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Abstract

:

Mineral oil is the most popular insulating liquid for high voltage transformers due to its function as a cooling liquid and an electrical insulator. Kraft paper has been widely used as transformer solid insulation for a long time already. The degradation process of transformer paper due to thermal aging in mineral oil can change the physical and chemical structure of the cellulose paper. Fourier transform infrared (FTIR) spectroscopy analysis was used to identify changes in the chemical structure of transformer paper aged in mineral oil. FTIR results show that the intensity of the peak absorbance of the O–H functional group decreased with aging but the intensity of the peak absorbance of the C–H and C=O functional groups increased with aging. Changes in the chemical structure of the cellulose paper during thermal aging in mineral oil can be analyzed by an oxidation process of the cellulose paper and the reaction process between the carboxylic acids in the mineral oil and the hydroxyl groups on the cellulose. The correlation between the functional groups and the average number of chain scissions of transformer paper gives initial information that the transformer paper performance can be identified by using a spectroscopic technique as a non-destructive diagnostic technique.
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1. Introduction


Operational conditions of the transformer such as increased loading and short-circuit power might affect the ability of the transformer to endure the mechanical, electrical, and thermal stresses that occur. Those situations may accelerate the thermal aging of the transformer because electrical and mechanical properties of the transformer become worse due to those stresses. Cellulose paper has been used in power transformers as solid insulation for 100 years [1]. Cellulose is a homopolymer of d-anhydroglucose units bonded together with C1–C4 glycosidic oxygen linkages [2]. Cellulose paper plays an important role in considering the lifetime of power transformers [3,4,5]. Cellulose has been characterized by the degree of polymerization (DP), which is the average number of glucose rings of its polymeric chain [6,7]. The DP that is related to the tensile strength of the paper decreases with aging. At low DP levels, the ability to withstand high mechanical stresses is significantly reduced, increasing the risk of electrical failures such as generating the inrush current through windings [6,7]. By considering the effects of the damage of solid insulation of transformers, it can be concluded that the life of a transformer is directly related to its solid insulation condition. During operation, the degradation process of the cellulose paper takes place due to thermal aging, which is the dominant aging in power transformers. The lifetime of the solid insulation is affected by temperature, water, and oxygen [8]. The aging mechanism of solid insulation can be explained by the degradation process of cellulose, which is the combined effect of pyrolysis, hydrolysis, and oxidation [7]. Cellulose paper and insulating liquid are the main parts of power transformers’ insulation.



Nowadays, mineral oil is the most popular insulating liquid for high voltage transformers. Mineral oil has been used not only for liquid insulation but also as a cooling medium of power transformers. Mineral oil is well known as an insulating liquid for power transformers due to several advantages: good compatibility with cellulose paper as solid insulation, good physical and electrical properties, suitable properties such as good electrical arc quenching, availability, low cost, and long history [9,10,11]. Mineral oil is a complex mixture of several hydrocarbon molecules and its chemical formula consists of alkenes (paraffin), cyclic alkenes (naphthene), and aromatics [9,11]. Oxidation is the major degradation mechanism of hydrocarbon oil and the rate of oxidation depends on temperature [12]. The degradation process due to thermal aging can change the physical and chemical structure of transformer paper in mineral oil. Fourier transform infrared (FTIR) spectroscopy analysis can identify chemical bonds by using an infrared spectrum that is absorbed by the material. Spectroscopy is a powerful non-destructive technique that uses an electromagnetic radiation interaction effect to determine the atomic or molecular structure and the energy level of the substance [13]. So far, many researchers have developed the non-destructive technique to measure the condition of both the oil and the paper in a power transformer using spectroscopy techniques. For insulating liquid performance measurements, the combination of spectroscopy techniques and an artificial neural network is used to obtain the correlation between the spectral response and the chemical and physical properties of the oil. This combined method has been used to investigate a 2-FAL compound in transformer oil, the interfacial tension number of transformer oil, and various dissolved gases within transformer oil [13,14,15]. For insulating paper performance measurements, the spectroscopy technique and statistical analyses have been developed to obtain a correlation between the spectral response and the chemical properties of the paper. Several works have reported that this combined method has shown the possibility of using the spectroscopy technique for determining the degree of polymerization (DP) and water content of the transformer paper [6,16,17,18]. Currently, destructive methods such as viscometry have been widely used for the direct measurement of DP [6,19].



This paper reports the chemical structures of transformer paper aged in mineral oil using Fourier transform infrared (FTIR) spectroscopy. Fourier transform infrared (FTIR) spectroscopy shows the intensity of the peak absorbance of the functional groups of transformer paper, which can identify the chemical bond in a molecule of cellulose paper. This study was conducted to provide a better understanding of transformer paper characteristics in mineral oil during thermal aging using Fourier transform infrared (FTIR) spectroscopy. This study also gives initial information that the condition of the cellulose paper as transformer solid insulation, which has a direct correlation with the life of the transformer, can be identified by using a spectroscopy technique.




2. Experimental Specimens and FTIR Measurement


2.1. Preparation of Experimental Specimens


The sample needed for this experiment was a copper conductor, kraft paper, and mineral oil. Mineral oil used in this experiment is an uninhibited transformer oil that is typically used for high voltage transformers and conforms to IEC 60296. The transformer paper (thickness of 0.061 mm and a base weight of 0.0064 g/cm2) used for these studies was kraft paper, which is available commercially for power transformer windings. The initial water content of all kraft paper samples was about 5%. The copper conductor was needed in this experiment in order to obtain the real conditions of a transformer where the transformer coils are insulated by kraft paper and immersed in insulating liquid. IEEE Standard C57.100–2011 also recommends using a copper conductor in experiments relating to transformer solid insulation [20]. A total amount of 10 g kraft paper, 8.75 g copper conductor, and 200 g mineral oil were placed in a hermetical glass bottle [17,21]. A pre-treatment process was carried out on the mineral oil samples by putting the mineral oil in the oven for 24 h at 100 °C [9,11,17]. The purpose of this step was to reduce the amount of water content inside the mineral oil.



Kraft paper was cut into strips and wrapped around the copper conductor before the paper samples were inserted into heat-resistant glass bottles. After that, each aging test bottle was sealed. In this experiment, thermal aging using a sealed system was chosen based on the recommendation of the IEEE Standard C57.91–1995 [22]. An accelerated thermal aging test was conducted to obtain the aged paper samples in a short time. All of the sealed glass bottles were placed in two different ovens for aging and heated to 120 °C and 150 °C, respectively, for a certain period of time. Samples were taken out of the ovens at regular intervals: 336, 672, and 1008 h. Aging at a temperature of 150 °C was selected according to a reference published in IEEE by Mc Shane et al. [23], while aging at a temperature of 120 °C is a hot spot temperature according to the IEEE [24]. A list of samples is shown in Table 1.




2.2. Fourier Transform Infrared (FTIR) Spectroscopy


Electromagnetic radiation that interacts with a substance can be absorbed, transmitted, reflected, scattered, or have photoluminescence (PL), which provides significant information on the molecular structure and the energy level transition of that substance [13,25]. Paper samples placed in the path of an infrared beam will absorb and transmit light and then the light signal will penetrate the sample to the detector. The detector measures the intensity of the radiation moving into a sample and the intensity of the radiation transmitting through a sample. Figure 1a shows the schematic diagram of an FTIR spectrometer. Its output as a function of time is converted into a plot of absorption against wavenumber by a computer using a Fourier transform method [25]. In this experiment, the application of an ALPHA FTIR spectrometer was used to measure infrared spectra of the functional groups of transformer paper. An ALPHA FTIR spectrometer is shown in Figure 1b. FTIR using an attenuated total reflection (ATR) technique was used in this experiment to investigate the structural changes of cellulose paper by obtaining its infrared spectra. The penetration depth of a light beam using an ATR technique into a sample is about 0.5–3 μm [7]. This measurement only needed small samples of transformer paper and each sample was conducted twice to ensure the infrared spectra of the investigated paper samples. The observed spectra are the absorbance of the different paper samples versus the wavenumber range 4000–400 cm−1.





3. Results and Discussion


3.1. Fourier Transform Infrared (FTIR) Spectroscopy Analysis of Transformer Paper


During operation, the oil–paper composite insulation within a transformer experiences an aging process that is caused by a combination of thermal, electrical, and mechanical stresses. Thermal stress in oil–paper composite insulation is the most significant factor in insulation aging [26]. Due to thermal stress, the degradation process of insulation materials within transformers leads to changes in the chemical structure of the insulation material. A chemical reaction takes place during the degradation process. Table 2 shows the visual appearances of paper surfaces aged in mineral oil. The color of the paper surface becomes darker with aging. Solid dielectrics become darker as the aging time and temperature increase. It can be stated that an old transformer might have darker solid dielectrics compared to a new one. When higher temperatures were applied, the insulation paper became darker faster. The visual appearance of the paper sample changed with aging, which indicates changes in the microstructure and chemical structure of the cellulose paper. The chemical structure of the transformer paper aged in mineral oil can be identified by using Fourier transform infrared (FTIR) spectroscopy. FTIR was used to identify the functional groups of the investigated material, which is shown by the intensity of peak absorbance.



Figure 2 shows the FTIR spectra of transformer paper aged in mineral oil for 1008 h. Table 3 and Table 4 show the peak absorbance values of the paper samples. There is a significant difference between FTIR spectra, especially the peak absorbance value of the infrared spectra of the paper sample at aging temperatures of 120 °C and 150 °C of the same aging times. This confirms that thermal stress influences the chemical structure of paper samples.



From Figure 2, the FTIR spectrum of new cellulose paper shows absorbance peaks at wavenumbers 3700–3000 cm−1 (which is an O–H functional group), at wavenumbers 3000–2700 cm−1 (which is a C–H functional group), and at wavenumbers 1500–900 cm−1 (which is a C–O functional group). These functional groups identified are consistent with the basic structure of cellulose as shown in Figure 3.



Figure 4a,b presents the FTIR spectra of transformer paper aged in mineral oil at aging temperatures of 120 °C and 150 °C. These figures relate to the hydroxyl groups of the spectra. The peak absorbance at 3329 cm−1 represents the O–H functional group. The peak absorbance located close to 3340 cm−1 is a typical characteristic of cellulose [27]. As shown in these figures, it is clear that the peak absorbance value of the O–H functional group located close to 3329 cm−1 decreases with aging due to the oxidation process. The products of degradation of cellulose paper are CO, CO2, H2O, H2, CH4, and furans, which are dissolved in the mineral oil [28]. During thermal aging, the cleavage of cellulose chains involves an O–H functional group. An O–H group reacts with a hydrogen atom generating a water molecule. An alcohol is transformed into ketone by an oxidation process. In this process, the hydrogen of the O–H group is displaced toward the carbon group and the CH2OH groups react with oxygen linking the glucose molecules, thereby cleaving the chain as shown in Figure 5 [29,30]. This intensity of peak absorbance located close to 3329 cm−1 can be associated with a reduction in molecular weight or the DP value [7].



Figure 6a,b illustrates the variations of the FTIR spectra around 2900 cm−1, which represent a C–H functional group. The intensity of these absorbance peaks at 2922 cm−1 and 2854 cm−1 increase with aging due to the adsorption process of the mineral oil to the paper surface during aging [7]. The major degradation of the aging mechanism in mineral oil is oxidation [7,29]. Oxidation decomposes the hydrocarbon molecules into other substances: hydroperoxide, alcohol, aldehyde, ketones, and esters. The oxidation reaction of mineral oil also generates carboxylic acids (R–COOH), which bind to alcohol thereby generating esters. The degradation process of transformer paper aged in mineral oil is due to the combined effects of pyrolysis, hydrolysis, and oxidation [7]. Temperature, moisture, and oxygen are the key factors that determine the aging rate of cellulose paper [7]. CO2, water, furanic compounds, and carboxyl acids (R–COOH) form through the oxidative degradation of cellulose paper [7]. During thermal aging, the carboxylic acids generated from the oxidation process of mineral oil can react with hydroxyl groups on the cellulose forming a cellulose graft polymer via a condensation reaction [31]:


RCOOH + HO-[Cellulose] ↔ RCOO-[Cellulose] + H2O











Carboxylic acids are an organic compound that contain a carbon–oxygen double bond and an oxygen–hydrogen single bond. R is a hydrocarbon group that has a lot of C–H functional groups. The reaction between the carboxylic acids in the mineral oil and the hydroxyl groups on the cellulose paper is the cause of the increasing C–H functional group on the cellulose paper after a hydrocarbon group (-R) in the mineral oil is moved to the cellulose paper. The radicals generated on the cellulose surface facilitate the physical attachment of low molecular weight oil molecules and lead to the formation of a layer of hydrocarbon lamination on the cellulose surface and an increase in the intensity of the corresponding to C–H vibrations [7]. Carboxyl acids in the mineral oil and the hydroxyl groups of cellulose paper are not only the main factors increasing the C–H functional group but are also the main factors in the emergence of the C=O functional group on the cellulose paper surface.



Figure 7a,b presents the FTIR spectra around 1700 cm−1, which represents the C=O functional group. The intensity of this absorbance peak at 1745 cm−1 increases with aging. This peak emerges on the cellulose paper after thermal aging in mineral oil. There is no absorbance peak at this functional group region for new transformer paper. The emergence of the C=O functional group is due to interactions between the low molecular weight acids dissolved in the mineral oil and the cellulose [31]. Carboxylic acids containing a carbon–oxygen double functional group react with the hydroxyl groups on the cellulose, forming a cellulose graft polymer and H2O. A carboxylate of the carboxylic acid (RCOO-) in mineral oil binds to the cellulose; this creates the emergence of the C=O functional group on the cellulose paper surface, as shown in Figure 8.




3.2. Correlation between Average Number of Chain Scissions and the Structural Changes of Transformer Paper Aged in Mineral Oil


The intensity of the peak absorbance of the functional groups within transformer paper changes during thermal aging due to the chemical process. The higher the temperature and the longer the duration of thermal aging of transformer paper in mineral oil, the higher is the thermal energy value. The chemical reaction is faster in systems with higher thermal energy. Svante Arrhenius showed the relationship between temperature and the rate constant by the reaction in Equation (1):


   k   = A ·  e  −      E a    R · T       



(1)




where k is the rate constant at temperature T (K), A is a constant called ‘frequency factor’, Ea is the activation energy for the reaction (J/mol), and R is the universal gas constant (8.314 J/mole/K). The activation energy represents the energy that the molecule in the initial state of the process must have before it can take part in the reaction. The reaction rate at any time is assumed to be proportional to the number of unbroken polymer chain bonds in the aging of paper [8,32]. The Arrhenius equation about the thermal aging of transformer paper in mineral oil is shown in Equation (2) [33]:


   A v e r a g e   n u m b e r   o f   c h a i n   s c i s s i o n   = A ·  e  −      E a    R · T     · t   



(2)







In this calculation of the average number of chain scissions, the value of A depends on the initial moisture content within the paper sample and the type of insulating paper. The value of A used for this calculation was 21 × 108 for non-upgraded kraft paper with a high moisture content [6,34]. For the expected lifetime of the transformer, the energy activation of 111 kJ/mol was used in this calculation [6,34,35].



Table 5 shows the average number of chain scissions of each paper sample. The average number of chain scissions of the paper sample increases with an increasing aging temperature at the same aging time. The probability of molecules colliding with each other increases with aging temperature. As a result, the kinetic energy of the molecules increases, making the effect to the activation energy of a reaction. The thermal energy increased due to the kinetic energy of the molecules making the degradation process at a temperature of 150 °C higher than at a temperature of 120 °C.



Figure 9 shows the correlation between the intensity of the absorbance peaks of the functional groups at 3329 cm−1, 2922 cm−1, 2854 cm−1, and 1745 cm−1 and the average chain scissions of the paper samples. The intensity of the peak absorbance of the functional group within the transformer paper that changes with aging correlates with the aging mechanisms during thermal aging. The intensity of the O–H functional group correlates with the average chain scissions due to the breakage of the hydrogen bonds of cellulose. The reduced intensity of the O–H functional group can be attributed to the reduction of the molecular weight/degree of polymerization [7]. The average number of chain scissions correlates with the molecular weight as shown in Equation (3) [7]:


   Average   number   of   chain   scission   =    1  D  P t    −  1  D  P 0      



(3)







DP0 represents the DP value of new transformer paper and DPt represents the DP value of transformer paper after thermal aging. From these figures, it can be seen that there is a linear correlation between the intensity of the peak absorbance of the O–H functional group and the average number of chain scissions. Those figures also show that there is a correlation between the intensity of the peak absorbance of the C–H and the C=O functional groups and the average number of chain scissions. It indicates that the reaction of the carboxylic acids in the mineral oil with the hydroxyl groups on the cellulose occurred at the same time as the process of chain scission on the cellulose.



Table 6 shows the value of R2 from the correlation between the functional group and the average number of chain scissions of transformer paper. R2 is the coefficient of determination, which has a range of 0–1 and measures the closeness of the data to the regression line. A value of R2 of 1 means that the correlation has a linear relationship. This result gives initial information that there is a correlation between the structural changes of transformer paper during thermal aging with the average number of chain scissions.





4. Conclusions


Accelerated thermal aging experiments on transformer paper in mineral oil was conducted under aging temperatures of 120 °C and 150 °C with durations of up to 1008 h. Visually the paper samples became darker as time elapsed, which indicates the structural changes of the cellulose paper after thermal aging. The chemical structure of transformer paper in mineral oil was identified using Fourier transform infrared (FTIR) spectroscopy analysis. FTIR spectra of new cellulose paper show absorbance peaks located close to 3329 cm−1 that represents an O–H functional group, located close to 2922 and 2854 cm−1 that represent a C–H functional group, and located close to 1050 cm−1 that represents a C–O functional group. These functional groups are consistent with the basic structure of cellulose. The intensity of the peak absorbance at 3329 cm−1, which is a typical characteristic of cellulose, decreased with aging due to oxidation processes. The intensity of the absorbance peaks located close to 2922 cm−1 and 2854 cm−1, which represent a C–H functional group, increased with aging due to the adsorption process of mineral oil to the paper surface during aging. The reaction between the carboxylic acids in the mineral oil with hydroxyl groups on the cellulose paper was the cause of the increased C–H functional group of the cellulose paper after moving a hydrocarbon group (-R) in mineral oil to the cellulose paper. The intensity of this absorbance peak at 1745 cm−1 increased with aging, which represents a C=O functional group. This peak emerged on the cellulose paper after thermal aging in mineral oil. There was no absorbance peak at this functional group region for new transformer paper. The emergence of the C=O functional group was due to the interaction between the low molecular weight acids dissolved in mineral oil and the cellulose. Carboxylate of the carboxylic acid (RCOO-) in mineral oil binds to cellulose, which creates the emergence of the C=O functional group on the cellulose paper surface. The intensity of the peak absorbances of the functional groups within the transformer paper that change with aging correlates with the aging mechanisms during thermal aging. The value of R2 > 0.9 from the correlation between functional groups and the average number of chain scissions of transformer paper gives direct evidence that transformer paper performance, which has a direct correlation with the life of transformers, can be investigated by using spectroscopy techniques.
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Figure 1. (a) Schematic diagram of Fourier transform infrared (FTIR) spectrometer. (b) ALPHA FTIR spectrometer. 
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Figure 2. FTIR spectra of transformer paper aged in mineral oil at aging temperatures of 120 °C and 150 °C for 1008 h. 
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Figure 3. Molecular structure of cellulose. 
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Figure 4. FTIR spectra at 3700–3000 cm−1 of transformer paper aged in mineral oil at aging temperatures of (a) 120 °C and (b) 150 °C. 
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Figure 5. Cleavage of cellulose chains. 
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Figure 6. FTIR spectra at 3000–2700 cm−1 of transformer paper aged in mineral oil at aging temperatures of (a) 120 °C and (b) 150 °C. 
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Figure 7. FTIR spectra at 1800–1700 cm−1 of transformer paper aged in mineral oil at aging temperatures of (a) 120 °C and (b) 150 °C. 






Figure 7. FTIR spectra at 1800–1700 cm−1 of transformer paper aged in mineral oil at aging temperatures of (a) 120 °C and (b) 150 °C.



[image: Energies 11 00364 g007]







[image: Energies 11 00364 g008 550] 





Figure 8. A carboxylate of a carboxlic acid. 
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Figure 9. Intensity of the absorbance peaks of the functional groups as a function of the average chain scissions of paper samples at aging temperatures of (a) 120 °C (b) 150 °C. 
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Table 1. Sample and treatment.






Table 1. Sample and treatment.





	Sample
	Aging





	MO.T0
	Initial state



	MO.T1.120
	120 °C for 336 h



	MO.T2.120
	120 °C for 672 h



	MO.T3.120
	120 °C for 1008 h



	MO.T1.150
	150 °C for 336 h



	MO.T2.150
	150 °C for 672 h



	MO.T3.150
	150 °C for 1008 h
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Table 2. Visual appearances of the paper sample.






Table 2. Visual appearances of the paper sample.





	
Temperature

	
Aging Time (h)




	
0

	
336

	
672

	
1008






	
120 °C

	
 [image: Energies 11 00364 i001]

	
 [image: Energies 11 00364 i002]

	
 [image: Energies 11 00364 i003]

	
 [image: Energies 11 00364 i004]




	
150 °C
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Table 3. Peak absorbance values of IR spectra of paper samples aged in mineral oil at 120 °C.






Table 3. Peak absorbance values of IR spectra of paper samples aged in mineral oil at 120 °C.





	Wavenumber (cm−1)
	MO.T0
	MO.T1.120
	MO.T2.120
	MO.T3.120





	2922
	0.03842
	0.0672
	0.08303
	0.10985



	2854
	0.03715
	0.0557
	0.06799
	0.08303



	1745
	0.0188
	0.0283
	0.03432
	0.05827



	1454
	0.03391
	0.04389
	0.03745
	0.05759



	1369
	0.04387
	0.04976
	0.04438
	0.05549



	1314
	0.05322
	0.05592
	0.05142
	0.05979



	1159
	0.06123
	0.06773
	0.06436
	0.0834



	1104
	0.09064
	0.09366
	0.08533
	0.10457



	1050
	0.14004
	0.14092
	0.1278
	0.14907



	1026
	0.15272
	0.15453
	0.14076
	0.16223



	815
	0.05484
	0.06236
	0.05699
	0.0658
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Table 4. Peak absorbance values of IR spectra of paper samples aged in mineral oil at 150 °C.






Table 4. Peak absorbance values of IR spectra of paper samples aged in mineral oil at 150 °C.





	Wavenumber (cm−1)
	MO.T0
	MO.T1.150
	MO.T2.150
	MO.T3.150





	2922
	0.03842
	0.06619
	0.07869
	0.10029



	2854
	0.03715
	0.05521
	0.06416
	0.07608



	1745
	0.0188
	0.03462
	0.04943
	0.0555



	1454
	0.03391
	0.04588
	0.05008
	0.05566



	1369
	0.04387
	0.05201
	0.05488
	0.05503



	1314
	0.05322
	0.06098
	0.06271
	0.06098



	1159
	0.06123
	0.07295
	0.07874
	0.07974



	1104
	0.09064
	0.09967
	0.10123
	0.10112



	1050
	0.14004
	0.14617
	0.14438
	0.14046



	1026
	0.15272
	0.15797
	0.15712
	0.15071



	815
	0.05484
	0.06179
	0.06755
	0.06297
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Table 5. Average number of chain scissions of the paper samples.






Table 5. Average number of chain scissions of the paper samples.





	Sample
	Avg. Chain Scission (×1000)





	MO
	0



	MO.T1.120
	1244



	MO.T2.120
	2487



	MO.T3.120
	3731



	MO.T1.150
	13,839



	MO.T2.150
	27,678



	MO.T3.150
	41,517
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Table 6. The value of R2 from the correlation between the average number of chain scissions and the functional groups of the transformer paper.






Table 6. The value of R2 from the correlation between the average number of chain scissions and the functional groups of the transformer paper.





	
Sample

	
Testing Method

	
Parameter

	
R2






	
120

	
FTIR

	
Intensity of absorbance peak of O–H (3329 cm−1) functional group

	
0.949




	
150

	
0.9993




	
120

	
FTIR

	
Intensity of absorbance peak of C–H (2922 cm−1) functional group

	
0.9889




	
150

	
0.9804




	
120

	
FTIR

	
Intensity of absorbance peak of C–H (2854 cm−1) functional group

	
0.9937




	
150

	
0.9793




	
120

	
FTIR

	
Intensity of absorbance peak of C=O (1745 cm−1) functional group

	
0.9968




	
150

	
0.9115
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