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ABSTRACT Dissolved gas analysis (DGA) is frequently used for the condition assessment and monitoring
of transformers. In the case of free-breathing transformers, gas losses may occur at the phase interface due to
the chaotic molecular movement of the dissolved gas molecules. These gas losses and the resulting distortion
of the interpretation basis for the DGA can lead to a false assessment of the condition. Furthermore, the
relative ratios may shift, which in turn can lead to the misclassification of the present defect. This paper deals
with the influences on gas losses and describes a possible consideration for use in the condition assessment.
It begins with an explanation of the gas losses problem in more detail based on theoretical considerations and
summarised in hypotheses. In addition to the experimental methods used, theoretical model considerations
for taking gas losses into account are described below. The results deal on the one hand with the influences
on the gas losses (geometry and temperature) and the other hand with the application of the developed model
for the consideration of the gas losses. In detail, the results of the gassing behaviour of different complex
geometries – simple phase interfaces, a transformer model and a distribution transformer – are described in
more detail and it is shown that a correction of the degassing with the model is possible within certain limits.
Furthermore, the methodologies for determining the model are discussed in this paper.

INDEX TERMS Transformer, dissolved gas analysis, gas losses, gas management, molecular movement.

I. INTRODUCTION
Dissolved gas analysis (DGA) is one of the most commonly
used method for assessing and monitoring the condition
of transformers. Energy introduced into the transformer
by electrical and/or thermal stress can cause the binding
energy of the insulating material molecules to be exceeded.
The bonds break and the resulting unstable decomposition
products recombine to form gaseous molecules [1].

Every closed physical system strives towards a state of
equilibrium. After a defect occurs, the gases are initially
concentrated at the defect location. Subsequently, a state
of equilibrium is reached by diffusion. This process is
accelerated by internal oil flows [2], [3].
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In free-breathing transformers, the gas space in the
conservator tank, as well as the ambient air, must also be
considered as part of the overall system (Fig. 1). Most of
the key gases used in DGA are not present in any significant
concentration in the ambient air. Thus, gas molecules diffuse
from the insulating liquid into the ambient air. In addition, air
gases are dissolved in the insulating liquid. These changes in
the gas concentrations and resulting relative ratios of the gas
concentrations to each other can influence the dissolved gas
analysis [1], [2], [4].

II. DGA FOR FREE-BREATHING AND HERMETICALLY
SEALED TRANSFORMERS
A. CONDITION ASSESSMENT
In the case of free-breathing transformers, the ambient air
determines the targeted state. For most hydrocarbons, this
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FIGURE 1. Molecular movements in a free-breathing transformer.

FIGURE 2. Schematic connection between gas formation, gas losses and
measured gas concentrations [7].

is zero or, in the case of methane, around 1.89 ppm in the
air [5]. The concentration of H2 and CO in the ambient air is
also very low. In contrast, O2 (20.9% of the air), N2 (78.1%
of the air) and CO2 (413 ppm of the air) are dissolved in
the oil [5], [6].

If an active defect is assumed, gas is generated contin-
uously and the measurable concentration of dissolved gas
increases in the transformer. In a free-breathing transformer,
gas loss also takes place simultaneously. Thus, an equilibrium
is established in the oil volume between the produced gases
and the gas losses (Fig. 2). The measured gas concentrations,
therefore, do not reflect the real gas quantities produced by
the defect [7].

It should be noted at this point that statistical behaviour
does not always apply. Depending on the transformer and
its geometry as well as the type and position of the
defect, the behaviour may vary. In the worst case, defect
veiling can occur. Defect veiling is what occurs when
a defect is not detected during (interval) measurements
because the gas change is very small due to the simulta-
neous gas losses, or the gas concentration has dropped so
much at the time of sampling that a defect is no longer
detectable.

FIGURE 3. Exemplary effects of degassing on duval’s triangle 1 [7].

B. DEFECT IDENTIFICATION
Due to the different chemical properties, degassing does not
occur with the same velocity for all key gases. Consequently,
in addition to the falsification of the condition assessment
based on absolute gas concentrations, there may also be
a shift in the relative gas ratios. A theoretical case of
misinterpretation is shown in Fig. 3, where a thermal defect
would be wrongly interpreted as an electrical defect since
CH4 degasses faster than the higher-value hydrocarbons [7].

C. STATEMENTS TO BE ANALYSED
The following essential statements can be derived from the
former considerations, which are to be studied and confirmed
in the paper.

1) With simultaneous gas formation and gas losses,
an equilibrium is established between these processes.
The measurable gas concentrations may not reflect the
actual defect.

2) Gas losses change the absolute gas concentrations in a
transformer, which changes the basis for the condition
assessment. In the worst case, the defect may be veiled.

3) Different key gases degas at differing velocities. Due to
the resulting shift in relative ratios, the defect type can
be misinterpreted.

4) The gas losses and thus the correlations depend on the
temperature and the (transformer) geometry.

5) The gas exchange at the phase interface can be taken
into account with the aim of a model based on an
approach from physical chemistry.

III. METHODOLOGY
A. MEASUREMENT OF GASES AND GAS LOSSES
The partially inhibited naphthenic mineral oil ‘‘Nytro
4000A’’ from Nynas was used for the laboratory tests carried
out in the course of this work. To be able to compare the
tests with each other, the same starting conditions must be
created for each test. Mineral oil which had already been
contaminated was not used again. Before each test, the
mineral oil was freshly treated in an oil treatment plant.

In the laboratory experiments, a DGA monitoring system
was used to monitor the dissolved gases in the test samples.
The monitoring system measures six key gases via infrared
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spectroscopy, as well as hydrogen and oil moisture via
direct measurement in oil. Furthermore, the influence of
the monitoring system on degassing was analysed. For this
purpose, a test object was equipped with a monitoring system
once from the beginning and once after a certain time had
elapsed. No difference in the results could be determined.

Different test objects were used for the measurements.
Test vessels with a simple phase interface (test objects A,
B and C), a transformer model and a distribution transformer
were used. The volumes of simple test vessels (A, B and C)
are 5.2, 16.3 and 33.9 litres and are filled with 4, 15 and
30 litres of mineral oil. The phase interface extends over
190, 314 and 1350 cm2 and is always connected to the
ambient air via a desiccant air dryer. The transformer model
essentially consists of a square main vessel with a connection
to a conservator tank in the form of a horizontal cylinder,
which in turn is connected to the ambient air via a desiccant
air dryer. The main tank has an oil volume of 170 litres.
The expansion vessel has a maximum volume of 35 litres,
which was half filled. The phase boundary of the transformer
model has an area of 1330 cm2. In addition to these setups,
a 0.4/35 kV distribution transformer served as a test object.
The transformer has an ONAN cooling. The oil volume of the
transformer is 135 litres (filled to half of the conservator tank,
phase interface of 1120 cm2).

B. MODEL FOR TAKING GAS LOSSES INTO ACCOUNT
1) BALANCE EQUATION
The balance equations are the starting point for consider-
ations regarding the gas balance of transformers. Balances
always have the same form, are created for a clearly defined
balance area and are described with defined limits and
boundary conditions. The aim is to specify the storage in the
element under consideration as a function of transport flows
and conversions [8], [9].

The respective oil volume is considered a clearly defined
balance area in the model used. In transformers and other oil-
filled equipment, the mass transport flows into the balance
volume occur due to the dissolution of gas molecules in the
mineral oil. Outgoing mass transport flows are those flows
that occur due to the diffusion of gas molecules into the
ambient air. The conversion products are those produced by
defects. The reversible gas exchange with the solid insulation
is currently not taken into account as it is much slower [9].
But, it can be integrated in the same manner as the mass
transfer at the interface.

When assessing the condition of transformers, it is not
primarily the mass transfer or the change in total mass that
are of interest, but rather the concentration ci of dissolved gas
in the mineral oil. In the model developed, the mass transfer
across the interface is referred to as the mass flow density ṁi.
Multiplication by time and the expansion area of the boundary
layer Aif yields the actual mass flow Ṁi across the interface.
The time here corresponds to the time difference 1t between
the two observation times. The equation for determining the

concentration ci,k+1 of the (k+1)th iteration step is given as
a function of the previous concentration ci,k and the current
mass flow density ṁi,k in equation (1). The concentration
values are volumetric concentrations. Voil corresponds to the
volume of the mineral oil. Here, ρi describes the density of
the insulating liquid.

ci,k+1 =

(
ci,k · Voil · ρi

)
−

(
ṁi,k · Aif · 1t

)
Voil · ρi

(1)

2) MASS TRANSFER EQUATION
Mass transfer always consists of a combination of a diffusive
and a convective component. Often, however, one of the two
parts is much smaller than the other and can consequently
be neglected [9]. The starting point for the determination of
mass transfer in this paper is the boundary layer theory and
the surface renewal theory, which can be regarded as special
cases of a general theory [10].

In boundary layer theory, it is assumed that a substance
is transferred from a solid or stationary liquid surface into
a flowing fluid. The concentration drops from ci,if at the
interface to ci,∞ in the bulk (concentration difference 1ci).
The molecule transfer ṅi takes place in the area of the thin
boundary layer with the thickness δi (equation (2)) [9]. Di
corresponds here to the diffusion coefficient and βi to the
mass transfer coefficient.

ṅi = −Di
1ci
δi

= βi ·
(
ci,if − ci,∞

)
(2)

In the surface renewal theory, the assumption of laminar
boundary layers is abandoned and propagation of turbulence
to the interface is assumed. This causes a fluid particle
from the bulk to reach the phase interface and the system
is thus subject to continuous renewal. At time t = 0 s, the
particle with a certain mean initial concentration c̄i meets the
interface with an equilibrium concentration ci,if. During the
residence time τ mass transfer occurs by pure diffusion and
subsequently the element sinks back into the main mass and
mixes with it [9], [11], [12].

For further consideration, the special case of drops is used.
The following further assumptions and simplifications are
made [8]:

1) Transport occurs from the droplet into the ambient air.
2) At a very great distance, the partial density of the

diffusing species is zero.
3) The volume of the droplet is infinitesimal compared to

the surroundings.
4) The total diffusion resistance is in the liquid phase.
5) No superimposed flows occur in the respective time

horizon.
6) The diameter of the sphere is assumed to be constant in

the period under consideration.
For short times t , differential equations can be simplified

so that closed solutions can be given. In the above-considered
case of a spherical drop with a transient mass transfer,
equation (3) results as a solution for short times, assuming
that the complete mass transfer resistance is inside the
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drop [8].

βi =
2

√
π

(
Di
t

)1/2

(3)

The relationships for bubbles and drops apply in principle
to any shape, insofar as the object is converted to a fictitious
sphere. For this purpose, the object volume Vp is used
to determine the equivalent sphere diameter de and the
equivalent sphere surface Ae [8].

Since the simulation and the real measurements only agree
with the drop theory to some extent, special features of
the structure must be taken into account in a further step.
In contrast to a droplet, the volume is quite large in relation to
the exchange area and the path from the ‘‘spherical centre’’
to the surface is also quite long. To take this into account,
a geometric correction factor K was developed based on the
conversion to the ideal drop (equation (4)). h′ corresponds
to the fictitious distance covered by a molecule between the
interface and the centre of the main volume.

K =

(
de · Ae ·

Aif
h′

)2

(4)

For the application in more complex geometries, this
approach must be extended. The surface renewal theory is
used here. The first step for further development is the
consideration of the exchange of gas molecules between the
main vessel and the conservator tank with a phase interface.
It is assumed that the exchange takes only place by oil flows.

With the help of an ultrasonic flow sensor, the flow velocity
in the connecting pipe between the conservator tank and the
main tank of the distribution transformer was measured. The
flow velocity is uex. = 0.001 – 0.007 m/s, depending on the
temperature. This corresponds to a total oil exchange time of
τrnw = 11 – 74 h.

C. MEASUREMENT OF MODEL PARAMETERS
1) HENRY CONSTANTS
Solubility is defined as the amount of a gas that a specific
volume of a liquid can absorb under clearly defined
conditions. In general, solubility can be described by different
coefficients and can be measured by various methods [13],
[14], [15], [16], [17], [18], [19].

The mass fraction-related Henry solubility constant Hi,x
used in this work is defined as the partial pressure of gas i
in the gas phase pi to the volumetric mass fraction xi in the
liquid phase at a given temperature T (equation (5)) [20].

Hi,x =
pi
xi

(5)

In principle, there are different ways of measuring solubil-
ity coefficients, which are all based on the same principle.
This involves bringing a liquid into contact with a gas. Since
the dissolved concentration is directly proportional to the
partial pressure of the gas (at given boundary conditions), the
solubility coefficient can be determined from the dissolved

FIGURE 4. Schematic measurement setup for determining the henry
constants [1].

concentration and the partial pressure after a sufficiently long
time [13], [15], [16], [21].

Fig. 4 shows the schematic test setup used (based on
the principal setup in [13]). The central element of the
experimental setup is the test vessel in which the diffusion
process takes place. The upper section of the vessel is
equipped with connections for the gas supply and a vacuum
pump. In the lower area, there is a sampling point and
a thermocouple for monitoring the oil temperature. The
connections are each equippedwith a gas-tight ball valve. The
entire setup is placed in a climate test chamber. A magnetic
stirrer was integrated into the experimental setup to accelerate
the equilibration processes. The concentration of dissolved
gases is determined by an external laboratory.

The test object is initially filled with four litres of mineral
oil so that there is a residual gas phase of six litres and
then degassed further. After 24 hours, the connection to the
vacuum pump is closed and the test object is flooded with
pure gas. The diffusion process of the gas into the mineral
oil begins and is not interrupted until the process stops by
itself. After saturation is reached, a manual oil sample is taken
according to the test laboratory’s instructions and sent to them
for analysis. In combination with the recorded pressure, the
Henry constant can then be calculated.

2) DIFFUSION COEFFICIENTS
Since calculations as well as the values in the literature
for diffusion coefficients of gases in liquids show a very
large scattering range that is partly over several orders
of magnitude, an empirical approach was chosen in this
work [22], [23].

The basic functioning of the diaphragm diffusion cell for
empirical determination of the diffusion coefficient in its
present form can be traced back to the works of Northrop
and Anson as well as McBain and Liu [24], [25]. Two
solutions with different initial concentrations are in contact
with each other across a membrane. It is assumed that the
membrane behaves in the same way as parallel pores. Both
solutions are equally distributed in the area of the membrane
and mass transfer takes place only by pure diffusion [25],
[26]. The diaphragm diffusion cell used to determine the
diffusion coefficients is based on that of Stokes [27]. The
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FIGURE 5. Schematic measurement setup for the determination of
diffusion coefficients with the diaphragm diffusion cell.

diffusion cell consists of two cylindrical chambers made of
aluminium (Fig. 5). The two cylinders are connected by a
flange system. The membrane used is a PTFE filter with a
thickness of lM = 100 µm and a pore diameter of dP = 1
µm. Magnetic stirrers are integrated into the two chambers
to ensure uniform concentration distribution. The speed of
the magnetic stirrers must be constant [27]. In addition,
no temperature gradient must occur over time and along the
set-up, which is ensured by integrating the entire test set-up
into a climate test chamber [26]. It is further essential that the
membrane is placed horizontally to avoid internal convection
[26; 27]. The denser solution should be placed in the upper
chamber for all experiments [27].

Before the measurement, both chambers are filled with
the mineral oil and ‘‘conditioned’’ for a 24 h period. The
initial conditioning ensures that both chambers as well as the
membrane pores are filled with mineral oil of the same low
concentration at the beginning of the experiments [26]. After
conditioning, the oil in the lower chamber of the diaphragm
diffusion cell is exchanged with gas-saturated oil.

During the measurement time, molecules from the lower
chamber migrated across the membrane into the upper
chamber. At the different measuring times, there are different
concentration differences between the weaker solution at
the top and the stronger solution at the bottom [26]. The
diffusion coefficient D can then be determined from these
concentration differences according to equation (6) [25],
[26]. The concentration differences at the beginning (index
0) and after the time 1t (index f) are determined via the
corresponding refractive indices ni.

D =
1

1t · βDC
· ln

nupper,0 − nlower,0
nupper,f − nlower,f

(6)

The cell factor βDC is a geometric constant that results
from the structure of the cells and the membrane. Since the
determination of the effective pore length and the effective
pore diameter is not readily possible, the cell factor is deter-
mined experimentally. For the experimental determination,
two substances with known diffusion coefficients are used
(usually H2O and NaCl) [27], [28].

FIGURE 6. Gas formation rates and gas losses in test vessel a during
surface discharges.

IV. RESULTS
A. GAS FORMATION RATES OF DIFFERENT DESIGNS
If the same experiment is considered once in the free-
breathing configuration and once in the hermetically sealed
configuration, clear differences can be seen. In the free-
breathing configuration, gas losses occur at the same time
as gas formation. The gas losses across the interface can
be seen as the difference between the measurements of
the two configurations (Fig. 6). The gas formation is
significantly greater in the hermetically sealed configuration
than in the free-breathing configuration. In the presented
experiment, H2 and CH4 are not detectable in the free-
breathing configuration.

B. EQUILIBRIUM BETWEEN GAS FORMATION AND GAS
LOSSES
Fig. 7 shows another test which illustrates the influence of the
configuration. During the first 50 hours of operation, the test
object was operated with an open connection to the ambient
air and then hermetically sealed for approx. 110 hours before
the connection to the environment was opened again (gas
tight valve in the connection). After a certain detection delay
time, the gas concentration first rises continuously after
defect activation and then approaches a state of equilibrium
between gas formation and gas generation. It should be
noted that H2 is not detectable in this configuration. After
the valves to the ambient air are closed, the concentration
of dissolved gases increases further if the defect remains
unchanged. After a further detection delay time, hydrogen is
now also detectable. The dissolved oxygen, which is needed
for the production of CO, is consumed and can no longer
be dissolved from the environment in the mineral oil –
the concentration thus continues to drop. If the connection
to the ambient air is opened again after about 160 hours
of operation, the concentrations of the generated gases
formed drop again to their corresponding state of equilibrium
between gas formation and gas losses. New oxygenmolecules
can now also dissolve, causing the O2 concentration
to rise.
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FIGURE 7. Thermal defect in free-breathing and hermetically sealed
configuration in test vessel a [7].

FIGURE 8. Gas formation rates and gas losses in test vessel A during
surface discharges.

C. EFFECT OF GAS LOSSES ON CONDITION ASSESSMENT
Fig. 8 shows the difference in gas formation over time
between a free-breathing and a hermetically sealed con-
figuration. It can be seen that up to a measuring time
of 30 hours, the two configurations behave in the same
way. Starting from the defect location, the gas molecules
distribute evenly in the mineral oil. From a measuring time
of 30 hours, a non-negligible part of the gas molecules
reaches the phase interface. In the case of free-breathing
configuration, degassing occurs here and an equilibrium is
established between gas generation and gas losses. In the
case of hermetically sealed operation, no degassing can take
place and thus the gas concentrations in the test object
continue to rise [7]. It is also particularly striking that less
soluble gases such as hydrogen and methane do not reach
the detection limit of the measuring system in free-breathing
operation.

When analysing the absolute gas concentrations for times
> 30 hours, it can be seen that they differ significantly from
each other. This also results in different classifications of
the condition. If, for example, the condition assessment is
considered based on the former IEEE standard (limit values

TABLE 1. Dissolved gas concentration and condition.

FIGURE 9. Defect classification according to the duval triangle 1
(sections) for test vessel a with surface discharges.

in Table 1), different conditions and recommendations for
action results.

The result for hermetically sealed operation from the 32nd

hour is the rating ‘‘Condition 4’’ and for free-breathing
operation the rating ‘‘Condition 3’’. Depending on the design,
different recommendations for action are thus derived from
the condition assessment for the same defect. In the case
of ‘‘Condition 3’’, transformers are often continued to be
operated with reduced load and are taken out of service and
maintained in a planned manner. In the case of ‘‘Condition
4’’, the transformer is usually taken out of service directly to
avoid consequential damage [1], [29].

If not only the condition but also the defect classification
is considered, it can be seen that there is a different
classification after 57 hours in the Duval triangle 1. Here, too,
different recommendations for action are derived depending
on the type of defect. Thus, an electrical discharge with high
energy D2 (Fig. 9a) tends to be classified more critically than
electrical discharges with low energy D1 (Fig. 9b) at the same
gas concentrations.

D. INFLUENCES ON THE GAS LOSSES
In preliminary work by Müller, a linear relationship between
the gas losses and the propagation of the phase interface
was already established [2]. This is also consistent with the
relevant mass transport theories [9].

This effect was exploited in the present work to be able to
compare the varying expansions of the phase interface of the
individual test vessels. In the following considerations, the
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FIGURE 10. Degassing time constants τDG across simple interfaces.

TABLE 2. Parameters of the time constants as a function of the oil
volume for simple interfaces.

degassing time constant τDG is always related to an interface
of 1 m2 (Fig. 10).

The resulting dependence of the degassing time constant
τDG on the volume V appears to be exponential rather than
linear. The corresponding coefficients of determination R2 as
well as the pre-exponential coefficientAV and the exponential
coefficient BV of equation (7) are given in Table 2. The value
of the coefficient of determination for C2H6 is not significant
due to a lack of data. This approach cannot be directly applied
to more complex geometries such as the transformer model
(consisting of the main tank, connecting tube and expansion
tank) and the real distribution transformer. One possible
approach is the surface renewal theory.

τDG (V ) = AV · eBV ·Voil (7)

One of the most important factors influencing the diffusion
and gassing behaviour of mineral oil is temperature Toil.
Based on the temperature-dependent mobility of the individ-
ual molecules, the temperature dependence of the degassing
time constants follows. As already stated in literature,
the temperature dependence also follows an exponential
function [2].

The corresponding coefficients of determination R2and the
coefficients AT and BT of equation (8) are given in Table 3.
The values for C2H6 could not be determined correctly.

τDG (T ) = AT · e−BT ·Toil (8)

TABLE 3. Parameters of the time constants as a function of the
temperature at the test vessel A.

FIGURE 11. Henry constants determined by measurement as a function
of temperature.

TABLE 4. Comparison of ostwald coefficients with the literature.

The exponential constants are similar to those of
Müller [2]. However, due to the corresponding geometric
conditions, the respective pre-exponential factor AT depends
on the respective test object. Similar to before, different
results are also obtained depending on the internal structure
or complex geometries.

E. MEASUREMENT OF THE MODEL PARAMETER
1) HENRY CONSTANTS
The Henry constants were investigated for the gases H2, CH4,
C2H2, C2H4 and C2H6 at temperatures of 25 ◦C, 50 ◦C, 75 ◦C
and 90 ◦C (Fig. 11). After converting the Henry constants into
Ostwald coefficients, a comparison with the literature can be
made (Tab. 4).
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FIGURE 12. Measured diffusion coefficients compared with the literature.

It can be seen that – except for hydrogen – the results of
the calculated Ostwald coefficients are in the same order of
magnitude as those from the literature. The deviations can be
attributed to different boundary conditions. The viscosity and
composition of the mineral oil have a significant influence on
the results [1]. In addition, any impurities in the samples have
an influence.

Hydrogen proves to be a difficult gas to measure due to the
small molecular sizes and consequently the great influence
of the smallest impurities. Currently, science in general and
CIGRE, in particular, are concerned with the measurement of
solubilities and the associated problems [15].

2) DIFFUSION COEFFICIENTS
High concentrations of dissolved gas were used to determine
the diffusion coefficients. In this concentration range, the
mean cell factor is βDC = 1.04 1/cm2.
After every five test runs, the membrane was replaced.

To prevent the loss of a time-consuming series of measure-
ments due to contamination, two samples were taken from
each concentration state and analysed several times. By this
means it possible to quickly detect measurement errors.
The measurements in which there were errors and strong
deviations were not taken into account in the evaluation.
Fig. 12 shows a comparison of the measured values with the
literature.

F. CORRECTION OF GAS LOSSES
1) SIMPLE INTERFACES
In Fig. 13, the simulation with the developed model is
compared with a measurement carried out in test object C,
the geometry of which was also the basis for the simulation.
The comparison shows good agreement between simulation
and measurement for simple geometries. However, it should
be noted at this point that the assumptions made here for the
distances must be adapted for other test objects.

2) COMPLEX GEOMETRIES
In the surface renewal theory, a renewal time is based on
the oil exchange and integrated into the calculation. In the

FIGURE 13. Comparison of simulation and measurement of gas losses for
test vessel C at 25 ◦C.

FIGURE 14. Measurement and simulation of the degassing of the
distribution transformer at 30 ◦C with surface renewal theory.

considered case of the distribution transformer at Toil = 30
◦C, this results in a flow velocity of uex. = 0.001 m/s and
thus an oil exchange time of around τrnw = 74 h (Fig. 14).
It can thus be concluded that the theoretical model works in

combination with an empirically determined exchange time
constant. Without empirical measurements, it is not possible
to determine the exchange time constant.

The time constant depends on the temperature and the
geometry of the test specimen.

3) EFFECTS ON THE CONDITION ASSESSMENT
The developed model is used for free-breathing transformers
and test setups by correcting themeasured gas concentrations.
Since it can happen in reality that a (continuous) measure-
ment on a transformer is only installed later, a possible
previous degassing must also be taken into account (Fig. 15).
It can be seen that the corrected values remain stable after

a short-term defect and thus a falsification of the basis for
interpretation is counteracted.

Fig. 16a shows the corresponding defect classification
based on the measured original data. It is noticeable that
the determined defect moves towards thermal defects with
increasing degassing. If Fig. 16b is now compared with the
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FIGURE 15. Measured values compared to the degassing simulated with
the model and the values corrected with a retro-diction at the distribution
transformer with 60 ◦C oil temperature.

FIGURE 16. Defect classification with the duval triangle 1 (section) at the
distribution transformer with 60 ◦C oil temperature.

FIGURE 17. Original data and model adapted data of gas formation of a
thermal fault-.

corrected values, it can be seen that the classification has
largely stabilised.

Should there be a parallel gas formation due to an active
defect, this is also taken into account (Fig. 17). Furthermore
this means that the corrected rate of change can also be used
for condition assessment. Depending on the concentration
present and the initial detection of gases, the difference
between the measured and corrected data varies.

V. CONCLUSION
With the measurements presented in this paper, it can be
shown that the design – hermetically sealed or free-breathing
– influences the condition assessment. The following findings
were obtained/demonstrated:

• In the case of the free-breathing test objects, the
gas losses could be demonstrated and quantified in
combination with measurements on hermetically sealed
arrangements.

• Another effect is that there is an equilibrium between
gas production and gas losses. The gas losses are
dependent on the concentration which leads to a specific
equilibrium between the gas generation and the gas
losses. This was proven in experiments. Consequently,
this means that it can be confirmed that the condition
can be misinterpreted by the gas losses in the case of
both a continuous and a short-time defect.

• Furthermore, the experiments revealed that different
gases degas at varying rates due to their chemical
and physical properties (e.g. diffusion coefficients and
molecular mobility). This leads to a shift in the relative
ratios of different gases, which conventional methods,
such as the Duval triangle method, do not take into
account.

• Another aspect that was successfully demonstrated is
that degassing depends on geometry and tempera-
ture. From the literature, an exponentially decreasing
behaviour of the degassing time constant with increasing
temperature and a linearly decreasing behaviour of
the degassing time constant with the expansion of
the interface were known and could be confirmed.
Furthermore, the experiments showed an exponential
relationship between the degassing time constants and
the oil volume for simple geometries. For more complex
geometric arrangements, other theories such as the
surface renewal theory have to be added.

To further develop the condition assessment based on these
findings, a principal model based on the general theories
of mass transfer was developed and applied. It has been
shown that this model and the resulting corrections to the
concentration of dissolved gases can be used to calculate back
to the true conditions. Thus, the falsification of the absolute
gas concentrations on the one hand, as well as the shifting of
the relative ratios on the other hand can both be counteracted.

Currently, some parameters of the model are still based on
empirical measurements and therefore a general validity is
not given. This means that themodel must be adapted for each
transformer through appropriate measurements. In further
development steps, a purely mathematical determination of
these parameters should lead to the comparatively simple
creation of a digital twin. With its help, it should be possible
to detect failures at an early stage.
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