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Abstract 
The use of pure vegetable oils in Micro Gas Turbine can damage the injection 
system or the combustion chamber causing undesired vibrations. An ideal solution 
would consist in having an available tool able to forecast and/or follow in real time 
the vibrational state of the combustion device. The present paper describes tests 
performed on a low emission Micro Gas Turbine for power generation, fueled with 
different liquid fuels, including commercial diesel oil and its blends with pure 
rapeseed oil. A particular attention was paid both on the emissions and on the 
measurements of the micro vibrational distributions and their correlation under the 
different fueling conditions using a new signal processing based on a nonlinear 
method and chaos analysis. We observed that the overall behavior of the MGT 
fueled with the blends was good, and the emission concentrations of CO, NOx and 
Total Particle Matter were comparable to the pure diesel oil ones. Moreover, the 
chaos analysis and the proposed methodology came out as a possible tool for the 
real-time characterization of the combustion process of the MGT and to 
individuation of the fuel supplied. Equations should be separated from text by one 
line, and may be referred to by equation number. All symbols should be printed in 
italics or otherwise according to conventional practice, both in the equations and in 
the text. An example of how italics and equation numbers should be used is given 
here in referring to the force F in above. 
 
Introduction  
There is a growing concern that the use of fossil fuels and the associated carbon 
dioxide emissions are contributing to global warming. The Energy Information 
Administration estimates that world carbon dioxide emissions from energy 
production will increase by 51% by 2030, namely from 28.1 billion metric tons in 
2005 to 42.3 billion metric tons in 2030 [1]. As energy use grows, concerns over 
global warming may lead to imposing limits on greenhouse gas emissions from 
fossil fuel plants. This has stimulated extensive research on the subject of carbon 
capture and sequestration and an increase of renewable sources. Even though, the 
future renewable fuels of 3rd generation are not available yet, the use of 1st 

Mario
Font monospazio
I20

Mario
Font monospazio



JOINT MEETING 
THE GERMAN AND ITALIAN SECTIONS 
OF THE COMBUSTION INSTITUTE  SORRENTO, ITALY –  2018 

generation biofuel, pure vegetable oils, is still of interest as an alternative fuel 
[2,3], and is commonly used both for transportation and energy production. Many 
studies are available about fuel preparation and emission characterization of 
systems fully or partially fueled with pure vegetable oils [4-8]. The use of pure 
vegetable oils can damage the injection system or the combustion device [4] 
causing undesired vibrations. The ideal solution would consist in having an 
available tool able to forecast and/or follow in real time the vibrational state of the 
combustion device. This objective could be partially solved applying recent 
mathematical algorithms based on chaos [9]. The purpose of this work is to 
describe an application of recent nonlinear signal processing method to distinguish 
the regularity of micro-vibration shown by micro gas turbine (for short, MGT) due 
to mixed fuels at fixed speed of rotation. The reason of such an approach is because 
the turbine is a dynamical system extremely balanced, so the vibrational 
morphodynamics due to the use of very similar fuels, are difficult to determine. 
This creates then a challenge in applied dynamical systems. The signal processing 
are usually performed by means of classic approach [10] (e.g., spectral analysis) or 
by applying the most advanced methods based on the wavelet transform or 
thermography [11-14]. Most of the techniques that have been developed for the 
analysis of both linear and nonlinear systems are observations of a stationary 
random process. The difficulty, of course, is identifying when it is appropriate to 
treat the data as stationary. As a working definition, we may therefore term 
stationary process to be one in which the measure of interest associated (e.g., pdfs) 
with collections of observations is not changing in time [15]. Recently, a new test 
approach for distinguishing regular from chaotic dynamics in deterministic 
dynamical systems was proposed [16]. The present paper describes tests performed 
on a low emission MGT for power generation, providing electrical power up to 
30kWe. Different liquid fuels, including commercial diesel oil, blends of diesel oil 
with pure rapeseed oil, were tested under fixed load. Primarily attention has been 
focused on the measures of the micro vibrational distributions and their correlation 
with gas turbine fueling. 
 
Experimental Set-Up and Method 
Experimental set-up 
The Micro Turbine Capstone C30 is a turbine of last generation system with a 
maximum power output of 30kWe with 26% electrical efficiency and up to 90% 
combined heat power efficiency. It is widely used in the aeronautical field; in 
particular, as energy provider for the aircrafts on parking. It can be also operated 
with different liquid fuels. The fuel supply system is composed of three nozzles 
(one main and two auxiliaries). In this paper, diesel as fuel and its blend with 
rapeseed oil at 1%v/v (for short, Diesel 1%) and 3%v/v (for short, Diesel 3%) were 
used. The choice of the rapeseed oil as an additive present in a small percentage is 
to verify an eventual difference between fuels in terms of machine performance. 
The turbine rotation was set at 85.000rpm close to maximum speed (i.e., 
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90.000rpm) for all the fuels. All parameters of the turbine (i.e., rotational speed of 
the turbine, power output, exhaust gas temperature, etc.) were continuously 
acquired every two seconds by means of a PC and analyzed at the end of test. The 
vibrational signals were acquired by means of two unidirectional micro 
accelerometers, model PCB 352 C22. The acquired data through the 
accelerometers have been synchronized with each other and were stored in the 
computer. Synchronization here means that the accelerometer signals were 
acquired in parallel and aligned on a time basis through a LMS SCADAS data 
acquisition system. Hence, no electromechanical synchronization system was used 
for each accelerometer signal (e.g., tachometer signal). Front and side views of the 
turbine and the location of the accelerometers are shown in Figure 1. 

 

Figure 1 Turbine with location of accelerometers: front and side view 

Methods 
The proposed method for distinguishing regular from chaotic dynamics is 
successful if the noise-level is sufficiently small but also because the balanced 
dynamics of turbine are essentially stationary and deterministic. Many methods 
desensitize the test performed on noisy signals but damps the ability to detect slow 
growth of the features as well as the signature for time series data of moderate 
length. For such a reason each accelerometric signal was sampled at 102.400Hz for 
10s, for a total of 1.025.024 sampled points. The calculations were performed by 
using the MATLAB® software. The nonlinear method introduced in this work 
consists primarily in the decomposition of the accelerometric signal into two 
mutually orthogonal components [18] for projecting them on a plane other than 
phase space [16-19]. This plane can be obtained by using the following equations  
χω(m) =  ∑ xj cos(jω)m

j=1   (1) 
ζω(m) =  ∑ xj sin(jω)m

j=1   (2) 
where  xj, j=1,2,..,N is a time series (e.g., accelerometric signal) , 𝜔𝜔(0,π] and 
m=1,2,...,N, N length of time series. The functions (1) and (2) are two orthogonal 
projectors and are useful to determine the “signature” of the vibration. For instance, 
a qualitative information on the regularity or not of the time series may be acquired 
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by observing the development of 𝜒𝜔vs 𝜁𝜔. [20].  
 
Results And Discussion 
Since the quantity of added rapeseed oil was not important, any mechanical 
modifications of the MGT were done. The overall behavior of the MGT fueled 
with the blends was good and the emission concentrations, averaged over one hour, 
of CO, NOx and Total Particle Matter were comparable to the pure diesel oil ones 
as showed in tab.1. The procedures and the standards used for sampling are better 
described in ref. [5]. 
 

Table 1 - Emissions of the different fuels at 85.000rpm 
 O2 

% 
NOX 

ppm (mg/Nm3)@15%O2 
CO 

ppm (mg/Nm3)@15%O2 
Particle 
Matter 
mg/Nm3 

Diesel oil 18,6 16 (34) 10 (12) 0,92 

Diesel oil + 1%v/v Rapeseed oil 18,6 17 (36) 7 (9) 0,93 

Diesel oil + 3% v/v Rapeseed oil  18,5 16 (34) 8 (10) 0,95 

 
The accelerometric signals were simultaneously acquired for each fuel. An 
example of the acquired raw signals for each fuel is reported in Fig.2. One clearly 
observes the different shapes of the raw signals. The one generated by the 
combustion of diesel oil is periodical and relatively clean, while the other signals 
became noisier while increasing rapeseed oil concentration. These different 
vibrational behaviors are probably due the different combustion kinetic times of 
diesel oil and its blends because of the presence of rapeseed oil. The further chaos 
analysis leads to a comparison of the Kω and FFT concerning the frequencies of 
interest viz., 0÷30.000Hz. The accelerometric signal derived from pure diesel 
combustion has been characterized by the diagram Kω vs ω; the (fig.3, Top) 
compares three sequences randomly selected from raw accelerometric signal of 
length 150.000 points, roughly 1.46s. Let us observe that no statistical inference 
was done for a given combination of rotational speed and fuel. In fact, from a 
practical point of view we found that repeated sampling of the vibrations does not 
greatly alter the computed value of Kω. The interest is concentrated on the window 
where Kω assumes very stable and regular values of the accelerometric signal, i.e., 
1.7 <ω <2.2 rad, corresponding to the frequency range 27700 ÷ 35850Hz (fig. 3, 
bottom). The choice of such a spectrum window is because any modification of the 
vibrational turbine morphodynamics, caused by the use of blended fuel, results in 
the occurrence of an easily identifiable frequency on a very "spurious" spectral 
range that can be assumed as reference spectrum or “baseline”. This eventuality 
will be evidenced with the trend of Kω vs ω and χω vs ζω.  
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Figure 2: Accelerometric raw signals for different fuels 

 

 
Figure 3: Comparison of trend Kω vs ω and corresponding spectrum diagram 

 
A Fast Fourier Transform (FFT) of raw signals was performed to characterize the 
mean frequencies shown by the MGT for the different fuels and several common 
frequencies for the different fuels with different peak intensity are detectable 
namely 3.000Hz, 13.000Hz, 20.000Hz and 25.500Hz. While the peak intensities 
for diesel oil and its blend at 1%v/v are comparable, they drastically increase for 
the blend at 3%v/v. Moreover, a new peak intensity appears at around 28.200Hz. 
This last high frequency is probably due to the major concentration of oxygenated 
compounds formed during rapeseed oil combustion. In fact, the oxygen content of 
the pure rapeseed oil increases flame length but decrease soot and Polycyclic 
Aromatic Hydrocarbon formation, then leading to a faster combustion. These 
results are presented in figure 4 for the different fuels. One clearly observes that the 
chaos index, Kω, increases while increasing the rapeseed oil concentration. This 
indicates that the combustion is getting more chaotic as well as more irregular.  
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Figure 4: Comparison of Kω and FFT, the * stand for the median value of radius 
of cluster corresponding to the median value of Kω 
 
This tendency is becoming clearer if we plot the map of ξ vs ϛ and of Mω vs m. 
The results are represented in figure 5. The symbols circle, cross, and star, stand for 
the centroids of plotted clusters. The chaotic behavior appear more highlighted in 
figure 5 where for the case of pure diesel oil the clusters are concentrated around 
the zero position and thus representing any chaos tendency.  

 
Figure 5: Maps of ξ vs ϛ for ω=ω* for each blend 

 
On another hand, the higher the rapeseed oil is in the blends, the higher is the 
chaotic index, namely the centroid get far from zero position. The results presented 
in figure 5 represent a combustion fingerprint of each fuel.  
 
Conclusion 
Gas concentration and vibrational measurements were performed on a low 
emission Micro Gas Turbine for power generation supplied with commercial diesel 
oil and its blends with pure rapeseed oil under fixed load without any significant 
trouble. Chaos Analysis of vibrational according to the proposed methodology 
came out as an interesting tool for the real-time characterization and control of the 
combustion process of the MGT.  
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