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Moisture assessment in power transformers

Lessons Learned

The need to know the water content of paper accurately under
all operating conditions is essential for the safe operation of
transformers. To improve existing methods of determining the
water content of paper, a concept of “water-in-paper activity”
has been developed. The water solubility parameter is of
paramount importance for the accurate evaluation of water
content. A stand-alone software application, the Transformer
Moisture Monitor (TMM), is recommended for moisture
assessment. The development of a new classification procedure
provides a means of ranking dry and wet transformers.
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ater in transformers
appears as an un-
wanted substance,

decreasing insulation breakdown
strength and shortening trans-
former life dramatically. High
water content in paper may re-
sult in bubbling, the formation
of free water and an increased
risk of dielectric breakdown. Wa-
ter also causes accelerated paper
aging, corrosion of core/tank
and progressive consumption of
oil additives.

Water contamination in
transformers comes from three
main sources: residual moisture
in the “thick structure elements”,
ingress from the atmosphere,
and the aging decomposition of
cellulose and oil.

Residual moisture in a new
transformer after factory dry out,
prior to transportation, is expect-
ed to be less than 1%, with a tar-

get value of 0.5%. Excessive
residual moisture of 2-4% can re-
main in some thick insulation
components, particularly plas-
ticsl. During service, this mois-
ture gradually seeps into the oil,
increasing the water content in
the thin insulation structurel.

Atmospheric water is the
main source of transformer con-
tamination. Three mechanisms
are acting here: the absorption
of water from the direct expo-
sure of the insulation to the air
(installation and repair works),
the ingress of moisture in the
form of molecular (Knudsen)
flow due to the difference in the
water concentration in the at-
mosphere and in the oil in the
tank, and the viscous flow of wet
air into the transformer caused
by the difference between the at-
mospheric pressure and the pres-
sure in the tank!.

The molecular flow of mois-
ture is practically negligible. The
main mechanism of water pene-
tration is the viscous flow of wet
air through “poor sealing”, i.e.
through the sealing points of
bushings, the explosion vent
and the cooling circulation loop
etc., due to the pressure gradi-
ent. Large amounts of rainwater
can be pumped into the trans-
former in a very short period of
time (just a few hours) if there is
improper sealing and a rapid
drop in pressurel.

Methods and
instrumentation for
moisture measurement

The term “moisture” in the
transformer industry is com-
monly used to indicate water
which is absorbed in the paper
or dissolved in the oil. Occasion-
ally, the terms “water” or “water
content” are used as an alterna-
tive way to describe the same
substance.

Water in transformers can be
found in different parts of the
insulation system. It can accu-
mulate in solid insulation, be
dissolved in oil, or be found in
the form of liquid water at the
core or bottom of a transformer.
Depending on the media, differ-
ent methods and instrumenta-
tion are used for moisture meas-
urement. For example, to evalu-
ate water content in oil, polymer
relative humidity/relative satura-
tion sensors are frequently used.
By measuring the relative satura-
tion of oil one can easily deter-
mine its absolute moisture con-
tent expressed in parts per mil-
lion (ppm). In this case the water
solubility characteristic for the
specific oil must be known in
advance. Being a real-time effi-



cient on-line method, the mois-
ture-in-oil measurement has at-
tracted a lot of attention in re-
cent years. A number of com-
mercially available sensors have
been tested in different condi-
tions using the Monash test rig.

Another method for ppm
determination is a technique
based on the well-known Karl
Fischer titration reaction. How-
ever, this method is not a real-
time one and requires appropri-
ate chemical instrumentation for
its implementation. It is also
prone to a high level of error and
its results are often difficult to
interpret. A timely and accurate
measurement of the oil tempera-
ture should be made when ob-
taining the oil sample.

There is also a group of
methods based on the measure-
ment and analysis of dielectric
properties of insulation. Diagno-
sis with these methods is based
on the fact that paper and oil
change their dielectric properties
when moisture levels increase.
Therefore, by measuring para-
meters such as the dissipation
factor, polarization and depolar-
ization currents (PDC) and re-
turn voltages (RVM) in the fre-
quency and time domains, it is
possible to relate these changes
to water concentration in a pa-
per-oil insulation system. How-
ever, with most of these meth-
ods it is difficult — if not impos-
sible - to distinguish the effects
of moisture on the insulation
from the effects of aging caused
by other processes. This creates a
lot of confusion over the relia-
bility of dielectric response
methods. Interpretation of the
results still remains more art
than science.

Water content of paper
insulation

One of the aims of the moisture
assessment of oil-filled power
transformers was to evaluate the
water content of its paper insula-
tion. The term “paper insula-
tion” is a generic term that de-
scribes solid cellulose material,
such as paper, pressboard, wood
and cotton. Another term, “wa-
ter content of paper (WCP)”, is
used to quantify the amount of
water present in paper insula-
tion. Traditionally, the term
WCP refers to a ratio between
the mass of water and mass of
dry non-oily paper, expressed in
a percentage. The mass of water
is calculated from the difference
between the masses of wet and
dry paper. The paper is usually
dried out in an oven prior to the
measurement of the dry paper
mass. The traditional term WCP
gives a clear meaning for non-
oil-impregnated paper.

For oil-impregnated paper
the WCP can still be measured,
in this case using the Karl Fisch-
er titration method. Following
the measurement of water mass
in the Karl Fischer apparatus, the
oily paper is degreased and only
then placed in an oven for dry-
ing. To obtain an accurate meas-
urement, the thickness of the
piece of paper or strip of press-
board should not exceed a few
hundred microns. However, for
a paper-oil insulation system
with both thin and thick paper
insulation the situation for
measuring the WCP is com-
pletely different.

In a study conducted at
Monash University under an
EPRI, USA sponsored project, a
new method of moisture assess-
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Figure 1. Moisture Equilibrium Curves relating water-in-paper activity to
active water content of paper for temperatures from 0 to 100 °C.
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Figure 2. Moisture Equilibrium Chart as published in “Moisture
Equilibrium Charts for Transformer Insulating Drying Practice”?

ment in operating transformers
was developed, based on a water-
in-paper activity concept. The
parameter of water-in-paper ac-
tivity is used to access moisture
conditions in both new and old
transformer insulation systems.
Another term, “active water con-

tent of paper (WCP,)”, was also
introduced. The term WCP, re-
flects the water available in the
transformer insulation for ex-
change between paper and oil. A
new moisture equilibrium chart
(shown in Figure 1) relating the
parameter of water-in-paper »
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Figure 3. Chart for off-line moisture diagnostics of transformers containing

new oil.

activity to the WCP, was devel-
oped.

Numerically, water-in-paper
activity (A,,) is equal to the equi-
librium percentage of relative
saturation (RS,,) divided by 100.

There are a number of ways
to evaluate the WCP, of paper
insulation in a paper-oil insula-
tion system. One of them is ap-
parent from Figure 1. To use the
curves of Figure 1 we need to es-
tablish equilibrium conditions
in the system and measure the
parameter of A, using a relative
saturation (RS) sensor.

Another way to evaluate the
WCP, of paper insulation in a
paper-oil insulation system is to
use a moisture equilibrium chart,
similar to the well-known mois-
ture equilibrium chart published
in 2 and shown in Figure 2.

The chart in Figure 2 gives
the relationship between the wa-
ter content of oil (WCO) ex-
pressed in ppm, the temperature
and the “% Moisture in Paper”,
which, in fact, for thin paper in-
sulation is equal to the WCP,.
Again, to evaluate the WCP,, we
need to establish equilibrium
conditions in the system and
then measure the WCO using
the Karl Fischer apparatus. How-
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ever, we must measure one more
parameter in this case, prior to
the evaluation of the WCP,.
This parameter is called the “wa-
ter solubility of oil S(T)?, or, as
in Figure 2, the “Solubility Lim-
it, ppm”.

The moisture equilibrium
chart in Figure 2 was developed
for new oil. The figures around
the chart show the water solubil-
ity parameter S(T) for new oil at
temperatures from 0 to 100 °C
in 10 °C intervals.

Assessment of moisture
in an operating
transformer

It is known that an operating
power transformer is never in
moisture equilibrium. Thus, the
two moisture equilibrium charts
in Figures 1 and 2 cannot be ap-
plied directly when assessing
moisture in the field. To address
this, a method for the moisture
assessment of transformer insu-
lation has been developed. The
method is based on the Monash
water-in-paper (WIP) algorithm,
which incorporates the follow-
ing three steps:

- Evaluation of true oil rela-
tive saturation in the trans-
former

- Evaluation of the water-in-
paper activity (A,,) for the trans-
former oil

- Evaluation of the active wa-
ter content of paper (WCP,) as a
function of A, and temperature.

A software application, the
Transformer Moisture Monitor
(TMM), has been developed on
the basis of the WIP algorithm.
The TMM uses neuro-fuzzy
computing to evaluate the con-
sistency of the moisture sensor
output, to access the WCP,, and
to alert the user when insulation
conditions require attention.
The TMM acquires data from
the Vaisala HMP228 Humidity
and Temperature Transmitter.
The probe of the transmitter has
both moisture and temperature
sensing elements at its tip.

New classification
procedure for off-line
moisture diagnostics

The research conducted at
Monash University has shown
that, for the accurate moisture
assessment of transformer insu-
lation, the continuous monitor-
ing of a number of parameters,
including transformer load, tem-
perature and oil relative satura-
tion, is required. The measure-
ment of water solubility charac-
teristic of oil in the transformer
is also required.

A utility may operate tens or
even hundreds of transformers.
However, not all of the trans-
formers require continuous
monitoring. How is it possible to
identify a transformer with mois-
ture concerns for further moni-
toring? There is a demand for a
classification procedure, which
would rank transformers by
moisture levels.

A traffic light approach is the
EPRI adopted way of ranking
the health of plant equipment.
Red, yellow and green colors
would indicate the ‘wet’, ‘re-
quires attention’ and ‘dry’ states
of moisture in transformers.

A new classification proce-
dure was developed to rank,
from a population of power
transformers, critical transform-
ers in terms of moisture for fur-
ther continuous monitoring.
The new classification procedure
aims to improve the effective-
ness of the management of trans-
former life.

The new classification proce-
dure is based on a method of
moisture assessment that evalu-
ates the WCP, and was briefly
described in the section above. It
is available in the form of a
chart, shown in Figure 3. Values
of WCO in ppm represent the
results of Karl Fischer (KF) meas-
urements and values of the tem-
perature T represent the temper-
ature of the oil at the moment of
oil sampling. In Figure 3, values
of WCP, are distinguished by
color. Green corresponds to a
WCP, of less than 1%, yellow
corresponds to a WCP, of be-
tween 1% and 2% and red corre-
sponds to a WCP, of more than
2%. The numbers in the squares
represent the diffusion time con-
stant for moisture across a 1-mm
pressboard plate exposed to oil
from both sides. The I-mm
pressboard was chosen to reflect
the approach of the water-in-pa-
per activity applied to the trans-
former ranking and classifica-
tion.

At an oil temperature below
45 °C and WCO of less than 20
ppm, the moisture diffusion
time is too long for the reliable
diagnosis according to the pro-
posed procedure. To reflect this
fact the bottom left corner of the
graph in Figure 3 is shadowed.

The classification procedure
chart in Figure 3 is valid for oil
with a water solubility character-
istic close to that of new oil. In
the previous section of this pa-
per it was demonstrated that the
water solubility characteristic of
new and aged oil can differ sig-
nificantly. This means that for



the accurate ranking of aged
transformers, evaluation of the
oil’s water solubility characteris-
tic would be required.

In light of the new know-
ledge presented here, the tradi-
tional approach, which states: “If
the WCO exceeds 20 ppm, the
transformer requires further at-
tention, if the WCO is less than
20 ppm no action is required,”
must be reconsidered. From Fig-
ure 3 it follows that at
WCO=20-25 ppm a transformer
with new oil would be consid-
ered “probably wet” if the oil
sample was taken at a tempera-
ture of below 55 °C. However, if
the oil sample was taken at a
temperature of above 80 °C,
with the same WCO=20-25
ppm, the transformer would be
considered “probably dry”. To
prove or reject the conclusion,
one more sample of oil should
be taken in the number of hours
shown in the related square on
the chart. This example illus-
trates the importance of the
measurement of oil temperature
during the oil sampling, the im-
portance of the second oil sam-
pling, and the importance of the
length of time between the two
sampling events.

It is apparent that knowledge
of the WCO only, gained from a
single Karl Fischer measure-
ment, is insufficient for the ac-
curate assessment of transformer
moisture condition. Knowledge
of the temperature of the first oil
sample, the dynamics of mois-
ture and temperature gained
from the second oil sample, and
the water solubility of the oil are
also required.

Conclusions

Oil type, age and flow rate con-
tribute to the measurement and
subsequent accuracy of moisture
assessment in a paper-oil insula-
tion system. Sensor positioning
also contributes to the accuracy
of moisture assessment.
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f The determination of
i/ moisture in 0il is an
essential part of a
comprehensive
transformer
maintenance
program.
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HMP228 Moisture and Temperature Transmitter for Transformer Oil

he HMP228 Transmitter provides on-line

measurement of moisture and temperature
in transformer oil. The measurement gives con-
tinuous information and enables better mainten-
ance against transformer failures.

Vaisala’s microprocessor-based HMP228
Transmitter is accurate, reliable and fast. The ba-
sic model of the HMP228 Transmitter calculates
the average water solubility in mineral trans-

former oil. The water solubility in oil is tempera-
ture dependent: water solubility increases as
temperature raises. In addition to traditional
ppm-output, the transmitter measures water ac-
tivity. The water activity (a,) indicates directly
whether the oil is too moist. The a, measurement
is independent of the type, aging or temperature
of the oil. ®

The parameter of the water
solubility of oil is required for
the validation of the moisture
sensor installed in the trans-
former. Water-in-paper activity
was found to be a factor in deter-
mining the state of dryness in a
power transformer.

A stand-alone software ap-
plication called “Transformer
Moisture Monitor” (TMM) is
proposed for the moisture as-
sessment of a transformer.

A new classification proce-
dure that aims to identify criti-
cal units for further continuous

monitoring is suggested for the
ranking of power transformers
by the level of moisture. Red,
yellow and green colors would
indicate the ‘wet’, ‘requires atten-
tion’ and ‘dry’ states of moisture
in transformers. The classifica-
tion procedure presented is only
valid for oil with a water solubil-
ity characteristic close to that of
new oil. For the accurate ranking
of an old transformer, the water
solubility characteristic of the
transformer’s oil would need to
be evaluated. ®
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