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SUMMARY 
 
An ONAN/ONAF core-type transformer filled with vegetable oil has been operating in the alpine 
region of an Australian national park since 2005.  The transformer is designed to prevent exposure of 
the vegetable oil to the atmospheric oxygen and moisture by using an advanced oil preservation 
system – the conservator contains a diaphragm with the conservator headspace filled with nitrogen.  
The transformer is equipped with two probes inserted in the oil, each housing on-line moisture-in-oil 
and temperature-in-oil sensors.  One probe is located at the top of the transformer tank, the other – at 
the bottom of the transformer tank.  A unique feature of the monitoring activity is that the on-line 
moisture and temperature data points have been acquired at the factory during the temperature rise test 
and in the field following the energisation of the transformer.  A few other parameters, including the 
transformer load and ambient temperature, have also been monitored on-line since 2005.  A few 
Dissolved Gas Analysis (DGA) tests have been conducted during the factory temperature rise test and 
in the field.  A few other oil screen tests have been conducted in the field. 
 
Analysis of the factory on-line data provides an insight into the temperature and moisture dynamics 
inside the transformer tank during the temperature rise test.  This analysis shows the importance of 
availability of the second moisture sensor for understanding of the movement of oil and the changes in 
moisture and temperature of oil in different parts of the transformer during the test. 
 
Analysis of the on-line data obtained in the field reveals an unusual trend in re-distribution of moisture 
in the transformer during the eight years of its operation.  The parts per million (ppm) values of the 
moisture in oil were decreasing gradually, with the higher rate of the decrease during the initial period.  
Moreover, despite the fact that during this initial period the ppm values of the moisture in oil at the top 
and bottom of the tank were fluctuating within the same range, with time the difference between the 
ppm levels at the top and bottom has been gradually increasing.  In other words, the top oil moisture 
ppm level has been decreasing at a faster rate that the bottom one.  The analysis of the on-line field 
data also shows the importance of availability of the second moisture sensor for understanding of the 
moisture migration in the different parts of the operating transformer with time.  The on-line data 
obtained suggests a ‘two speed’ moisture migration pattern in the transformer, where the water from 
the surface of insulation was migrating to the oil with the temperature increase and returning back to 
the surface with the temperature decrease daily, while in parallel to the first process the amount of 
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water in the oil was gradually decreasing over the years.  The paper demonstrates the high efficiency 
of the advanced oil preservation system used in the transformer. 
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Factory Temperature Rise Test - Field Operation.  
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INTRODUCTION 
 
The idea of monitoring the transformer was initiated by the authors in 2005 at an early stage of the 
transformer’s manufacturing.  This transformer was manufactured by an Australian transformer 
manufacturer located in the State of Victoria.  For environmental reasons, the transformer uses 
vegetable oil as its dielectric liquid and is located in the Australian Alps, New South Wales.  It is a 
10/16 MVA ONAN/ONAF 33/11 kV core-type distribution transformer.  The transformer is designed 
to prevent exposure of the oil to the atmospheric oxygen and moisture, this being achieved using a 
diaphragm placed in the conservator with the conservator headspace being filled with nitrogen. 
 
The transformer features an on-line data acquisition system, two sets of moisture and temperature 
transducers and an ambient temperature sensor.  The transformer was monitored on-line during the 
factory temperature rise test.  Following the commissioning of the transformer in June 2005, it has 
been monitored in the field continuously, with the on-line data till the end of October 2013 presented 
in this paper.  The photograph of the transformer at the substation depicting the location of the two 
moisture probes is shown in Figure 1a; the coolers of the transformer are shown in Figure 1b. 
 

(a) 
 

(b) 
Figure 1: Vegetable Oil Filled Transformer; Red Circles (a) Show Location of Two Moisture Probes 

 
 
The aim of the monitoring was to reveal the mechanisms of dynamics of moisture in the transformer 
paper-vegetable oil insulation system, to assess the long-term performance of the two moisture sensors 
in the vegetable oil, and to compare the calculated water content of oil with that measured by the Karl 
Fischer apparatus for the oil samples extracted from the transformer during the factory temperature 
rise test and while in the field.  Assessment of the efficiency of the advanced oil preservation system 
used was also of interest. 
 
 
TEMPERATURE RISE TEST RESULTS 
 
Analysis of Temperature and Moisture Data obtained during Temperature Rise Test 
 
The temperature rise test was performed on the transformer on 30-31 May 2005.  A schematic diagram 
showing the locations of the two probes housing the moisture and temperature sensors inserted into the 
transformer tank, as well as the locations of the temperature sensors at the top and bottom cooler 
pipes, is presented in Figure 2. 
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Figure 2:  Schematic Diagram of Locations of Monitoring Devices used during Temperature Rise Test 

Legend:  T – Temperature, RS – Relative Saturation, ct – cooler top, cb – cooler bottom 
 
 
Figure 3 shows the profiles of the load, temperature, relative saturation (RS) and water content of oil 
(WCO) during the last three hours of the temperature rise test on 31 May 2005. 
 

0

1

2

7:00 8:00 9:00 10:00

Lo
ad

, p
u

IpuL

10

30

50

70

90

7:00 8:00 9:00 10:00

T,
 d
e
g 
C

T amb T ct T cb T top T bot

0

2.5

5

7:00 8:00 9:00 10:00

R
S,
 %

RS top RS bot

40

50

60

7:00 8:00 9:00 10:00

W
C
O
, p

p
m

WCO top WCO bot

 
Figure 3: Load, Temperature, RS and WCO during Last Three Hours of Temperature Rise Test 

 
 
The 1 pu and 1.5 pu phases of the temperature rise test were conducted in the ONAF mode, i.e. the 
cooling fan was operational during the time period presented in Figure 3. 
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The temperature curves for the whole 3-hour period presented show that the temperatures at the top 
and bottom of the tank behaved differently to that at the top and bottom cooler pipes (see the 
temperature graph of Figure 3).  The bottom tank temperature Tbot was the most unusual temperature 
measurement: it stayed unchanged despite the significant changes in the load.  In comparison, the 
bottom cooler pipe temperature Tcb did change with the changes in the load. 
 
The above temperature analysis reveals an area of stagnant oil below the lowest winding at the 
position of the bottom T&RS probe. 
 
The WCOtop and WCObot values for the vegetable oil were calculated using [1] on the basis of the on-
line relative saturation (RS) and temperature data recorded. 
 
Following the temperature rise test, approx. 40 minutes after the removal of the 1.5 pu load from the 
transformer, three samples of oil have been taken from the bottom drain valve for the direct 
measurement of the water content of oil (WCO) by the Karl Fischer apparatus.  The bottom drain 
valve is located away from the bottom T&RS probe, but at approximately the same height.  The results 
of the three Karl Fischer measurements were 45, 46 and 48 ppm.  A comparison between these Karl 
Fischer measurements and the calculated WCObot value of 50 ppm for the time of the oil sampling 
shows a good agreement between the two means.  This indicates that the mathematical formula of [1] 
converting the RS and T into the WCO worked in this case satisfactory. 
 
Theoretically, due to the absence of solid insulation in the cooler, the ppm moisture content of oil in 
the top cooler pipe should be equal to the ppm moisture content of oil in the bottom cooler pipe.  
Because the bottom T&RS probe has been installed not in the bottom cooler pipe, but in the stagnant 
oil at the bottom of the tank, we observe the different behaviours of the WCOtop and the WCObot (see 
the WCO graph in Figure 3). 
 
Assuming that the WCO in the cooler’s top and bottom pipes equals to the WCOtop, and having the on-
line record of the cooler bottom pipe temperature (Tcb), we were able to theoretically predict the 
relative saturation at the cooler bottom pipe (RScb) during the last three hours of the temperature rise 
test, as shown in the figure below. 
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Figure 4:  Measured RStop and RSbot in Tank and Predicted RScb in Cooler Bottom Pipe  
during Last Three Hours of Temperature Rise Test 

 
 
The above prediction explains the reason for observing the different behaviours of the WCOtop and 
WCObot in this particular case and helps interpreting the moisture results obtained at the factory and in 
the field in an informed manner.  It also emphasises the importance of giving appropriate 
considerations to the location of a moisture probe in a transformer at its design stage for achieving  
pre-set monitoring goals. 
 
Due to the poor mixing of the oil at the bottom of the tank, only the top moisture sensor data RStop has 
been used for the assessment of moisture in solid insulation. 
 
From the temperature graph in Figure 3 we can see that during the last hour of the 1.5 pu load phase, 
the top oil temperature was approaching and exceeding the 90 °C mark, reaching the maximum of  
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91 °C.  The high temperatures reached suggested that we could use the existing moisture equilibrium 
chart relating the water content of paper to the equilibrium ambient relative humidity [2] to estimate so 
called “surface water content of insulation” of the transformer.  The surface water content of insulation 
is a new parameter introduced in [3].  The surface water content of insulation reflects the water content 
of solid insulation at the insulation-oil interface only.  It does not reflect the water content of inner 
layers of the bulk solid insulation in the transformer. 
 
Two major types of moisture dynamics in the transformer insulation system have been identified in 
[3]: (1) moisture exchange between the surface of solid insulation and surrounding oil and (2) 
moisture diffusion within solid insulation.  The first type of moisture dynamic is a relatively fast 
phenomenon of moisture exchange between the surface of solid insulation and the surrounding oil in 
response to a change in temperature.  The response time is usually from minutes to hours.  The second 
type of moisture dynamic is a relatively slow phenomenon of moisture diffusion within inner layers of 
solid insulation.  For moderately loaded units, the diffusion time ranges from days for multi-wrap 
conductor insulation to years for thick pressboard and compressed wood constructions, as it could be 
calculated according to [2].  Consequently, a ‘two speed’ system develops as follows: (1) the water on 
the surface of cellulose can quickly (minutes-hours) desorb to the oil or be adsorbed [4] from the oil, 
while the water in the inner layers of insulation can slowly (days-years) diffuse towards the drier 
layers.  The water on the surface of insulation is referred to as the ‘surface’ water [3]. 
 
For the top T&RS probe, the temperature of 91 °C corresponds to the relative saturation of 2.1% (see 
the Temperature and RS graphs in Figure 3).  Using the relevant moisture equilibrium chart of [2], the 
surface water content of insulation has been estimated as approx. 0.6%. 
 
 
Analysis of DGA Data Obtained during Temperature Rise Test 
 
The DGA data of the transformer during the temperature rise test is shown in the table below.  All the 
DGA tests reported have been conducted in the same laboratory – let’s call it Lab 1. 
 

Table I: DGA Data of Vegetable Oil Transformer prior, during and after Temperature Rise Test 
 

Gas Level, ppm 

Before All 
Tests, 

 
28 May 05 

Before 1 pu 
Temperature 

Rise Test, 
30 May 05 

Before 1.5 pu 
Temperature 

Rise Test, 
31 May 05 

After 1.5 pu 
Temperature 

Rise Test, 
31 May 05 

Hydrogen 9 15 12 17 
Methane 1 1 1 1 
Ethane 3 5 5 5 
Ethylene 0 0 0 0 
Acetylene 0 0 0 0 
Carbon Monoxide 13 27 21 21 
Carbon Dioxide 116 185 208 200 
Nitrogen 12600 19200 19900 22400 
Oxygen 3400 5200 5700 6500 
Total Gases 16142 24633 25847 29144 
Total Combustible 26 48 39 44 

 
 
The table above shows an insignificant rise of the total dissolved combustible gases in the transformer 
between 28 and 30 May 2005, i.e. prior to the commencement of the temperature rise test.  During the 
1.5 pu temperature rise test on 31 May 2005, some increase of the hydrogen has been recorded.  No 
increase of the other combustible gases has been observed during both phases of the temperature rise 
test.  A minor increase of the carbon dioxide has been recorded during the 1 pu temperature rise test. 
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Table I shows an increase in the contents of the dissolved oxygen and nitrogen between 28 and 31 
May 2005; each of the two gases has almost doubled its concentration by the end of the testing period.  
Oxygen and nitrogen are the main component gases of the atmospheric air.  The importance of 
monitoring these gases is that an increase in the concentration of oxygen in the field would indicate a 
leak of the air into the transformer, which might affect the vegetable oil adversely; while monitoring 
the nitrogen content might help in assessing whether the oil sample has been contaminated with the 
atmospheric air prior to the DGA test. 
 
We assume that most probably these two gases were released into the oil from the solid insulation of 
the transformer during the testing period (see Table I).  The other possible source of the oxygen and 
nitrogen in the oil would be a remaining volume of air that could be trapped in the conservator 
headspace that features a diaphragm.  Also, for this particular transformer, the nitrogen protection 
system might be another reason for the increase of the dissolved nitrogen content. 
 
 
FIELD MONITORING RESULTS 
 
Analysis of DGA Data obtained in the Field 
 
The DGA data of the transformer during its field operation is shown in the table below. 
 

Table II: DGA Data of Vegetable Oil Transformer during Filed Operation 
 

Gas Level, ppm 

Sampling Date 
11 Nov 08 

T oil = 10 ˚C 
Lab 2 

Sampling Date 
30 Oct 12 

T oil = 18.5 ˚C 
Lab 1 

Sampling Date  
13 Jun 13 

T oil = 23 ˚C 
Lab 1 

Hydrogen 66 51 149 
Methane 3 4 4 
Ethane 32 18 40 
Ethylene 0.5 1 0.5 
Acetylene 0.5 0.5 0.5 
Carbon Monoxide 26 72 53 
Carbon Dioxide 295 416 301 
Nitrogen 30860 58142 32094 
Oxygen 660 14946 4184 
Total Gases 31943 73651 36826 
Total Combustible 128 146.5 247 

 
 
In 2005, the transformer has left the factory with the total dissolved combustible gases of 44 ppm (see 
Table I).  Table II shows a gradual increase of the total dissolved combustible gases in the transformer 
in the field: 128 ppm in 2008, 146.5 ppm in 2012 and 247 ppm in 2013.  The DGA results do not 
indicate any abnormalities in the transformer. 
 
Provided that this transformer has the nitrogen protection system, we would expect seeing either a 
continuously decreasing level of the dissolved oxygen or at least a continuous low level of the 
dissolved oxygen.  The 2008 oil sample shows 660 ppm of oxygen (see Table II).  Assuming that this 
measurement was accurate, we would expect the next samples not to exceed this value. 
 
It appears that the oil sample taken in 2012 (see Table II) has been contaminated with the atmospheric 
air – it shows a relatively high level of oxygen – 14946 ppm.  The level of dissolved nitrogen in this 
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oil sample is also much higher than in the other two oil samples taken before and after; the nitrogen 
measurement supports the above suggested contamination of the sample with the air. 
 
The oil sample taken in 2013 (see Table II) shows the level of oxygen of 4184 ppm, which is higher 
than the 2008 sample of 660 ppm.  However, the 4184 ppm is still lower than the 6500 ppm of oxygen 
reported at the end of the factory temperature rise test in 2005 (see Table I). 
 
Thus, the DGA data available so far did not provide sufficient information for making a confident 
conclusion on the true level of oxygen in the transformer oil.  However, considering the risk of the air 
contamination of an oil sample, we suggest that the current dissolved oxygen content would have a 
value of a few hundreds of ppm. 
 
Our transformer has the special nitrogen protection system.  It would be advantageous to know the rate 
of the nitrogen diffusion through the diaphragm.  The numerical examples below are an attempt to 
estimate such rate using the DGA data available to date. 
 
In a free breathing transformer we would expect around 70000 ppm of dissolved nitrogen.  In a 
nitrogen blanketed transformer with a positive nitrogen gas pressure we would expect even a higher 
level of the dissolved nitrogen.  Given that in June 2005 the transformer has left the factory with the 
level of nitrogen of 22400 ppm (see Table I), and that in November 2008 the level of nitrogen was 
reported as 30860 ppm (see Table II), we can assume that the nitrogen diffuses through the diaphragm 
with the rate of approx. (30860-22400ppm)/3.5yrs ≈ 2400 ppm/yr. 
 
The June 2013 oil sample in Table II shows 32094 ppm of nitrogen.  If we assume that this 
measurement and the 2005 one were accurate, then the annual rate of the nitrogen diffusion through 
the diaphragm would be (32094-22400ppm)/8yrs ≈ 1200 ppm/yr. 
 
In the above two numerical examples, as the basis we were using the level of nitrogen of 22400 ppm 
recorded at the factory in 2005.  However, if we assume that not all the nitrogen has been released 
from the solid insulation into the oil during the factory tests, but instead the nitrogen dynamic 
equilibrium has been established after the initial period of operation in the field, we would expect the 
annual rate of the nitrogen diffusion through the diaphragm to be lower than predicted in these two 
examples. 
 
If we compare the 2013 and 2008 samples of Table II, the rate of the nitrogen diffusion through the 
diaphragm could be calculated as (32094-30860ppm)/4.5yrs ≈ 300 ppm/yr. 
 
Given that for different laboratories the uncertainty value for their DGA instruments for the dissolved 
nitrogen usually varies between 0.03 and 0.05 (the uncertainty value is a factor of the measured value), 
and also given the limited amount of the factual data available, we expect that the actual rate of the 
nitrogen diffusion through the diaphragm would be in the order of between a few hundreds and a few 
thousands ppm per year. 
 
The efficiency of the nitrogen protection system in terms of protecting its paper-oil insulating system 
against the atmospheric moisture ingress is discussed in the next section, which describes the 
experience gained from the on-line moisture monitoring of the transformer over the period of 8 years. 
 
 
Analysis of Temperature and Moisture Data obtained in the Field 
 
Figure 5 shows the measured values of the load current, temperature and relative saturation (RS), and 
the calculated values of the water content of oil (WCO) for the eight years of monitoring of the 
transformer. 
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Figure 5: Load, Temperature, RS and WCO in Transformer during 8 Years of Field Operation 

 
 
Unfortunately, data points for the part of 2009, whole year 2011, and the first part of 2012 have been 
lost (see the figure above).  However, the long-term trend of the moisture migration inside the 
transformer still can be established. 
 
The maximum load usually exceeded 0.4 pu for 1-3 months during the coldest period of each year (the 
transformer is located in a skiing resort).  During the summers the load was usually very low and 
varied around 0.1 pu – see Figure 5. 
 
The temperature of the oil at the bottom of the transformer closely followed that of the ambient.  In the 
winter time, the temperature of the bottom oil occasionally fell down to -5° C; however this was above 
the point when the vegetable oil begins to solidify (around -18 °C).  In the summer time, the highest 
temperature recorded by the top probe did not exceed +50 °C, as shown in Figure 5. 
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Despite the highest yearly load was applied in winter, the highest yearly oil temperatures of the Ttop 
and Tbot were recorded in summer – due to the prevailing effect of the ambient temperature on the 
temperature of oil.  For this very reason, the highest yearly values of the water contents of oil WCOtop 
and WCObot were observed in summer (see Figure 5). 
 
Since the relative saturations RStop and RSbot of the oil were less than 4% most of the time (see  
Figure 5), the IEC60422 [5] interprets the solid insulation as being dry. 
 
The rated accuracy of the moisture sensors is ±2% of the relative saturation (RS) recorded.  This must 
be taken into account when interpreting the results. 
 
On 19 December 2008, a sample of oil has been taken from the bottom drain valve for the direct 
measurement of the water content of oil by the Karl Fischer apparatus.  As mentioned in the previous 
section describing the factory temperature rise test results, the bottom drain valve is located away from 
the bottom T&RS probe, but at approximately the same height.  The result of the Karl Fischer 
measurement was 13 ppm, while the calculated WCObot was 13.9 ppm for the time of the oil sampling.  
This good agreement confirms that the mathematical formula of [1] converting the RS and T into the 
WCO worked satisfactory.  This also validates the performance of the two moisture sensors. 
 
On the first day of the field monitoring – the 12th June of 2005 – during the Australian winter, the very 
first maximum values of the moisture contents of oil in the transformer, energised for just a few days, 
were calculated as WCOtop = 38 ppm and WCObot = 38 ppm.  At that instance, the load was 0.15 pu, 
the top oil temperature 27 °C, the bottom oil temperature 10 °C and the ambient temperature 9 °C (see 
Figure 5). 
 
To reveal the long term changes of the dissolved moisture in oil, let’s analyse the changes in the 
maximum values of the WCObot and WCOtop with time. 
 
The WCObot has been exceeding the 30 ppm mark only for the first four Australian summers 
(2005/2006 to 2008/2009) of operation of the transformer.  For the remaining period (we have the data 
for the summers of 2009/2010 and 2012/2013 only) the maximum WCObot has been reaching the 
values of up to only 27-28 ppm – see Figure 5. 
 
Similar to the WCObot, the WCOtop has been also decreasing with time, but in a more dramatic manner.  
The WCOtop has been exceeding the 20 ppm mark only for the first four summers (2005/2006 to 
2008/2009) of operation of the transformer.  In the summer of 2009/2010 the WCOtop has reached 18 
ppm, while in the summer of 2012/2013 it has reached only 13 ppm – see Figure 5. 
 
The data available demonstrates that the levels of moisture in oil at the top and bottom of the 
transformer tank have been gradually decreasing during the whole 8-year period of monitoring.  
Moreover, these levels of moisture have been decreasing with the different rate – faster at the top and 
slower at the bottom. 
 
Both sensors show the same trend of the decreasing dissolved moisture.  These trend observations, as 
well as the good agreement between the Karl Fischer measurements and the sensor’s data reported 
earlier, indicate no issue with drifting of the sensors with time. 
 
Another interesting observation has been made during the first 6 months of the transformer operation, 
between the Australian winter 2005 and summer 2005/2006.   Unexpectedly, the WCOtop decreased 
from the initial 38 ppm in the winter to the maximum of 30 ppm in the summer.  Similarly, the 
WCObot decreased from the initial 38 ppm in the winter to the maximum of 36 ppm in the summer (see 
Figure 5).  Theoretically, during the transition from the cold weather to the hot weather, the WCO was 
expected to increase notably, but not to decrease!  What did this unusual behaviour mean? 
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An attempt to explain the observed phenomenon is provided below. 
 
The transformer and the sensors have been transported from the factory to the site separately.  At the 
site, the two T&RS probes were placed from the atmospheric air with the relative humidity of tens per 
cent (i.e. fluctuating around 50%) into the very dry vegetable oil with the relative saturation of just a 
few per cent.  During the first weeks of monitoring, the oil temperature varied between -5 °C (bottom 
oil) and +30 °C (top oil) – see Figure 5.  At these temperatures the viscosity of the vegetable oil was 
high.  The transformer operated in the ONAN mode, i.e. there has been only a natural oil circulation.  
Thus, we can assume that during the first few days or weeks in the field, the two RS sensors were still 
adjusting themselves to the low RS.  This means that the moisture data received during the very initial 
period of monitoring should be treated with caution: the measured RS values and calculated WCO 
values were expected to be higher than the actual ones for this period. 
 
We suggest that during the 8-year period of the transformer operation the following processes have 
been taking place: 
 

 Process 1:  The moisture sensing elements of the two probes, after exposure to the air in early 
June 2005, were slowly adjusting themselves to the very dry oil.  The duration of this process 
was the first days or weeks of the transformer operation. 

 
 Process 2:  Immediately after the factory vapour-phase dryout, the remaining moisture was 

more or less evenly distributed throughout the transformer insulation.  However, the various 
manufacturing processes that followed the dryout might have resulted in an insignificant 
increase of the moisture content at the insulation surface.  The transformer has been 
transported to the site filled with the oil and fitted with the bushings; thus, the possibility of 
the moisture ingress during the transportation and commissioning stages has been ruled out.  
In the field, the insulation surface moisture has been slowly diffusing into the drier inner 
layers of insulation.  This has been a relatively slow process, which might take months or 
years at the temperatures experienced.  The diffusion of moisture from the wetter surfaces to 
the dryer inner layers of insulation has been an important factor leading to the observed long 
term decrease of the moisture dissolved in the oil.  The data available does not allow us to 
arrive to a confident conclusion on the duration of Process 2.  One possibility is that this 
process has been completed during the first months or years of the transformer operation.  The 
alternative possibility is that this process has not been completed during the whole 8-year 
period of monitoring. 

 
 Process 3.  An exchange of moisture between the surfaces of insulation and the surrounding 

oil has been taking place continuously.  Daily, with the rising oil temperature the moisture has 
been migrating from the insulation surface to the oil and with the decreasing oil temperature 
the moisture has been migrating from the oil back to the insulation surface. 

 
 Process 4:  Since the start of the field operation, due to the temperature gradient between the 

top and bottom windings, the insulation moisture has been slowly re-distributing itself 
between the hotter upper windings and blocks of insulation (migration of water from the 
insulation into the oil) and the cooler lower windings and blocks of insulation (migration of 
water from the oil to the insulation).  The oil circulates in the transformer continuously.  Thus, 
the re-distribution of moisture between the top and bottom items of insulation, as well as the 
accompanying re-distribution of the moisture between the surfaces and inner layers of 
insulation, will be taking place until the distribution of water reaches a state that we could call 
“a state of dynamic equilibrium” between: (1) the oil and the upper tank insulation and the oil 
and the lower tank insulation and (2) the surfaces and inner layers of insulation.  No 
atmospheric moisture ingress has been assumed in the above analysis. 

 
 Process 5.  It is a well-established fact that the atmospheric moisture penetrates the traditional 

rubber bags and/or flexible diaphragms installed in conservators of oil-filled transformers.  
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The reference [4] states that the rate of water contamination for transformers with membrane-
sealed conservator preservation systems is about 0.03 to 0.06 % water in the cellulosic 
materials per year, based on a study of about 80 units.  It should be noted here that the 
reference [4] did not mention whether the conservators of these about 80 units featured silica 
gel breathers.  Theoretically, for a transformer with the natural oil flow featuring a traditional 
conservator preservation system, such rate of water contamination would mean the following.  
After a period of time necessary for the re-distribution of moisture between the surfaces and 
inner layers of insulation, as well as between the top and bottom insulation structures inside 
the transformer tank, the effect of the continuous penetration of atmospheric moisture through 
the conservator preservation system would become obvious.  Over 8 years, with the rate of 
water contamination specified above, the water content of cellulosic materials would increase 
by 0.24 to 0.48%.  This would be observed as a gradual increase of the moisture dissolved in 
oil.  In contrast, in our case we have observed a gradual decrease of the moisture dissolved in 
oil.  This suggests a high efficiency of the advanced nitrogen protection system used, 
preventing penetration of the atmospheric moisture into the transformer oil. 
 
We can confidently state that Processes 3, 4 and 5 have been taking place during the whole  
8-year period of the transformer operation. 

 
 Process 6.  Hypothetically, it is also possible that over time the vegetable oil hydrolyses 

consuming water – an increase in oil acidity will be noted [6].  The acidity level of 0.04 mg 
KOH/g has been measured in 2012; this level is within the acceptable value of 0.06 mg 
KOH/g for receipt of shipments of new natural ester fluids [1].  The data available to date does 
not allow to prove or to disprove this hypothesis.  However, this process has been listed here 
as an attempt to establish another possible reason for the continuous decrease in the dissolved 
moisture observed. 

 
The above analysis demonstrates that even after the 8 years of operation, the above mentioned states 
of dynamic equilibrium between: (1) the oil and the upper tank insulation and the oil and the lower 
tank insulation and (2) the surfaces and inner layers of insulation, have not been established yet. 
 
 
CONCLUSIONS 
 
The overall conclusion derived from the moisture on-line monitoring is that the transformer has been 
properly dried at the factory and no atmospheric moisture has been introduced into the transformer 
during the 8 years of operation in the field.  The on-line moisture monitoring and DGA measurements 
have proven the high efficiency of the advanced nitrogen protection system against the ingress of 
atmospheric moisture.  The rate of the nitrogen diffusion through the diaphragm into the transformer 
oil has been estimated in the order of between a few hundreds and a few thousands ppm per year. 
 
The availability of the second moisture sensor has been advantageous in understanding of the moisture 
dynamics and also of the moisture distribution and re-distribution that took place inside the different 
parts of the transformer tank with time.  The availability of the second moisture sensor has also been 
advantageous in providing a confidence in the long-term performance of both moisture sensors. 
 
Over the 8 years of the transformer operation, the dissolved in oil moisture has been decreasing 
continuously, at a higher rate at the top of the tank and at a lower rate at the bottom of the tank.  For 
this reason, the states of dynamic equilibrium – (1) between the oil and the upper tank insulation and 
the oil and the lower tank insulation and (2) between the surfaces and inner layers of insulation – have 
not been established yet. 
 
The following six simultaneous moisture related processes have been identified:  1. Initially, the 
moisture sensing elements of the two probes were slowly adjusting themselves to the very dry oil after 
their exposure to the air during transportation;  2. The insulation surface moisture was slowly diffusing 
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into the drier inner layers of insulation;  3. A daily exchange of moisture between the surfaces of 
insulation and the surrounding oil has been taking place continuously;  4. Via the continuously 
circulating oil, the insulation moisture has been slowly re-distributing itself between the hotter upper 
windings and blocks of insulation and the cooler lower windings and blocks of insulation;  5. The 
advanced nitrogen protection system used has been efficiently preventing penetration of the 
atmospheric moisture into the transformer oil;  6. Hypothetically, it was also possible that over time 
the vegetable oil hydrolyses consuming water.  Process 1 has been completed within the first days or 
weeks of the transformer operation.  The data available does not allow us to arrive to a confident 
conclusion on the duration of Process 2: it is possible that this process has not been completed yet.  
Processes 3, 4 and 5 have been taking place during the whole 8-year period.  We consider a possibility 
of Process 6 also being a factor. 
 
The diffusion of moisture from the wetter surfaces to the dryer inner layers of insulation has been an 
important factor leading, among other possible factors, to the observed long term decrease of the 
moisture dissolved in the oil. 
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