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Abstract

:

Vegetable insulating oil may replace the mineral insulating oil used in large power transformers due to its extraordinary biodegradability and fire resistance. According to component analysis, 1-methylnaphthalene and eicosane are considered the typical molecules in mineral oil. Triolein and tristearin are considered the typical molecules in vegetable oil. The ionization potential (IP) and the variation of highest occupied molecular orbital (HOMO) of typical molecules under an external electric field are calculated using quantum chemistry methods. The calculation results show that the IP of the triolein molecule is comparable to that of the 1-methylnaphthalene molecule. The mechanisms of losing electrons are discussed, based on the analysis of HOMO composition. The insulation characteristics of the triolein and tristearin are more likely to be degraded under an external electric field than those of 1-methylnaphthalene and eicosane. Due to the fact that the number density of low IP molecules groups in vegetable oil is much greater than that in mineral oil, the polarity effect in vegetable oil is more obvious than that in mineral oil. This eventually leads to different streamer characteristics in vegetable oil and mineral oil under positive polarity and negative polarity.
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1. Introduction


Vegetable insulating oil is a nontoxic, reproducible and environmental dielectric fluid [1,2,3,4,5,6,7]. It can be used as a substitute for mineral insulating oil, in transformer and oil-filled cables [8,9,10,11]. The basic physical, chemical and electrical properties of vegetable oil and mineral oil are listed in Table 1 [3]. It is attracting increasing research interest due to its high fire point of above 300 °C [4], which significantly improves the safety level of the power grid. Moreover, the 21-day degradation rate of vegetable oil is up to 97% by the CEC-L-33 test (Coordinating European Council, Leicester), which is superior to mineral oil with 30% [5]. Generally speaking, insulating materials are very sensitive to moisture, such as insulation paper and low-density polyethylene [12,13]. The frequency breakdown voltage of mineral oil will collapse when the moisture is up to 30 ppm, however, the frequency breakdown voltage of vegetable oil will not obviously decrease when the moisture is up to 320 ppm [6,14]. Vegetable oil absorbs the moisture in insulation paper, leading to much more prolonged lifetime of oil-paper insulations [7].



Vegetable oil has shown comparable electrical properties to mineral oil by some standard tests [8]. However, comparing with mineral oil, fast streamer seems to appear easily in vegetable oil especially when the oil gap is longer than 50 mm. Liu’s study shows that [15], under positive polarity, the streamer velocity in vegetable oil is about 10 km/s at 50 mm of oil gap and reaches 30 km/s at 100 mm. The streamer velocity in mineral oil remains at a constant of 1–2 km/s for oil gaps of 25–100 mm under positive polarity. However, under negative polarity, the streamer velocity in vegetable oil seems to be suppressed and the streamer velocity in mineral oil obviously increases with the increasing oil gap. For example, the streamer velocity in mineral oil is about 6 km/s at 75 mm of oil gap under negative polarity, even higher than that in vegetable oil. The fast streamer (>10 km/s) in the insulating liquid may connect the electrodes, resulting in serious disaster. However, the streamer propagation is affected by many factors such as air-pressure, temperature, impurities and moisture. The mechanisms of streamer propagation are not completely understood.



To date, considerable results have focused on the assessment of differences and similarities between vegetable oil and mineral oil based on experimental measurements and analysis. There is a lack of investigation at the molecular level into explaining the electrical discharge phenomena happening in the oils. Density functional theory (DFT) is a quantum chemistry method to calculate the electronic structure. DFT is widely used to speculate about the properties of molecular and condensed matter in both physics and chemistry [16,17]. The molecular components of insulating oils are very plentiful and we chose several typical molecules to study the molecular characteristics associated with electric discharge.



Mineral oil, as transformer oil, is from petroleum by distillation at a temperature of 260–400 °C. According to the component analysis, mineral oil is dominated by hydrocarbons that include the aromatic, paraffinic and naphthenic [18,19,20]. Aromatic usually has two benzene rings (e.g., 1-methylnaphthalene molecule) and the total proportion of aromatic is about 5%. Paraffinic and naphthenic usually have 16~22 carbon units (e.g., eicosane molecule) and the total proportion of paraffinic and naphthenic is about 95%. For vegetable oil, the component analysis has indicated that the main molecules are triglycerides [21,22,23,24,25]. The triglyceride molecule can be considered a glycerol molecule esterified by three fatty acid molecules. The fatty acids usually have 14~22 carbon units. The unsaturated fatty acids (e.g., oleic acid, generating triolein molecule in vegetable oil) hold the majority among the fatty acids (about 90%). A small amount of saturated fatty acids (e.g., stearic acid, generating tristearin molecule in vegetable oil) are included as well (about 10%).



In this work, according to the component analysis, 1-methylnaphthalene and eicosane are considered the typical molecules in mineral oil. Triolein and tristearin are considered the typical molecules in vegetable oil. The electronic properties of typical molecules are calculated using the quantum chemistry method. The mechanisms of fast and slow streamers in vegetable oil and mineral oil are discussed based on the calculations.




2. Methods


According to the component analysis, the four typical molecules are considered including 1-methylnaphthalene, eicosane, triolein and tristearin. The models for the typical molecules with a Cartesian axis are shown in Figure 1.



The IPs of the typical molecules are calculated by quantum chemistry methods based on density functional theory. The calculations are carried out using the Gaussian 09 program package [26]. The B3LYP method is employed at 6-31G* basis set [27,28].



The geometries of the molecules are optimized for energy minimization. The energy of a positive ion is calculated based on the geometry optimized. The IP of molecule A is defined as the energy difference of neutral molecule A and corresponding positive ion A+, written as:


   I P =  E   A +    −  E A    



(1)







The polarizable continuum model (PCM) is used to calculate the IP [29]. In PCM, the surrounding liquid for a given molecule is considered as a continuum dielectric with a dielectric constant ε. It is set to be 3.0 for vegetable oil and 2.2 for mineral oil. The DFT method (B3LYP) at the 6-31G* basis set is used as before. The definition of the IP in liquid phase can be defined as:


   I P =  E   A +    −  E A  +  V 0  ,   



(2)




where V0 is the energy of a quasi-free electron in a condensed state. The values of V0 are generally much less than the IP of the molecules (<0.1 eV). Hence, the V0 is neglected in this work [30].



The electronic properties of molecules will be changed under the external field, resulting in changes of the ionization characteristic [31,32]. The electric field intensity of streamer initiation is about 108 V/m [33,34,35]. However, the electric field intensity of streamer fast propagation is at least 109 V/m [19]. The external field directions include X, X-, Y, Y-, Z and Z-. Electronic properties of a triolein molecule under an external electric field were investigated in our previous study and the direction of the electric field is along the Z axis [31].



Koopman’s theorem points out that there is a negative correlation between the IP and the energy of the highest occupied molecular orbital (HOMO). The increase of HOMO energy means that the electrons easily escape from the molecular orbital and the insulation capacity declines. The HOMO energies of those molecules under an external field are calculated. Under an external electric field, the Hamiltonian of the molecule system is the sum of molecule Hamiltonian and interaction Hamiltonian, described as [36]:


   H =  H 0  +  H  int     



(3)







The Hint is the interaction Hamiltonian between the electric field and molecule, which can be described as:


    H  int   = − μ · F   



(4)




where µ is dipole moment and F is radiation field. External electric fields are applied along the X, X-, Y, Y-, Z and Z-axis. The intensities are 0.0005 a.u. and 0.005 a.u. 1 a.u. of electric field is equal to 5.14 × 1011 V/m. The intensities are namely 2.57 × 108 V/m and 2.57 × 109 V/m.




3. Results and Discussion


3.1. Wavenumber of Functional Group


The infrared spectrum reflects the molecular structure. However, the molecular structure determines the physicochemical and biological properties of the molecule. Wavenumbers of functional groups of the molecules are calculated. A scale factor of 0.96 for B3LYP/6-31G* is used to address the fundamental error [37]. The results are listed in Table 2 together with the experimental data published previously [38,39,40]. The spectral peak of a wavenumber calculated for 1-methylnaphthalene molecule is 3072.9 cm−1 from C–H stretching on benzene ring. The spectral peak of a wavenumber calculated for eicosane molecule is 3072.9 cm−1 from C–H stretching. For a triolein molecule, the wavenumbers of C=O stretching are 1775.7 cm−1, 1778.2 cm−1 and 1784.9 cm−1 from the three C=O double bonds; the wavenumbers of C=C stretching are 1673.4 cm−1, 1673.5 cm−1 and 1673.6 cm−1 from the three C=C double bonds. For a tristearin molecule, the wavenumbers of C=O stretching are 1775.6 cm−1, 1778.2 cm−1 and 1784.8 cm−1 from the three C=O double bonds. The experimental values of wavenumbers are also listed in this table, which show consistencies with theoretical results.




3.2. Ionization Potentials and HOMO


The IPs of the typical molecules are calculated by the methods mentioned in Section 2 and the results are listed in Table 3. As shown in the table, the liquid-phase calculations are smaller than the gas-phase values. This is ascribed to the fact that the energy of a neutral molecule     E A     is almost unchanged and the energy of a positive ion     E  A +      is decreased in PCM. The IP of a triolein molecule in liquid phase is 6.65 eV, which is comparable to that of a 1-methylnaphthalene molecule. The IP of a tristearin molecule in liquid phase is 7.73 eV, which is near to that of eicosane molecule. The calculated value of 1-methylnaphthalene is close to the experimental value, which assures the reliability of our method.



Electrons move on the HOMO of a molecule and may escape from the orbital by way of the energy obtained from collision, illumination or otherwise [33,42]. Collisions occur between neutral molecules and free electrons accelerated in the high electric field. A neutral molecule is ionized during the collision. A neutral molecule can also be ionized under illumination, namely photo-ionization. Table 4 shows the HOMO energies of typical molecules. The HOMO energies of typical molecules in the gas phase are −5.67 eV, −7.61 eV, −6.28 eV and −7.32 eV, respectively. The liquid-phase results are almost equal to the gas-phase ones. As discussed in Section 2, in PCM, the surrounding liquid of the molecule is considered as a continuum dielectric with a dielectric constant ε. The PCM does not much affect the electron structure of a neutral molecule.



The isosurface of the HOMO of a 1-methylnaphthalene molecule is shown in Figure 2. The HOMO compositions are analyzed by the Mulliken method using the Multiwfn program [43]. C10, C11, C5 and C2 make the primary contribution to the HOMO with the percentage of 18.33%, 17.23%, 15.12% and 14.99%, respectively. Furthermore, the contribution of each C atom consists of two P-shells (10.87% and 7.41%, take C10 for example). It can be speculated that the electrons of these atoms may escape from the HOMO of 1-methylnaphthalene. The contributions of all the H atoms are all less than 1.5%. The H atoms are least likely to provide electronic in the discharge process.



The isosurface of the HOMO of an eicosane molecule is shown in Figure 3 and only H’s labels are excluded in order to be concise. HOMO compositions are distributed across all the C atoms. In the order of the most contribution, it goes: C29 with 8.15%, C32 with 8.15%, C26 with 7.88%, C35 with 7.87%, C23 with 7.35%, C38 with 7.36%, C20 with 6.61%, C41 with 6.61%, C17 with 5.71%, C44 with 5.71%, C14 with 4.70%, C47 with 4.70%, C11 with 3.63%, C50 with 3.64%, C8 with 2.70%, C53 with 2.70%, C5 with 1.73%, C56 with 1.73%, C1 with 1.05% and C57 with 1.05%, respectively. From the results listed above, the C atoms in the molecule center are more likely to lose the electrons than the C atoms in two-ends.



Figure 4 shows the isosurface of the HOMO of a triolein molecule. HOMO compositions are contributed by the C atoms in the cis C=C functional group at the position Sn-2. C100 and C102 make the primary contribution to the HOMO with the percentage of 39.67% and 39.66%, respectively. The contributions from the two C atoms consist of two P-shells (about 22.46% and 16.92% for C100; 22.45% and 16.92% for C102). The cis C=C functional group makes the triolein molecule very active. The molecule is easily ionized under a high electrical field. The IP of a triolein molecule is comparable to that of a 1-methylnaphthalene molecule.



The isosurface of the HOMO of a tristearin molecule is shown in Figure 5. O17 and the neighboring atom C18 make the primary contribution with a percentage of 68.42% and 10.62%, respectively. The contribution of O17 consists of two P-shells (about 43.60% and 24.83%). Compared with the cis C=C, the C=O has improved chemical stability. The IP of a tristearin molecule is comparable to that of an eicosane molecule.




3.3. HOMO Variation under External Electric Field


The electronic structure of a molecule is not invariable under an external electric field as discussed in Section 2. The HOMO energy variations of the four typical molecules with applied fields are shown in Figure 6. The electric field intensities are 2.57 × 108 V/m and 2.57 × 109 V/m. The external field directions include X, X-, Y, Y-, Z and Z- of the Cartesian axis as shown in Figure 1. The HOMO energies of the four molecules have slight variations in all directions when the electric field intensity is 2.57 × 108 V/m, as shown in Figure 6. When the electric field intensity is 2.57 × 109 V/m, the HOMO energies change obviously. It is noticed that the HOMO energies of the two triglyceride molecules, including the triolein molecule and the tristearin molecule, increase sharply in all directions. There is a negative correlation between the IP and the energy of the HOMO. That means that the insulation characteristics of triolein and tristearin are more likely to be degraded under an external electric field than those of 1-methylnaphthalene and eicosane.



Performance degradation of insulating material is affected by many factors, such as impurity, moisture or ageing [44,45]. Under the external electric fields, the variations of HOMO energy can be ascribed to the variations of composition of the HOMO. Figure 7 shows the isosurface of HOMO of molecule under the external electric field along X-axis with the intensity of 2.57 × 109 V/m. For 1-Methylnaphthalene as shown in Figure 7a, C10, C11, C5 and C2 also make the primary contribution to the HOMO, which are similar with the molecule under no external electric field as shown in Figure 2. However, the contribution rates of C5 and C2 increased to 16.81% and 16.77%, respectively. For triolein, as shown in Figure 7c, C81 and C83 make the primary contribution to the HOMO with the percentage of 40.12% and 34.04%, respectively. Comparison of Figure 4 and Figure 7c, it is noticed that the total contribution rate of atoms of cis C=C decreases and the contribution rate of the atoms in the end of the carbon chain increases under the external electric field.





4. Discharge Mechanisms


4.1. Streamer Characteristic Effected by the Distribution of Ionization Potential


Each oil is considered in terms of a low IP molecules group and a high IP molecules group. The corresponding number densities within each group are NL and NH, respectively. For vegetable oil, the low IP molecules group is formed by triolein molecules and the high IP molecules group is composed of tristearin molecules. It is found that NL >> NH in vegetable oil. For mineral oil, the low IP molecules group is represented by 1-methylnaphthalene molecules and the high IP molecules group contains eicosane molecules. It is recognized that NL << NH in mineral oil. Additionally, the IP of the low IP molecules group in vegetable oil is comparable to the IP of the low IP molecules group in mineral oil.



Consider the positive streamer in oils. When enough voltage is applied to the needle electrode, remarkable ionization of molecules happens. The generated electrons rush to the positive electrode quickly due to the high electron mobility and the positive ions are left to form the tip of the streamer. The generated positive ions move to the negative electrode slowly due to the low ion mobility. The separation of positive ion and electron will form the induced electric field E, which can be written as:


   ∇ ·  E  =  Σ i  e  n i  / ε ,   



(5)




where ni is the number density of the molecule i which has been ionized and ε is the dielectric constant. Assume that all the low IP molecules are ionized when breakdown happens. Equation (5) can be revised as:


   ∇ · E = e  N L  / ε .   



(6)







Due to NL >> NH in vegetable oil, there will be sufficient low IP molecules being ionized that form the powerful induced electric field E, which facilitates the further ionization of molecules. The streamer velocities of vegetable oils can reach or exceed 10 km/s. Due to NL << NH in mineral oil, the limited low IP molecules can be ionized to form the weak induced electric field E. The streamer velocities of mineral oil remain quite slow as 1–2 km/s. In order to observe the fast streamer in mineral oil, a higher voltage is needed after breakdown happens. Assume that all the high IP molecules are ionized when a fast streamer appears in mineral oil. Sufficient high IP molecules can be ionized to form a powerful induced electric field E. Equation (5) can be revised as:


   ∇ · E = e (  N L  +  N H  ) / ε .   



(7)








4.2. Polarity Effect and Space Charge


In Reference [15], the breakdown voltage of vegetable oil is lower than that of mineral oil both under positive polarity and under negative polarity. However, it is worth pointing out that the streamer velocity of vegetable oil can reach 10~30 km/s (fast streamer) under positive polarity but be severely suppressed under negative polarity. The streamer velocity of mineral oil is even higher than that of vegetable oil under negative polarity. It is almost impossible that the streamer velocity of mineral oil is higher than that of vegetable oil under positive polarity. Probably because the number density of low IP molecules group in vegetable oil is much greater than that in mineral oil, that is NLV >> NLM, the breakdown voltage of vegetable oil is always lower than that of mineral oil.



Also, due to NLV >> NLM, the polarity effect in vegetable oil is more obvious than that in mineral oil. This eventually leads to the different streamer characteristics in vegetable oil and mineral oil under positive polarity and negative polarity. Figure 8 shows the polarity effect in vegetable oil and mineral oil.



Under positive polarity in Figure 8a, the electrons enter the positive needle electrode after the neutral molecules are ionized. The positive ions are left near the needle tip. The space charges weaken the field near the tip and strengthen the field forward. The effects of space charges on the electric field in vegetable oil are more significant than that in mineral oil. The strengthened field facilitates the further ionization process. The induced electric field will dominate the streamer propagation in the long oil gaps. The insulation degradation of molecules in such high fields will further facilitate the streamer propagation. Hence, the fast streamer appears easily in vegetable oils.



Under negative polarity in Figure 8b, the electrons rush to the positive plane electrode after the neutral molecules are ionized. The positive ions are left behind. The space charges strengthen the field near the tip and weaken the field forward. The effects of space charges on field in vegetable oil are also more significant than that in mineral oil. The weakened field represses the further ionization process. Hence, the streamer velocities of mineral oil even surpass those of vegetable oil in long oil gaps.





5. Conclusions


In this work, 1-methylnaphthalene and eicosane are selected as the typical molecules in mineral oil. Triolein and tristearin are selected as the typical molecules in vegetable oil. The electronic properties of the typical molecules are calculated using the quantum chemistry method (B3LYP/6-31G*) based on density functional theory. The mechanisms of fast and slow streamers in mineral oil and vegetable oil are discussed based on the calculations. Several conclusions are summarized as follows:




	(1).

	
The IP of a triolein molecule is comparable to that of a 1-methylnaphthalene molecule. The IP of a tristearin molecule is comparable to that of an eicosane molecule, especially in the liquid phase. The mechanisms of losing electrons are discussed based on the analysis of HOMO composition.




	(2).

	
The HOMO energy variations with applied fields are calculated. The insulation characteristics of triolein and tristearin are more likely to be degraded under an external electric field than those of the 1-methylnaphthalene and eicosane.




	(3).

	
Due to the fact that the number density of the low IP molecules group in vegetable oil is much greater than that in mineral oil, the polarity effect in vegetable oil is more obvious than that in mineral oil. This eventually leads to different streamer characteristics in vegetable oil and mineral oil under positive polarity and negative polarity.
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Figure 1. Models of typical molecules with Cartesian axis. Gray: C, red: O, green: H. 
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Figure 2. Isosurface of HOMO of 1-methylnaphthalene molecule. 
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Figure 3. Isosurface of HOMO of eicosane molecule. 
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Figure 4. Isosurface of HOMO of triolein molecule. 
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Figure 5. Isosurface of HOMO of tristearin molecule. 
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Figure 6. HOMO energy variations with applied fields: (a) 1-Methylnaphthalene; (b) eicosane; (c) triolein; and (d) tristearin. 
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Figure 7. Isosurface of HOMO of molecule under the external electric field along X-axis with the intensity of 2.57 × 109 V/m: (a) 1-methylnaphthalene; (b) eicosane; (c) triolein; and (d) tristearin. 
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Figure 8. Polarity effect in vegetable oil and mineral oil: (a) positive polarity; and (b) negative polarity. 
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Table 1. Basic physical, chemical and electrical properties of vegetable oils and a mineral oil [3].
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Parameter

	
Camellia Oil

	
FR3 Oil

	
Mineral Oil




	
Appearance

	
Light Yellow

	
Light Green

	
Transparent






	
Density (20 °C)/kg·m−3

	
0.90

	
0.92

	
<0.895




	
Viscosity (40 °C)/mm2·s−1

	
39.9

	
34.1

	
≤13.0




	
Pour point/°C

	
−28

	
−21

	
<−22




	
Flash point/°C

	
322

	
316

	
≥135




	
Acid value/mgKOH·g−1

	
0.03

	
0.04

	
≤0.03




	
Interfacial tension/mN·m

	
25

	
24

	
≥40




	
AC breakdown voltage/kV

	
70

	
56

	
≥35




	
Dissipation factor(90 °C)/%

	
0.88

	
0.89

	
≤0.1




	
Volume resistivity/Ω·m

	
1 × 1010/90 °C

	
2 × 1011/25 °C

	
7 × 1011/25 °C




	
Relative permittivity

	
2.9/90 °C

	
3.2/25 °C

	
2.2/90 °C
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Table 2. Wavenumber of functional groups.
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Typical Molecule

	
Vibration Mode

	
Wavenumber (cm−1)




	
Calculated Value

	
Experimental Value






	
1-Methylnaphthalene

	
C–H stretching

	
3072.9

	
3077 1




	
Eicosane

	
C–H stretching

	
2954.9

	
2934 1




	
Triolein

	
C=O stretching

	
1775.7, 1778.2, 1784.9

	
1746 2, 1745 3




	
C=C stretching

	
1673.4, 1673.5, 1673.6

	
1653 2, 1654 3




	
Tristearin

	
C=O stretching

	
1775.6, 1778.2, 1784.8

	








1,2,3 Experimental values are taken from [38,39,40], respectively.
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Table 3. Ionization potentials of typical molecules.
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	Typical Molecule
	IP in Gas Phase (eV)
	IP in Liquid Phase (eV)





	1-Methylnaphthalene
	7.51
	6.25/6.20 1



	Eicosane
	8.78
	7.92



	Triolein
	7.24
	6.65



	Tristearin
	8.21
	7.73







1 The experimental value in Ref [41].
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Table 4. Highest occupied molecular orbital (HOMO) energies of typical molecules.
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	Typical Molecule
	HOMO in Gas Phase (eV)
	HOMO in Liquid Phase (eV)





	1-Methylnaphthalene
	−5.67
	−5.71



	Eicosane
	−7.61
	−7.60



	Triolein
	−6.28
	−6.33



	Tristearin
	−7.32
	−7.46











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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