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SUMMARY 

New transformers are expected to be delivered in a dry state to retain good properties during operation 

over decades. However, the method of moisture determination is not specified. The state of the art is 

dew point measurement of the air inside the tank of the complete transformer. The moisture content of 

the insulation surface can be derived by applying equilibrium charts. This poses the question of 

whether the moisture condition of the surface can offer an overall view of the insulation as a whole. 

This report shows the moisture condition of insulation samples of different dimensions during active 

part processing as control samples. Pressboard samples with few millimeters of thickness and solid 

plates up to 100 mm thickness are examined.  

The vapor phase drying technique for the total active part effectively dries insulation parts. However, 

the good dry state is not maintained up to delivery of the transformer. The finalization of the active 

part requires the application and adjustment of clamping pressure to guarantee an adequate quality of 

short circuit strength and low noise generation.  

Depending on the factory condition, the moisture of ambient air is a variable source of moisture for the 

insulation surface, typically in a range of depth below 2 mm and, to a lesser extent, also the insulation 

at greater depths. In given examples up to transformer delivery, the moisture level in bulk insulation 

layers increase about 0.2%, while the resulting surface condition depends on the effectiveness of the 

vacuum to remove the intensive humidification of the surface.  

Paper samples are extremely sensitive to humidity in case of air exposure when sampling – especially 

when they are not immersed in oil. They must not be used for checking the drying quality of 

processing. 

In this paper, a procedure is indicated for determining the moisture in insulation samples, minimizing 

the influence of contamination by humid air during the sampling process. In addition, a procedure is 

also shown for providing a moisture profile distribution below the surface in a simplified way.  

The minimum moisture occurs in between the two extreme positions: the surface layer affected by 

humid air and a position far from surface toward center of the material with a long moisture diffusion 

path and reduced drying efficiency.  

Equilibration by moisture diffusion during a heat run helps to reduce spots with increased local 

moisture levels. In the center between 4 drying holes, the moisture level was 33% above the value 

close to the drying holes. A heat run simulation reduced the difference. During transformer operation, 

this homogenization process in thick and large laminated pressboard parts will also occur. 
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1. Introduction 

For more than a hundred years, the oil-cellulose insulation system has been proved to be an excellent 

material for high voltage applications with good properties for withstanding electrical, mechanical and 

thermal stress.   

Due to the hygroscopic nature of cellulose, its moisture during manufacturing and also in transformer 

operation must be controlled to acceptable values. Moisture causes swelling of cellulose with 

dimensional changes which may exceed the tolerances for electrical and mechanical properties. 

During operation, moisture accelerates the aging of the system.  

Therefore, drying is an essential process step during transformer manufacturing.  

New cellulosic insulation from the stock can increase moisture values, typically in the range of 3 up to 

8%. 

In transformers, about 90% of this amount of moisture must be removed. However, answering the 

simple question of the moisture level of the transformer requires good knowledge of moisture 

adsorption, absorption and migration in cellulosic insulation.  

 

2. Drying processing steps  

There are non-standardized procedures for processing transformers. The procedure may also be 

influenced by design properties and manufacturing capabilities. One parameter is the contamination of 

dried parts with humid air, which is influenced by the level of exposure to humid atmosphere. This 

depends on environmental conditions, local equipment, specific requirements and the complexity of 

design regarding manufacture issues. With these aspects in mind, the table below provides an 

overview of processing steps, without taking specific activities into account.   

 

TABLE 1: Example of schematic description of processing for power transformers (core-type) 

# MATERIAL / Manufact. STEP PROCESS Insulation in 

 1 
Preparation of insulation parts, 

windings, blocks of windings 

Drying, pressing/ stabilization/  

partial impregnation with oil 
- 

 2 Windings & core & leads … Active part assembling Air 

 3 Active part drying Main drying process - 

 4 Active part securing Applying final clamping-forces Air* 

 5 Active part in tank Tanking Air* 

6 Evacuation Evacuation & pressure rise measurements - 

 7 Transformer assembly 

Oil filling and draining can be done before 

assembling (as in 4.3 ) 

 Installation of bushings, coolers, … 

Air* 

 8 
Preparation factory acceptance test 

“FAT” 

Evacuation, oil filling & impregnation & oil- 

treatment 
Oil 

 9 Factory acceptance test … with or without heat run Oil 

10 
Preparation transformer dispatch 

Moisture determination 

Oil drain, dismount bushings, … Air* 

Evacuation & pressure rise measurement - 

Filling with dry-air, dew point measurement - 

11 Dispatch   

 *) atmospheric air or dried air (“desert climate condition”) 

 

Regarding moisture, the critical part of processing takes place between the main drying of the active 

part (# 3 in TABLE 1) up to preparation for dispatch (#11). 
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The main drying process (#3) is based on heating in what is called the vapor phase, with kerosene as 

the typical vapor source. The heat transfer with the convection of hot vapor is intensified by the heat 

generated by vapor condensation on cold surfaces. The final vacuum phase without vapor removes 

moisture, even from thick insulation parts. This process is driven by the increased mobility of moisture 

at high temperature levels inside solid insulation and by the partial moisture vapor pressure, which 

shows a gradient between the inner parts of insulation and the vacuum outside of solid materials. 

In the following manufacture steps ( #4, etc.), exposure to atmospheric air and humidity is kept as low 

as possible. After air exposure, the evacuation (#6) removes the moisture from the insulation surface. 

However, a residual portion of moisture continues to migrate into the solid insulation during 

evacuation [1].  

The evacuation process (#6) removes residual kerosene, air and other gas from the solid insulation. 

This is necessary to achieve a good state for a later impregnation with oil.  

 

3. Measurement techniques for direct moisture determination in samples  

Without oil impregnation, the moisture increase in insulation parts can be determined by the weight 

increase of the total samples. However, to determine the absolute moisture content, the dry weight 

must be measured by drying in a vacuum at about 130 °C in the laboratory. This should be done at the 

end of weight measurements.  

In principle, the weight method cannot distinguish between moisture, residual kerosene or other 

condensing liquids inside the insulation.  

In oil-impregnated samples, the absolute moisture content is measured with Karl Fischer titration. This 

measurement is also recommended for non-oil immersed insulation. Here, one or more small pieces 

are cut from different positions of the sample prepared for the Karl Fischer device. The thickness 

should be in the range of 1.5 mm. Cutting must be done quickly to minimize the exchange of moisture 

with air.  

 

4.  Experiments with non-laminated cellulose (pressboard and paper)  

Here, cellulose spacers with thicknesses of 1, 2 and 4 mm are used, as well as sometimes 0.1 mm 

paper. 

These samples have been mounted in the active part at the bottom yoke and the upper yoke in a 

vertical position. 

 

4.1. Vapor phase drying (#3 in TABLE 1) 

This main drying process for the total active part is the basis for the actions which follow afterward. In 

the oven equipment used for this examination, the active part is cooled in the tank with desert climate 

air after drying. The oven is opened at time step “0”, at which point the active part has already 

undergone several hours of humidification. The surface of the insulation and the paper in the windings 

does not exhibit the dry state of the prior evacuated condition.  

An example of insulation material behavior upon opening the door of the oven is shown here (Fig. 1) 

The weight measurement method is applied here, which provides a good measure for recognizing the 

absorption of moisture. There are no other absorbing materials in the atmosphere.  The dry-weight of 

the samples is determined after the measurements.    

In the first few minutes, the 4 mm sample exhibits 0.4% moisture, while the 1 mm sample comes to 

1.1%.  At a first glance, this result seems to show the paradox of more moisture, or the “less drying 

effect,” of the 1 mm sample in comparison to the 4 mm sample.  

This impression is incorrect, however, because a moisture level of 0.1%, for example, in a dried state – 

see the explanation later in Fig. 2 – is superimposed by the humidification of the desert climate air 

during cooling in the oven very quickly. Thin samples moisten more quickly than thick samples. This 

can be seen in Fig. 1 after 63 hours of moistening, where the 2 mm samples come close to the level of 

the 1 mm sample, while the 4 mm sample would need additional time. The thick 4 mm samples are 

less sensitive to humidification. Based on this finding, thin samples (e.g. paper) must not be used to 

check the moisture level after drying.  
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Generally, the sample weight increases due to exposure to air according to the relative humidity of air 

of 10% at 30 °C. In this desert climate, the reduced humidity reduces the humidification of the total 

insulation.  

The effect of sample thickness can be used to check the quality of sampling. Analyzing samples with 

varying thicknesses indicates humidification after sampling, as indicated above.   

In addition, the samples at the upper yoke position (Fig. 1 b) exhibit less moisture than those at the 

bottom position due to the higher temperature at the top position and due to the drying effect of 

upward-streaming air by the insulation underneath.     

 

 

 a)  Samples at bottom yoke 

 

 b)  Samples at upper yoke 

Fig. 1: Pressboard samples ≤ 4 mm: Weight measurement results after cooling in the vapor phase oven 

           and by humidification during securing in desert climate (see step #4 in TABLE 1) 

  

In Fig. 2, a simple method is shown for recalculating the measured values of samples with varying 

thickness “di” from figure Fig. 1 into moisture in different layers or at different depths in a sample 

with the maximum thickness. The interference between the layers in the thick material is neglected. 

Therefore, the calculated values of the deeper layers are slightly underestimated.  

 

 

Moisture penetration on both sample surfaces 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Moisture layer profile:  

           Recalculation of moisture from single samples of Fig. 1a into moisture at varying depths 

 

The evolution after vapor phase drying: 
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 Inside 4 mm thick cellulose, immediately after the vapor phase drying, there is a moisture level of 

about 0.1% ;  see depth “1–2 mm” in Fig. 2. At the end of the drying process, the samples of lesser 

thickness also cannot exceed this moisture level in the evacuated state. 

 After drying, ingress of moisture takes place in the well-dried insulation. 

 Over 2 days, the moisture ingress takes place mainly in the surface at a depth of 0-1 mm, and 

moderately at a depth of 1-2 mm.  

 Ambient air without drying treatment and at moderate temperature would cause increased 

moisture absorption after drying. The effort and expense to remove this moisture increases 

accordingly. 

 

4.2. Tanking and vacuum process 

In this example, tanking took place without desert climate.  

To take samples in an evacuated tank state, a chamber was installed at the top of the tank with an oil 

inlet and outlet for circulating the oil. The chamber was evacuated together with the tank. The 

connection to the tank can be closed to ventilate the chamber with dried air for the extraction of 

samples while the tank is evacuated. 

      Chamber for taking samples from evacuated tank 

Before evacuation (#6  in TABLE 1): 

Sample - 1 mm 2 mm 4 mm 

Moist.[%]  4.3 3.3 2.2 
 

Depth [mm] - 0-0.5 0.5-1 1-2 

Moist.[%]  4.3 2.3 1.1 

After evacuation, before oil-filling (#7): 

Sample Paper 1 mm 2 mm 4 mm 

Moist.[%] 0.64* 0.36 0.42 0.44 
 

Depth [mm] 0-0.05 0.05-0.5 0.5-1 1-2 

Moist.[%] 0.64* 0.31 0.48 0.46 

 *) humidification by air during handling 

Fig. 3: Active part in evacuated tank before oil-filling; weight measurements of pressboard samples 

As indicated in Fig. 3, the moisture value of the surface could be reduced from 4.3% to an acceptable 

level less than 0.5% by evacuation.  

 

4.3. Oil filling  

 
Installation of cellulose samples at tertiary turret 

(photo before immersion with oil)  

0 hours after opening the tank (oil immersed, #7): 

Sample 0.1 mm paper 1 mm 

Moist.[%] 0.38 0.38 
 

Depth [mm] 0-0.05 0.05- 0.5 

Moist.[%] 0.38 0.38 

7 hours after opening the tank (RH of air  ≈ 50 %): 

Sample 0.1 mm paper 1 mm 

Moist.[%] 0.63 0.43 
 

Depth [mm] 0-0.05 0.05- 0.5 

Moist.[%] 0.63 0.40 
 

Fig. 4: Active part in tank after first draining the oil (#7), and opening the tank for mounting the TW- 

       bushings (moisture determination at the middle position of the samples with Karl Fischer method) 
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The oil-immersed samples show a low moisture ingress during 7 hours in humid air (RH ≈ 50%) 

which is restricted to a insulation depth of 0.5 mm or less.  

In this procedure – after evacuation – the tank was filled with oil again (#8). 

 

4.4. Sampling during  heat run test  

For taking samples during the heat run test in an oil-filled state, two chambers were mounted at the 

end of manifolds of the radiator battery, one each in the top and bottom position.  

 

 

 
Chamber with samples in the bottom manifold 

Oil temperatures and moisture levels values at the 

end of heat runs (#9): 

Manifold ODAF ONAF 

 
T 

[°C] 
Moist. 

[%] 
T 

[°C] 
Moist. 

[%] 

     

top 76 0.31 77 0.35 

bottom 71 0.32 32 0.41 
 

Fig. 5:  1 mm pressboard samples in oil installed at the bottom manifold of the radiator battery 

 

The trend of the measured values (Karl Fischer method) is plausible. An increasing difference between 

top and bottom oil temperature increases the difference between the top and bottom moisture values. 

The values are in the same range as after first oil-filling in Fig. 4. 

 

4.5. After heat run,  after oil drain (#10) 

Here, 1 mm samples were taken at the top and bottom position inside the tank. 

The trend of an increased moisture level at the lower temperature position is 

plausible. The heat run moisture distribution seems to remain unchanged.  

In comparison to the samples taken after ONAF, the increased difference 

between both values can be related to the improved oil stream in the tank, 

where the oil flow at the end of the manifolds in Fig. 5 is reduced. 

 

5. Experiments with laminated cellulose (pressboard) 

Thick pressboard plates consist of pressboard sheets with a thickness of 3-5 mm. The layer of glue 

between the sheets makes a barrier for moisture migration and oil impregnation. Therefore, what are 

known as drying holes are drilled into larger parts. The low performance in the cross-layer direction is 

thus compensated by improved layer direction properties.   

 

Standard sample   

For drying examinations, a 100 × 100 mm sample, 50 mm thick, has proved to be a good indicator for 

verifying the drying efficiency. In the center of this sample, there is much less sensitivity to air 

humidity than in the 4 mm samples. In spite of an increased moisture level in comparison to the 4 mm 

sample, its moisture level is low and does not require compensation for the influence of air humidity. 

Therefore, this standard drying sample does not indicate the lowest moisture level of drying. The 

moisture is determined in the center of the drying sample according to an internal procedure. 

 

TABLE 2  

Tank Moist. [%] 

 top 0.30 

bottom 0.47 
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 (100 × 100 × 1.5) mm  

 

 

 

 

 

 

 

Cut sample (40 × 10) mm , 

put into oil filled aluminium 

bottle 125 ml for laboratory 

Extraction of a plate out of sample Apparatus for cutting a plate Laboratory:  ~  (8 × 10) mm 

Fig. 6:  Standard sample: Extraction of a sample from the center for Karl Fischer titration 

 

 

Large insulation parts with drying holes 

In large insulation parts with drying holes, the procedure is similar. Here pressboard plates up to (1 x 

1.4 m) with a thickness of 100 mm were examined. The 100 × 100 mm sample must be extracted from 

this insulation part. The thickness is determined by the insulation part thickness. Moisture 

measurements with Karl Fischer done on samples from various laminated pressboard positions reveal 

a moisture level of about 2.8% upon delivery of this material to the transformer factory.  

The center sample position provides the moisture level with the worst drying conditions. 

 

 

   Pressboard  samples,  100 mm thickness 

       

                             3 x  

 

 

 

 

 

                     1.5 mm plate 

                   

 

 

 

 

 

 

 

Cut sample (40 × 10) mm , 

put into oil filled aluminium 

bottle 125 ml for laboratory 

Extraction of 100 mm cube from plate Three plates from cube  Laboratory:  ~  (8 ×10) mm 

Fig. 7: Extraction of  samples for Karl Fischer titration from the center of a laminated pressboard plate         

 

The drying behavior of these parts was studied together with active part vapor phase drying.  

 

Examples of measured values 

 

TABLE 3: Example of moisture content [%] at the center of laminated insulation parts 

 After active part 

drying 
At dispatch 

Center position in 100 mm-thick plate: 

-  (0.3 × 0.3) m 

-  (1 × 1.4) m 

 

0.6 

0.65 

 

~ 0.7 

~ 0.7 

Standard sample (100 × 100 × 50) mm, 

center position 
0.2 0.36 

Here, the main emphasis is on the moisture in the center of large parts and between four drying holes.  

100 mm

  

40 

 8 

10 

1.5 mm plate 

cut 

 standard sample plate 100 mm

  

40 

 8 

10 

1.5 mm  plate 
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In TABLE 3, the standard sample is also included. These values indicate the positions with the 

expectation of the maximum level of moisture and do not reflect the situation at the insulation surface.  

 

Inhomogeneity of moisture distribution 

Between different layers of a 100 mm-thick sample with drying holes, relative deviations of about 

15% may occur. Another factor is the distance to the drying holes in layer direction. Therefore, Karl 

Fischer samples were also extracted close to the drying holes, at a distance of 10-15 mm. There, the 

moisture level exhibits 25% less moisture than in the center position between the four holes due to the 

improved drying conditions in the vicinity of the drying hole surface.   

 

The effect of heat run on moisture equalization 

This test was performed over 8 hours at 80 °C to simulate a moderate heat run with only one cooling 

state. During this heat treatment of the oil-impregnated pressboard, the inhomogeneity of moisture 

distribution could be reduced. The moisture difference between the center of the four drying holes and 

the surrounding area of a drying hole decreased from 25% to 15%. As a result, moisture 

homogenization will occur inside large parts with drying holes during operation of a transformer.  

 

6. Conclusion 

 

 After active part drying over 2 days of storage in air, the surface of the insulation absorbs moisture 

to a depth of about 2 mm. In oil-impregnated cellulose, the velocity of moisture absorption slows 

down and the ingress of moisture is reduced to a lesser depth.  

 A controlled desert climate atmosphere is very effective in reducing humidification to the values 

given above. 

 After tanking, a significant amount of this surface humidification – several percent of moisture 

after tanking before final vacuum for oil filling – is removed through the evacuation of the active 

part. However, during tanking and during evacuation, a residual amount of moisture continues to 

migrate deeper into the insulation and is not removed by evacuation. This causes an increase of 

moisture in the range of 0.17 % compared to the condition directly after the vapor phase drying. 

 Inside large insulation parts – laminated pressboard with drying holes – the highest level of 

moisture occurs in the center between four drying holes, where the moisture level decreases with 

decreasing distance to the holes. This difference of local moisture will decreases through moisture 

migration and equilibration during transformer operation.   

 The comparison of different layers in laminated pressboard does not define a moisture profile. 

However, the range of moisture values based on measurements from samples of different layers 

differ in the range of up to ± 0.2%. This must be considered when taking samples to determine the 

average maximum moisture level inside thick insulation after processing by the transformer 

manufacture.  

 In[2], a procedure is indicated to determine the average moisture level of a transformer. 
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