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Abstract - Dissolved gas analysis (DGA) has been applied for decades as the main predictive maintenance
technique for diagnosing incipient faults in power transformers since the decomposition of the mineral
insulating oil (MIO) produces gases that remain dissolved in the liquid phase. Nevertheless, the most known
diagnostic methods are based on findings of simplified thermodynamic and compositional models for the
thermal decomposition of MIO, in addition to empirical data. The simulation results obtained from these
models do not satisfactorily reproduce the empirical data. This paper proposes a flexible thermodynamic
model enhanced with a kinetic approach and selects, among four compositional models, the one offering the
best performance for the simulation of thermal decomposition of MIO. The simulation results obtained from
the proposed model showed better adequacy to reported data than the results obtained from the classical
models. The proposed models may be applied in the development of a phenomenologically-based diagnostic

method.
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INTRODUCTION

Mineral insulating oil (MIO) is a petroleum de-
rivative widely employed in high voltage power
transformers, especially in those of electric energy
generation and transmission systems.

Due to the relevance of power transformers for
electric systems and the high costs involved in their
malfunctioning, predictive maintenance techniques
have been developed and improved for the last 80
years (Rogers, 1978). These techniques aim to detect
incipient faults in oil insulated transformers.

The most well known of these predictive mainte-
nance techniques is Dissolved Gas Analysis (DGA).
The DGA technique consists of sampling MIO from
in-service equipment and quantifying the concen-
trations of some specific light compounds that are

*To whom correspondence should be addressed

produced through the cracking of the MIO molecules
and remain dissolved in the liquid phase. The pat-
terns formed by the set of these concentrations are
then used to identify an existing incipient fault and to
classify this fault through semi-empirical algorithms,
known as diagnostic methods. This correlation be-
tween the dissolved gas concentration patterns and
the incipient faults is possible since the rate of en-
ergy dissipated to the oil in the neighborhood of a
faulty region implies a local temperature that deter-
mines which products will be predominant in the
cracking reaction equilibrium (ASTM, 2007; ASTM,
2009; IEC, 2007; IEEE, 2009).

Nowadays, the diagnostic methods that are most
applied by maintenance engineering personnel, re-
ferred to here as classical diagnostic methods, are
described at the standards IEC 60599 (IEC, 2007)
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and IEEE C57.104 (IEEE, 2009), i.e., the IEC, Duval,
Rogers and Doernenburg methods. The algorithms
for these methods are mainly based on the
observations of Halstead’s simplified thermodynamic
study on MIO decomposition, published in 1973
(Halstead, 1973), and empirical data obtained from
faulty transformers.

In his work, Halstead established a simple two-
step model for the thermal decomposition of MIO: i)
in a first step, the oil molecules are considered to
react completely and degrade exclusively into six
products, namely: H,, CH4, C;H, C,Hy and C,H,, the
so-called light compounds, and C(s) (graphite car-
bon); ii) in a second step, the equilibrium partial
pressures in the system formed by these six species
are calculated at different temperatures. The results
are reported on a plot of partial pressure logarithms as
functions of the equilibrium temperature. Although
one can obtain valid trends from this logarithmic plot,
the numerical values, when converted to a molar ba-
sis, deviate considerably from DGA data reported by
IEC TC 10 (Duval and dePablo, 2001). The model
predicts virtually only H,, CH, and great amounts of
C(s) in equilibrium for all temperatures, while IEC
data may present significant quantities of all gases,
depending on the incipient fault type. This deviation
is probably related to the assumption of a thermody-
namic equilibrium of totally decomposed oil mole-
cules when, in fact, the equilibrium is not fully
achieved (IEC, 2007; IEEE, 2009; Shirai et al., 1977).

Besides Halstead’s work, the technical literature
presents another effort to develop a thermodynamic
model for the thermal degradation of mineral insulat-
ing oil. In 1977, Shirai and co-workers proposed a
model in which the insulating oil molecules are sim-
ply represented as the n-eicosane molecule. Equilib-
rium simulations were presented for a system con-
taining C20H42, Hz, CH4, C2H6, C2H4, Csz, C3Hg and
C;Hg. The authors observed that, when the C(s) spe-
cies was included in the equilibrium system, the
simulation results deviated significantly from empiri-
cal data. On the other hand, the suppression of the
C(s) species led to more coherent results (Shirai et
al., 1977).

Although Shirai and co-workers’ simulation re-
sults seem more adequate than those of Halstead
when compared to IEC data, the formation of C(s) is
an important empirical observation (IEC, 2007;
IEEE, 2009) and should not be neglected. As men-
tioned before, the classical diagnostic methods are
mainly based on Halstead’s conclusions and few
papers cite Shirai and co-workers’ study.

Recently, most efforts in this area have been
devoted to the development of the so-called intelli-
gent or expert diagnostic systems and numerous
papers have been published on this subject over the
years (Lowe, 1985; Barrett, 1989; Tomsovic et al.,
1993; Zhang et al., 1996; Wang and Liu, 1998;
Huang, 2003; Fei et al., 2009; Fei and Zhang, 2009;
Wu et al., 2011; Miranda et al., 2012). The expert
systems try to improve the classical methods’ per-
formances, commonly by combining the responses
of two or more of these methods and/or applying
artificial intelligence techniques to empirical data-
bases. No actual research efforts on developing more
suitable thermodynamic models for the thermal de-
composition of MIO could be identified.

The present work proposes a more adequate ther-
modynamic modeling and evaluates four proposed
compositional models for the thermal decomposition
of MIO, since the models on which the classical
diagnostic methods rely are not able to satisfactorily
represent empirical data.

TYPICAL INCIPIENT FAULT PATTERNS

Table 1 presents typical mole fraction ranges for
each incipient fault type based on IEC data, the same
database used in the preparation of IEC 60599:1999.
IEC data consist of 117 sets of volumetric concentra-
tions of gases dissolved in the MIO of faulty electri-
cal equipment and their respective fault classification
by visual inspections. Assuming ideal gas behavior
for the mixture, in each reported case, the volumetric
concentrations of the gases related to MIO decompo-
sition, i.e., H,, CH4, C,H,, C,H,; and C,H,, were nor-
malized to obtain the mole fractions. Then, the lower
confidence limit (LCL) and the upper confidence
limit (UCL) for a 95% confidence level were calcu-
lated for all species of interest in each incipient fault
type. In the current work, these typical incipient fault
patterns will be used as references to assess the ap-
plicability of the proposed compositional models.

It is important to note that the information pre-
sented in the IEC data was not obtained from con-
trolled experiments designed for this purpose. IEC
data were constructed with information from in-ser-
vice equipment and, therefore, they are subject to
intrinsic errors related to the operational characteris-
tics of the equipment and to the nature of the faults,
such as non-ideal homogeneity of the MIO volume,
accumulation of the dissolved gases over time and the
possible existence of multiple simultaneous faults.

Brazilian Journal of Chemical Engineering



Simulation of Thermal Decomposition of Mineral Insulating Oil

783

Table 1: Typical mole fraction patterns for incipient faults.

Partial discharges Discharges of low Discharges of high Low/medium High temperature
Gas energy energy temperature thermal thermal faults
faults

LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL
H, 0.80 0.96 0.37 0.54 0.35 0.42 0.14 0.43 0.09 0.21
CH,4 0.03 0.18 0.07 0.11 0.13 0.17 0.29 0.53 0.21 0.31
C,Hg 0.00 0.02 0.01 0.04 0.02 0.03 0.05 0.24 0.05 0.16
C,H,4 0.00 0.00 0.07 0.12 0.17 0.21 0.08 0.21 0.40 0.52
G,H, 0.00 0.00 0.24 0.42 0.22 0.28 0.00 0.01 0.01 0.04

THERMODYNAMIC MODEL

Both thermal and electrical incipient faults occur
in small areas and the dissipated energy concentrates
in small volumes of the insulating oil, causing local
temperatures to rise, thus originating hot spots in the
oil. Equilibrium temperatures in these hot spots may
be used as universal indicators to evaluate the criti-
cality of the faults, no matter the type of these faults.

The thermodynamic modeling used here for chemi-
cal equilibrium calculations on the thermal decompo-
sition of MIO is based on the method of Lagrange
multipliers for minimization of the system’s Gibbs
energy (Smith et al., 2004). The study was carried
out with two models: an unrestricted thermodynamic
model and a carbon-optimized thermodynamic model.

The unrestricted thermodynamic model is com-
posed of Egs. (1) to (4), as follows:

AG,(T)+ RTln(ﬁJ + Aty o+ Aga ;=0 (1)
| p : ,
. =0 @)
Dnjajc =D njage =0 3)
J J
“)

anaj,H —Zn?aj’H =0
J J
where the subscripts C and H stand, respectively, for
carbon and hydrogen, subscript j indicates all species
and subscript 7 indicates all species except C(s), su-
perscript O stands for initial values and subscript ¢

stands for total amount in the gas phase. AG;-J- (T )

is the standard Gibbs energy of formation as a func-
tion of temperature 7, R is the gas constant, n is the
amount of substance, A is the Lagrange multiplier

and a is the atomic matrix containing the number of
each element in the species.

In the carbon-optimized thermodynamic model,
Egs. (1), (3) and (4) are kept the same as in the unre-
stricted model. Also, to allow the restriction of the
equilibrium amount of C(s), Eq. (2) is replaced by
Eq. (5) and Eq. (6) is included, as follows:

A2y =0 (5)

(6)

nC —}’lC’R = O

where the subscript R stands for restriction (i.e., n .,

represents the quantity of solid carbon present at
equilibrium).

The calculation of the standard Gibbs energy of
formation of each species, for the specified tempera-
tures, required previous knowledge of the standard
enthalpy and Gibbs energy of formation at 298 K
and the ideal gas constant-pressure heat capacity as a
function of temperature for each species. Estimates
of these thermodynamic properties for heavy species
were obtained through Joback’s group contribution
method (Poling ef al., 2001). The same thermody-
namic properties for the light species were obtained
from the literature (Smith et al., 2004).

The decomposition reactions were assumed to oc-
cur in the vapor phase. Therefore, when exposed to
localized higher temperatures, the oil compounds
evaporate and decompose into lighter species that
dissolve in the liquid phase after equilibrium in the
gas phase is achieved. No further reactions occur in
the liquid phase. Ideal gas behavior was assumed for
the gas phase and the total pressure of the system
was assumed as 1 bar.

Equation (6) allows the carbon-optimized thermo-
dynamic model to adapt to both Halstead’s proposal,
with unrestricted amount of C(s), and Shirai and co-
workers’ proposal, with the amount of C(s) restricted
to zero. Also, the carbon-optimized model makes it
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possible to simulate intermediate scenarios by speci-
fication of intermediate amounts of C(s). Since MIO
in the neighborhood of an incipient fault is not actu-
ally in thermodynamic equilibrium (IEC, 2007; IEEE,
2009; Shirai et al., 1977), the kinetics of the phe-
nomenon may be relevant and should not be ne-
glected. The formation process of C(s) is assumed to
be slower than the formation process of the gaseous
species. Therefore, the limitation of the equilibrium
amount of C(s) makes it possible to simulate MIO
thermal decomposition in a stage that is closer to that
occurring in a real system and, also, preserves the
empirical observation (IEC, 2007; IEEE, 2009) of
the formation of C(s). Therefore, the restriction on
the equilibrium amount of C(s) is an equilibrium
approach that takes into consideration, in some way,
the kinetic contribution to the MIO thermal decom-
position model.

COMPOSITIONAL MODELS

Four systems were proposed to represent the local
composition at the hot spots. Since C,Hs, C,Hy,
C,H,, CH, and H, are commonly quantified and
applied in the existing diagnostic methods, the pres-
ence of these species in the equilibrium systems is a
minimum requirement for all proposals. Systems 1
and 2 were simply adapted from Halstead’s and Shirai
and co-workers’ studies and contain 6 and 7 species,
respectively. Systems 3 and 4 are more complex sys-
tems and contain 60 and 81 species, respectively.

System 1

System 1 is based on Halstead’s study. The MIO
components are completely decomposed into lighter
species and equilibrium occurs in this secondary
system. Therefore, the equilibrium system is com-
posed of the light compounds of most interest for
diagnostic methods, i.e., C;Hg, C,Hy, C,H,, CH4 and
H, and a specified amount of C(s). The decomposi-
tion reaction can be described as follows:

MIO —— C,Hy +C,H, + C,H, +
™
CH, +H, +C(s)

System 2

System 2 is based on Shirai and co-workers’
study. MIO is represented by n-eicosane which is
decomposed into lighter species. Differently from
the cited study, in this work propane and propene are

suppressed, so n-eicosane decomposes exclusively
into the light compounds of interest. The equilibrium
system is composed of n-eicosane, the light com-
pounds of interest and a specified amount of C(s).
The decomposition reaction is listed below:

(8)
CH, +H, +C(s)

System 3

System 3 is a more complete version of System 2.
n-Eicosane still represents all compounds of MIO,
but its decomposition leads to a complete series of
straight alkanes, 1-alkenes and 1-alkynes, with the
lengths of the carbon chains varying from 20 to 1.
The equilibrium system consists of 60 species, as
follows: 20 alkanes, 19 1-alkenes, 19 1-alkynes, H,
and a specified amount of C(s). The decomposition
reaction is represented below:

CooHyy — > CypHyp + CypHsg + CioHyy
+CoH3g + CioHzg +(...) + )

+C,H4 +C,H, +C,H, + CH, + H, +C(s)

System 4

System 4 is based on compositional information
for MIO available in technical literature (ASTM,
1994). MIO is composed of thousands of substances
and it is not practical to identify each one of them;
therefore, the technical literature presents composi-
tional information classifying the components in a
few groups or families. System 4 relates each of 15
hydrocarbon families to 1 representative compound,
as seen in Table 2. The decomposition of these repre-
sentative compounds leads to the same 5 light com-
pounds of interest plus 60 by-products and C(s) and
it is assumed to occur in two stages: on stage one, the
paraffinic chain of the representative compounds
decomposes to C,Hs, C;H4, CHy, H, and C(s) and, in
stage two, C,H4 decomposes to C,H,, H, and C(s).
The equilibrium system consists of 81 species, as
follows: 15 compounds representative of the families
in the original MIO, 60 decomposition by-products,
C,Hg, C,Hy, C,H,, CHy, H, and a specified amount
of C(s). The decomposition scheme can be repre-
sented as follows, where RC is a representative com-
pound, P is a decomposition product and subscript &
is the associated representative compound index:
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RC,— (B +CyHg ) +(Py +CyH,)

(10)
+(Py +CHy ) +( Py +Hy )+ C(s)

NUMERICAL SIMULATION AND
OPTIMIZATION

In order to compare the adequacy of the different
proposed compositional models and also to evaluate

the performance of the proposed thermodynamic
model in representing the thermal decomposition of
MIO, numerical simulations and optimization prob-
lems were carried out according to the methodology
described as follows.

Numerical Simulation

Chemical equilibrium simulations were per-
formed on the proposed systems with equilibrium
temperatures ranging from 0 °C to 2000 °C, with 1 °C
steps, and the restricted equilibrium amount of C(s)
ranging from 0% to 100% of the unrestricted equilib-
rium amount of C(s), with 1% steps.

Table 2: Representative compounds of hydrocarbon families in mineral insulating oil.

. Composition .

Family (% by weight) Representative Compound Formula
isoparaffins 11.6 C3Hog
1-ring naphthenes 16.5 C1Hp,
2-ring naphthenes 17.1 CisHso
3-ring naphthenes 12.4 C,Hsg
4-ring naphthenes 10.1 Cy6Hys
5-ring naphthenes 4.0 CogHyg
alkylbenzenes 5.0 CHyg
naphthene benzenes 6.1 CigHog
di-naphthene
benzenes 73 CaHs
naphthalenes 4.2 Ci6Hao
acenaphthenes 2.5 C7Hyg
fluorenes 2.1 CoHy,
phenanthrenes 0.6 C,yHyy
pyrenes 0.1 Cy4Hyg
chrysenes 0.2 CyeHog
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The systems formed by the nonlinear equations of
both the unrestricted and carbon-optimized ther-
modynamic models were solved for equilibrium com-
positions of each system through the multivariate
Newton-Raphson method using a line search strategy
through the golden section method (Press et al.,
2007). Figure 1 presents the algorithm of the carbon-
optimized numerical simulation carried out for each
pair of equilibrium temperature and restricted equi-

librium amount of C(s), where AH(298) is the
standard enthalpy of formation at 298 K, C P(T ) is

the ideal gas constant-pressure heat capacity as a
function of temperature and subscripts / and / stand,
respectively, for light and heavy species. The de-
scribed simulation was carried out for all 202,101
possible pairs of temperature and amount of C(s),
within their specified ranges and subdivisions.

Input data
Parameters: AG,(298), AH;;(298)

Specifications: 1%, T, n.

l

Initial calculations

Smith et al.: Cp,;(T)

Joback: AGY , (298), AH ;,(298), Cp, (T)

Thermodynamic model solution

Problem type: nonlinear system of equations
Variables: n, 4., 4,

Solution method: multivariate
Newton’s method with a line search

strategy

Output data

n

Figure 1: Algorithm structure.

For purposes of comparison with the typical in-
cipient faults patterns, the equilibrium amounts of
substances obtained from each simulation were
transformed into gas phase mole fractions of the dis-
solved gases of interest, namely: C,Hs, C,Hy, CyHo,
CH,4 and H,. All calculated mole fractions for a par-
ticular compositional model were saved in a 2001x
101x5 hypermatrix for future consultations.

Numerical Optimization

In order to enable qualitative and quantitative
evaluations of the obtained simulation results, 117
two-dimensional optimization problems were solved
to compare each one of the reported DGA patterns in
IEC data to the mole fractions obtained from the
simulations using a particular compositional model.

The optimization problems aimed to find the equi-
librium temperatures and percentages of the equilib-
rium amounts of C(s) that minimized the summation
of the squared relative residues between model pre-
dicted and reported mole fractions. As the mentioned
objective function does not admit empirical mole
fractions equal to zero, in such cases, the lower limit
of detection of each gas was adopted, according to
inter-laboratory studies conducted by ASTM (ASTM,
2003). A brute-force approach was applied in the
solution of these problems, so all ranges of interest
of temperature and percentage of equilibrium amount
of C(s) could be examined, thus avoiding local mini-
mum issues. The applied methodology consisted of
calculating the summation of the squared relative resi-
dues between one IEC data DGA pattern and each
calculated DGA pattern in the previously cited hyper-
matrix. The lowest among all 202,101 calculated
values indicated the optimum pair of equilibrium tem-
perature and percentage of the equilibrium amounts of
C(s) to represent that IEC data DGA pattern.

Mean relative errors could be calculated from the
objective function values.

RESULTS AND DISCUSSION

The results are presented in a logical manner and
divided into main aspects of the problem, as follows:
simulated mole fraction profiles, analysis of the pro-
posed model performance, comparison of calculated
and reported mole fractions and objective function
profiles.

Simulated Mole Fraction Profiles

Figure 2 presents simulation results for Systems 1
to 4 with unrestricted amount of C(s), as proposed by
Halstead. Figure 3 presents simulation results for the
same systems, but with zero amount of C(s), as pro-
posed by Shirai and co-workers.

As seen in Figure 2, the simulation results when
the amount of C(s) is unrestricted are the same for
the four systems regardless of the assumptions about
oil surrogates and presence of heavier gases. Also, a
comparison of Figure 2 with the typical patterns of
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Table 1 reveals that the proposed systems are not able
to represent the degradation of MIO when unrestricted
equilibrium amount of C(s) is permitted, since only
hydrogen and methane are non-trace species, which
corroborates Shirai and co-workers’ observations.
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Figure 2: Simulation results for Systems 1 to 4 with
unrestricted amount of C(s).
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On the other hand, when comparing Figures 3a to
3d with the typical patterns, it is observed that the
proposed systems may be able to qualitatively repre-
sent the degradation of MIO when no amount of C(s)
exists in the equilibrium, due to the presence of the
gases of interest as non-traces, even though the total
absence of C(s) may not be considered a physically
acceptable hypothesis.

Systems 2 and 3, with zero amount of C(s), seem
to show the best performances since Figures 3b and
3c are the only plots to present a non-trace equilib-
rium amount of C,Hg, as expected from Table 1. A
more detailed evaluation of these two systems re-
veals that System 3 is possibly more adequate than
System 2 in representing the degradation of MIO,
since the latter (Figure 3b) presents an abrupt com-
positional change around the equilibrium tempera-
ture of 300 °C that is probably related to the lack of
relevant species in the mid-range of molar mass.

®) 10
09 | .
08 | iy

o
-
T
-

0.6 3
035 r i
04 H
03
02 r

01 b -
NS
0.0 :

Mole Fraction

1TV

0 500 1000 1500 2000

Equilibrinm Temperature, °C

(@ 10

ole Fraction

L7 LTV S———

00 L e SR
0 500 1000 1500 2000
Equilibrinm Temperature, °C

Ethane - - = Ethene — - -Ethyne

Figure 3: Simulation results for Systems 1 to 4 with zero amount of C(s). (a) System 1. (b) System 2. (c)

System 3. (d) System 4.
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Also, it is observed that despite being developed
based on MIO compositional information, System 4
did not show the best performance in representing
MIO thermal degradation. That is probably related to
Shirai and co-workers’ observations on the high sta-
bility of naphthenes and aromatics over the equilib-
rium temperature range of interest (Shirai et al,
1977). Nonetheless, further studies on this subject
might enlighten this discussion.

In the search for an alternative to the unlikely hy-
pothesis of the total absence of C(s), simulations of
intermediate scenarios of its equilibrium amount were
carried out for System 3. Figure 4 presents the simu-
lation results for System 3 when the equilibrium
temperatures are kept constant and the restricted
equilibrium amounts of C(s) vary from 0 to 100% of
the unrestricted amounts, for equilibrium tempera-
tures of 0 °C, 500 °C, 1000 °C and 1500 °C, respec-

) S ¢ —
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0.8
07 +
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05 -
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0.0
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tively. Simulation results obtained for equilibrium
temperatures over 1500 °C showed very similar pro-
files to the 1500 °C profile and were suppressed.
Figures 4b to 4d show that, for a certain range of
equilibrium temperatures, the mole fractions of some
species in intermediate scenarios of the amount of
C(s) differ from the base cases of 0% and 100% of
the unrestricted amounts of C(s). Also, Figures 4b and
4c clearly indicate that the mole fraction of methane
as a function of the restricted amount of C(s) is not a
monotonic function. So, it is possible that the MIO
thermal decomposition would be better represented
in intermediate scenarios of the amount of C(s) for
certain temperatures. In other words, the molar com-
positions obtained from these intermediate scenarios
may be more adequate than those obtained from the
zero amount of C(s) scenario, but with the advantage
of providing the formation of some C(s), as expected.
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Figure 4: Simulation results for System 3 with a constant equilibrium temperature. (a) T =0 °C. (b) T =500 °C.

(¢) T= 1000 °C. (d) T = 1500 °C.
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Analysis of the Proposed Model Performance

In order to quantify and evaluate the proposed
model prediction quality, Table 3 presents the opti-
mum mean relative errors of randomly selected cases
for simulations with unrestricted amount of C(s),
zero amount of C(s) and, as proposed, optimized
amount of C(s). PD means partial discharges, DI
means discharges of low energy, D2 means dis-
charges of high energy, T1/T2 means low/medium
temperature thermal faults and T3 means high tem-
perature thermal faults.

Table 3: Mean relative errors of unrestricted, zero
and optimized amount of C(s) scenarios for se-
lected cases.

Mean relative errors, %
C Unrestricted Zero Optimized
ase
C(s) C(s) C(s)
scenario scenario scenario

PD.1 75.13 631.82 52.09
PD.2 77.26 437.56 45.79
PD.3 77.51 90.88 44,96
DI.1 82.67 77.59 53.56
D1.2 78.73 77.05 40.13
D1.3 85.29 51.20 33.85
D2.1 132.57 66.07 66.07
D2.2 88.35 77.55 55.27
D23 112.39 58.61 58.61
T1/T2.1 80.90 56.85 55.48
T1/T2.2 78.97 95.33 58.21
T1/T2.3 75.34 3059.77 64.00
T3.1 139.51 121.21 121.21
T3.2 843.14 461.48 461.48
T3.3 100.86 68.07 68.07

As expected, Table 3 shows that the optimized C(s)
scenario leads to mean relative errors that are lower
or, at least, equal to the results of the other ap-
proaches. Even though the proposed carbon-opti-
mized model introduces an additional parameter to
address the problem, it must not be forgotten that it
also presents qualitative and fundamental improve-
ments when compared to the unrestricted and zero
amount of C(s) approaches, i.e., it presents equilib-
rium molar compositions comparable to the typical
patterns and accounts for the expected presence of
C(s).

The mean relative errors obtained with the pro-
posed approach varied from 33.85% in D1.3 to
461.48% in T3.2. The high temperature thermal
faults stood out as the incipient fault type with the
poorest adherence to IEC data, presenting the highest
associated mean relative errors. The PD.2 case pro-
vides a good example of improvement in the adher-
ence of the simulation results to reported data: the

prediction of the two-dimensional model resulted in
a mean relative error of 45.79% while the unrestricted
and zero amounts of C(s) simulations resulted in
errors of 77.26% and 437.56%, respectively.

Extending the simulations to all 117 cases pre-
sented in IEC data, the restriction to the equilibrium
amount of C(s) resulted in lower errors when com-
pared to the errors of the scenarios with unrestricted
and zero amounts of C(s) in 71.8% of the cases. In
the other 28.2% of the cases, the minimum errors
were obtained in zero amount of C(s) scenarios. In
none of the 117 cases, the minimum error was ob-
tained in an unrestricted amount of C(s) scenario. As
stated before, the unrestricted amount of C(s) sce-
nario leads to a thermodynamic equilibrium that, in
fact, is not fully achieved and, generally, does not fit
the reported data.

In all cases, the generalized high errors obtained
are mainly due to the contribution of the excessively
high relative deviations in the cases of extremely low
reported mole fractions. All the same, as described
before, relatively high errors were a possibility since
IEC data present information from in-service equip-
ment and not from specially designed experiments.

Comparison of Calculated and Reported Mole
Fractions

As described before, the solution of two-dimen-
sional optimization problems led to the equilibrium
temperature and the percentage of the equilibrium
amount of C(s) that minimized the residue between
the model prediction and the reported mole composi-
tion for each case in IEC data. Figure 5 presents
plots of the optimum predicted mole fractions versus
the reported mole fractions of the species of interest,
allowing the evaluation of the two-dimensional model
adequacy to IEC data. The different symbols identify
the associated incipient faults types.

Figure 5a indicates that predicted hydrogen mole
fractions show good agreement with reported data,
except for high temperature thermal faults, where the
model predicts an unreported absence of hydrogen.
Figure 5b indicates that predicted methane mole frac-
tions also show good agreement with the reported
data, but, in many cases, the predicted values are
greater than the reported data for thermal faults.
Figure 5c indicates that predicted ethane mole frac-
tions show poor agreement with the reported data for
all incipient fault types: all model predicted values
are much lower than the reported data. Figure 5d
indicates that predicted ethene mole fractions show,
overall, some agreement with the reported data, al-
though the model seems to overestimate the mole
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fractions for thermal faults and underestimate the
mole fractions for electrical faults. Figure Se indi-
cates that predicted ethyne mole fractions show good
agreement with reported mole fractions below 0.45:
for all reported data above this value, the model pre-
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Objective Function Profiles

In order to expose the characteristics of the
optimization problem and to evaluate the per-
formance of the applied numerical method, Fig-
ure 6 presents the mean relative errors of the
same cases in Table 3 as functions of the percent-
ages of the equilibrium amounts of C(s). The

temperatures were kept constant at their optimum
values.

It is observed that the objective function
showed different profiles, depending on the case,
including the occurrence of local minimums. Also,
it is interesting to observe once more that the mini-
mum error could not be obtained for the unre-
stricted C(s) scenario in any of the cases.
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Figure 6: Mean relative prediction errors as functions of the allowed equilibrium amounts of C(s) percent-

ages with fixed temperatures.

CONCLUSIONS

This paper presents a proposal of thermodynamic
and compositional models for chemical equilibrium
simulations of the thermal degradation of mineral
insulating oil. The proposed carbon-optimized model
was able to adapt to both hypotheses available in the
literature for the equilibrium amount of C(s), i.e.,
zero amount of C(s) and unrestricted amount of C(s).
Also, the proposed model permitted simulations of
intermediate scenarios regarding the equilibrium
amount of C(s), which is intended to account for the
kinetics of the phenomenon.

One-dimensional simulation results showing bet-
ter adequacy to empirical data were obtained when
mineral insulating oil was represented by CyoHup,
which degraded into 59 species and with zero equi-
librium amount of C(s). The two-dimensional model,
i.e., when the equilibrium amount of C(s) could also
be specified, made it possible to simulate intermedi-
ate scenarios of the amount of C(s) between the zero
and the unrestricted amounts cases, thus avoiding the
implausible hypothesis of the total absence of C(s) in

the equilibrium. The two-dimensional simulation
results were also more adherent to empirical data
than those obtained from classical models available
in the literature.

The proposed carbon-optimized thermodynamic
model proved to be an improvement in representing
the reported data when an adequate compositional
model was applied. It may be even possible to use
the proposed model to develop a phenomenologi-
cally-based diagnostic method. Nevertheless, further
investigations may be required to develop a more
adequate degradation model, especially regarding the
poor agreement of the predicted ethane mole frac-
tions to the reported data and the high errors ob-
tained in the predictions of high temperature thermal
fault cases.
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NOMENCLATURE

number of atoms of an element in one
molecule of a substance (dimensionless)
Cp molar heat capacity at constant pressure
(JmolK™)

molar Gibbs energy (J-mol™)

molar enthalpy (J-mol™)

amount of substance (mol)

product of decomposition of a
representative compound (dimensionless)
universal gas constant (J-mol-K™")
representative compound (dimensionless)
equilibrium temperature (K)

NI TQ S

N
a

Superscripts
° standard state
0 initial amount

Subscripts

carbon

formation

heavy species

hydrogen

species index (all species except C(s))
species index (all species)
representative compound index

light species

restricted

total (all species except C(s))

S xR TN A

Greek Letters

A Lagrange multiplier (dimensionless)
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