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Abstract

:

The effect of catalysts in the form of a transformer copper winding with Kraft paper insulation on the lifetime of transformer oil was studied via ultraviolet-visible (UV-Vis) spectroscopy and Fourier transform infrared (FT-IR) spectroscopy. The tested naphthenic mineral oil was exposed to accelerated thermo-oxidative aging with limited access to air at temperatures of 110, 120, and 130 °C for times ranging from 24 to 2424 h in the presence and absence of catalysts. The UV-Vis technique focused on assessing the change in the color of the oil and quantified a 35%–45% reduction in oil lifetime, depending on the aging temperature, due to the influence of catalysts. The FT-IR analysis focused on the decrease in the spectral band at 3650 cm−1, which corresponds to the low-temperature antioxidant present in the oil, and quantified the 35% reduction in the oil lifetime independent of the aging temperature. This high rate of reduction in the transformer oil lifetime points to the dominant catalytic role of the Kraft paper and copper during the aging process of the transformer insulation system.






Keywords:


catalysts; lifetime; transformer oil; transformer; thermo-oxidative aging; UV-Vis; FT-IR












1. Introduction


Power transformers are an integral component of the electricity transmission network. These devices are essential for the efficient and safe conversion of electricity between diverse voltage systems, as well as for the separation of the transmission system into several subsystems. Considering that transformers are among the most expensive parts of the transmission network due to their size and complexity [1], their planned service lifetime is several decades under standard operating conditions. The insulating system of the transformer, commonly composed of mineral oil and Kraft paper, is considered the most sensitive to aging [2,3], and as such, it has attracted the attention of researchers and engineers. While the paper part of the transformer insulation cannot be easily replaced during the planned service lifetime [4], the state of the oil itself is usually continuously monitored, and where appropriate, the oil can be either reclaimed or replaced.



Transformer mineral oils contain a mixture of many different organic molecular species, but are generally composed of three main components: alkanes, naphthenes, and aromatic hydrocarbons. The alkanes include saturated linear (normal) and branched (iso-) paraffins, the naphthenes include alkylated carbon rings, and the aromatic hydrocarbons contain unsaturated discrete or fused aromatic rings that may have side alkyl- or naphthenic substituents [5]. The oil properties are determined by the ratio of these three components and naturally degrade with transformer operation. As such, the condition of the transformer oil directly influences the lifetime of the transformer.



It is generally known that the aging of transformer insulation is principally a function of temperature, humidity, and oxygen. However, with modern cooling systems, the effect of moisture and oxygen is suppressed; therefore, the temperature remains a dominant factor influencing the lifetime of the transformer insulation [6]. A convenient way to slow down the thermal oxidation of the used mineral oil, and thus to prevent the fast degradation of the whole transformer insulating system, is the addition of an appropriate antioxidant. A phenolic antioxidant, such as 2,6-di-tert-butyl-4-methylphenol (CAS no. 128-37-0), also called 2,6-di-tert-butyl-p-cresol (DBPC), is usually used for such purposes [7,8].



Nevertheless, the properties of mineral oil do not deteriorate solely under the influence of the abovementioned temperature, but also because of the presence of metallic particles originating mainly from copper winding wrapped in the insulating paper and immersed in the transformer oil. Metallic particles, together with moisture, which is naturally present in the structure of cellulose paper, can synergistically act as catalysts [9,10], accelerate oil-paper insulation aging, and hence, reduce the lifetime of the whole transformer. For these reasons, the influence of catalysts on the aging mechanisms of transformer insulation has attracted the attention of numerous researchers in recent years, leading to studies by Kalantar [11] and Amimoto [12], technical brochure CIGRE WG A2-32 [13], and others. The majority of these studies have addressed the role of copper sulfide formation and its influence on transformer failure. With a few exceptions, e.g., a recent study by Hao et al. [14], insufficient data exist to enable the exact quantification of the synergic effect of catalysts on the lifetime of transformer mineral oil. Hao et al. [14] addressed the catalytic effect of copper on the thermal aging rate and the micro/nanolevel morphology of the oil-paper insulation aged with and without copper at 130 °C for 80 days (1920 h). These researchers confirmed that copper plays a catalytic role in the aging of naphthenic oil-paper insulation, and that this role becomes obvious during the later stages of the aging process. The thermal aging rate of paper was higher for the oil-paper insulation aged with copper. Nevertheless, considering that all of the aforementioned findings, that most likely depend on the temperature of aging, it is necessary to extend the research activities in this field and attempt to quantify the effect of catalysts on the lifetime of transformer oil at various aging temperatures. Such an experiment would provide further insight into the dynamics of mineral oil aging in the presence and absence of catalysts.



For these reasons, within this study, the tested mineral oil was exposed to accelerated thermo-oxidative aging at temperatures of 110, 120, and 130 °C for times ranging from 24 to 2424 h in the presence and absence of catalysts. The effect of catalysts on the lifetime of transformer oil was then quantified using ultraviolet-visible (UV-Vis) spectroscopy and Fourier transform infrared (FT-IR) spectroscopy.




2. A Brief Overview of Methods for Assessing the Condition of Transformer Insulation


The procedure for determining the technical lifetime of materials used in electrical engineering is generally defined by standard IEC 60216 [15]. Such a procedure requires suitable monitored parameters, usually called observables, which should correspond to aging, as well as methods with satisfactory sensitivity. A variety of measurement techniques for testing the oil-paper insulation of power transformers are available [16]. The traditional and routinely available techniques can be divided into three main groups [16]: (i) electrical techniques (measurement of the insulation resistance, dielectric dissipation factor, partial discharges, etc.), (ii) mechanical techniques (measurement of the tensile or folding strength), and (iii) chemical techniques (measurement of the molecular weight, analysis of the morphology and chemical composition of the paper and many others). Further overviews of traditional methods used for aging studies and lifetime estimations of transformer insulation have been published; see, e.g., comparative studies by Meshkatoddini [9], Taslak et al. [17], and Abdi et al. [18], or a recent review by Wang et al. [19]. Most of the techniques presented in the aforementioned studies, such as the measurement of the dissipation factor or the breakdown voltage of the oil, have been in use for many years. Nevertheless, electrical techniques do not always provide adequate effectivity, sensitivity, and reproducibility because moisture, which reversibly migrates between the paper and the oil with changes in the transformer operating temperature [20], has a dominant effect on most of the measured electrical properties [16]. Therefore, in addition to traditional methods, alternative methods, including UV-Vis spectroscopy, turbidity, near-infrared (NIR) spectroscopy, FT-IR spectroscopy [21,22,23,24,25], and differential scanning calorimetry (DSC) [26], have also been continuously explored as effective diagnostic tools to assess transformer oil quality. For these reasons, we utilized UV-Vis spectroscopy and FT-IR spectroscopy in this study.




3. Materials and Methods


3.1. Tested Oil and Thermo-Oxidative Aging


The tested oil was Nytro Lyra X oil manufactured by Nynas AB (Sweden). Nytro Lyra X is a high-grade naphthenic oil, inhibited using the use of DBPC with amounts less than 0.4 wt%, with a typical density of 0.870 kg·dm−3 (at 20 °C), a viscosity of 9.3 mm2·s−1 (at 40 °C) and 926 mm2·s−1 (at −30 °C), and a pour point at −48 °C [27]. The oxidation stability of the tested oil is declared to be 500 h at 120 °C.



The tested oil was aged in an accelerated manner in a Venticell laboratory oven (BMT Medical Technology, Brno, Czech Republic) with limited access to air. The oil was placed in 50 mL amber laboratory flasks with wide-mouth glass stoppers which remained closed during thermal aging. Based on our previous experience [25] and the IEC 60,216 standard [14], three testing temperatures (110, 120, and 130 °C) were chosen, and the exposure time varied from 24 to 2424 h for 110 °C, from 24 to 1656 h for 120 °C, and from 24 to 600 h for 130 °C.



Copper and Kraft paper in the form of a small piece of insulated transformer copper winding were used as a catalyst (see Figure 1) to simulate (as much as possible) a real environment in a transformer oil tank under laboratory conditions. The weight of the catalyst used was chosen to match the weight of the oil it was immersed in, i.e., the weight ratio between catalyst (copper and Kraft paper) and oil was chosen to be 1:1. The same ratio can be found, for example, in 110 kV distribution transformers.



Samples of oil, as well as copper and Kraft paper, were separately conditioned for 12 h at 110 °C. After this conditioning, copper and Kraft paper samples were placed as quickly as possible in the laboratory flasks, and the experiment started. All properties were then measured on oil samples in the delivered state (thermally untreated) and for each level of thermal aging on both the samples with and without the catalysts.




3.2. Method Description


The spectra of the tested oil in the UV-Vis range were recorded using a QE65 Pro Spectrometer in combination with a DH-2000-BAL UV-VIS-NIR light source and a 1 cm cuvette holder (Ocean Optics, Inc., Largo, FL, United States). Every oil sample was carefully placed in a 4.5 mL polymethyl methacrylate (PMMA) cuvette with an optical path of 10 mm (Kartell, Noviglio (MI), Italy) to avoid the formation of bubbles. UV-Vis spectra were acquired in the absorbance mode over the range from 350 to 600 nm. One sample taken from the flask was analyzed for each level of thermal aging during the UV-Vis measurement. Infrared spectra of the tested mineral oil were recorded by a Nicolet 380 spectrometer (Thermo Fisher Scientific, Waltham, MA, United States) in transmission mode at a resolution of 1 cm−1. All spectra were acquired by the coaddition of 32 scans in the frequency range 400–4000 cm−1 in a BaF2 cell with a thickness of 1 mm, and 3 mL of oil was used for each test. Three oil samples were analyzed for each level of thermal aging (i.e., measurement frequency, n = 3). All measurements were carried out under controlled laboratory conditions at a temperature of 22 °C and relative humidity of 50%.





4. Results


4.1. Changes in the UV-Vis Region of the Electromagnetic Spectrum


It is generally known that thermo-oxidative aging of oil causes a gradual change in its coloration and increases the concentration of the dissolved decay products, such as peroxides, aldehydes, ketones, and organic acids [28]. These changes can be effectively analyzed via UV-Vis spectroscopy [22,23,24,25,28,29]. Figure 2 shows an example of the absorbance UV-Vis spectra recorded between 350 and 550 nm for samples of mineral oil aged at 110 °C for various times; the spectra of mineral oil aged both with (henceforth labeled as “C+”) and without catalysts (henceforth labeled as “C−”) are shown.



The intensity of the recorded UV-Vis spectra increases with increasing the concentration of the dissolved decay products, as well as products that are insoluble in the oil, which contribute to sludge formation and affect the color of the oil. It is also evident from Figure 2 that UV-Vis spectroscopy does not provide very high resolution and sensitivity during the initial stages of the thermo-oxidative aging process because new oils are almost transparent, and therefore, no absorbance occurring in the visible region can be detected [24,30]. On the other hand, UV-Vis offers very precise results for higher aging levels, which are already accompanied by a change in the oil color. For a visual comparison of these changes, Figure 2 is also supplemented with a color scale in the form of a cut-out photograph of the real oil samples at a given stage of thermal aging at 110 °C. In particular, this color scale effectively demonstrates the crucial role of catalysts in the acceleration of mineral oil thermo-oxidative aging. The increasing concentration of dissolved decay products has an undeniable effect on the intensity of the change in oil color. However, it is also important to note that in cases where the color of the test oil is already very dark, it is necessary to dilute the test oil with new, nonaged oil. This fact may contribute to the overall error in measurement with UV-Vis spectroscopy. This necessity arose in the case of an aging temperature of 110 °C for C+ samples that were aged for at least 1848 h, which is also indicated in Figure 2.



Changes in the measured UV-Vis spectra can be further quantified in two ways: (i) integrating the area under the absorbance curve of the oil and, in this way, determining the so-called “relative content of dissolved decay” [28], or (ii) analyzing the change in the intensity of one of the local maxima of the UV-Vis spectrum. In our study, the latter method provided better data suitable for further processing. More precisely, the evaluation of the spectral maximum at a wavelength of 453.13 nm (henceforth referred to as “UV-Vis_λmax”) was proven to be advantageous as an observable parameter because it responded to the applied aging by a marked increase, as evident from Figure 3, and its change could be mathematically fitted very well, as explained below.



Experimentally observed trends in UV-Vis_λmax values were fitted to derive the endpoint criteria and to assess the remaining useful life of the tested mineral transformer oil. The goodness of fit between the observed data points and the values predicted by the mathematical model was assessed based on a calculation of the coefficient of determination (R2). A higher value of this coefficient represents a more accurate mathematical model [31]. In this respect, the mathematical fit using a cubic equation proved to be the most appropriate. As shown in Figure 3a,b, the calculated R2 values range from 0.986 to 0.996, which is sufficient for the subsequent derivation of the endpoint criterion for the UV-Vis_λmax parameter, as well as for quantifying the remaining lifetime of the tested mineral oil.



Considering that the endpoint criterion for UV-Vis_λmax is not standardized and has not been reported to date, it was necessary to derive it using one of the standardized measurement techniques. For this purpose, values measured for the same oil without the presence of any catalysts but under the same experimental conditions using the standardized dielectric dissipation factor (tan δ) measurements (published previously [26]) were used. In this earlier study, the measurement of tan δ was performed according to EN 60247 [32] and was repeated three times for each aging time and temperature. The tan δ measurement represents a traditional and proven technique, and is recognized by the professional community as a standard in the diagnostics of transformer insulation systems. Using this method and the results presented earlier [26], it is possible to validate not only the UV-Vis spectroscopy, but also the other methods that provide appropriate trends in the variables, and in this manner, easily determine when the oil reaches the true end of its technical life. However, this technique also has some disadvantages; for instance, the measurement is time-intensive, the results can be affected by the humidity, and the measuring procedure requires a fairly large volume of oil (at least 120 mL for one test).



The study [26] provided three times to reach the endpoint criterion of tan δ (tan δ = 0.04) corresponding to the three temperatures of thermo-oxidative aging used: 2197 h at 110 °C, 1177 h at 120 °C, and 556 h at 130 °C. Hence, it was possible to derive the endpoint criterion for UV-Vis_λmax indirectly using these times according to the process outlined in Figure 4, which demonstrates this procedure for a temperature of 110 °C. The actual values of the endpoint criterion for UV-Vis_λmax and times to achieve these criteria for C+ samples were then calculated by solving the cubic equations using Cardano formulas. This procedure led to three slightly different endpoint criteria corresponding to three different temperatures of thermo-oxidative aging, as shown in Table 1. This table also summarizes the fitting parameters of the cubic equations and the times used to achieve each endpoint criterion. From these times, it was possible to quantify how much catalysts reduced the lifetime of the test oil from the perspective of UV-Vis spectroscopy. This parameter is referred to as “Reduction in lifetime” in Table 1, and means the percentage reduction in lifetime for oil-containing catalysts (C+) compared to oil without catalysts (C−). As observed from Table 1, depending on the aging temperature used, the reduction in oil lifetime by catalysts ranged from 35 to 45%. The temperature dependence of these values may indicate a nonlinear process of sludge formation in the oil. Nevertheless, the overall high values of oil lifetime reduction, as quantified by UV-Vis spectroscopy, point to the dominant catalytic role of the copper and Kraft paper in the aging process of the transformer insulation system, and in this respect, confirm the recent conclusions of Hao et al. [14]. The obtained results also demonstrate the advantage of using UV-Vis spectroscopy for the quantification of oil discoloration, i.e., for instance, for the accurate and fast quantification of the color scale shown in Figure 2.




4.2. Changes in the IR Region of the Electromagnetic Spectrum


When evaluating the aging process of inhibited mineral oils, one of the best-established and most frequently used methods is the analysis of changes in the IR spectral range from 3600 to 3700 cm−1 [26]. In this region of the spectrum, a strong absorption band related to a low-temperature antioxidant with a maximum absorbance at 3650 cm−1 can be found. This sharp peak occurs due to the stretch vibration of a nonhydrogen-bonded O–H [33]. It is generally known that the gradual depletion of the total amount of antioxidant during the aging of the mineral oil results in a gradual decrease in the intensity of the spectral band at 3650 cm−1 [34,35,36]. This finding was the main reason why attention was focused only on this region of IR spectra in this study. As an example of the observed changes in the intensity of the spectral band 3650 cm−1, the recorded FT-IR spectra for oil aged at 130 °C in the presence and absence of catalysts are shown in Figure 5. It can be seen that FT-IR has satisfactory sensitivity, even for a lower degree of aging of the oil, because it is analyzing a gradual decrease in the concentration of the antioxidant present and not the color of the oil, which changes mainly during the later stages of aging.



In contrast, the change in the absolute values of absorbance at 3650 cm−1 during aging is not very high and may affect the measurement accuracy, e.g., absorbance decreased only from 0.815 to 0.694 for C− and from 0.811 to 0.592 for C+ during aging at 130 °C in times ranging from 24 to 600 h (see Figure 5). Therefore, in these cases, FT-IR measurements should be repeated several times for each level of aging, and only the calculated average of the recorded values should be further evaluated. Another approach is to use multivariate statistical methods for processing the measured spectra, such as principal component analysis (PCA) [37]. Such methods make it possible to quantify even very small changes in the measured spectra. Nevertheless, three oil samples were analyzed for each level of thermal aging in this study; this procedure proved to be sufficient and exhibited the desired trends in absorbance at 3650 cm−1, as shown in Figure 6.



As previously described, in the case of UV-Vis spectroscopy, experimentally observed trends were mathematically fitted, but in this case, it was more advantageous to use a simple quadratic function for this purpose. As shown in Figure 6a,b, the resulting R2 values range from 0.989 to 0.994, which is sufficient for the indirect derivation of the endpoint criterion (see detailed discussion related to testing the significance of R2 using values of the two-tailed test criterion, e.g., in [38]), as well as for quantifying the remaining lifetime of the tested oil using FT-IR. The same times were used to achieve the tan δ criterion as those previously used in the case of UV-Vis spectroscopy. This procedure is outlined in Figure 7, and a summary of the fitting and calculated parameters for FT-IR is provided in Table 2. As can be observed from Table 2, the degree of reduction in the oil lifetime quantified by FT-IR is in the range 35 ± 0.5% for each aging temperature used. From these results, it can be concluded with a high degree of certainty that the rate of reduction in the low-temperature antioxidant concentration is temperature independent within the studied temperature range.





5. Discussion


The causes of changes in the monitored parameters described in the previous chapter are various chemical reactions accompanying the process of thermal-oxidative aging of mineral oils in power transformers. This process is primarily accelerated by the presence of an oxidant (dissolved oxygen) and is highly heterogeneous. In particular, mineral oils are mixtures of linear saturated hydrocarbons (paraffins), cyclic saturated hydrocarbons (naphthenes), aromatic hydrocarbons, and small amounts of nonhydrocarbons (sulfur, nitrogen, and oxygen combined with carbon and hydrogen) [39,40], whereas the selected oil may contain thousands of different types of paraffinic, naphthenic, and aromatic hydrocarbon molecules [40]. According to the amount ratios of basic types of hydrocarbons, and subsequently, according to the presence of specific chemical substances, the reactions that occur during thermo-oxidation of oil differ [39]. Chemical reactions may also vary significantly depending on the type of mineral oil (e.g., based on the production process and intended for the defined application) and on the environment of actual usage. Many factors influence the continuity and interlacing of ongoing chemical reactions. Elevated temperature, high voltage [39], and the presence of impurities, including dissolved gases (not only oxygen), water, polar and ionic contaminants (traces of sulphate, sulphonates, furfural, etc.), and particulate solid contaminants (metals, metal oxides, fibers of cellulose, etc.) [40] contribute to thermo-oxidation in oil-filled transformers.



The basic description of the thermo-oxidation mechanism as a standard radical mechanism generally applied to hydrocarbon compounds (other types of oils, polymers, etc.) that is described in [8,41,42,43] is sufficient. Radical reactions occur gradually in the phases of initiation, propagation, chain branching, and termination of the standard thermo-oxidation mechanism. Several different types of radicals and other intermediate products are formed during this process. Alkyl and peroxy radicals are formed in the first stages. After that, hydroperoxides are formed and decomposed into alkoxy and hydroxy radicals during consequential radical reactions. The thermo-oxidative aging products of mineral oils are aldehydes, ketones, alcohols, water, carboxylic acids, peroxides, etc. [39,40]. The increasing concentrations primarily of aldehydes and ketones cause condensation reactions, which lead to the formation of low-molecular-weight oligomers and polymers. The result of the presence of these compounds is an increase in the oil viscosity [43], as well as a gradual change in the oil color from bright yellow to amber [10]. Describing the real thermo-oxidation of oil in a power transformer also requires consideration of the presence of Kraft paper (winding insulation), whose main component is cellulose. The main products of cellulose degradation in oil are furfural formed from formaldehyde, carbon oxides, and acetone; these degradation products may significantly influence the thermo-oxidation of the oil [44]. As mentioned, phenol-based antioxidants, often referred to as radical scavengers, are used to attenuate the thermo-oxidation of mineral oils. Phenols directly enter the radical reactions of the thermo-oxidation mechanism of the oil, and the reaction of free radicals with radical scavengers leads to the formation of stable chemical compounds up to a certain temperature [42]. The result of radical scavenger activity is a reduction in thermo-oxidation speed until the added amount of the radical scavenger in the oil is consumed.



As is evident from the achieved results, all the chemical processes discussed above significantly influenced the observable parameters measured by UV-Vis spectroscopy and Fourier transform infrared spectroscopy within a long-term experiment. Despite their different principles, both applied methods were able to detect and quantify the effect of catalysts on the lifetime of the tested mineral oil. Moreover, the two methods achieved comparable results. In more detail, while the UV-Vis technique produced a 35–45% reduction in the oil lifetime due to the catalysts, and this reduction was determined to be dependent on the aging temperature, the FT-IR method revealed a reduction of 35%, which was independent of the aging temperature.



In this respect, it is necessary to consider a different view of these methods on the aging process of the test oil. The UV-Vis technique assessing the change in color of the oil and its results are directly linked to the formation of sludge, which is predominant only during the later stages of the aging process; hence, the main disadvantage of this technique is its low sensitivity during the early stages of oil aging. In contrast, in the FT-IR analysis, attention was focused on the decrease in the spectral band corresponding to the low-temperature antioxidant present, and this technique showed a higher sensitivity during the early stages of oil aging compared to the UV-Vis technique. However, the disadvantage of FT-IR is the relatively small absolute change in the absorbance values at 3650 cm−1 during aging, which may reduce the sensitivity of the measurement.



Despite these disadvantages, the use of UV-Vis and FT-IR spectroscopies in the diagnosis of transformer oil is very promising, as it provides many advantages over traditional methods (e.g., over the aforementioned dielectric dissipation factor measurement), for instance, (i) considerably less oil is needed for analysis; (ii) the moisture content in the oil, which significantly affects measurement using traditional (electrical) methods, does not affect the measured parameters; (iii) the measurement is very fast compared to traditionally used methods (one test via UV-Vis or FT-IR took approximately 5 to 15 min in comparison with the 4 h needed for the dissipation factor measurement); and (iv) the sample preparation is very easy.
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Figure 1. Piece of transformer winding used as a catalyst. 
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Figure 2. UV-Vis spectra for mineral oil aged at 110 °C (a) without and (b) with catalysts. 
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Figure 3. Evaluation of UV-Vis_λmax for oil samples aged at constant temperatures for various aging times (a) without (C−) and (b) with catalysts (C+). 
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Figure 4. Aging temperature 110 °C—an example of the indirect derivation of the endpoint criteria for UV-Vis_λmax. 
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Figure 5. FT-IR spectra between 3635 and 3675 cm−1 for mineral oil aged at 130 °C (a) without and (b) with catalysts. 
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Figure 6. Evaluation of the FT-IR absorbance at 3650 cm−1 for oil samples aged at constant temperatures for various aging times (a) without (C−) and (b) with catalysts (C+). 
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Figure 7. Aging temperature of 130 °C—an example of the indirect derivation of the endpoint criteria for FT-IR absorbance at 3650 cm−1. 
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Table 1. UV-Vis spectroscopy—summary of the fitting and calculated parameters of the mineral oil aged with (C+) and without (C−) catalysts.
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Temperature (°C)

	
Catalysts (Yes/No)

	
Fitting Parameters (y = ax3 + bx2 + cx)

	
Endpoint Criterion (a.u.)

	
Time to Criterion (Hours)

	
Reduction in Lifetime (%)




	
a

	
b

	
c

	
R2






	
110

	
No

	
3.82 × 10−10

	
−1.06 × 10−8

	
1.22 × 10−4

	
0.988

	
1.06

	
2197

	
39.1




	
Yes

	
−2.17 × 10−11

	
3.30 × 10−7

	
−1.38 × 10−4

	
0.991

	
1338




	
120

	
No

	
−1.15 × 10−9

	
3.94 × 10−6

	
−1.22 × 10−3

	
0.996

	
2.15

	
1177

	
35.3




	
Yes

	
1.31 × 10−9

	
4.31 × 10−6

	
−1.22 × 10−3

	
0.995

	
762




	
130

	
No

	
5.90 × 10−9

	
5.21 × 10−6

	
−1.08 × 10−3

	
0.986

	
2.02

	
556

	
44.8




	
Yes

	
−3.96 × 10−9

	
3.85 × 10−5

	
−4.86 × 10−3

	
0.995

	
307
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Table 2. FT-IR—summary of the fitting and calculated parameters of the mineral oil aged with (C+) and without (C−) catalysts.
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Temperature (°C)

	
Catalysts (Yes/No)

	
Fitting Parameters (y = ax2 + bx)

	
Endpoint Criterion (a.u.)

	
Time to Criterion (Hours)

	
Reduction in Lifetime (%)




	
a

	
b

	
R2






	
110

	
No

	
−8.71 × 10−8

	
−1.25 × 10−5

	
0.989

	
0.763

	
2197

	
34.5




	
Yes

	
−2.14 × 10−8

	
−1.98 × 10−5

	
0.990

	
1439




	
120

	
No

	
−3.84 × 10−8

	
−2.06 × 10−5

	
0.990

	
0.735

	
1177

	
35.3




	
Yes

	
−9.18 × 10−8

	
−2.55 × 10−5

	
0.993

	
761




	
130

	
No

	
−3.01 × 10−7

	
−1.27 × 10−5

	
0.994

	
0.713

	
556

	
35.3




	
Yes

	
3.94 × 10−7

	
−1.41 × 10−4

	
0.994

	
360
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