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Mineral insulating (MI) oils are well-established as insulating oils in power transformers for 
almost 100 years owing to their low cost, wide availability and good dielectric performance. 
However, a large number of studies have been carried out over the years to develop substitutes 
for MI oils since these oils are non-biodegradable and moreover, they are derived from 
petroleum, which is a non-renewable source. Blending MI oils with natural ester insulating 
(NEI) oils is an innovative approach which fulfils this purpose since this approach has been 
proven to enhance the dielectric properties of insulating oils. However, there is a dearth of 
studies concerning the effects of mixing process parameters on the dielectric strength of MI-NEI 
oil blends. This information is important in order to produce insulating oils with favorable 
dielectric properties. In this study, the two-level (2k) factorial design is used to determine the 
significance of mixing process parameters (specifically stirring speed and temperature) in 
influencing the dielectric strength (AC breakdown voltage) of an MI-NEI oil blend. The oil blend 
is produced by mixing Nytro Libra MI oil with palm fatty acid ester (PFAE) oil at a volume 
ratio of 80:20 using a hot plate magnetic stirrer. The stirring speed and temperature is varied 
from 250 to 550 rpm and 30 to 90˚C, respectively. AC breakdown voltage test is performed 
using Megger OTS60PB portable oil tester in accordance with the ASTM D1816 standard test 
method to determine the dielectric strength of the oil blends, whereby the gap distance between 
the electrodes is 1 mm. Based on the results of the 2k factorial design, it is found that the 
combination of stirring speed and temperature has the most significant effect on the AC 
breakdown voltage, with a percentage contribution of 60.45%. A regression model is also 
developed to predict the AC breakdown voltage as a function of the stirring speed and 
temperature. Response surface methodology (RSM) is used to optimize the mixing process 
parameters in order to maximize the dielectric strength of the MI-PFAE oil blend and the 
optimum stirring speed and temperature is found to be 550 rpm and 90˚C, respectively. The 
beauty of the RSM technique lies in its capability in optimizing process parameters while 
reducing the number of test runs, time and costs associated with conventional experiments. 
Analysis of variance (ANOVA) is also carried out in this study and the results show that the p-
value of the overall regression model is statistically significant.     
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1. Introduction 
 

High voltage transformers play a vital role to provide a reliable and efficient electricity 

supply to commercial and residential areas. These equipment are essential in electrical 

power transmission and distribution systems. To date, most high voltage transformers are 

filled with insulating oils which serve as an electrical insulator as well as heat transfer 

medium [1]-[4]. These transformers are also known as oil-immersed high voltage 
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transformers. Mineral insulating (MI) oils are the de facto standard of insulating liquids for 

oil-immersed transformers for over a century owing to their excellent aging behavior, low 

viscosity, wide availability, low cost [5] and good long-term dielectric performance. 

However, MI oils are derived from petroleum, which is a non-renewable source. Moreover, 

these oils are non-biodegradable, which will lead to soil pollution in the event of oil leaks 

and spills. For this reason, much effort has been made by scientists and researchers to 

develop alternative insulating oils from renewable and sustainable sources and these 

insulating oils must be biodegradable in order to mitigate environmental problems resulting 

from the use of MI oils. Natural ester insulating (NEI) oils fulfil these criteria since these 

oils are derived from renewable and sustainable sources (vegetable oils) such as soybean 

oils, rapeseed oils, sunflower oils and palm oils. NEI oils are highly biodegradable and they 

possess favorable dielectric properties comparable to MI oils [5]-[8]. In addition, even 

though NEI oils are more hygroscopic compared to MI oils, the effect of moisture on the 

dielectric strength of NEI oils is not as severe as that for MI oils [7]. However, NEI oils are 

not without drawbacks – these oils have poor oxidation stability, dielectric dissipation 

factor and higher viscosity compared with MI oils. In addition, NEI oils are relatively more 

expensive than MI oils, which hinders the extensive use of these oils. An innovative 

approach was proposed in [1],[4],[9]–[12], which involves blending MI oils with NEI oils. 

These approaches reduce the usage of MI oils and enhance the properties of the insulating 

oil blend by exploiting the benefits of MI and NEI oils.  

Numerous studies have been conducted over the years on blending MI oils with NEI oils 

at different volume ratios in order to produce stable insulating liquids with desirable 

dielectric strength and thermal properties. Fofana [4] investigated the performance of MI 

oil-synthetic ester blends at different concentrations of synthetic ester. The results showed 

that the suitable concentration of synthetic ester is 10–50%. Krishna [9] blended MI oil 

with silicone oil (SO) and rice bran oil (RBO), and observed that the blend containing 75% 

MI oil and 25% SFO has higher AC breakdown voltage compared to the MI oil.  Previous 

studies [1],[4],[9]–[12] showed that it is best to blend MI oil with 10–25% NEI oil since it 

results in significant enhancement of the AC breakdown voltage by 61–69% relative to MI 

oil. Hence, it can be deduced that the blending MI oils with NEI oils at suitable ratios is one 

of the appealing alternatives to enhance the dielectric strength and oxidation stability of MI 

oils. This is due to the favorable properties of NEI oils and moreover, NEI oils have higher 

saturated fatty acid content [10] and higher water saturation limit. 

To date, most of the studies on insulating oil blends are focused on the dielectric and 

thermal properties of these blends, neglecting the mixing process parameters. The stirring 

method is of utmost importance in preparing insulating oil blends. The insulating oils can 

be mixed either by stirring automatically using a magnetic stirrer [9],[12] or stirring 

manually using a glass rod [11]. In [11], the insulating oil blends were mixed using a glass 

rod. The oil blends were then left in the testing chamber for 10 min in order to release air 

bubbles which may have formed during the mixing process. In contrast, the insulating oil 

samples were mixed for 1 h in [9] using a magnetic stirrer in order to ensure homogeneous 

mixing of the insulating oils. A similar method was used in [12] to blend the insulating oils. 

Fofana [4] also used a magnetic stirrer to blend the insulating oils in order to improve the 

oxidation stability of the pure oils. However, the duration of stirring was not stated. In 

addition, the details of the mixing process such as the equipment used and the duration of 



J. Electrical Systems 13-3 (2017): 595-605 
 

 597

the mixing process were not described in [13] and [14]. With this in mind, the objective of 

this study is to optimize the mixing process parameters of an MI-NEI oil blend (specifically 

the stirring speed and temperature) in order to maximize the AC breakdown voltage of the 

oil blend. A design of experiments (DoE) approach based on the two-level (2k) factorial 

design is implemented in this study to determine the significance (i.e.  percentage 

contribution) of each mixing process parameter in influencing the dielectric strength of the 

oil blend [15]–[16]. The mixing process parameters are then optimized using response 

surface methodology (RSM) in order to maximize the dielectric strength. A regression 

model is also developed in this study to predict the AC breakdown voltage of the insulating 

oil blend as a function of the stirring speed and temperature. It is believed that the findings 

of this study will be useful to researchers and practitioners in this field who intend to 

enhance the dielectric strength of insulating oil blends by tuning the mixing process 

parameters.  

 

2.  Research Method 

 

2.1 Design of Experiments 

 

The two-level (2k) factorial design was used to determine the significance of each 

mixing process parameter (i.e. stirring speed and temperature) on the AC breakdown 

voltage of an MI-NEI oil blend. The design of experiments was carried out using Design-

Expert software version 10.0 (Stat-Ease, Inc., Minneapolis, USA). The two-level (2k) 

factorial experimental design of the mixing process in this study is presented in Table 1. 

Following this, RSM was used to optimize the stirring speed and temperature in order to 

maximize the AC breakdown voltage of the insulating oil blend. 

 

2.2 Samples preparation 

 

In this study, Nytro Libra MI oil (Nynas AB, Sweden) was chosen for blending with 

palm fatty acid ester (PFAE) oil (Lion Corporation, Japan) [17],[18]. The insulating oils 

were first pre-processed by filtering the oils d through quantitative filter papers (pore size: 

0.02 µm) prior to the mixing process [6]. Pre-processing was carried out to ensure that the 

dielectric strength of both insulating oils is higher than 20 kV/mm, which complies with the 

requirements stipulated in the ASTM D1816 standard test method. The MI oil was poured 

into beaker and placed on top of a hot plate magnetic stirrer (Fisher Scientific). The MI oil 

was stirred until the oil reaches a certain temperature, as specified in Table 1. Once the oil 

temperature had reached the specified temperature, the PFAE oil was poured into the oil 

beaker and the oils were stirred continuously over a period of 1 h [9],[12]. The volume ratio 

of the MI oil to PFAE oil was 80:20. This volume ratio was chosen since it was reported to 

be the optimum volume ratio for insulating oil blends [1],[4],[10], resulting in significant 

dielectric enhancement of the oil blend. The total volume of the oil sample was 500 ml. The 

mixing process was conducted at different stirring speed and temperature settings, as shown 

in Table 1. Hence, a new oil sample was prepared for each experimental condition. 
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Table 1: Two-level (2k) factorial design of the mixing process, where k = 2 

 

Experiment  

(Test run) 

Variable code 

A: Stirring speed 

(rpm) 
B: Temperature (°C) 

1 250 30 

2 250 90 

3 400 60 

4 550 90 

5 400 60 

6 550 30 

7 400 60 

 

Once the mixing process was complete, the oil sample was poured into a glass bottle and 

stored at room temperature for 24 h prior to the AC breakdown voltage test. The miscibility 

of each oil sample was assessed by observing its color change within the storage period. 

Nitrogen gas treatment was carried out for each oil sample in order to remove moisture and 

gasses present in the oil sample during the mixing process.  

 

2.3 AC breakdown voltage test 

 

Dielectric strength is one of the crucial properties that need to be considered when 

selecting an insulating oil for oil-immersed high voltage transformers. In this study, Megger 

portable oil tester (Model: OTS60PB, Megger, USA) was used to measure the dielectric 

strength of the insulating oil samples in accordance with the ASTM D1816 standard test 

method [19]. Semi-spherical electrodes were used in the AC breakdown voltage tests, 

whereby the gap distance between the electrodes was kept fixed at 1 mm, as shown in 

Figure 1. The voltage was increased gradually at a rate of 0.5 kV/s until breakdown occurs. 

In this study, 30 AC breakdown voltage tests were performed for each oil sample in order 

to gather sufficient data for statistical analysis. Karl Fischer coulometer (Model: 899 KF, 

Metrohm AG, Switzerland) was used to measure the amount of moisture for each oil 

sample. The moisture level of each oil sample was measured before and after the mixing 

process as well as after the oil samples were treated with nitrogen gas treatment [20]. 

 

 

 

 

 

 

 

 

 

 

Figure 1: Electrode configuration of the Megger OTS60PB portable oil tester 
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2.4 Screening process 

 

The 22 factorial design was used to determine the significance of the mixing process 

parameters (i.e. stirring speed and temperature) in influencing the AC breakdown voltage of 

the MI-PFAE oil blend. This process is known as the screening process. The 22 factorial 

design conistsed of two independent variables with three replications at the center point. 

The stirring speed and temperature were chosen as the design factors in this study, 

designated as Factor A and Factor B, respectively. Interaction AB indicates the interaction 

between the stirring speed and temperature. The 22 factorial design assigns –1, 0 and +1 for 

low, middle and high level, respectively, for each design factor, as shown in Table 2. This 

is known as the 22 factorial design matrix, which consists of seven experiments (test runs), 

as shown in Table 3. The AC breakdown voltage tests were carried out according to the 22 

factorial design matrix. The effects of the stirring speed and temperature on the AC 

breakdown voltage of the MI-PFAE oil blend were determined using a half-normal graph 

and effect list. 

 

 

 

Table 2: Levels of the mixing process parameters  

 

Factor 1  

A: Stirring speed (rpm) 

Type: Numeric 

Factor 2  

B: Temperature (°C) 

Type: Numeric  

250 (–1) 30 (–1) 

400 ( 0 ) 60 ( 0 ) 

550 (+1) 90 (+1) 

 

Table 3: 22 factorial design matrix  

 

Experiment  

(Test run) 

Variable code 

A: Stirring speed  

(rpm) 

B: 

Temperature 

(°C) 

1 –1 –1 

2 –1 +1 

3 0 0 

4 +1 +1 

5 0 0 

6 +1 –1 

7 0 0 

 

 

2.5 Optimization process 

 

Based on the results obtained from the screening process, a regression model was 

developed to predict the AC breakdown voltage as a function of the stirring speed and 
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temperature. Here, the AC breakdown voltage represents the dependent variable (response) 

whereas the stirring speed and temperature represent the independent variables. Analysis of 

variance (ANOVA) was used to determine the statistical significance of the regression 

model. The equation used for the regression model is given by:  

  

� = �� + ���� + ���� + ������� 

 

 

   (1) 

where y represents the predicted response, βn  represents the coefficient associated with 

factor n, and x1 and x2 represent the factors (i.e. independent variables). x1x2 represents the 

interaction between the factors. βn represents the intercept of the regression model whereas 

β1x1 and β2x2 represents the effect of Factor x1 and Factor x2, respectively. Regression 

analysis was carried out based on Equation (1). The sum of squares (SS), mean squares 

(MS), F-value, p-value, coefficient of determination (R2) and correlation coefficient (|R|) 

were determined using ANOVA. RSM was used to determine the optimum stirring speed 

and temperature for the mixing process in order to maximize the AC breakdown voltage of 

the MI-PFAE oil blend.   

 

 

3. Result and Analysis 

 
3.1 AC breakdown voltage  

 

The results of the AC breakdown voltage test are presented in Table 4. In general, the 

AC breakdown voltage of the MI-PFAE oil blend increases with an increasing in the 

stirring speed and temperature. The highest mean AC breakdown voltage attained is 36.36 

kV/mm. However, the mean AC breakdown voltage is lowest (29.94 kV/mm) when the 

stirring speed is lowest (variable code: –1) and the temperature is highest (variable code: 

+1). This implies that the stirring speed has a more pronounced effect on the AC 

breakdown voltage of the MI-PFAE oil blend compared with temperature. However, the 

AC breakdown voltage is maximized when both the stirring speed and temperature are 

highest (variable code: +1), as evidenced from the results.  

 

 

Table 4: Mean AC breakdown voltage for each test run 

 

Experiment  

(Test run) 

Variable code Mean AC  

breakdown voltage 

 (kV/mm) 
A: Stirring speed 

(rpm) 

B: Temperature  

(°C) 

1 –1 –1 32.62 

2 –1 +1 29.94 

3 0 0 33.68 

4 +1 +1 36.36 

5 0 0 33.87 

6 +1 –1 31.26 

7 0 0 32.92 
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3.2 Screening process 

The half normal plot and effect list obtained from the 22 factorial design is shown in 

Figure 2 and Table 5, respectively. It can be observed from Figure 2 that the Factor A 

(stirring speed), Factor B (temperature) and Interaction AB are located far from the straight 

line.  This indicates that both design factors as well as Interaction AB are significant model 

terms. This is supported by the effect list (Table 5), which shows the percentage of 

contribution and sum of squares (SS) for all model terms. The percentage of contribution 

and SS for Factor A is 25.57% and 6.42, respectively, whereas the percentage of 

contribution and SS of Factor B is 5.85% and 1.46, respectively. This indicates that the 

percentage of contribution of Factor B is significantly lower than that for Factor A. 

Interestingly, Interaction AB has the highest percentage of contribution and SS, with a value 

of 60.45% and 15.13, respectively. This indicates that Interaction AB is the most significant 

factor in this study since it has the highest percentage of contribution towards the AC 

breakdown voltage of the MI-PFAE oil blend. Thus, it can be deduced that both Factor A 

and Factor B (i.e. stirring speed and temperature) need to be optimized concurrently in 

order to maximize the AC breakdown voltage of the oil blend rather than optimizing only 

one of these design factors.   

 

Figure 2. Half-normal plot generated from the 22 factorial design 

 

Table 5: Effect list for all model terms 

 

Model term 
Standardized 

effect 

Sum of squares  

(SS) 

Percentage of 

contribution (%) 

A 2.53 6.40 25.57 

B 1.21 1.46 5.85 

AB 3.89 15.13 60.45 
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3.3 Optimization process 

 

The results of the screening process indicate that Interaction AB has the most significant 

effect on the AC breakdown voltage of the MI-PFAE oil blend compared to the individual 

design factors. Therefore, RSM was used to determine the optimum stirring speed and 

temperature which will maximize the AC breakdown voltage of the oil blend. Design-

Expert software version 10.0 (Stat-Ease, Inc., Minneapolis, USA) was used for this 

purpose. A regression model was developed using Equation (1), which consists of one 

offset term, two linear terms and one interaction term. The regression model is given by the 

following equation:  

 

� = 32.95 + 1.27�� + 0.61�� + 1.94���� 

 

(2) 

The AC breakdown voltage was predicted using Equation (2) as a function of the stirring 

speed and temperature for each test run and the results are presented in Table 6. The AC 

breakdown voltage measured from experiments are also included for comparison. The 

mean and standard deviation of the AC breakdown voltage obtained from the regression 

model is 32.95 and 0.82 kV/mm, respectively. The sum of squares (SS), degrees of freedom 

(df), mean squares (MS), F-value, p-value, coefficient of determination (R2) and correlation 

coefficient (|R|) determined from ANOVA are summarized in Table 7. The p-value is used 

to indicate whether the factor is significant or not significant. If the p-value is less than or 

equal to 0.05, the factor is significant. Likewise, if the p-value is greater than 0.05, the 

factor is not significant [15, 16].  Thus, Factor A (stirring speed) and interaction AB are 

significant model terms since the p-value is 0.0545 and 0.0180, respectively. However, 

Factor B (temperature) is not a significant model term since the p-value is 0.2382. The 

regression model is found to be statistically significant since the p-value is 0.0384, which is 

less than 0.05. The R2 of the regression model is 0.9187, which describes 91.87% of the 

total variability in the AC breakdown voltage. This value indicates the percentage of 

variation in the response that is explained by the regression model. In general, the higher 

the R2 value, the better the model fits the data. Therefore, there is a good fit between the 

regression model and the experimental data since the R2 value is close to unity. Based on 

the ANOVA results, it can be inferred that Factor A (stirring speed) has a significant effect 

on the AC breakdown voltage of the MI-PFAE oil blend whereas Factor B (temperature) 

does not have a significant effect on the AC breakdown voltage.  However, Factor B is still 

an important parameter in the mixing process since it plays a role in maximizing the AC 

breakdown voltage of the oil blend. The AC breakdown voltage can be further increased by 

including both of these factors (stirring speed and temperature) in the mixing process, 

rather than only one of the factors. It can be concluded that both of these factors contribute 

in enhancing the AC breakdown voltage of the MI-PFAE oil blend.  

Figure 3 shows the three-dimensional response surface plot. The interaction between the 

mixing process parameters (stirring speed and temperature) and its effect on the AC 

breakdown voltage of the MI-PFAE oil blend can be visualized and interpreted easily from 

this plot. In general, it can be seen that the AC breakdown voltage increases with an 

increase in the stirring speed from 250 to 550 rpm. Likewise, the AC breakdown voltage 

increases with an increase in the oil temperature from 30 to 90°C, though the effect is not as 

pronounced. The highest AC breakdown voltage (36.36 kV/mm) is attained when the 

stirring speed and temperature is 550 rpm and 90°C, respectively. This indicates that the 

highest stirring speed and oil temperature results in the highest AC breakdown voltage and 

hence, these are the optimum settings for the mixing process parameters. Interestingly, the 
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lowest AC breakdown voltage (29.94 kV/mm) is attained at the lowest stirring speed and 

the highest oil temperature, with a value of 250 rpm and 90°C, respectively. This implies 

that the stirring speed has a more pronounced effect on the AC breakdown voltage of the 

MI-PFAE oil blend compared to temperature. In general, the optimum mixing process 

parameters results in proper dispersion of the MI and PFAE oils, which explains the higher 

AC breakdown voltage.  This is because it is not possible to achieve a stable blend of 

insulation oils without a proper mixing process. In addition, it is not possible to 

significantly enhance the dielectric strength of insulation oil blends without the optimum 

mixing process conditions.  

 
Figure 3: Response surface plot which shows the effect of stirring speed and temperature on 

the AC breakdown voltage of MI-PFAE oil blend 

 

Table 6: Comparison between the AC breakdown voltage observed from experiments and 

those predicted by the regression model  

 

Experiment  

(Test run) 

Observed value, y 

(kV/mm) 

Predicted value, y’ 

(kV/mm) 
Residual, 

| y – y’ | 

1 32.62 32.62 0.000 

2 29.94 29.94 0.000 

3 33.68 33.49 0.190 

4 36.36 36.36 0.000 

5 33.87 33.49 0.380 

6 31.26 31.26 0.000 

7 32.92 33.49 0.570 
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Table 7: ANOVA results for the regression model with factorial response surface fitting 

Source SS df MS F-value p-value R2 

Overall model  23.00 3 7.67 11.29 0.0384 0.9187 

A-Stirring speed 6.40 1 6.40 9.43 0.0545  

B-Temperature 1.46 1 1.46 2.16 0.2382  

AB 15.13 1 15.13 22.29 0.0180  

Residual 2.04 3 0.68    

Lack of fit 1.53 1 1.53 6.06   

Pure error 0.51 2 0.25    

Total correlation 25.03 6     

 

 

4. Conclusion 

 

In this study, MI and PFAE oils are blended with a volume ratio of 80:20 using a 

magnetic stirrer, whereby the stirring speed and temperature are varied according to the 

two-level (2k) factorial design, which is a common DOE approach used to screen the factors 

that are significant to the experiment. The AC breakdown voltage tests are carried out to 

determine the dielectric strength on the MI-PFAE oil blends in accordance with the ASTM 

D1816 standard test method. The results show that the combination of stirring speed and 

temperature has the most significant effect on the AC breakdown voltage of the MI-PFAE 

oil blend, with a percentage of contribution of 60.45%. A regression model is developed to 

predict the AC breakdown voltage of the oil blend as a function of the stirring speed and 

temperature and ANOVA is carried out to determine the statistical significance of the 

regression model. The R2 value and p-value of the regression model is found to be 0.9187 

and 0.0384, respectively. RSM is used to determine the optimum mixing process 

parameters in order to maximize the AC breakdown voltage and the response surface plot 

shows that the highest AC breakdown voltage (36.36 kV/mm) is attained when the stirring 

speed and temperature is 550 rpm and 90°C, respectively, indicating that these are the 

optimum settings for the mixing process parameters.  
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