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Improvement on the characteristics of transformer oil using nanofluids 
 
S. Sumathi and R. Rajesh 
 
Transformers play an important role in transmission and distribution systems. Even to this day, 75% of 
high-voltage transformer failure is the outcome of improper dielectric insulation. The reliable operation and 
ageing characteristics of the transformers mainly depend on the insulation material. Mineral oil has been 
used as an insulation and coolant for almost a century in power transformers. Due to the development of  
extra high voltage and to cope with the increasing demand in voltage level, a nanofluids-based transformer 
oil is proposed here. In this work, nanoparticles such as aluminium oxide, molybdenum disulphide and tita-
nium dioxide are used with transformer oil to analyse the various critical characteristics like dielectric 
strength, acidity, interfacial tension, viscosity, flash point and fire point of the power transformer. The ob-
served results show that the proposed nanofluids-based transformer oil provides better performance than 
the normal transformer oil. 
 
The growth of high voltage applications 
such as generation, transmission and dis-
tribution has raised demands on the re-
liability and high performance of the 
insulating material to deal with more dy-
namic and unstable operating conditions. 
It is because insulation is the main factor 
affecting the performance of electrical 
appliances. Normally mineral oil or veg-
etable oil was used for regular electrical 
applications in the past. However, it did 
not meet the requirements for extra high-
voltage applications such as thermal 
withstanding ability, ageing characteris-
tics and handling of high voltage levels1–3. 
In addition, it lacks biodegradability and 
its availability is diminishing day by 
day4. The growth in power demand calls 
for more research and development on 
insulation.  
 Maintaining constant power supply is 
important for power system engineers. 
Transformer is the most important com-
ponent in a transmission and distribution 
network system that requires high level 
of insulation to maintain constant power 
supply. The existing transformer stati-
stics reveals a typical working lifetime of 
nearly 17–18 years, which is half of the 
predictable lifetime of transformer and 
75% of transformer failure is due to im-
proper dielectric insulation5. Similarly 
data collected between 1956 and 1999 
examined the factors in detail that affect 
the characteristics of the transformer in-
sulating oil due to ageing6. 
 Mineral oil-based transformer oil does 
not meet the requirements of high-power 
transformers for distribution. To meet the 
high thermal stress and dielectric 
strength, nanomaterials-based dielectric 
material was proposed. Choi7 proposed 

the term ‘nanofluids’ in 1995. In high 
voltage electrical insulation research, a 
nanofluid or nanoliquid refers to any 
combination of an insulator with a nano-
material. Initially, nanomaterials were 
used in solid polymers to improve the 
lifetime and a similar method was ex-
tended to liquid insulators to improve 
thermal conductivity and dielectric 
strength8,9. Nanofluids are considered as 
the next-generation heat transfer fluids, 
as they offer exciting new possibilities. 
A detailed review on the preparation, 
characterization and preparation of nano-
fluids-based insulation is available in the 
literature10–12. Significantly, the heat-
transfer capabilities and stability of a 
suspension are more in nanoparticles 
compared to conventional particles, due 
to their much larger surface-to-volume 
ratio13,14. Okabe et al.15 studied the dif-
ferent characteristics of transformer oil 
for several days of heating, comprehen-
sive assessment of ageing and saturation 
tendency due to increased ageing. Fur-
ther, an increase in dielectric strength of 
the transformer oil-based nanofluids with 
different volume concentrations has been 
achieved16,17. Since the development of 
modified transformer oil by Du et al.18, 
considerable research has been carried 
out on nanofluids based on transformer 
oil19–22. In the present study, titanium 
dioxide (TiO2), aluminium oxide (Al2O3) 
and molybdenum disulphide (MoS2)  
nanoparticles-based transformer oil com-
position is proposed to improve the 
transformer oil characteristics. TiO2 is an 
attractive material for a component of 
nano-suspension. It is stable against 
higher strengths of the electric field and 
the dielectric constant is relatively high. 

TiO2 has been widely used and studied 
owing to its cost-effectiveness, strong 
oxidizing power, non-toxicity and long-
term photostability23–25. There are three 
crystalline polymorphs of titanium, viz. 
anatase, brookite and rutile. Among 
them, anatase is an important phase as it 
attracts more attention for its use as pig-
ments, gas sensors, catalysts and nano-
fluids26,27. Al2O3 has good dielectric 
strength and better thermal shocking  
capacity. MoS2 has particles ranging 
from 1 to 100 μm, which is common for 
dry lubricants. It also has high lubricant 
stability up to 350°C (refs 28, 29). A  
variety of oils and gases are used with 
MoS2, because it retains good quality of 
the lubricant, is highly cost-effective and 
easily available. 

Synthesis of nanomaterials 

The commercially available TiO2, Al2O3 
and MoS2 of average grain size 50–
70 μm with 97.6–98.7% level of purity 
were used for this study. Each particle 
was separately ground using ball mill of 
100 mm diameter and balls of different 
diameters were used to achieve maxi-
mum collision energy. Steel balls with 
varying diameter (10–25 mm) were used 
and speed of the drum was maintained at 
about 350 rpm to reduce grain size of the 
particles between 60 and 70 nm. The 
mode of operation was through a variable 
frequency drive whose frequency was 
50 Hz. A shaft with arms rotating at high 
speed was used to agitate the material. 
Samples of TiO2, Al2O3 and MoS2 with 
0.025% weight concentration were cho-
sen, and each sample was kept for 5 h in 
a magnetic stirrer. 
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 The technical basis for selecting the 
concentration at 0.025% level to prepare 
the nanofluid was to achieve better sta-
bility, obtain homogenized particles by 
avoiding higher concentration and avoid-
ing uneven particle size. The low con-
centration values were chosen based on 
the literature30–32. Different low concen-
tration values were also tested, but 
0.025% concentration produced the opti-
mum result compared to other values. 

Measurement of characteristics of 
nanofluids-based transformer oil 

The characteristics of transformer oil and 
nanofluids-based transformer oil were 
measured. Each measurement was car-
ried out five times and mean value pre-
sented to maintain accuracy of the 
measurements. 

Dielectric strength 

The breakdown voltage (dielectric 
strength) is one of the most significant  
 
 

 
 
Figure 1. Schematic diagram of front 
view of dielectric strength measuring 
equipment. 
 
 

 
 
Figure 2. Schematic diagram of dielec-
tric strength measuring equipment. 
 
 

 
 
Figure 3. Circuit diagram of dielectric 
strength test. 

factors that defines the insulation oil per-
formance in transformer and is a measure 
of its ability to withstand electrical stress 
without failure, pressure, temperature, 
humidity and electrode configuration. 
The dielectric strength of the transformer 
oil should always be high33–39. Moisture, 
solid particles, bubbles and acidity are 
important factors which affect the dielec-
tric strength of oil. 
 The test method of IEC 156 involves 
applying an AC voltage at a controlled 
rate to two electrodes immersed in the 
insulating fluid40. The gap is a specified 
distance (2 mm). When the current arcs 
across this gap, the voltage recorded at 
that instant is the dielectric breakdown 
strength of the insulating liquid. Con-
taminants such as water, conducting par-
ticles and sediment decrease the 
dielectric strength of the insulating oil. 
 Figures 1 and 2 show the schematic 
diagram of dielectric strength measuring 
equipment and Figure 3 shows the circuit 
arrangement of dielectric strength meas-
urement. 
 The voltage was slowly increased and 
maintained at 30 kV for 1 min. It was 
then checked whether the oil sample 
could withstand the specified voltage. If 
it failed at a voltage less than 30 kV, that 
voltage was recorded as the breakdown 
voltage. Then the voltage was increased 
once again until such time that there was 
a breakdown, and that particular voltage 
was recorded. If breakdown strength is 
less than 30 kV, the oil must be sent for 
reconditioning41. Nowadays, transformer 
oil breakdown strength of more than 
65 kV is available42–45. Table 1 shows 
that TiO2-based transformer oil has higher 
breakdown strength compared to Al2O3 
and MoS2-based transformer oil. Figure 
4 is a graphical chart comparison of the 
results.  

Acidity 

Acidity is a measure of organic and inor-
ganic acids present in the oil and is  
expressed in terms of milligrams of  
potassium hydroxide (KOH) required to 
neutralize the total free acids in 1 g of 
oil. The acidity level of the transformer 
oil is measured using standard ASTM 
D974 (ref. 46). 
 The total acidity of the oil is expressed 
as neutralization number, which is de-
fined as the amount of potassium hydr-
oxide (mg) required to completely 
neutralize the acids present in 1 g of oil. 
Acids in the oil originate from oil de-
composition/oxidation products. Acids 
can also come from external sources such 
as atmospheric contamination. These  
organic acids damage the insulation sys-
tem and can produce corrosion inside the 
transformer when water is present. The 
transformer oil used in this study con-
tains practically no acids if properly re-
fined. In pure transformer oil, there 
should be no acid content. However, in 
most cases, there will be some acid con-
tent. The result expresses the amount of 
KOH (mg) required to neutralize the 
acidity of 1 g of sample 
 
 Total acidity = (A × N × 56.1)/W mg of  
    KOH/g of oil,  (1) 
 
where A is the amount of KOH solution 
(ml) used in titration, N the normality of 
KOH solution used for titration and W is 
weight of the sample. 
 From the observation of colour it is 
possible to determine pH value with the 
help of a colour chart (Figure 5). Table 2 
shows the comparison of acidity between 
transformer oil and nanofluids-based 
transformer oil. The result shows that 

Table 1. Dielectric strength measurement of transformer oil and nanofluids-based
  transformer oil (kV) 

 TiO2 with  Al2O3 with MoS2 with 
Transformer oil  transformer oil transformer oil transformer oil 
 

52.5 72.6 66.2 59.2 

 
 
Table 2. Acidity measurement of transformer oil and nanofluids-based transformer oil
  (mg KOH/g) 

 TiO2 with  Al2O3 with MoS2 with 
Transformer oil  transformer oil transformer oil transformer oil 
 

0.25 0.12 0.21 0.18 
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nanofluids-based transformer oil has low 
acid content compared to normal trans-
former oil. So there will be no chance of 
corrosion occurring in the transformers. 
Figure 6 is a graphical comparison of the 
results. 
 
 

 
 
Figure 4. Graphical comparison of  
dielectric strength between transformer  
oil and nanofluid-based transformer oil 
(kV). 
 
 
 

 
 
Figure 5. Colour chart for rapidly deter-
mining acid content of insulating oil. 
 
 

 
 
Figure 6. Graphical comparison of acidity 
between transformer oil and nanofluids-
based transformer oil (mg KOH/g). 
 
 

 
 
Figure 7. Graphical comparison of inter-
facial tension between transformer oil  
and nanofluids-based transformer oil 
(dyn/cm). 

Interfacial tension 

Interfacial tension is the measure of mole-
cular attractive force between oil and  
water molecules at their interfacial level.  
Using interfacial tension test it is possi-
ble to determine the soluble polar conta-
minants present in the oil, which reduce 
the molecular attraction force between 
oil and water. The pure transformer oil 
should have a minimum value 18 dyn/cm 
and maximum 40 dyn/cm. The interfacial 
tension of transformer oil is measured 
using ASTM D971 standard47. A tensio-
meter is used to determine the interfacial 
tension of the transformer oil, which 
works on the basis of Du Nuoy principle.  
 Table 3 shows the experimental results 
of interfacial tension of transformer oil 
and nanofluids-based transformer oil. 
The results show that nanofluids-based 
TiO2 and Al2O3 have higher interfacial 
tension. MoS2-based transformer oil has 

low interfacial tension when compared to 
normal transformer oil. Figure 7 is a 
graphical comparison of the results. 

Flash point 

The flash point of a chemical or any 
volatile material is the lowest tempera-
ture at which it can evaporate to form an 
ignitable mixture or combustible concen-
tration in air. A minimum flash point is 
specified in order to prevent the risk of 
fire that might be the result of accidental 
ignition. For a good transformer oil, the 
flash point should be higher than 140°C. 
Flash point of various nanomaterials-
based transformer oil is measured by 
cleveland open cup flash point tester  
using ASTM D93 (Figure 8)48.  
 Table 4 shows the test results of flash 
point of transformer oil and nanofluids-
based transformer oil. It can be seen that 

Table 3. Interfacial tension measurement of transformer oil and nanofluids-based 
  transformer oil (dyn/cm) 

 TiO2 with  Al2O3 with MoS2 with 
Transformer oil  transformer oil transformer oil transformer oil 
 

25 40 30 20 

 
 
 
Table 4. Flash point measurement of transformer oil and nanofluids-based transformer 
  oil (°C) 

 TiO2 with  Al2O3 with MoS2 with 
Transformer oil  transformer oil transformer oil transformer oil 
 

142 157 152 148 

 
 
 
Table 5. Fire point measurement of transformer oil and nanofluids-based transformer 
  oil (°C) 

Transformer oil TiO2 with  Al2O3 with MoS2 with 
  transformer oil transformer oil transformer oil 
 

150 164 155 152 

 
 
 
Table 6. Viscosity measurement of transformer oil and nanofluids-based transformer 
  oil 

Temperature Transformer  TiO2 with Al2O3 with MoS2 with 
(°C) oil transformer oil transformer oil transformer oil 
 

50 73.26 79.61 118.29 98.21 
60 65.80 58.58 106.29 87.62 
70 51.25 53.04 96.95 79.47 
80 44.22 47.35 89.58 73.92 
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nanofluids-based transformer oil has 
higher flash point compared to normal 
transformer oil. Figure 9 is a graphical 
comparison of the results. 

Fire point 

Fire point is the lowest temperature at 
which vapour of the oil burns conti-
nuously for at least 5 sec, when a tiny 
flame is brought near it.  
 Fire points are used to indicate the fol-
lowing:  
 
• Fire hazard of petroleum products 

and evaporation losses under high 
temperature losses. 

• Maximum temperature below which 
the oil can be used. 

• A means of identification of a speci-
fic lubricating oil. 

• For detection of contamination in the 
given lubricating oil. 

 
For a good transformer oil, the fire point 
should be higher than 150°C. Cleveland 
open cup fire point tester measures the 
fire point of nanomaterials-based trans-
former oil. Table 5 shows that all nano-
fluids-based transformer oil has higher 
fire point compared to normal transfor- 
 

 
 
Figure 8. Schematic diagram of cleve-
land open cup flash point tester. 
 
 

 
 
Figure 9. Graphical comparison of flash 
point between transformer oil and nano-
fluids-based transformer oil (°C). 

mer oil. Figure 10 shows the blue flame 
of the transformer oil during fire point 
tests. Figure 11 is a graphical compari-
son of the results. 

Viscosity 

Viscosity is the property of a fluid that 
determines its resistance to flow. It is an 
indicator of flow ability of a lubricating 
oil; lower the viscosity, greater is the 
flow ability. It is mainly due to the forces 
of cohesion between molecules of the  
lubricating oil49. Viscosity is measured 
using IS 1448(P-25):1976 standard50.  
 
 

 
 
Figure 10. Blue flame produced in 
transformer oil. 
 
 

 
 
Figure 11. Graphical comparison of fire 
point between transformer oil and nano-
fluids-based transformer oil (°C). 
 
 

 
 
Figure 12. Schematic diagram of red 
wood viscometer. 

 Viscosity values are used for the fol-
lowing: 
 
• Evaluating load-carrying capacity. 
• To determine the effect of tempera-

ture changes and the presence of con-
taminants in used oil during service.  

• Absolute viscosity values are re-
quired for use in all bearing design 
calculations and other lubrication en-
gineering technical design problems. 

 
For a good transformer oil, the viscosity 
should be low. Viscosity is measured  
using red wood viscometer (Figure 12). 
 Table 6 shows the experimental results 
of transformer oil and nanofluids-based 
transformer oil. Figures 13–16 show a 
graphical comparison of viscosity at dif-
ferent temperatures. The results show 
that Al2O3-based transformer oil has high 
viscosity and TiO2-based transformer oil 
has low viscosity compared to normal 
transformer oil. 
 

 
 
Figure 13. Graphical comparison of dyna-
mic viscosity between transformer oil and 
nanofluids-based transformer oil at 50°C. 
 

 
 
Figure 14. Graphical comparison of dy-
namic viscosity between transformer oil 
and nanofluids-based transformer oil at 
60°C. 
 

 
 
Figure 15. Graphical comparison of dyna-
mic viscosity between transformer oil and 
nanofluids-based transformer oil at 70°C. 
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Figure 16. Graphical comparison of dyna-
mic viscosity between transformer oil and 
nanofluids-based transformer oil at 80°C. 

Conclusion 

In order to enhance the properties of 
transformer oil, nanofluids-based trans-
former oil was prepared using semicon-
ductor materials like TiO2, MoS2 and 
insulators like Al2O3. Nanomaterials 
were synthesized in the transformer oil 
with 0.025% concentration using mag-
netic stirrer. Measurements of break-
down voltage, acidity, interfacial tension, 
flash point, fire point, and viscosity were 
made according to the standards. TiO2-
based transformer oil gave better proper-
ties than MoS2 and Al2O3-based trans-
former oil, since TiO2 is stable against 
higher electric field and relatively high 
dielectric strength. 
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