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Abstract: Several studies were conducted previously on fuel and biofuel performance of micro-
turbines. The present paper combines experimental and statistical approaches to study the vibrational
behavior of a gas micro-turbine supplied with different pure fuels and admixed with rapeseed
oils. Experimental tests carried out at different operating conditions have allowed us to build a
classification model through using discriminant analysis. The classification model can distinguish
the vibrational behavior occurring when the turbine is fueled with kerosene, or pure and admixed
diesel with rapeseed oil. Moreover, the methodology has even allowed us to highlight differences
in vibrational behavior caused by small amounts of rapeseed oil admixed in the fuel. The model
reliability, in terms of Cohen’s kappa, results in optimal data classification.

Keywords: gas micro-turbine; discriminant analysis; vibrational analysis; diesel blends; kerosene;
biofuel; statistical index; accelerometer; confusion matrix; Cohen’s kappa

1. Introduction

In recent years, significant effort has been made to lessen the environmental impact of
operating gas turbines [1-3].

Micro gas turbines have the potential source to be an alternative power unit (APU) in
range-extended electric vehicles (REEVs) [4].

Due to their improved thermal efficiency and reduced fuel consumption, diesel engines
make up a significant portion of the passenger car industry in Europe. However, due to
increasingly strict exhaust emission laws, particularly for NOx and PM, a more complex
and expensive gas exhaust treatment system is required for most diesel vehicles, which
also results in increased fuel usage. By 2030, several EU regulations and incentives would
call for up to 45% bio-components in fossil fuel. It has been demonstrated that biofuels in
the form of pure plant oils cannot be used for automotive applications in diesel engines
efficiently because of technical issues brought on by their considerably higher viscosity,
corrosive character, and increased exhaust smoke emissions [5].

Biofuels are, broadly speaking, any fuel source made from organic material, such as
firewood, charcoal, animal fats and oils, dung, and vegetable oils. To mimic the performance
and physical properties of fossil fuels, biofuels must be modified. The development of
new power and propulsion technologies will necessitate a better control of the harmful
chemicals generated by combustion sources. As energy demand increases, concerns about
global warming could result in restrictions on greenhouse gas emissions from fossil fuel
facilities. This has prompted substantial study into carbon capture and storage, as well
as a growth in renewable energy sources. Many investigations of fuel preparation and
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emission characterizations of systems powered entirely or partially by pure vegetable oils
are available [6-13].

A crucial aspect is the relation between spray quality and combustion performance in
micro gas turbines burned with biofuels and biomasses [14,15].

Pure vegetable oils might cause unwanted vibrations by damaging the injection system
or combustion device. The ideal answer would be to have a tool that could foresee and/or
track the vibrational state of the combustion device in real time. By using appropriate
quantifiers generated from microphone and accelerometer inputs, investigations based
on acoustic and vibrational measurements seem to offer an intriguing diagnostic and
predictive answer [16-20]. Other authors have proposed a neural-network-based tool that
allows them to ensure protection and the safety measures against the instability phenomena
in a gas turbine based on the modeling of its dynamic behavior [21].

In this context, Allouis et al. [22] have evaluated the impact of biofuel properties on
emissions and performances of a micro gas turbine using combustion vibrations detec-
tion. Other methodologies described in [23-25] are employed for detecting anomalies in
mechanical systems such as gas micro-turbines.

The present paper aims to study the vibrational behavior of a low-emission gas micro-
turbine for power generation, fueled with different liquid fuels, including commercial
diesel oil and its blend with pure rapeseed oil. Kerosene is the design fuel for this turbine.
The authors of this current paper have presented a preliminary work on this topic [26].

In the first part, the study describes the experimental phase in which vibrational signals
have been acquired through accelerometers properly mounted on the injector. Afterward,
signal processing has been performed through discriminant analysis. A classification model
has been developed to distinguish the vibrational behavior associated to the turbine fueled
with kerosene, pure diesel, and admixed diesel with rapeseed oil.

2. Materials

The study system (the same as of [22]) is a Capstone 30 model 18-blade gas micro-
turbine (Figure 1) with a maximum power output of 30 kW. Since its output power is less
than 100 kW, it can be included in the micro-turbine category.

Figure 1. Turbine side view.
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The maximum fuel flow rate is 10 kg/h, and the exhaust gas temperature is approxi-
mately 590 °C, while at the system discharge it is 276 °C (as nominal temperature). The test
bench of the system is reported in Figure 2.
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Figure 2. System test bench.

Two different blends of diesel with rapeseed oil (respectively at 1 and 3% by volume)
and kerosene (the turbine’s designed fuel) are used as turbine fuels. The choice of such
low percentages of rapeseed oil in the two additive fuels is necessary to characterize the
machine’s behavior from a vibrational point of view and to grasp the minimal variations
resulting from the use of fuels with a very similar composition.

As for the choice of rotation speeds, speeds lower than the maximum one (90,000 rpm)
were chosen to study the machine’s behavior under conditions that gradually deviate from
the maximum. Tests were conducted for turbine rotation speeds of 75,000, 80,000, and
85,000 rpm. A piezoelectric uniaxial accelerometer (PCB 352C22) and a data acquisition
system (LMS SCADAS Mobile SM01) were used to sense and acquire the turbine vibrations.
The accelerometer was mounted on a rigid bracket in-built with the injector. The need to
use the bracket is due to the high temperature reached by the turbine: in the injector, the
temperature can reach a high value to damage the accelerometer.

The accelerometer signals were acquired for a duration of 10 s with a sampling
frequency of 102,400 Hz. As a preliminary step, the accelerometer was calibrated using a
Bruel & Kjaer Calibration Exciter Type 4294. Below is the procedure followed to carry out
the experimental tests at 85,000 rpm (the procedure is similar for the other two speeds):

1.  Calibration of the accelerometer;

2.  Implementation of the accelerometer to the brackets and anchoring them to the
injector;

3.  Preparation of fuel mixtures with additives using a graduated cylinder;

Starting the turbine with the design fuel (kerosene) and the required power of 10 kW;

5. Waiting for the turbine operating conditions by checking that the exhaust gas temper-

ature is 590 °C as declared by the name plate;

Adjustment of turbine power (approx. 19 kW) to reach the preset speed of 85,000 rpm;

7. Accelerometer acquisition for kerosene supply;

b

*



Machines 2022, 10, 925

40f16

8.  Adjustment of power output to 10 kW;

9.  Gradual switchover from kerosene fueling to pure diesel;

10.  Adjustment of turbine power (approx. 19 kW) to reach the preset speed of 85,000 rpm;

11.  Accelerometer acquisition for pure diesel fuel supply;

12.  Adjustment of power output to 10 kW;

13.  Gradual switchover from pure diesel fuel to 1% rapeseed oil diesel;

14.  Adjustment of turbine power (approx. 19 kW) to reach the preset speed of 85,000 rpm;

15.  Accelerometer acquisition for feeding 3% rapeseed oil diesel;

16.  Adjustment of power output to 10 kW;

17.  Gradual switchover from 1% rapeseed oil to 3% rapeseed oil admixed fuel;

18. Adjustment of turbine power (approx. 18.5 kW) to reach the preset speed of 85,000
rpm;

19.  Accelerometer acquisition for 3% rapeseed oil diesel;

20. Adjustment of power output to 10 kW;

21. Gradual switchover from 3% rapeseed oil diesel supply to pure kerosene;

22. Turbine shutdown with design fuel (kerosene).
Table 1 shows a summary of the acquisition data.

Table 1. Tests summary.

Test Number Fuel RPM
1 97% Diesel and 3% rapeseed oil 75,000
2 99% Diesel and 1% rapeseed oil 75,000
3 Kerosene 75,000
4 100% Diesel 75,000
5 97% Diesel and 3% rapeseed oil 80,000
6 99% Diesel and 1% rapeseed oil 80,000
7 Kerosene 80,000
8 100% Diesel 80,000
9 97% Diesel and 3% rapeseed oil 85,000
10 99% Diesel and 1% rapeseed oil 85,000
11 Kerosene 85,000
12 100% Diesel 85,000
3. Methods

The acquired vibrational signals were analyzed by means of discriminant analysis of
statistical indices directly calculated on the raw signals.

The method used for the creation of the classificatory model obtained through discrim-
inant analysis is stepwise, i.e., the variables are not inserted into the model at the same time
but in steps, i.e., only those variables with the greater discriminating weight are inserted.
At each step, the variable with the lowest Wilks lambda value and, in turn, the highest F co-
efficient value is entered, i.e., the variable that contributes to better differentiate the groups.
More details on this type of analysis can be found in the bibliographical references [26,27].

The chosen statistical indices for the analysis are asymmetry, kurtosis, shape factor,
quadratic oscillation index, root mean square value, crest factor, non-normalized Shannon
entropy, logarithmic entropy, synchrony index, Pearson’s correlation index, Kendall’s
correlation index, and Spearman’s correlation index [27-30]. The statistical indices used
to create the three discriminating models (Section 4) will be briefly described. In the
description, 7 is the length of the signal and x; is the i-th component of the signal. The
quadratic oscillation index (O?) that provides indications of the oscillating phenomenon is
described by Equation (1):

Y (xi— xi1)? 1)
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The non-normalized Shannon entropy (SE) that provides a measure of the degree of
order or disorder of a signal is described by Equation (2):

SE =— i:xiz log (x,'z) (2)

1

The asymmetry (), which is described in Equation (3), gives an indication of the
distance between the mean value and the mode of the signal:
ms
=3 3
7= ®3)
where m3 is the third-order central moment of the signal, while ¢ is the standard deviation.
The root mean square (RMS) value, which is described in Equation (4), gives an
indication of the loads acting on the system and the system speed:

1 n
RMS = - Y x? 4)
i=1

Finally, to assess the degree of accuracy and reliability of the classification, Cohen’s
kappa (x) was calculated [31,32]. It is a statistical coefficient representing the degree of
accuracy and reliability in a statistical classification defined from a confusion matrix, as
reported in Equation (5):

_ P 0— P,
 1-P,

Py is the sum of the probabilities along the main diagonal of the confusion matrix, as
given in Equation (6):

©)

n
Py=)Y Py (6)
i=1

where P; ; is the probability of the generic element along the main diagonal of the confusion
matrix. The P, formula is given in Equation (7):

n
P, =Y _ P;ror-Pror, 7)

i=1

where P; ro7 is the total probability along the i-th row, and Pror; is the total probability
along the i-th column of the confusion matrix.

4. Results and Discussion

The first operation carried out on the sampled signals was the calculation of the
statistical indices indicated in paragraph 3. From the single sampled signal at a given
speed of the micro-turbine powered with a given fuel, 125 values of the generic statistical
index were obtained, i.e., one value was calculated every 100 revolutions of the turbine:
this means that a total of 500 values of the generic index were obtained for each speed
considered. An example-blocks diagram of the algorithm adopted to calculate the generic
index I for the four signals (for each speed) was reported in Figure 3.
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Figure 3. Algorithms implemented for calculating indices.

Subsequently, each of the calculated indices was used as a potential variable for
the creation of the classification model for each speed. The software used to create the
classification model returned only three variables (indices) out of all those inserted in the
model. Table 2 summarizes the variables entered into the model, i.e., those variables that
were able to explain 100% of the cumulative variance for each speed analyzed.

Table 2. Variables chosen for the model.

Step 75,000 rpm 80,000 rpm 85,000 rpm
1 Quadratic Oscillation Non-Normalized Root Mean Square
Index (O?) Shannon Entropy (SE) Value (RMS)
2 Non-Normalized Asymmetry (7) Quadratic Oscillation
Shannon Entropy (SE) symmetry ¥y Index (0?)
Root Mean Square
3 Asymmetry (y) Value (RMS) Asymmetry (y)

Starting from these variables, it is possible to write three discriminant functions, called
F;, for each analyzed speed:

F=nX; (8)
F=0X;+b0Xo )
F=c1X14+ Xy +c3X3 (10)

where X; are the variables (indices) chosen by the model and shown in Table 2, while a;,
b;, and c; are the standardized coefficients associated with each function returned by the
software.

The three discriminant functions (Table 3) are different for each turbine speed. The
coefficients a, b, and c are different for each case study.

Table 4 displays the variance percentages contributed by the individual functions and
the cumulative variance. For all three turbine speeds, it is possible to exceed 95% of the
cumulative variance with only two functions. The third added function contributes a value
of less than 5% to the cumulative variance, which is necessary to attain 100% of the total
cumulative variance.
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Table 3. Discriminant function.
Function 75,000 rpm 80,000 rpm 85,000 rpm
1 F =202 Fi = a;SE F; = 1RMS
2 E, = b10? + b,SE F, = b1SE + byy F> = bjRMS + b,O?
3 F3 = ¢10% + ¢3SE + c37 F3 = ¢1SE 4+ coy + c3RMS F3 = ¢;RMS + c,0?% + c3y
Table 4. Variance percentage.
RPM 75,000 75,000 80,000 80,000 85,000 85,000
. % Function % Cumulative % Function % Cumulative % Function % Cumulative
Function . . . . . .
Variance Variance Variance Variance Variance Variance
1 86.9 86.9 74.6 74.6 73.2 73.2
2 9.3 96.2 22.1 96.7 22.0 95.2
3 3.8 100 3.3 100 4.8 100

4.1. Variables Included in the Classification Model

In the following, the obtained indices for the fulfillment of the classification model at
each speed (Table 2) are reported. All the following diagrams are shown as a function of
the number of periods where the single period corresponds to 100 turbine revolutions.

Figure 4 shows the trends of the three indices (variables) inserted in the discriminant
model for the speed of 75,000 rpm.
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Figure 4. Indices for 75,000 rpm: (a) quadratic oscillation index, (b) non-normalized Shannon entropy,
and (c) asymmetry.

In Figure 4a, which shows the trend of the quadratic oscillation index, the clear
distinction between the four fuels can be seen immediately. Indeed, while kerosene and
pure diesel are in the upper part of the diagram, the two admixed diesels clearly present
lower values, with the diesel with 1% rapeseed oil averagely higher than the diesel with
3% rapeseed oil: this phenomenon can be seen in the greater tendency of diesel with 1%
rapeseed oil towards the behavior of pure diesel. Since high values of this index emphasize
that the system dynamic energy is better utilized, it can be said that using pure rather
than admixed fuels makes the system better in usage use of dynamic energy. This can be
explained by the fact that admixed diesel has an explosive power lower than the pure,
reducing its energy output. This makes it possible to see that, by using biofuels, CO,
emissions and other pollutants can certainly be reduced at the expense of efficiency.

The distinction between pure and admixed fuels can also be seen in Figure 4b, in
which the trend of non-normalized Shannon entropy is shown, by observing that admixed
fuels exhibit higher values than pure fuels. This trend highlights how admixed fuels show
little stationary and periodic vibrational cycles in contrast to pure fuels: this phenomenon is
due to the reduction in explosive power caused by the presence of the oil and the resulting
non-homogeneity of the mixture.
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The asymmetry index is the last one adopted for modeling the 75,000 rpm case, shown
in Figure 4c. By simply plotting the trend, it is not possible to show a difference between
the four fuels used because of the overlapping of the curves and their highly chaotic course.
The only possible observation is the main trend to negative values for all four fuels.

Figure 5 shows the trends of the three indices (variables) inserted in the discriminant
model for the speed of 80,000 rpm.
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Figure 5. Indices for 80,000 rpm: (a) non-normalized Shannon entropy, (b) asymmetry, and (c) root
mean square value.

In Figure 5a, in which the trend of non-normalized Shannon entropy is shown, a clear
distinction between pure and additive fuels can be seen, as in the case for 75,000 rpm. Pure
diesel and kerosene present the lowest values for this index; diesel with 1% rapeseed oil
gives higher values than the latter and diesel with 3% rapeseed oil gives the highest values
among the four curves. This indicates how the vibrational dynamics of additive fuels are
more irregular and unsteady than those of pure fuels and how the most irregular dynamics
are in the case of diesel with 3% rapeseed oil, as expected, the latter being characterized by
the higher percentage of rapeseed oil.

In Figure 5b, the asymmetry trend is reported, which tends to form two distinct
clusters: the diesel group, including both pure and additive fuels, and the kerosene. The
kerosene assumes negative values, which is not the case for diesel, where values are
generally higher. This makes it possible to say that from a dynamic point of view, the
use of diesel, pure or with rapeseed oil admixed, because it is characterized by a positive
asymmetry, results in stronger vibrations than the use of kerosene, which, on the other
hand, results in a much lower vibration. This was desirable since kerosene is the design
fuel of the turbine.

Finally, Figure 5c shows the trend of the last of the three indices for the 80,000 rpm
case, the RMS. The trend of the four curves allows a good distinction between pure and
admixed fuels (note the separation of the red and the green curve from the other two).
Furthermore, this graph emphasizes how the energy involved is greater in the case of
pure fuels and, therefore, the explosive power decreases as the percentage of rapeseed oil
admixed to diesel increases.

Figure 6 shows the trends of the three indices (variables) entered into the discriminant
model for the speed of 85,000 rpm.
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Figure 6. Indices for 85,000 rpm: (a) root mean square value, (b) quadratic oscillation index, and
(c) asymmetry.

In Figure 6a, the RMS trend is shown. In this graph, the kerosene values are generally
higher than those of the other fuels: as previously stated, this phenomenon was desired
because kerosene is the turbine’s design fuel, and the turbine works at a speed of only
5000 rpm lower than the maximum speed (90,000 rpm). Kerosene is the fuel with the best
possible working conditions in terms of energy compared to all the others; on the other
hand, the admixed diesel with the highest percentage of rapeseed oil has the worst working
conditions in terms of energy.

In Figure 6b, a good distinction between pure diesel and admixed diesel can be seen,
emphasizing how the turbine rotates smoothly and periodically using a pure fuel, as
expected, compared to additive ones.

In the last diagram, i.e., the one in Figure 6c, the curves relating to admixed diesels are
much more chaotic and assume a much wider range of values; those relating to pure fuels
are much more stable and assume a much narrower range of values.

4.2. Cluster Analysis

As follows, the diagrams of the discriminant functions (Table 3) have been displayed
for each speed. All functions are normalized in the range [0, 1].
Figure 7 shows the clusters of the discriminant function for the speed of 75,000 rpm.
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Figure 7. Clusters for 75,000 rpm: (a) functions 1 and 2, (b) functions 2 and 3, and (c) functions 1 and 3.

Functions 1 and 2 (Figure 7a) explain most of the total variance, showing a clear distinc-
tion between pure diesel and kerosene, which occupy the right-hand side of the diagram,
while on the other side there are the two additive diesel fuels, thus creating two families:
pure and admixed fuels. It is possible to observe different behavior depending on whether
a pure or non-pure fuel is used. Function 1 is associated with the quadratic oscillation
index: the higher this index takes on values, the more the system is characterized by a
better use of dynamic power. Indeed, it can be seen from the diagram that dynamic power
is better used when using pure rather than admixed fuels: kerosene and diesel assume a
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very high value of function 1 and, therefore, of the quadratic oscillation index compared to
the admixed fuels. This is in full agreement with what was previously stated for the index
diagram in Figure 4a, namely that using biofuels reduces emissions of pollutants at the
expense of system efficiency. Function 2, which is obtained by adding to the term associated
with the quadratic oscillation index a term relating to non-normalized Shannon entropy,
the values are spread with respect to the centroids (yellow in the diagrams): as previously
stated for this index, it highlights the presence of vibrational cycles that are not stationary
and not periodic. It follows that the discriminant analysis at a speed of 75,000 rpm does
not allow any clear distinction, since pure diesel describes power conditions like those of
kerosene (function 1), while the admixed fuels assume high entropy values, which could
compromise the integrity of the system.

Functions 2 and 3 (Figure 7b) do not allow a good distinction between the different
types of fuels. Indeed, they explain only 13.1% of the total variance (Table 4) so that the
different fuels make a single cluster, preventing any differentiation between the fuels.

Functions 1 and 3 (Figure 7c) allow a distinction between admixed fuels like in
Figure 7a but less sharply: this is due to the lower discriminating power of function
3 compared to function 2 (9.3% of function 2 against 3.8% of function 3). Indeed, the overlap
between the kerosene and pure diesel clusters is greater than the case in Figure 7a. Once
again, the non-admixed fuels occupy the right-hand of the diagram, i.e., the dynamic power
of the turbine is fully exploited (function 1 being composed of only the quadratic oscillation
index), while the admixed fuels occupy the left-hand of the diagram, emphasizing an
opposite behavior to the other two fuels. Finally, the cluster is much more dispersed with
respect to the y-axis, particularly for the case of admixed diesel with 1% rapeseed oil.

Figure 8 shows the clusters of the discriminant function for the speed of 80,000 rpm.
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Figure 8. Clusters for 80,000 rpm: (a) functions 1 and 2, (b) functions 2 and 3, and (c) functions 1 and 3.

The highest discriminating power is associated with functions 1 and 2 (Figure 8a),
where it is possible to notice a pattern that clearly distinguishes the four fuels: particularly,
the kerosene has values of function 1 different from the remaining fuels. Observing the
non-normalized Shannon entropy (function 1), the points are really close to their own
centroids: the system vibrates more contained than the 75,000 rpm case. In function 2, the
entropy term is more prevalent than the asymmetry: from the diagram in Figure 5b, the
kerosene values are clearly lower than the other three fuels, an event that is not repeated in
the plot of the clusters (Figure 8a). Finally, it shows the tendency of admixed diesel with
1% rapeseed oil to pure diesel to be greater than diesel with 3% rapeseed oil: this is due to
the different percentages of rapeseed oil added to diesel. In general, it can be seen in the
diagram that the four clusters are distinct, separated from each other and closer to their
own centroids: this allows us to say that it is the best classification obtained.

Since functions 2 and 3 (Figure 8b) have the least discriminating power, they do not
allow a good distinction between the different types of fuels as in the case of Figure 8a.
Although pure diesel and admixed diesel with 1% rapeseed oil are well-distinguished
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and separated from the others, kerosene and admixed diesel with 3% rapeseed oil tend to
overlap and form a single cluster.

Functions 1 and 3 (Figure 8c) allow a good distinction between the various fuels,
although the cumulative variance percentage of 77.9% is lower than in functions 1 and
2 (96.7%). Even though they are slightly less sharply defined than in Figure 8a (this is
due to the lower discriminating power of function 3 compared to function 2), the four
clusters are still separated so that the diesel and the kerosene family stand out. Therefore,
the considerations made previously on function 1 for Figure 8a are the same for the same
function but in Figure 8c, i.e., the clusters are concentrated to their centroids and the
system vibrates smoother than in the case of 75,000 rpm. Function 3 does not allow a good
distinction between the fuels: the four clusters have an elongated shape along y-axis and a
same range of values, except for admixed diesel with 1% rapeseed oil.

Figure 9 shows the clusters of the discriminant function for the speed of 85,000 rpm.

O 97% Diesel and 3% rapeseed oil
O 99% Diesel and 1% rapeseed oil
A Kerosene
' ' 100% Diesel '
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Figure 9. Clusters for 85,000 rpm: (a) functions 1 and 2, (b) functions 2 and 3, and (c) functions 1 and 3.

In the diagram of Figure 9a, knowing that function 1 is associated with the RMS,
function 1 indicates how much energy is involved in terms of signal power where function
1, relatively to the kerosene, assumes greater values than the other fuels, as expected
since kerosene is the design fuel, and the turbine is at a speed of 85,000 rpm (closer to
the maximum speed). Function 2 allows a clear distinction between pure and admixed
diesel: the first is clearly distinguished from the latter with a well-defined cluster, while
the admixed diesel with 1% and 3% rapeseed oil overlap and there is not a big difference
between the two. Kerosene has the highest power because it has the highest RMS. Since
kerosene is the most expensive fuel among the proposed ones, a good alternative is using
the pure diesel, which is far cheaper than the kerosene but less powerful (lower RMS). The
pure and admixed diesel fuels have about the same function 1 range values: it means that it
is possible to use admixed diesel keeping a similar RMS. Increasing the amount of rapeseed
oil, the power output of the turbine and the pollutants decrease (this is also confirmed by
the diagram in Figure 6a).

Functions 2 and 3 (Figure 9b) do not allow a good distinction between the various
clusters: the four fuels tend to overlap and mix. As said for the previous speed rates, this
event is due to the low percentage of cumulative variance provided by functions 2 and 3
(26.8%).

As in the case with functions 1 and 2, in the case of functions 1 and 3 (Figure 9c) it
is possible to distinguish, on the left hand, the diesel family and, on the right hand, the
kerosene, regarding function 1; furthermore, there is no distinction between pure diesel
and admixed fuels. As regards function 3, it can be observed that the assumed values by
pure fuels is much more concentrated around their centroid, unlike admixed fuels, which
present much wider and dispersed values.
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4.3. Classification Summary

Finally, the confusion matrices and the Cohen’s kappa for each of the analyzed speeds
are reported to highlight the goodness of the classification performed. In all confusion ma-
trices, there are target classes along the first row and output classes along the first columns.

In the 75,000 rpm case (Table 5), it can be seen that 90.4% of the samples are correctly
classified, which is an optimal result. In the kerosene case, 100% of the samples are correctly
classified, while the lowest percentage is in the case of admixed diesel with 3% rapeseed oil
where 19.2% of the samples are included in the case of admixed diesel with 1% rapeseed
oil. Finally in the pure diesel case, 84% of the samples are correctly classified, while the
remaining are confused with kerosene. It is interesting to note that it is never confused with
admixed diesel, except for one sample confused with admixed diesel with 3% rapeseed oil:
this underlines the clear separation between the two families of fuels shown in the clusters
of Figure 7a.

Table 5. Confusion matrix for 75,000 rpm.

97% Diesel and 99% Diesel and

Fuel 3% Rapeseed Oil 1% Rapeseed Oil Kerosene 100% Diesel Total %
97% Diesel and o
3% rapeseed oil 101 24 0 0 80.8%
99% Diesel and o
1% rapeseed oil 4 121 0 0 96.8%
Kerosene 0 0 125 0 100%
100% Diesel 0 1 19 105 84%
Total % 83.4% 95.3% 86.8% 100% 90.4%

In the case at 80,000 rpm (Table 6), 100% of the samples is correctly classified: this is the
best possible case of classification since no value of the chosen variables will be associated
with a different predicted class. This result was desirable from the simple observation
of the clusters in Figure 8a, which are all distinct and separate from the others, and this
confirmed that this is the best possible classification.

Table 6. Confusion matrix for 80,000 rpm.
97% Diesel and 99% Diesel and o 1 o
Fuel 3% Rapeseed Oil 1% Rapeseed Oil Kerosene 100% Diesel Total %

97% Diesel and o
3% rapeseed oil 125 0 0 0 100%

99% Diesel and o
1% rapeseed oil 0 125 0 0 100%
Kerosene 0 0 125 0 100%
100% Diesel 0 0 0 125 100%
Total % 100% 100% 100% 100% 100%

In the case at 85,000 rpm (Table 7), 93.4% of samples are correctly classified. Both
kerosene and pure diesel fuel contribute to this high percentage as both report a 100%
correct classification. The lowest percentage of correct classification is for admixed diesel
with 1% rapeseed oil: 80% is for the 1% rapeseed oil while the remaining 20% is assigned to
3% rapeseed oil. Moreover, for the admixed diesel with 3% rapeseed oil, 93.6% of samples
are correctly classified, while the remaining are confused with admixed diesel with 1%
rapeseed oil. This was also evident from the diagram in Figure 9a in which the clusters
of the two admixed diesels tend to overlap and form a single cluster. It is possible to say
that the case analyzed at 85,000 rpm constitutes a good distinction between pure fuels (the
latter being correctly classified as 100%) and admixed fuels.
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Table 7. Confusion matrix for 85,000 rpm.
97% Diesel and 99% Diesel and o v o
Fuel 3% Rapeseed Oil 1% Rapeseed Oil Kerosene 100% Diesel Total %
97% Diesel and 100 25 0 0 80%
3% rapeseed oil
o 1
99% Diesel and 8 117 0 0 93.6%
1% rapeseed oil
Kerosene 0 0 125 0 100%
100% Diesel 0 0 0 125 100%
Total % 92.6% 82.4% 100% 100% 93.4%

To confirm the optimal results obtained with the proposed classification method,

Table 8 shows the Cohen’s kappa values for each turbine speed. The values of this index
are always greater than 0.8: this implies an optimal classification, especially for the case at
80,000 rpm.

Table 8. Cohen’s kappa.

RPM Lower Extreme Mean Value Upper Extreme
75,000 0.8376 0.8720 0.9064
80,000 1 1 1

85,000 0.8830 0.9120 0.9410

5. Conclusions

From the simple observation of the selected indices of the discriminant model, the

following results could be deduced:

For the 75,000 rpm case, a strong distinction emerges between pure and admixed
fuels: for the pure fuels, the quadratic oscillation index assumes the greatest values
suggesting that the explosive power of the fuel is fully exploited while there is a
decrease in the explosive power and pollutants for the admixed fuels. Non-normalized
Shannon entropy show a no-stationary and no-periodic vibrational cycle, in particular
for the admixed fuels;

For the 80,000 rpm case, just as for the previous case, it is possible to well-distinguish
pure and admixed fuels (by non-normalized Shannon entropy and RMS), but at the
same time, thanks to the asymmetry, an excellent distinction emerges between the
turbine design fuel (kerosene) and the others (diesel family);

For the 85,000 rpm case, the distinction is evident of how dynamic energy is best
exploited using kerosene (by RMS), and how vibrations tend to be more regular with
pure fuels (by asymmetry).

For all three analyzed speeds, the diagrams of discriminant functions 2 and 3 do not

allow a good differentiation of the fuels as expected given the low percentage of cumulative
variance (Table 4).

As regards the diagrams of functions 1 and 3, they certainly allow better differentiation

than the case of functions 2 and 3 because of the higher percentage of cumulative variance,
but they still do not allow optimal differentiation for each speed.

The best differentiation is provided by the diagrams obtained from functions 1 and 2,

which provide the highest percentage of cumulative variance. Indeed:

The 75,000 rpm case showed the distinction between the pure and admixed family:
they are in two different zones of the diagram in Figure 7a. The admixed diesel with
1% rapeseed oil has a greater tendency toward pure diesel than the diesel with 3%
rapeseed oil;

The 80,000 rpm case provided the best possible differentiation among all the fuels
because of the formation of four distinct, separate and non-overlapping clusters. In
this diagram, it is possible to distinguish between the diesel and the kerosene family;
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e  As for the previous speed, the case at 85,000 rpm led to the distinction between the
diesel and the kerosene family but not an optimal distinction between the two admixed
fuels because of overlapping clusters.

The results show that the best possible classification occurs in the case at 80,000 rpm
where the clusters are well-defined and spaced out. This classification model can be used
for quality check of the purchased fuel, especially diesel. It could happen that the purchased
fuel has been admixed with crude oils, which can negatively affect its quality because of
different molecular structures. Another application can be the quantity check of rapeseed
oil admixed with diesel. Comparing the vibrational behavior of the turbine powered by the
supplied fuel with the vibrational response of the same with the desired fuel, it is possible
to say whether the fuel purchased from the supplier meets the required standards or not.

Finally, it is possible to make some final observations on the individual velocities with
respect to the diagrams obtained by plotting functions 1 and 2:

e In the case at 75,000 rpm, the clusters with respect to function 2 were always very
dispersed around their centroids, underlining how the turbine presents vibrational
cycles that are not very stationary and not very periodic, while the clusters with respect
to function 1 show that the dynamic power of the system is better exploited with pure
fuels. The best performance is with the pure fuels, but the lower emissions and costs
are with the admixed fuels.

e In the case at 80,000 rpm, the clusters with respect to function 1 are always grouped
around their own centroids, highlighting more stationary and periodic vibrations than
the other cases. This is the best working condition for the turbine.

e In the case of 85,000 rpm, referring to function 1, the kerosene has the highest values
and better exploits dynamic energy, while the diesel family presents a similar range of
values. Regarding function 2, there is a clear distinction between admixed and pure
diesels: the pure diesel presents higher explosive power. Thus, kerosene has the best
possible performance but is the most expensive. The three diesels are cheaper but
make the turbine less efficient. Lastly, there is not a great difference between using an
admixed diesel with 1 or 3% rapeseed oil.

From the confusion matrices and the calculation of Cohen’s kappa, it was possible
to establish the worth of the classification method studied and to see that, for all three
velocities studied, optimal results were obtained.

The operating conditions of a gas micro-turbine powered with different types of fuel
was discussed in this work. As discussed in the current literature, vibrational analysis has
already been addressed to study the behavior of gas turbines through different approaches.
The innovation of this work is the application of discriminant analysis to accelerometric
signals, highlighting how it can provide indications regarding the differences in the system
vibrations when powered with pure fuels or biofuels.
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