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ABSTRACT 

 
In a transformer, many ageing processes take place. It can be seen that insulation suffers mainly from processes 
from environmental factors such as pyrolysis, oxidation and hydrolysis. In this paper, the effect of moisture and 
its possible effect on high voltage transformer was examined. It was seen that moisture can eventually get into the 
transformer tank due to leakages, poor condition of the build in oil drier and decomposition reaction of cellulose. 
Water may be present as free water which is unbound and in the form of drops or puddles. It may come from leaks 
in transformer or from condensation when super – saturation occurs. Some amount of water in the insulation 
system is tolerable depending upon its state, location, concentration and the design of the transformer. A clear 
understanding of the moisture dynamics in transformer may enable one to have a good control of these factors in 
adverse conditions in areas like the Niger Delta region of Nigeria. It was recommended that in this environment 
regular tests and good maintenance procedure must be carried out to maintain a good life span of high voltage 
transformers.  
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1. INTRODUCTION 
 
Transformers are one of the most important and also expensive components of any Electrical power system utility. 
It was observed that high rating power transformers can have service lives of about 40 years. The life of the 
transformer is actually the life of the internal insulation system [1]. The most widely used systems are liquid 
insulation (transformer oil) and solid insulation (Kraft paper, pressboard, wood, that is cellulose products). The 
major constituent of paper is cellulose which is a natural long chain polymer of glucose molecules joined together 
by the glycosidic bond. The paper derives its tensile strength from its fibrous nature which arises from 
intramolecular and intermolecular hydrogen bonding [2]. The insulating oil provides about 80% of the dielectric 
strength of the transformer. Transformer oil is a good insulating medium and when impregnated in paper, board 
and cloth, it further increases the dielectric strength. The low viscosity of oil also allows it to penetrate the solid 
insulation, setting up convection currents for conveying the heat from the core material to the radiator [3]. The 
liquid insulation also serves as a coolant and its oxidation stability allows it to operate at high temperatures. 
However, the deterioration and ageing of the transformer insulation is a function of the site temperature, and 
relative humidity. According to [4,5], the higher the ambient temperature, the higher the hot spot temperature 
(HST) in the transformer and this translate to reduction of insulation life span, transformer loading issues and 
increase in insulation failure. 
This paper is organised as follows: section 2 discusses the moisture solubility and level in the power transformer 
while section 3 looks at the moisture dynamics in the power transformer. The site description and data are 
presented in section 4. Section 5 discusses the effect of the site climatic data (Niger Delta region) on the power 
transformers. 
 
 

2. MOISTURE SOLUBILITY 
 
The natural level of moisture in paper under atmospheric condition is 4 – 5% by weight. When used as transformer 
winding insulation, the paper must be dried after construction to a moisture level of less than 0.5% in new 
transformers. The natural degradation of the paper will then produce moisture which will then be maintained in 
the paper and may enter the oil. The insulating oil has water content as low as only 5ppm in new transformer at 
about 20°C, oil temperature [6-8]. Solubility is defined as the total amount of water that can be dissolved in the 
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oil at a specific temperature. Water in oil is usually in dissolution. It can also appear strongly bound to the 
molecules especially in aged oil. Oil is highly hydrophobic, but the solubility of water in oil increases sharply 
with temperature. 
The calculated values for water in oil at 10°C interval are given in Table 1. 
 

Table 1: Water solubity at different temperature according to the data given by Griffin. 
Temp. °C Temp. K (Kelvin) Solubility of Water in Oil, ppm 

wt/wt` 

0 273 22 

10 283 36 

20 293 55 

20 303 83 

40 313 121 

50 323 172 

60 333 242 

70 343 331 

80 353 446 

90 363 592 

100 373 772 

 
Oil-water content is directly proportional to the relative water concentration (relative saturation) up to the 
saturation level. The temperature dependence of the water solubility in oil is expressed as in Arrhenius form as 
[6, 9] 

log �� = � − 
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where A and B are constants, T is the temperature in Kelvin and rs is the saturation solubility of water in oil in 
ppm. 
The relative humidity for oil is the dissolved water content of the oil relative to the maximum capacity of moisture 
that the oil can hold. The saturation ratio is a function of pressure and especially of temperature in transformer. 
The relative humidity can be converted into water concentration in parts per million (ppm) through the expression 

���

��
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where, Wco is water concentration and Ws is water solubility in ppm at temperature T. 
If the relative humidity of the oil is measured by commercially available sensors it can be directly used to estimate 
the moisture concentration in the pressboard. Oommen used the data of the vapour pressure of water in the gas 
space in a sealed system reported by Beer et al in 1966 and converted to relative humidity [10] as is in the equation 
(3) 
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where ρo ,is the saturated water vapour pressure, ρ is the water vapour pressure. 
Using the relationship of equations (2) and (3) the water content in oil can be expressed as 
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3. MOISTURE DYNAMICS 
 
Water does not remain at the same concentration in insulations, but, rather, it is continuously migrating between 
the solid and liquid insulation. In order to understand the significance of the water-in-oil value the operating 
temperature of the transformer at the time of sampling must be known. Most of the water resides in the solid 
insulation (paper and pressboard) and not in oil. As the temperature increases the water is forced from the paper 
into the oil. Fortunately, the solubility of water in oil increases with temperature such that the relative saturation 
may not change much under such conditions even though the absolute water values in ppm can increase 
tremendously [9]. When transformer cools down again the moisture will go back from the oil into the paper. This 
process is temperature dependent equilibrium reaction. The reverse process of getting moisture out of the paper 
(absorption of moisture) does not occur in an equal measure [11]. Consequently, [12], describe the moisture 
absorption of paper by a concentration dependent diffusion coefficient. The concentrated gradient of moisture will 
be higher when the moisture exits the paper compared to the moment where the moisture enters the paper. 
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When a transformer is operating relatively steadily at a high temperature, at a fairly constant load for a long period 
of time it is a good assumption that the system is near equilibrium. However, at lower temperature that takes much 
longer to reach equilibrium, and therefore equilibrium conditions often cannot be assumed. 
The equilibrium values for water in oil – cellulose system are given in Fig. 1. 

 
 

Fig 1: Equilibrium curves showing water content in paper – water content in oil. 

 
The required time to reach in oil-paper insulation to equilibrium condition can be approximately be estimated by 
the equation. 

! =  "#$

%$&
                                                           (5) 

Where d represents the thickness of pressboard and D is the moisture diffusion coefficient and is the diffusion 
time constant for moisture diffusing from one side of solid insulation.  The moisture diffusion coefficient d can 
be calculated from 

D = '�exp [0.5 -./ + 12( 3

�4
−  3

�
)                   (6) 

Where Wcp presents the moisture content in paper, T is the oil temperature in Kelvin, Do is 1.34E – 13m2/s, Ea is 
8074oK and To is 298 
The water content in paper can be estimated using the equilibrium curves which gives a satisfactory result by 
estimation. The equilibrium curves can be modelled by using the following empirical equation. 

-./ =  5�67-.�  (89 + :)                                  (7) 
Where a, b, c and d are constants. This equation agrees with the equilibrium curves and can be used as a 
mathematical model. 
 

4. METHODS 

4.1. Site Description 
 
Niger delta region is situated at the southern part of Nigeria and comprises of about ten costal states (Akwa-Ibom, 
Bayelsa, Cross River, Rivers, Delta, Edo, Imo, Delta, Abia and Ondo) with latitude of 4.05o N to 7.55o N and a 
longitude of 4.20o E to 9.30o E [13]. It is a large low-lying region which waters flow into the Gulf of Guinea from 
river Niger. The Niger Delta is characterised by oxbow lakes, lowland, mangrove forest, swamp forest, freshwater 
swamp and prominent levees, and spreads along the coast for about 320 km and boundaries the Atlantic Ocean. 
The link with the Atlantic Ocean exert influences on the Niger Delta climate system. According to [14], the swamp 
in the Niger Delta covers two-third of the Nigerian coastline. The Niger Delta is a low humid semi hot climate 
with a moderate temperature ranging from 28 – 35oC. The region yearly rainfall, pressure, relative humidity and 
temperature are shown in Table 2. The Niger Delta is known for long raining season spanning from March to 
October making it one of the wettest regions in Africa [14]. The study area is depicted in Fig 2. 
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Fig 2. The map of the Niger Delta Region 
 

4.2. Data 
As a case study the rainfall, pressure and relative humidity of the Niger Delta were examined. In Table 2, the 
yearly weather data were shown. The data on rainfall and humidity are gotten from [13, 14]. The approximate 
climatic data were used to analyse the effect on high voltage transformer operation. 
 

Table 2: Approximate data for Niger Delta Region of Nigeria 
 Range  Intensity Period  

Rainfall (mm) 2500-4000 *   heavy rain 
*   Light shower with intermitted heavy   
     shower  

May – Sept  
Oct – Nov 

Relative Humidity  60-90% * Low humidity 
* High humidity   

Dec – March  
May – Sept  

Temperature  °C 28 - 35 * High Average Temp (35) 
*  Low Temp (28) 
*  Low Temp in early hours 2am – 6am 

Dec – March  
May – Oct 
Jan – Feb 

Dew  Mild  Early hours (2 – 6am) Dec – Jan 

Pressure mmHg 748   

 
5. DISCUSSION 

 
In the Niger Delta region, the relative humidity is about 60 – 90% throughout the year. It means that the minimum 
relative humidity is more than the critical point of condensation of humidity. Also, rain falls almost eight months 
of the year as shown in Table 2 and sometimes rains for 12 hours during the rainy seasons. The algae growth on 
terminal of bushings and changes in weather all have adverse effect on the rubber seal and the bushings thereby 
contribute to the leakage in some extreme cases. 
There are three basic types of water found associated with transformer oil: 

 Dissolved water in hydrogen bonded to the hydrocarbon molecules of which oil is composed. 
 Emulsified water is super saturated in solution but has not yet totally separated from the oil. 
 Free water is also supersaturated in solution but in a high enough concentration to form water droplets 

and separate from the oil. 
Excess moisture (water) in transformer systems is problematic because it affects both solid and liquid insulations. 
The effect of water on ageing of cellulosic materials is directly proportional, that is, if the water content is doubled 
say from 0.5% to 1%, then the ageing rate would be doubled. Therefore, the cellulosic insulation of dry 
transformer can be exposed to higher temperature than wet transformer [15, 16]. Bubble evolution under overload 
conditions is primarily influenced by the water content of the cellulosic insulation [16, 17]. Dry transformers (of 
less than 0.5% water in paper) are much less susceptible to bubble evolution. A wetter unit of 2.0% moisture in 
paper or above is susceptible to bubble evolution at high temperature. From the Table 3 the percentage of water 
absorption and the temperature at which bubble form is shown [6, 10,]. 
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Table 3: Transformer Paper Insulation Data. 
0.5% Well dried Transformer 

1.5% Will pass tests and perform to design 
2.0% Total upper Limit 
3.0% Paper fibres in oil 
4.5% Flashover at 90°C 
7.0% Flashover at 50°C 
8.0% Flashover at 20°C 

 
The dielectric properties of the solid and liquid insulation are in part influenced by the water content. The dielectric 
breakdown voltage of the solid insulation is influenced by temperature and water content. The dielectric 
breakdown voltage of the solid insulation decreases with increasing water content, most noticeably after 2 to 3 
percent or 4 percent, depending upon the reference, but usually the lower levels are considered best for complete 
electrical integrity. For the liquid insulation, the dielectric breakdown strength is dependent on the relative water 
content or percentage saturation which is a function of temperature. 
For an environment like the Niger Delta region with high relative humidity level, the formation of free water 
droplets would be possible even at earlier life period. These water molecules when subjected to the AC electric 
field inside a transformer can polarize the electric dipoles of water move around inside the bubble trying to align 
with the applied field. The result is elongation of the bubble along the electric field lines. Eventually, the molecules 
break through interfacial tension and small water spheres escape and move in opposite directions, forming a bridge 
that can cause partial discharge activities or even transformer failure in the long term. 
 

6. CONCLUSION 
 
The major cause of problems in transformers and a limitation to their operation is moisture. This is more 
pronounced when excessive moisture is in transformer system. In the environmental conditions like the Niger 
Delta region careful attention is needed and some maintenance culture be built in. The solid insulations are 
hydroscopic and absorbed water after several years of the operation. This water affects the dielectric breakdown 
strength of the insulation, the temperature at which water vapour bubbles are formed partial discharges, and the 
ageing rate of the insulating materials. Also, the possibility of leakages in the transformer after years of operation 
may cause some unpleasant consequences. 
It is therefore recommended that the following measures are necessary to prolong the life of transformer. 

 In order to assure that a transformer is capable of withstanding the forces which are generated during 
short circuit even, the windings must be rigidly clamped. 

 Oil level should be checked at frequent interval and if necessary conservator should be topped. 
The dielectric strength does not give a true indication of the correct condition of the oil. Even oil which is highly 
deteriorated, may give high dielectric strength, if it is dry. It is therefore necessary to carry out chemical tests and 
other related test. 

 Breathers should be inspected frequently especially in a situation where temperature and humidity 
changes are considerable and when transformer is subject to fluctuating loads. 

 The diaphragms fitted at the exposed end and inner end of the vent (explosive end) should be inspected 
at frequent interval and replaced if damaged. Failure to replace the outer diaphragm quickly will allow 
ingress of moisture which will contaminate the oil. 

 Porcelain insulators and connectors should be cleaned at convenient intervals and minutely examined for 
any crack or other defects. 

 Temperature indicators should be checked yearly at most. 
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