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Abstract

It is important to know the moisture solubility of trans-
former oil in a transformer. It has been reported that
transformer oils under different conditions have differ-
ent solubility. Measurements of solubility for four differ-
ent types of conditioned oil are presented in this paper:
fresh Shell Diala AX -oil, lab-aged Shell Diala A oil,
Texas Utility used transformer oil, and Ramapo Sub-
station used transformer oil. To avoid the difficulty of
achieving full saturation, this paper proposes an alter-
native method of measuring the moisture solubility in
transformer oil using a relative humidity sensor. It uti-
lizes the linearity between the relative humidity of the
oil and the moisture content of the oil to indirectly mea-
sure the solubility. The measured results of fresh oil,
lab-aged oil, and the Texas Utility oil are very close,
and only Ramapo oil shows different sensor response
characteristics and solubility.

Introduction

Almost all transformers in electric power delivery sys-
tems around the world are filled with liquid. The liquid
functions both as electrical insulation and as a heat trans-
fer agent. Newer liquids such as silicone and esters have
their applications in special-purpose transformers, and
with more environmental concerns, there are new alter-
natives such as edible seed-oil-based fluid [1]. However,
the liquid in the majority of transformers is petroleum-
based insulating mineral oil, Conventional transformer
oil is made “by refining a fraction of the hydrocarbons
collected during the distillation of a petroleum crude
stock” [2].

It is well recognized that moisture in oil has detrimental
cffects on transformer performance. One important cri-
terion is the water solubility in oil. When the moisture

in oil exceeds the solubility for that temperature, free
water will form and can cause electrical breakdown in a
high field stressed region. The conventional way to mea-
sure water solubility is to make a saturated oil sample
and then test the absolute moisture content. To achieve
full saturation in transformer oil is difficult, especially
at high temperature because of the high solubility. This
papet proposes an alternative method of measuring the
solubility using a relative humidity sensor.

There is a general perception that oil under different
aging conditions has different solubility. It is impor-
tant to know the level of accuracy of this general claim,
which in turn determines if extra precautions are nec-
essary. Verification was carried out for four differently
conditioned oils.

Water Solubility and Relative Humidity Meter

One way of determining water solubility is by the use of
the new ASTM Standard Test Method D 4056-92 [3].
This method estimates the solubility of water in hydro-
carbons at different temperatures based on calculations
from values for density, refractive index, and molecu-
lar weight. This is not a very practical way to measure
the water solubility. A more conventional way is to
make a saturated oil sample and then measure the ab-
solute moisture content using the standard test method
for measuring water in transformer oil, the ASTM D
1533 test method known as the Karl Fischer reaction
method [4]. To achieve full saturation in transformer
oil is not a trivial task, especially at high temperature
because of the increasing solubility. Shown in Table 1
are the solubilities of moisture in Shell Diala A oil at
different temperatures [5]. The moisture solubility can
be expressed in Arrhenius form as

B
log W, —A—T—, 1)
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Temperature | Water Solubility, ppm
0°C (32°F) 20
15°C (60°F) 45
38°C (100°F) 115
66°C (150°F) 295
82°C (180°F) 500

Table 1: Water solubility of Shell Diala A Oil [5].

where W, is the saturation solubility of water in oil in
ppm and T is the temperature in °Kelvin. For Shell
Diala A oil, the fitted A is 7.3 and B is 1630.

Two ways have been generally adopted for making satu-
rated solutions: 1. Bubble moist air through the oil. We
found it difficult to achieve saturation at high tempera-
ture using this method without a well designed system
like that shown in the Appendix of [6]. 2. Directly add
free water. One improper practice is simply adding an
excess amount of water to a sample, shake it up, and
let stand for overnight and then measure water concen-
tration. It is not an acceptable way of measuring the
solubility because the diffusion process in the oil is very
slow, and letting the solution stand overnight does not
guarantee full dissolution. Also, excess free water in the
oil will cause an erroneous measurement of water solu-
bility, i.e. the free water might be sampled and measured
as water dissolved in oil. Even though water is heav-
ier than the oil, small water bubbles can still exist near
the upper body of the oil by surface tension. The mea-
surement results of such samples are non-repeatable and
inconsistent. The proper implementation of this method
is to add water and mix well until free water is ob-
served. The mixture should be centrifuged to remove
any entrained water and then decanted. The correct im-
plementation of both methods requires extra equipment
and care.

To avoeid the error caused by taking the moisture value
of a non-saturated solution as solubility, or solution with
excessive free water, an alternative easily implemented
method is proposed for measuring moisture solubility
in transformer oil. The linearity between the relative
humidity of the oil and the moisture content of the oil
is utilized to find the solubility:

W, = W, x R.H.(%)/100, @

where W, is the water concentration in ppm at tempera-
ture 7', and W, is the water solubility in ppm at the same
temperature 7. By measuring the slope of the curve of
Moisture Concentration versus Relative Humidity, or the
intercept of the curve at R.H.=100%, one can find the

water solubility instead of trying to directly measure the
moisture content at 100% relative humidity.

The Mitsubishi Moisture Meter Model CA-05, based
on microprocessor controlled Coulometric Karl Fisher
titrimetry, is used to measure the absolute moisture con-
tent in oil. The commercially available Harley Mois-
ture Sensor is used to measure the relative humidity of
transformer oil. Figure 1 shows the Harley CT-880-S
moisture sensor used in this investigation. It consists
of a dual sensor [7]- a full range (0-100% RH) thin-
film capacitive humidity sensor and a thin-film platinum
RTD temperature sensor, combined with a linearized 4
to 20 mA, two-wire current transmitter. The unit trans-
mits a 4-20 mA current signal for a moisture range of
0-100% saturation. The temperature corrected current
output is converted into equivalent DC voltage output
across an externally connected load resistor. The newly
shipped sensor was calibrated in fresh Shell Diala AX
oil shown in Figure 2. The titration results are obtained
by dividing the moisture content by the solubility of the
Shell Diala AX oil at that temperature. The reported
solubility value of Shell Diala AX oil [5] is used for
calibration. The ideal relative humidity is obtained by
converting the output voltage by ideal transfer function
R.H.(%) = [(V = Lnin * R)/4] * 100%, where I,
is 4 x 10734 and R is 250 Q. After two years of use
in hot transformer oil in our laboratory apparatus, the
sensor was recalibrated as shown in Figure 3. By cali-
bration, the relative humidity of the oil is related to the
measured sensor output voltage by

R.H.(%) = 22.005 x (V — Vi) — 1308,  (3)

where Vi is 1,06V for the calibrated sensor. The cali-
bration indicates a very good linear relationship between
sensor output and the relative humidity.

Differently Conditioned Oils

The measurements are taken for four types of differently
conditioned oils at 35°C: fresh Shell Diala AX oil, lab-
aged Shell Diala A oil, Texas Utility used transformer
oil, and Ramapo Substation used transformer oil. The
Shell Diala A oil is Type I oil which is intended for
use where normal oxidation resistance is required. Shell
Diala AX oil is Type II oil, for more severe setvice
applications requiring greater oxidation resistance. It
contains approximately 0.2%w (2000 ppm) of oxidation
inhibitor, The lab-aged oil is prepared by heating new oil
at 70°C for two weeks with a mixture of moisture and
oxygen because heat, moisture and oxygen are the major
aging factors, The oil is circulated within an open vessel
by a pump for thorough mixing, The Texas Utility oil
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Figure 1: Harley CT-800 moisture sensor. The sensing
element is at the bottom of the long rod.

was taken from a transformer that was in service at Texas
Utilities. The Ramapo oil is taken from a 500/345kV,
1000 MVA transformer at the Ramapo Substation that
experienced failure due to static electrification. Because
of the small quantity of oil available, the tested Ramapo
oil is a mixture of 80% Ramapo original oil and 20% of
new Shell Diala A oil.

Measurement Results

The oil is contained in a 1000 m] kettle. It is well mixed
by a magnetic stirrer and the temperature is controlled
by an Omega temperature probe and controller. The
moisture is bubbled into the kettle by flowing a constant
air flow through a flask of deionized water.

The measured oil solubilities and conductivities are
listed in Table 2 and the curves are shown in Figure 4.
The conductivities of the oils are measured by a gapped
tuning capacitor.

Discussion

The results obtained with fresh oil, lab-aged oil, and the
Texas Utility oil are very close, whereas the result for
Ramapo oil is very different from the rest. Lab tests
show the Ramapo oil is not very aged, however, an er-
ratic power factor is measured. There might be contami-
nants or moist particles in the Ramapo oil that cause the
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Figure 2: Harley Moisture Sensor calibrated in Shell

Diala AX oil at 35 °C when first arrived (calibrated by

D. E. Schlicker at MIT High Voltage Research Lab.)

The dashed line is the ideal output and solid line is the

linear regression of measured output.
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Figure 3: Harley Moisture Sensor calibrated in Shell
Diala AX oil at 35 °C after two years in service. The
dashed line is the ideal output and solid line is the linear
regression of measured output.

observed moisture sensor response. Indeed Golovan’ et
al [8] also observed that the increase of polar impu-
rities in the oil “leads to a significant increase in oil
hygroscopicity and a breakdown of the linear relation-
ship between the water uptake capacity and the relative
humidity of the air”. This observation also serves as
a caution for using the moisture sensor in contaminated
oil. Because of the nonlinear behavior of the sensor out-
put, the predicted value of solubility of Ramapo oil is
only a rough estimation, The proposed method is ef-
fective only when the sensor response is linear, Another
possibility is that the contaminants in the oil could affect
the chemical reaction process of the Karl Fisher titration
and cause a false reading.

Griffin et al. at Doble Engineering Company [6] exten-
sively studied moisture solubility in mineral oils. From
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Oil Type Fresh Shell Diala A [5] | Lab-Aged Shell | Texas Utility | Ramapo
Solubility (ppm), 35°C 102 104 108 142
Conductivity (pS/m) 0.7 (35°C) 7.2 (70°C) 9.5(35°C)y | 10.1(35°C)

Table 2: Comparison of measured water solubility at 35°C and conductivity in differently conditioned oils.
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Figure 4: Measurements of moisture concentration ver-
sus the relative humidity for differently conditioned oils
at 35°C.

their measurements of ten in-service aged oils and two
oils with accelerated oxidation in the laboratory, they
concluded that: “oils which are in serviceable condition
show little change in their water solubility characteris-
tics. Only when the oil is severely aged or contami-
nated would the solubility be expected to increase sig-
nificantly.” Our results agree with Doble’s conclusion.

Conclusion

Water solubility is one of the important parameters of
transformer insulation. A measurement technique utiliz-
ing the linearity between the relative humidity of the oil
and the moisture content of the oil to indirectly mea-
sure the solubility is proposed. It avoids the difficulty
of achieving full saturation of the test sample and asso-
ciated errors. However, it can give the correct solubility
only when the sensor response maintains linearity. Re-
sults of differently aged oils show that normal operation
under service temperature is less likely to significantly
change the water solubility. This agrees with Griffin’s
results [6].
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