i 1 Protect the paper.
) Mot ks oAt ) ® o Protect your transformer.
& Act before moisture causes damage.
=] ® Dry paper today. 99
Use the rig . Get the right insight Small mistakes. Big consequences. obable pover tomonow:
CONTACT DRYTRANS DRYTRANS SOLUTIONS. REFERENCE STANDARDS ABOUT DRYTRANS SCANTO LEARN MORE
vishald diyitoncisom - TRS / TRSO - Continuous. & 327
@ wgan O e , EEgm
Q, 497150679 0417 - MMS90 - Moisture - 1EC 61439 - ERM method that improverelabiy, extend
Monitoring System - lEce0ss?
@ www.drytrans.com + TRAMS0 - Transformer and pressboard yourimestment. EI-B'
Aaset Management - EC 60076 - Power Transtormers

DryTrans - Continuous Moisture Management Solutions for Reliable Transformers
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MOISTURE IN OIL
EFFECTS AND MANAGEMENT

Moisture in oil is unavoidable.
Its impact is not.

Moisture in transformer oil reduces
dielectric strength, accelerates aging
and increases the risk of failure.
Understanding its effects and
controlling it effectively is essential
for reliable transformer operation.

DryTrans Knowledge Series

SECTION 48

KEY MESSAGE

v Moisture in oil lowers dielectric strength.

v Itaccelerates insulation aging and increases
failure risk.

v/ Monitor regularly. Dry proactively.

v Keep oil dry = Strong insulation = Reliable power.

' Small moisture, big impact. Don't ignore it.

WHERE DOES MOISTURE IN OIL COME FROM? EFFECTS OF MOISTURE IN OIL WARNING SIGNS OF HIGH MOISTURE MOISTURE CONTENT vs TIME (TYPICAL)

Breathing:

)
7
A

a5 oil volume changes.

Condensation: Temperature drops.
cause moisture to condense.

il handiing: Exposure during

Increases risk of breakdown

Aceelerates oil and paper aging

Low dielectrc strength readings

Increased partial discharge

High moisture in of test results

1000

Moisture ncroases

s

‘maintenance or filling,

Moisture in Ol (ppm)

8

& = & P

allow moist aif ingress.

Wet paper: Moisture migrates

from paper to oil.

®
®

Reduces overalltransformer ife

Rising oiltemperature.

o 6 12 18 24 3 36
Leads to unplanned outages and
high maintenance cost Froprenk gt wnd osteuse Time (Months)
. igns. Actin time. Moisture is always trying to increase.

Control the sources. Reduce the moisture.

DIELECTRIC STRENGTH vs MOISTURE CONTENT PARTIAL DISCHARGE vs MOISTURE CONTENT TYPICAL MOISTURE LIMITS IN OIL (GUIDELINES)

w0 10000
g &
Zw g 1000
H B
5w 2 10
" 2 Higher moisture
£ H g
£ 20 e 10 pes
i e s

0+ Vi

i W ow ' o w o
Mostre i il opm) Malsturein O opm)

Dry oil = Strong insulation.
High moist

PD today, failure tomorrow.

Normal Condion  High Caution  Acton Required
Standard / Reference
) (o) )
L ther i =10 10-20 >20
(New Oil)
1ec 604z
ot <20 20-35 >3s
tege cs7.106 * - =
(Guide) o % i§
CIGRETB 445 <10 10-20 20
Lower

BEST PRACTICES TOOLS TO MEASURE MOISTURE COMMON MISTAKES TO AVOID THE BENEFITS

& Keep conservator sealed and ol level optiml. A xortFischer ® @ Higher dielectric strength
& Use effectve breathars and replace etk St brobict
desiccant rulary. ] « ® @
o mramabiviion. || @ g || @ ©
& Fitter il continuously during maintenance. ® @]
& Mioimize ol exposure during handiing. Portable Molsture Meter ® @ rower s
& Store and transport o i sesled conditions. e
O e S 1] ®  Assuming new oiis dry. @ tongertransfomerife
& Actbefore maisture causes damage. A oA tndirect ndicator) ®  Notmonitoring trends over time. @ Better performance and relabilty
o insights. Small mistakes. Dry oil Reliable power.
MOISTURE MONITORING STRATEGY RECOMMENDED ACTIONS BASED ON MOISTURE LEVEL DEHYDRATION METHODS THE BOTTOM LINE
Moisture Level
Online - Coninsousmanerg e conaiten Acten 66 Moisture inoilis sitent
(Sensors & Onlne Systems) (Most Eftective) but dangerous.
=10 Excelent Mointain & Moritor et
. Petederen -2 Goot [— §f  Twiowbsion Manage it
(Lab & Porable Tests) e 20 (Heata Vacuum) bl
20-3s Caution Fenates Mirhcho Y o
Analyze trends B (Clay,Siica Gol, Alumina)
T i tica 35-50 High Oryier O, Check Sources
Dry oiltoday.
coyinteOomedasty (™ Gonious oy @ o
Monitor. Trend. Act. Repeat. s Yo ton Investigation Required K_/  (For Ongoing Control) P
CONTACT DRYTRANS ABOUT ORYTRANS SCAN TO LEARN MORE
(3 vishal@drytrans.com @ - TRS /TRSO - Continuous Sl @ A
=5 moiture manegement soutions 7
R, 4971506790417 + MMS0 - Molsture SN 1439~ U method thatimprove reiabiiy, extend
Monitoring Syetem 1EC 60567 ~ O impregneted paper tranaformer Iife and protect
2 - TRAMS0 - Tranaf and preashowa
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Continuous Moisture Management Solutions for Reliable Transformers
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IMPACT OF MOISTURE
ON TRANSFORMER LIFE

LONG-TERM CONSEQUENCES
OF IGNORING MOISTURE

Moisture today. Problems tomorrow.
Act now. Protect forever.

KEY MESSAGE

Moisture causes progressive and irreversible damage.

It shortens transformer life significantly.
The cost of ignoring moisture is much higher.

Prevention and control ensure long, reliable service.
Moisture is one of the leading causes

of insulation degradation and transformer
failure. Understanding its long-term impact
helps in making smart decisions that
extend transformer life and reduce

risk and cost.

HOW MOISTURE DAMAGES INSULATION MOISTURE vs TRANSFORMER LIFE COST OF MOISTURE (LONG TERM) MOISTURE IMPACT TIMELINE

SCHE T T

Dry transformer = Reliable transformer =

Lower total cost of ownership.

g Reduces dielectric H risk of 100 A Higher failure risk 9 0-6Months
S = pen y vt o B 7Y e A
A Acoibersing shp 5 Shorter insulation gl Ay Expensive repairs Novie damese
H] e oteme($) DTS
- o e il (o S—
S = e | = === e
B ey o E e | S
andacide contamination Coype Hot spots, hudge ond acdsform.
L F Dislectric strength drops.
I P IS e
Wl T ) v || Q) e | A
Moisture Content (ppm) ® High failure risk, outoges and
= = Low moisture = Long li 9 ke
Moisture creates a chain reaction of damage. High moisture = Short fe. Prevent moisture. Avoid the cost. ‘Small molsture today. Big problems tomorrow.

PARTIAL DISCHARGE vs MOISTURE (PAPER) DIELECTRIC STRENGTH vs MOISTURE (OIL) AGING ACCELERATION FACTOR (AAF) LIFE EXTENSION THROUGH MOISTURE CONTROL

10000 1 The Aging Accelraton Fotor (AAF)shows how
i ©
Contral
g oo g w0 Py Conttion Typial AAE (@ Mointoin il quolity and dryness
3 a ol ecric
| Poper (s T mostre)  1x (Reference 56 online monitoring and alorms.
[~ ‘ y O Poper ) Owewe) (@) Use ontine moniaing and
teadtohher S a0 % Moisture 2-3:
H Dry and fiter il ragularly.
g porialdicharge ] @
: aciviy. L) 1 3% Moistre e (@ Keop insulation dry from day one.
) % Moisure -1
o AL N NS il 10 1%, 1000 Y Fro Moisture control can extend
Moisture Content in Paper (%) Moisture in Oil (ppm) transformer lfe by 2X to 5X
or more.
PD is an early waming of insulation stress. Stronger oil. Stronger i . ster aging.
 Use hermetically seoled or well-sealed designs. ‘w:;" Condiion ®
 Keapbecer o consarvte syt ey - T ey e @ Sewemries
& Use bigh-qualiy, dry insulating moteriols.
win | e | cumumiy || (@) Py
@ Fiterond dahydrote oi before and during operation.
4 Icrease Monoing & Loss of artical operation
@ Monkor moisure i ol and inslaton continuously. [— Pre | o Check Bresters ®
: Reputation damage
 Act arly on clorms and trends. Dyt 35-50 o | A | D v
P T M - Replacebresthrs ®  High replocoment cost
Detycrote O immediely
(rosciive Actions) Fxteaks >0 VeryHigh
2 Imestigoton Reqired
Good habits today. Long life tomorrow. Monitor. Analyze. Act. Repeat. V't wait il need.
TOOLS THAT HELP DRYING & DEHYDRATION METHODS COMMON MISTAKES TO AVOID THE BOTTOM LINE
o Fischer Efective) resuts.
A & ® z €6 Moisture silently destroys insulation.
@ copactive Mostre Sensor T T e e ®  Not monioring continuously. It reduces strength. It shortens lfe.
©  nkored Opic Samr T ik (@ Using poor-quolity breathers. Control moisture. Protect your
£ 0A (ndiectndicoror B oarmwosonand orng transformer. Protect your future.
= 8 iy ©® siping ol dig or vt
Online Mofsture Montors e ®  Assuming new o dy Dry today.
@ SCADA/ Asset Manogement &5 Comtinuous Orying Systems ®  Weiting for falure before action. Reliable tomorrow.
Power for years. 2
CONTACT DRYTRANS DRYTRANS SOLUTIONS REFERENCE STANDARDS ~ABOUT DRYTRANS
B2 vishal@drytrans.com - TRS/' s
ol -1 Shoms e veapoy
e it 1 60467 - R mpevprstd papa S
@ www.drytrans.com + TRAM90 - Transformer “”“'mm L
Assot Management - IEEE C57.106 - Guide forthe E .
don o Gases

DryTrans — Continuous Moisture Management Solutions for Reliable Transformers.
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FINAL SECTION

KEY TAKEAWAYS

Moisture is the #1 enemy of transformer insulation.

THE ULTIMATE TRANSFORMER MOISTURE FAQ

100 QUESTIONS & ANSWERS

EVERY TRANSFORMER OWNER SHOULD KNOW I W‘ \\ | ‘
| “

I MH Il M

S

Control moisture, extend lfe, reduce risk and cost.
Measure accurately. Monitor continuously.
Ret early. Prevention is always better than cure.

Dry transformer = Reliable transformer =
Lower total cost of ownership.

Fifty sections. One complete resource.
The answers you need for reliable transformers.

R4 RS

que:
about transformer moisture—covering science, measurement, effects,
control, and long-term asset management.

'YOU MADE IT TO THE FINAL SECTION!
You now have master-level knowledge
in transformer moisture management.

Ay UTIUTY ENGINEERS
W Ensure cystem bty
QIR Reduceoutagerisk
+ Improve assetperformance
 Extend transtormer e

+B»>0000

MAINTENANCE ENGINEERS

 Understand root causes.

a
v
QLY soptybestpracices

" @
n e 7 Use et tole
i  Take proactiveaction
s @
6
4] ASSET MANAGERS
3 Gl
)
e  Extend assetiite
2z & + improve ROI
P
- PURCHASING TEAMS
\eis/
= =+ spacty comct requirements
g v Requestright tests
® O cot Cancfine rying remove papr maisie? What e coninoous molers mieng? P + Selectrelsble supplirs
» O cond How 0 seect the ightdng method? Whae shsdprobes be sl ) et onih, o T
31 Q) Mamenance Mo oin shoukd malsure e tsted? Wt e sho e st a9
%2 ) Mameonce  Whtlo eslmosnre evelinal? How o use e for deciions? @
3 [ Memeonce  Whatiosele molstre vl poper? v ——— @ TRANSFORMER OWNERS
3 O Mamance  Howtomaintanbreatac? Vo st can e crose? @
3 0 Mereance e rolace tcage regdary? o forecast molre ekt i ot
2 e What e g of igh mor Vo much does ok cost? n + Ensure safe operation
O rehee Wt s r cased by motture? Whatlecotofdying v ere? “n + Reduce risk and cost
n O rowe Can e cone sudtontbie? s ot montaingcontafcte? @
» O roee What 4 o elated Whata thepayback pod? @ Bdarslabie oars
© O o Hom o preventmoltr eltedtlres? Whots espanabi o mostre? o
41 (@ UteExtension  Can old transformer be dr What training is needed? )
2 (@ Ulebremson  Canidebeertended withmotrsconr? Voo b ot cuee? @
(@ Uebmeion  Whtlothe ROlotdog? Howtoseses moltes @
“ @ Ucttuoson  Howmich Mecanbo ganacr Whatatheconsequence of o moisre? @ 66 Moisureissien.
45 (D Ulebremson 1ot worthdiogbeore mofrfie? How o pririze vansformers? @ s damage s not.
4 © Sundets | Whatdoes 6C 60422 oy shut ot Wha o the e anagementpa? P Measure it Manage it
0 © Sumws  WhatloIEEE gudanceco e Wt thebest sty forsinguns? o Controlit.
@ © susts  Whatarerecommended ek How o gt with asset mansgoment? ) Your transformer depends on it
o O s owto ol best ractces? How o sl wih el sl w ol bl iorSade ar i
0 © Goest [ —————— Whato the utimote gt a-e0)
Dry today.
® Rellable tomorrow.
Power or years.

EXECUTIVE SUMMARY S CORE PRINCIPLES OF MOISTURE MANAGEMENT BEST PRACTICES AT A GLANCE

¥ Mtsreisomost it » v Keep transformor as dry as possile.
affecting ransformer insulas e 3
' Use high qualit oi and insulation material.
' roducos delactrc trength
S \& . Mnitormoisure i i and paper ey
v ’ S conTroL pLANFOR v Act early based on trends and slarms.
Cverhosing and (ihre. ACCURMTELY | CONTWUOUSLY  PROACTIVELY  THELONGTERM -y R S T
' shorens wonsormer e Good ety Trnck vende L A
oot o st R - - aintai breathers and seals.
e e it Tectnoty,  nowewn wewwsey ¥ Document review and improve.
detves ey, stety ond swvios. e
i 5 = e Good habits today. Reliablfty forever.

ESSENTIAL TOOLS 'RECOMMENDED ACTIONS (BY PRIORITY) RESOURCE MAP (WHAT TO READ NEXT) FINAL WORD

T — - High meioure deected Fundamentals Sections 1 =10 111 Knowladge s power
o - moicrer T Moiature Science ons 11 2
@ Online oisture Monitors (601 6.01) iy - vond tue Sclr Sections 11-20 s reliabiity.

High PO or low B0V - Advanced Enginosrng Soctions 21 - 30

B 00A (Moisire  Key Gases) facked Lot Oryif nded o g b e ipline is performance.

@ copactive Moisure Sensors L s i Practical implementation Sections 41 - 49 Together, they create

©) Potabe Moitrs btars: - Sublo it Nhlevels Ty Quick Reference Toles Sopendie (A1) transformer excellence.

G SCADA Asse MonsgermentSystems - Agig anstormer Improw s Tools & Methods Guide Solectod Sactons 1

B st ity dcorors © it chrge o aves <y peeriey Thank you for completing

B ubtetis ey Mot vs Reatty Coming Nes the DryTrans Knowledge Series.

pow Stable and acceptable . | Raabiy Saios ‘Coming Next You are now a

Ut therighttoas. Got therghtnsight. PRIORITY et o e K moisture management expert!
coNTACT ORYTRANS. DRYTRANS SOLUTIONS REFERNGE STANOARDS
vishal s com RS/ TRSO - Conteus o 160062 - Mot i o

62 vishal@drytra {‘é} Monsgemert Cldetor s

R +97150679 0417 TRAMAO - Tanolermer Asset Manegoment <o - o

Mo S e rion
® wwdryrans.com T & et ey Kitcs s ouncose

DryTrans — The Complete Transformer Moisture Knowledge Resource
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TECHNICAL REFERENCES &
STANDARDS

USED THROUGHOUT THE DRYTRANS KNOWLEDGE SERIES

This section provides a consolidated library of international standards, guides,
research papers and technical references that form the foundation of all
50 sections of the DryTrans Knowledge Series.

v The seriesis based on internationally recognized
standards, research and field experience.

V' These references ensure technical accuracy,
credibility and practical relevance.

v Usethe right standard. Apply the right method.

v Make the right decision. Extend transformer life.

J

@ A INTERNATIONAL STANDARDS (IEC) <) B. IEEE REFERENCES @) . CIGRE REFERENCES
s

Mineralinslsting cisin O condton it R EEE C57.91 5 i
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é IEC60814  insubting uids P J—— -
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. i a0, et el i
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sam - 064 s et maitenanceofmtingif 07 <0850
Qrwa|omn . i2on L B v et
gt 23,3 CIGRETB 445 :Z:»g g Usedia
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@ T ot s IEEE C57.143 e tchriqes 15,16,27
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hineral obimpregate Usedin condition assessment 36,40,45 -
@ 8| oot * e dndin Scions = 52 F. BUBBLING REFERENCES

ooty Agogessnert 10,25,38
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EC 6007 + Detgn cpeation tetngUsedin 1 Y pastens - immios Section
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- hnpomane oy
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5 1. OXIDATION & CHEMISTRY REFERENCES @ J. DRYTRANS TECHNICAL REFERENCES THROUGHOUT THE SERIES
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DryTrans ~ The Complete Transformer Moisture Knowledge Resource YOU MADE IT. YOU ARE READY.
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51 comprehensive sections covering every aspect of transformer moisture— S E CT| 0 NS

from fundamentals to advanced engineering, from best practices to technical * K Kk Kk
ONE COMPLETE
KNBBLEDGE

@ WHY THIS SERIES MATTERS ﬁ THE 6 KNOWLEDGE PILLARS WHAT YOU WILL ACHIEVE

references. Your complete guide to reliability, performance, and asset liftie.

@ Moisture is the primary driver of insulation aging .' FOUNDATION (1-10) Deep understanding of moisture

and transformer failure. Understanding the Basics and its impact on insulation life

MOISTURE SCIENCE (11-20) m Accurate diagnosis and

@ This series provides the knowledge, science, A
Science, Behavior & Measurement

and practical solutions to take control. condition assessment

@ Designed for utilities, engineers, consultants,
asset managers, and decision makers.

ADVANCED ENGINEERING (21-30) Better decision making and
Diagnostics, Degradation & Chemistry risk reduction

@ From data to decisions, from insights to action, Monitoring, Assessment & Life Extension and failure prevention
from testing to continuous moisture management.

PRACTICAL IMPLEMENTATION (41-50)

Best Practices, Protection & Reliability

Extended transformer life and
@ Knowledge is power. improved reliability

Moisture management s transformer protection.
Lower cost of ownership

and higher asset value

4
ASSET MANAGEMENT (31-40) @ Effective moisture management

@ REFERENCE & RESOURCES (51)

Standards, Research & References

\=t:/
4 il

~ -
uTILITY E ASSET PURCHASING TEAMS TRANSFORMER OWNERS
Ensure system reliability Apply best practices Optimize investment, Specify the right Protect your asset,
and reduce outage risk and improve maintenance manage risk and requirements and ensure safe operation
effectiveness extend asset life protect long-term value and build a reliable future

BUILT ON TRUST. PROVEN IN THE FIELD. THE DRYTRANS COMMITMENT

Proven in utilities and industries

around the world @ @
@ Trusted technologies for

reliability and performance

0Q0  Field experience. Engineering o 3
m " & aging and failure. moisture control. sustainability. power future.
excellence. Customer success.

ty goa Extendi iife, Sharing knowledge

CONTACT DRYTRANS ABOUT DRYTRANS SCA:HTEDS::IPEI:RE
. DryTrans provides advanced moisture management “
B vishal@drytrans.com solutions that improve reliability, extend transformer Control moisture.
Q +97150 679 0417 life and protect your investment. Our solutions are Protect your transformer.
proven in utiltes, industries and critical infrastructure
@ www.drytrans.com around the world. Protect your future. , ,
@ Dubai, United Arab Emirat DRY TODAY. RELIABLE TOMORROW.
A it g POWER FOR YEARS.

(SBN 973-1-7387826-0-1

i

”781 738782601

4 DryTrans. All rights reserved, KNOWLEDGE IS POWER.

[
MOISTURE MANAGEMENT IS TRANSFORMER PROTECTION. 9




