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SUMMARY 

Active part drying in the vapor phase oven is the most effective process for drying to low moisture 
levels. However, the processes which follow afterwards are subjected to the exposure of the insulation 

surface to humid air. Most of this moisture can be removed through an evacuation process. One 

measure for determining the moisture at the insulation surface is the measurement of moisture in the 

atmosphere of the tank filled with air or oil. This indirect method is based on equilibration between the 
moisture in insulation surface and the surrounding atmosphere. Thermal treatment slightly reduces the 

absorption of moisture in cellulose. However, this measurement, performed upon delivery of a 

transformer, cannot indicate moisture values inside the insulation, where both lower and higher levels 
can occur. During transformer operation, an equalization process takes place inside the insulation. 

Averaging various local moisture levels is therefore permitted. The direct determination of moisture at 

different locations is given in [1]. The drying quality is indicated with the direct moisture 
measurements in a standard sample, along with the dew point information. Based on this data, the 

average moisture content can be estimated, e.g. for recalculating the local moisture or the aging of a 

transformer under thermal load.  

Furthermore, the drying process in the vapor phase oven was simulated based on a cellulose moisture 
and aging model. The parameters used were oxygen (air pressure), temperature and moisture. The 

initial moisture content significantly influences aging during drying, while the moisture level in the 

dried state itself has a moderate influence on the initial moisture level.   
Shortening the processing time by further increasing the drying temperature level after conventional 

heating would work with respect to drying. However, the aging would increase. Thermal treatment 

during processing should therefore be kept at a moderate level. It is possible to improve drying 

without increasing the temperature by accelerating the drying properties of heavy parts with low 
drying velocity.  

During a convenient drying process, the influence on aging is generally low, while the residual 

moisture determines aging over the entire transformer operation time. Therefore, a low moisture level 
is a good option for minimizing the aging rate during transformer operation.  
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1. Introduction 

When the transformers are delivered, the user of the equipment expects "well-dried and oxygen-free" 

equipment, as defined in standards.  
For example, in the recent 2017 edition of the IEC loading guide [2], moisture content is indicated as 

an essential quantity. Doubling the moisture content accelerates aging by more than a factor of two. 

Indirect methods are generally used to gather information about moisture. However, answering the 
simple question of the moisture level of the transformer requires knowledge of the moisture behavior. 

Based on temperature and moisture migration time, moisture distribution inside the insulation forms a 

difference from the level at the insulation surface. This study was therefore conducted to combine 

direct and indirect moisture determination methods.  

 

2. Indirect moisture determination 

2.1. Electrical methods 

Moisture determination based on electrical quantities has become popular over the last one or two 

decades. In this method, the leads of the windings during manufacturing or the bushings of a 

transformer offline are used to correlate the moisture with the measurement of polarization and 
depolarization current when applying a constant voltage. This method provides information about the 

insulation, such as between the two windings acting as electrodes. This approach is not discussed here.  

2.2. Equilibrium method 

This approach focuses on the moisture vapor pressure as the link between the cellulose surface and the 

ambient atmosphere. This atmosphere can consist of air, gas or even be in an evacuated state, with 
residual moisture which allows the moisture vapor pressure to be measured. By adapting moisture 

measurement devices to insulating liquids, this approach can be extended to moisture in the oil for oil-

immersed cellulose.  

Several sources are available here, such as the equilibrium curves [3] which cover moisture content in 
the cellulose in the range from 0.1% to 3%. These are historical measurements established more than 

80 years ago. The quality of these results is high. Therefore, the curves are converted into 

mathematical functions based on formulas [4] which refer to the moisture vapor pressure of water. 

Moisture in cellulose 

Quantity Unit Explanation 

Wc % 
Weight of moisture content in cellulose based on weight of non-oil-immersed 

cellulose, Wc = 100 ∙ weightmoisture  / weightcellulose  

Sc1 , Sc2 % Sc1+Sc2  indicate the saturation value of  "Wc" 

pc hPa Moisture vapor pressure of cellulose 

p0 hPa Moisture vapor pressure of water at temperature of cellulose 

T °C Temperature of cellulose 

DP - Degree of polymerization of cellulose 

Rc - Moisture absorption correction by aging in cellulose 
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Aging reduces the absorption of moisture in cellulose. A correction derived from a study of the 

measurement results in [4] and [5] for low-aged cellulose (DP  800) is shown below. 
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eq. 6  75.0*0001838.0)( += DPDPRc
 

The values of this report are not treated with the Rc factor (Rc = 1 in eq.2). 

 

Moisture sensor in air  

Quantity Unit Explanation 

RHsensor % Relative humidity of moisture in air at moisture sensor 

r.h. - Relative humidity in tank (p.u.), relative moisture vapor pressure 

pair hPa Moisture vapor pressure in air 

p0 hPa 
Moisture vapor pressure of water at temperature of air (saturation value of 

"pair") 

T °C Temperature of air 

Δp @air hPa Air pressure in tank minus air pressure at moisture sensor 

eq. 7  
1000

1000

100
..

@ airsensor
pRH

hr
+

=          

The term with Δp@air decribes by the pressure increase in the tank during the dew point measurement 

(see 3.6).  "1000" stands for the pressure of the atmosphere. This is a factor in the range from 1.2 - 1.3.   

eq. 8  
airc pp =      Moisture in air in equilibrium with moisture on cellulose surface 

eq.  9:   Insert in eq.1  ..
0

hr
p

pc =   if the cellulose and air temperatures are the same. 

If the cellulose and air temperatures differ, then add the moisture vapor pressure of eq. 8  to eq.1. 

 

Moisture sensor in oil  

As a rule, the capacitive sensor technique can also be applied in an oil-immersed state. 

Instead of "RH", the "aw" value is given here, known as the "activity of water." In both cases, the 

relative moisture vapor pressure is the measured quantity.  
 

Quantity Unit Explanation 

Woil ppm Weight of moisture content in oil based on weight of oil 

Soil@1013 % Soil at oil pressure of 1013 hPa (1 atmosphere) 

poil hPa Moisture vapor pressure in oil 

p0 hPa Moisture vapor pressure of water at temperature of oil (saturation value of "poil") 

aw - Water activity in oil, relative moisture vapor pressure in oil (measured value) 

RS % Relative moisture content in oil 

T °C Temperature of oil 

p@oil hPa  Pressure in oil (hydrostatic pressure + gas pressure above oil) 

eq. 10  0pap woil =                                              

None of the three quantities of equation eq. 10 are influenced by external pressure "p@oil" in the liquid.  
The determination of the moisture at the cellulose surface in equilibrium with moisture in oil and equal 

temperatures of cellulose and oil is shown below: 

eq. 11:   Insert in eq.1 the aw value  
w

c a
p

p
=
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For the electrical withstand capability in the electrical field, the relative moisture content is the 

significant quantity: 

eq. 12  
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3. Results during transformer manufacturing 

3.1. The vapor phase drying process 
 

A Vaisala DMT 344 moisture vapor pressure sensor was installed in such a way to 
achieve a reduced temperature level according to the specification of the sensor. The 

electrically powered sensor was protected against kerosene and did not operate in 

the kerosene atmosphere of the oven due to safety regulations and the explosive 
atmosphere. 

In the last step of vapor phase drying, the vacuum pumps remove kerosene, residual 

moisture and other gas from the active part.  

While vacuum pumps are in operation, the moisture vapor pressure is significantly 
lower than the total pressure. Equation 1 reveals that the moisture vapor would equal 

an extremely low cellulose moisture value of 0.002%. While the pumps are in 

operation, this is not an equilibrium value. To gain equilibration, the pumps should 
be taken out of operation, which was not possible with the existing equipment. 

However, the low pressure is still a good indicator that the evacuation power of the 

system fulfils the drying requirements. 

3.2. Active part tanking and vacuum process 

After installing the active part in the transformer tank, the tank is evacuated. The eight days of 

evacuation are shown in Fig. 2. Measurements were also performed for internal purposes, which 

included the use of a moisture vapor pressure measurement device. The moisture vapor pressure is 
also much lower here than the total gas pressure. The peaks are the result of a two-hour interruption of 

evacuation in order to measure the pressure increase. This serves to check the tightness of the tank and 

any gas leakage from the active part. This pressure test is generally applied for only one hour.   

 

 a) Pressure of total gas and moisture  (hPa = mbar)   b) Recalculation to moisture in cellulose surface 

Fig. 2: Evacuation before oil filling; peaks based on interruptions of evacuation for 2-hour pressure 

            increase measurement  (Time "0 h":  A few hours after start of evacuation)  

The peaks of moisture vapor are much lower than the peaks of the total gas level (see the red line in 

Fig. 2). The sensor response is fast enough to return to the initial value; there are no inertia effects.                  
Obviously, active part moisture does not dominate the gaseous atmosphere in the tank. Air and, to a 

lesser extent, other components, such as CO and CO2, can be considered a source. After 110 hours, the 

conditions remain stable and reversible, referring to the gas leakage of the tank. 
The recalculated moisture at the cellulose surface remains below 0.3%. However, the two hours 

without operation of vacuum pumps are not sufficient for moisture equilibration. 

3.3. Oil filling 

Filling with oil is done in a heated state. Here, new mineral oil has moisture values of about 3 ppm. 

When cooled to 25 °C, the moisture level decreases to ≤ 1 ppm. This reduction is combined with an 

almost unchanged moisture content at the insulation surface.   
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3.4. Heat run 

During a heat run test, the measurement of moisture in oil produces a trend for the moisture content in 

solid insulation. The low moisture content causes uncertainties due to the tolerances of moisture 

measurements. Based on the absolute temperatures of the bottom oil, top oil at the cooler and winding 

and the average winding temperature, a moisture distribution can be derived from the measured 
moisture in oil. A dynamic moisture model can also be applied. This is not part of this paper.  

3.5. After draining the oil  

Similar to the evacuation before filling with oil, as well as upon dispatch and delivery of a transformer 
without oil, the tank is also evacuated before being filled with dried air. For this investigation, a 

moisture vapor pressure sensor was again mounted on the tank. 

  

a) Pressure of total gas and moisture  (hPa = mbar)   b) Recalculation into moisture in cellulose surface 

Fig. 3: Process after FAT and oil draining;   (Time "0 h": A few hours after start of evacuation) 

@ 0 – 125.5 hrs:         Evacuation interruptions with 2-hour pressure increase measurements 
@ 125.5 hrs:               24-hour pressure rise in vacuum 

@ 149.5 – 156.5 hrs:  Evacuation  

@ 156.5 hrs:                Filling with dry air and 24-hour equilibration before dew point measurement 

After 125.5 hours, the evacuation process was stopped in order to measure the pressure rise in the 

evacuated tank over 24 hours. It can be seen that equilibration was not finished in the vacuum. 
Therefore, evacuation was carried out again between hours 149.5 and 156.5, in order to continue with 

the standard procedure for dew point measurement based on the filling of the tank with dried air. The 

air filling was finished in hour 167.5. In comparison to the evacuated state, the moisture pressure 

increase is significantly faster in the air-filled tank. The air molecules improve the convection of gas 
for transporting moisture gas molecules to the sensor on the tank.   

Two different installations of moisture sensors showed that, for a fast response, the sensor must be 

mounted directly on the tank. A tube between the tank and the sensor hampers equilibration with the 
sensor.  

3.6.  Dew point measurement and initial insulation DP number 

Upon transformer delivery, the tank with the active part is evacuated and filled with dried air to 
produce overpressure. This enables air to stream out of the tank. The humidity of this air is measured. 

Based on equilibrium with the moisture on the insulation surface and at a known insulation 

temperature, the moisture can be determined from the equilibrium curves of eq. 7 - eq.  9, as indicated 

previously.  

Example of measurement results 

The result of the dew point measurement depends on the cellulose temperature. 
Moisture content based on temperature of air in tank: 0.54% 

Based on temperature of fiber optic sensors in OD windings: 0.45% 

In general, these winding sensors are not available during the delivery of a transformer.  
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The DP number 

New cellulose with a DP number in the range of 1200 or more – sometimes the level does not exceed 

1000 – occurs with a DP level > 900 after manufacture. Due to deviations in material properties and 

tolerances of measurement results, the focus should not be on this value. The material properties of 

cellulose and the moisture content are much more relevant for aging and lifetime considerations than 

the initial DP value.   

Another aspect of the DP number refers to moisture absorption. The moisture absorption is reduced in 

cellulose fibers with a reduced DP number. Therefore, the equilibrium charts [3] can be based on DP 

numbers in the range between 1300 and 1400, while new transformers are delivered with a DP of 

about 1000. A reduction of the moisture absorption of the equilibrium charts with a correction factor 

0.93 (Rc according to eq. 6) is plausible. 

Interpretation of dew point result 

Here, at least, the dew point value of about 0.5% without Rc correction slightly exceeds the average 
moisture level in an oil-impregnated, 1 mm sample, determined by direct moisture measurement at 

about 0.4%. The slight influence of the Rc factor reduces the small difference. There might be also a 

difference between the moisture in the surface layer and the average value of a 1 mm-thick sample. 

The moisture distribution in the insulation is not homogeneous. 
Different insulation parts will contribute to the total moisture content. The dew point measurement, 

however, is restricted to the condition of the insulation surface only. 

 

4. Averaging total moisture 

As the state of the art of technology, the dew point method provides information about moisture at the 

insulation surface. As a result, the combination with the direct moisture measurement inside cellulose 
samples [1] offers a good approach for determining an average moisture level for the transformer 

insulation. The center of a pressboard cuboid sample (100 × 100 x 50 mm) provides a value which 

covers a lot of insulation material and does not exhibit sensitivity to the influence of moisture 

migration at the surface. Many parts will also show lower moisture levels inside the bulk volume of 
the cellulose after drying. This sample should therefore be used as a robust standard sample if a 

moisture level check is specified. These two values offer an overview of the transformer moisture. In 

order to take into consideration the insulation parts with increased moisture levels, examinations with 

pressboard plates were also conducted [1]. A method of moisture determination in the center is also 
included. Here, pressboard (minimum dimension 280 × 280 mm) with drying holes was recommended 

for samples.  

Averaging insulation parts with different moisture levels can be accepted due to the homogenization or 

equilibration of moisture when under thermal load. Nevertheless, moisture distribution exists based on 
the transformer temperature distribution when in a state of equilibrium. 

Here is a method of how to determine the average moisture level upon delivery of a transformer. This 

approach is applied in order to calculate the aging properties of a transformer during load operation 
with thermal network models. 

eq. 13  int3.05.02.0 dewpocuboidplateaverage WWWW ++=  

An example of moisture values is shown below: 

     Wplate = 0.7%      Wcuboid = 0.36%     Wdewpoint = 0.5%      →     Waverage = 0.47% 

Due to the moderate contribution of thick parts, a simple method can be used to derive their moisture 

level from the cuboid sample:  
cuboidplate WW = 2  .  

By applying special measures1, the moisture increase can be reduced:   1) Publication process is ongoing 

%47.03.1 == cuboidplate WW      

Based on this, the total moisture level is reduced to Waverage = 0.42% instead of 0.47%.  
This further reduces the contribution of large and thick parts, and the effort involved in measuring the 

third moisture quantity Wplate is not necessary. 
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5. Simulation of vapor phase drying 

Active part drying consists of at least four phases:  

I. Start-up procedure with evacuation, heating with oven walls and infeed of kerosene vapor 

II. Heating of active part with kerosene vapor 

     Several brief pressure drops remove partitions of gas and vapor inside the winding blocks 

III. Fine vacuum phase without kerosene vapor 

IV. Cooling phase or opening of the oven 

For the drying simulation, several inputs are necessary: 

− Temperature of insulation parts, determined by a direct measurement of the insulation temperature 

or determined indirectly by the temperature of the kerosene  

− The moisture vapor pressure in the tank atmosphere poven  – negligible, according to 3.1 in a 

vacuum 

− The initial homogenized moisture level in the solid insulation Wc 

− The reduction of moisture in the solid insulation ΔWc per time increment Δt, based on the current 

moisture vapor pressure inside the solid insulation pc minus the moisture vapor pressure in the 

oven atmosphere poven and time constant  of moisture exchange at a reference temperature and 

geometry adaption factor f, deduced from vapor phase drying measurements:  

eq. 14   ( ) tpp
f

W ovencc −=


 

− The temperature-dependent moisture vapor pressure pc for a moisture content Wc, determined in 

eq.1  

− The initial DP number before drying; during aging, the degree of polymerization (DP) decreases 
non-linearly (eq. 15). This reduction of cellulose fiber length reduces the mechanical strength. 

− Parameters: temperature, moisture, oxygen (air pressure), thermally upgraded cellulose 

Output of drying simulation: Time-dependent value of moisture and aging (DP-number) in cellulose 

 

Short description of the aging function 

A description is given in [6] 

eq. 15  ( )  1

1

1

1 1
1 −−

− −+= p

t

p

t

t

ptKDP
DP

 

The K factor describes the aging acceleration with moisture and oxygen content [6], named the A 

factor in [2]. In the literature [2], the temperature-dependent factor is added to the K factor, while the 
temperature is included in the exponent p [6] here. In the literature, p is the constant 2.  

In eq. 15 with an exponent p=1, the function DP versus time t would change to the e function. This is 

expected at moderate temperatures. However, experimental results are not available.  

The formula is applied in time increments with a K factor based on the current moisture and oxygen 

content. For results, see Fig. 4.  

The "K factor" has a historical basis. With increasing cellulose temperatures, the doubling of the aging 

rate is based on decreasing temperature increments ΔT according to Montsinger’s law, while in the 
literature, the Arrhenius function is applied to thermally upgraded paper with an opposite trend: the 

ΔT increments increase with increasing cellulose temperatures. However, measurement results tend 

also toward the opposite trend [6]. 

Here, the assumption was made that the difference compared to aging without mineral oil is minimal.  

Influence of active part drying temperature and initial moisture content 

There are tolerances for DP measurement results. Mathematical models also have restrictions in 
accuracy. However, differences which are close to the measurement tolerances can be examined 

efficiently in models. 
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In the following study, the moisture behavior of a large insulation part was simulated with the slow 

reduction of moisture in the center. Prior drying was not considered. The following study shows 

the influence of an increased drying temperature on the processing duration and aging in Fig. 4 a. 
Drying mode "1" is used as the standard procedure with per unit time p.u. = 1 and measured insulation 

temperature. The time range was extended to 1.2 p.u. Mode "2" uses the same heating procedure, 

however with an increasing temperature up to 10 °C beginning at p.u. time 0.25. 
The second diagram shows the influence of initial moisture content in delivery condition of a 

pressboard winding press ring in the factory (2.75%) in comparison to 7.5% moisture content. 

 
   

  

a) Standard “1” and increased temperature “2” b) initial moisture content 7.5 % and 2.75 % 

Fig. 4:  simulation of vapor phase drying; moisture between 4 drying holes in pressboard, 10 cm thick 

 
 

TABLE 1: Influence of vapor phase temperature profile according to Fig. 4 a 

 Temperatures Relative drying time Moisture % DP number 

Initial condition   0 2.75 1200 

Drying mode 1 conventional 1  0.7 1149 

Drying mode 2 increased up to 10°C 0.71 0.7 1111 

 

 

TABLE 2: Influence of initial moisture content according to Fig. 4 b 

Initial moisture % Temperatures Relative drying time Moisture % DP number 

  0  1200 

2.75 (conventional) conventional 1  0.7 1165 

7.5 conventional 1 1.23 1085 

7.5 conventional 1.44 0.7 1078 

 
 

An initial moisture content of 7.5% instead of 2.75% increases the DP drop from 35 to 115 (factor of 

3), while the residual moisture of 1.23% instead of 0.7% differs by just a factor of 1.75. 

The results show the active part drying as the main drying process with a low degree of aging [7].  

Nevertheless, in 4 measures were applied to improve the drying velocity of "slow" parts without 

increasing the drying temperature. The drying time and aging of insulation can be reduced slightly. 

However, at extremely high drying temperature levels, processing would have a greater effect on the 
initial DP.  
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6. Conclusion 

The influence of the processing steps on moisture performance during manufacturing is indicated.  

− Based on this, a method is introduced to determine the average moisture content of a transformer 

upon delivery. This can be used as a starting point for assessing transformer performance during 

operation.   

− A simulation of insulation part drying in the vapor phase oven is demonstrated. The influence on 
residual moisture and aging is calculated based on the physical properties. A trend of the influence 

of drying time, temperature and initial moisture content can be analyzed. A reduction of drying 

time by compensating with an increased drying temperature increases aging. The examples with 
moderate drying temperatures show a very low contribution to aging. 
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