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Available online 9 October 2020

acoustic wave. A pressurized combustion chamber was developed and connected to a
vehicular turbocharger to test combustion stability and emissions of wide range of
liquid biofuels. Biodiesel and blends of palm oil/diesel from 10% (Vol.%) up to 100%
pure palm oil (i.e. P10-P100) were investigated and compared to diesel as the
benchmark fuel. Microphone probes at the chamber inlet and outlet were used to
capture the acoustic signals to be analyzed through the Fast Fourier Transform (FFT)
using MATLAB program. The analysis of the acoustic signals revealed distinguishable
deviation patterns between diesel and other biofuels which showed close resemblance
to the carbon monoxide (CO) emission patterns at the same operating pressures.
Biodiesel was comparable to P20, while increasing palm oil blend resulted in higher
deviation. Chamber pressure also showed positive effect on combustion stability and
reduced the deviation between diesel and other biofuels.
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1. Introduction

The sensitivity of gas turbine combustors is limited toward the interaction between acoustic and
flame in the combustion chamber (thermo-acoustic). One of the major problems affecting modern
high-performing combustion chamber is thermo- acoustic instability, which consists of low frequency
pressure and heat release oscillations, couplings, and self-sustenance of large amplitudes [1]. Thus,
combustion process can create acoustic waves through volume fluctuations inside the combustor
caused by the unsteady heat release. This unsteady heat release often results to temperature
fluctuations, which is usually known as entropy waves. The acceleration of these entropy waves at
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the combustor exit also generates acoustic waves indirectly. The thermos-acoustic instabilities that
occurred in many combustion chambers may be a potential threat to the combustion chamber
performance and machinery structure. Some of the effects that arises due to combustion instability
includes reduction in combustion efficiency, vibrational phenomena, non-uniform exhaust gas
thermal distribution, wall thermal stresses and growth of thermal nitrogen oxides (NOx) emissions.
The resonant coupling between pressure distribution in the flame region with synchronized heat
release rate results in accumulation of acoustic energy around the Eigen modes of the combustor [2].
The sound pressure distribution and determination of acoustic modes are preliminary and necessary
steps needed in prediction of combustion stability and identifying their possible locations [2]. Other
applications of the acoustic signals include identification and characterization of sound power
radiated by engine components and acoustic analysis of reciprocating engines [3—6].

Low-grade liquid biofuels from agricultural wastes are promising renewable alternatives
contributing to the wellbeing of the underdeveloped rural areas as well as the reduction in carbon
footprint through distributed cogeneration. However, such fuels suffer from the poor atomization
and flame fluctuation caused mainly by the high viscosity as well as the low evaporation rate and
heating value. The conventional method to determine combustion completion is by analysing the
temperature and emission profiles, but it does not provide explicit indication on flame stability.
Therefore, new areas of combustion research have been exploited to understand and control
combustion oscillations. Many studies have been performed to provide solutions and deeper
understanding to combustion instability in combustion chambers using acoustic signals [7-9]. In
order to understand combustion oscillations, it is necessary to collect and analyse the acoustic signals
produced during combustion process [10]. The contributions of thermo-acoustic phenomena in
combustion chamber and entropy noise to flame acoustic interactions are promoted by lean
premixed combustion [11,12]. Furthermore, using combustion acoustic interactions in an unstable
combustion, a non-existence phase-resolved temperature data was investigated, while heat release
fluctuations were examined from swirl combustion using methane, Propane and strong low
frequency combustion instability using Jet fuel [7,8,13-15].

All the aforementioned studies investigated the fundamental effect of the elevation in
temperature and pressure on acoustic signal generation. This includes the measurement of
magnitude, frequency and propagation of localized sound waves inside the different zones of the
chamber. However, there still no mature technology to indicate directly the flame stability using
acoustic signals. Also, from the practical point of view, collecting acoustic signals from the hot-zones
inside the chamber as an analytical tool to diagnose the combustion stability might not be feasible.
The current study, on the other hand, proposes the implementation of sound waves in and out of the
chamber, where the signals are compared to a reference benchmark signal at the same operating
conditions. The development of new analytic tool on MATLAB to compare the flame stability of
various fuels to a reference fuel using combustion acoustics captured through microphones was
achieved. To achieve this, combustion stability analysis of liquid biofuels using acoustic signal from a
pressurized combustion chamber that was developed and connected to a vehicular turbocharger was
performed using microphone probes at the inlet and outlet of the combustion chamber. Combustion
stability of biodiesel and blends of palm oil/diesel were investigated and compared to diesel as the
benchmark fuel.
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2. Experimental Details
2.1 Combustion Chamber Set Up

The micro gas turbine (MGT) test rig based on Garrett GT25 turbocharger was developed and
tested in previous study [16]. Three microphones were provided and connected to the combustion
chamber as shown in Figure 1. The microphones are standard 1/4 inch free-field response types
calibrated by manufacturer according to the acoustic measurement standard EN 61094-8:2012. Two
microphone probes were fixed at the inlet of air manifold supply to the combustion chamber, while
the other one was connected at the exit of the chamber for the measurement of sound pressure
fluctuations. In order to dampen the resonance and improve frequency response, the cross-section
of microphones was kept constant. The three microphones were identified as static-in, dynamic-in
and static-out respectively. For the static-in (and-out), the microphone probes were welded directly
to the inlet and outlet manifolds of the chamber. However, for the dynamic-in, the probe pipe was
inserted to the centre of inlet manifold facing downward. The microphones are 7 mm in diameter
and 8 mm long with nominal sensitivity of 35 dB. The sound pressure levels measured as amplitude
—frequency spectra wave up to 25 kHz. Signals were then measured, conditioned and recorded using
high-resolution voice recorders.

Combustion
Chamber

[ | : -
Fig. 1. Acoustic Microphones attached to combustion chamber
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2.2 Sound Signals Edition

The sound signal recorded from the combustion chamber was edited by Adobe Audition, a
professional tool for precision audio editing, sound mixing and other effects. It is also an industry-
leading tool for cleaning up recordings and audio restorations. Figure 2 shows a sample waveform in
the edit view before editing (a) and after editing (b). The sample graph in Figure 2(a) demonstrates a
17 minutes test run for the MGT where diesel fuel is injected at minute 2, which resulted in a
significant disturbance in the acoustic sound wave. The MGT warmup proses is up to minute 10
followed by setting the fuel setup to the target MGT operating pressure. Finally, the turbine
shutdown and cooling at minute 16. Steady state period is selected in the period (minute 12-13) as
shown in Figure 2(b) and the sound clip is cut and saved using Adobe Audition program to be exported
to the MATLAB program.

Fig. 2. Waveform of raw acoustic signal (a) before editing and (b) after editing
2.3 Generation of Frequency Spectrum Plots

At this stage, MATLAB software is used to convert the acoustic waveform sample that indicates
sound amplitude over time into the frequency spectrum form that indicates sound amplitude
through the recorded frequency spectrum. Fast Fourier transforms (FFT) algorithm was used to
obtain the sound power spectrum. The data obtained were divided in to 100 equally spaced
ensembles. These ensembles were then averaged over 100 to obtain power spectra densities (PSDs).
Further processing of these ensembles produced averaged spectra with 15 — point (~ 15Hz width)
moving average. The MATLAB code starts with the selection of the sound wave sample file to
determine the sampling rate. Power spectrum is then generated using FFT algorithm. The sound
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power magnitude is then converted into the magnitude of noise in decibel (dB) against frequency
(Hz) using Eq. (1).

dB value = 20 X log,o(magnitude) (1)

The plots of dB are then generated for all the tested fuels. However, it should be noticed that the
signal magnitude (or dB) is not relevant here, since the absolute dB values are not used in the fuel
stability analysis. The generated dB values of the different tested liquid biofuels are then divided by
diesel benchmark as shown in Eq. (2), and the dB ratio plots are generated.

dB ratio = dB value for other fuel/dB vlue for diesel (2)

After that, one standard deviation is calculated for the dB ratio to approximate the deviation of
the tested fuel from the benchmark fuel, and all tested fuels are then compared relative to the same
baseline. Exact same values were set for the MGT operating conditions in terms of turbine pressure
and flow rate for both fuels in the dB ratio and the signal was taken for the steady state period as
discussed earlier. The MGT shaft frequency is determined from the compressor map of Garrett GT25
at the measured pressure and flow rate. Therefore, frequency range of the mechanical noise from
the MGT shaft and bearings up to 4X of the shaft frequency is determined and the dB ratio values
with the expected margin of 0.5<dB ratio<1.5 is examined and evaluated.

3. Results
3.1 Power Frequency Spectrum Analysis

The plots for all liquid biofuels and diesel were generated for pressures of 0.1 to 0.5 bar. The
performance of all acoustic signals from all the three reference points (Static in, dynamic in and static
out) were clearly shown from the plots. A sample of 0.1 bar plot of dB against frequency for diesel
fuel is shown in Figure 3. It shows that “static out”, used as reference point in this work, displayed
lower pressure noises of less than 80 dB due to the pressure drop through the chamber when
compared to “staticin” and “dynamicin” that showed higher magnitudes of above 80 dB. The general
trend is in a good agreement with the finding of other researchers in axial combustor configuration
where higher noise is generated at lower frequencies followed by graduate drop in dB values along
the frequency spectrum [7,8]. Also, the fluctuation in dB values increase at higher frequencies above
500Hz mainly due to the fast pressure oscillation caused by the irregular heat release [9].
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Fig. 3. The dB against frequency for diesel fuel at 0.1 bar
3.2 The Db Ratio and Normalized Db Ratio Plots

Using the dB plots for the tested fuel and the benchmark fuel, the values from the plots are
divided and the dB ratio plots against respective frequencies are generated by MATLAB. Figure 4
shows a sample result from MATLAB plot of dB ratio at 0.1 bar for biodiesel / diesel and P40/ diesel
for static out pressure noise. Biodiesel and P40 showed similar dB ratio range. However, value spikes
higher than a ratio value of 2 can be seen in the graphs even though the raw dB values did not reveal
any large difference between diesel and these two fuels. Based on the dB standard calculation shown
earlier in Eqg. (1), negative dB values can occur, which can cause these spikes. Therefore, the vertical
axis in the plots was normalized by shifting all values to avoid any negative dB values along the
frequency spectrum for dB ratio calculation.

Figure 5(a) shows a sample of the normalized dB-frequency spectrum derived from the acoustic
signals for diesel and biodiesel fuels at 0.1 bar MGT pressure. After that, the normalized
Biodiesel/diesel dB ratio is plotted as shown in Figure 5(b). The turbine speed at 0.1 bar is in the range
of 30,000-40,000 rpm which correspond to frequency range of 0.5-0.67 kHz, which resulted in the
peak noise level seen in the plots. Most of the mechanical noises from the normal shaft speed (i.e.
1X) up to 4X for the bearing noise which is still below 3 kHz were cancelled in the dB ratio plot,
resulting in low noise ratio margin of (0.8-1.2) which is not expected to have any effect on the
deviation values.
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Fig. 4. The dB ratio at 0.1bar for (A) diesel/ biodiesel; (B) diesel/P40
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Fig. 5. (a) dB-frequency spectrum derived from the acoustic signals for diesel and Biodiesel fuels at
0.1 MGT pressure and (b) biodiesel/diesel dB ratio

3.3 Noise Deviation and MGT Stability Analysis

Average Standard deviation value is calculated from the dB ratio plots for each fuel which
indicates the deviation of the different fuels from the reference diesel fuel in terms of the acoustic
noise generation. Pressure oscillation can be caused by the flame oscillation and irregular heat
release due to the sudden changes in flame location which can be captured by acoustic signals [14].
All the tested biofuels suffer from the high viscosity and boiling point which results in poor fuel
atomization and evaporation. This issue is more prominent at low MGT operating pressure where
combustion temperature is low resulting in lower combustion quality and higher flame fluctuations
compared to diesel fuel. This was clearly indicated by the high deviation from diesel for the majority
of the tested fuels at lower operating pressure conditions as shown in Figure 6(a). Pure palm oil (i.e.
P100) suffered the most and the combustion was not stable in the pressure range of 0.1-0.3 bar with
frequent flame blow-off. Thus, steady-state operation and stable acoustic recordings were available
only for pressures of 0.4 and 0.5 bar. The deviation from diesel started gradually from P20 to P60
with consistent patterns. However, P80 showed inconsistent deviation levels at the different
operating pressure levels with maximum deviation at 0.4 bar. As for biodiesel, the deviation values
were between P20 and P40, which is in a good agreement with combustion performance
characteristics in terms of carbon monoxide (CO) emissions shown in Figure 6(b). The patterns
generated from the deviation values at different MGT operating pressures were in good agreement
with the patterns of CO emissions for the tested biofuels. In general, operating at higher pressure 0.5
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bar resulted in low deviation and CO emission values indicating good flame stability, which is
comparable to diesel fuel combustion.

The general trend showed that the improvement in combustion stability when increasing MGT
pressure was more pronounced when the fuel is of a lower quality when measured by noise deviation
as well as CO emission. The total reduction in deviation was 12% for P40 and 18% for P60 through
the full pressure range. For P80, the largest deviation was 20%, but the results did not follow a
consistent pattern. As for P100, only two readings were available with a reduction of 6%, but when
extrapolating the data, the reduction can go up to 20%. At 0.5 bar, all the tested fuels showed low
deviation from diesel with only 10% difference between the fuels. CO emission data followed similar
trend but with different emission reduction scale from 19% for P20 up to 51% for P80.
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Fig. 6. (a) Sound level deviation from dB ratio of 1 for biofuels with diesel as a reference
fuel; (b) MGT CO emissions for biofuels

4. Conclusions

Combustion stability of the MGT combustion chamber was characterized for wide range of
biofuels including biodiesel, palm oil/diesel blends and pure palm oil using the flame acoustic analysis
and CO emissions. A new analytical tool developed on MATLAB program using combustion acoustic
signals as the input was used to compare the flame stability of biofuels to the reference fuel, which
is diesel in the current investigation. Acoustic flame stability analysis showed distinguishable
differences between the fuels with noticeable variation in physical properties, compared to diesel,
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such as higher blends P60 to P100 and biodiesel. Most of the tested biofuels suffered at the lower
operating pressures due to the low combustion temperature resulting in poor atomization which
improved significantly at higher pressures up to 0.5 bar. This was clearly reflected on the acoustic
deviation charts as well as the CO emission values which can be taken as preliminary measurement
for combustion quality. The acoustic deviation patterns were in a good agreement with CO emission
patterns throughout the MGT pressure range of 01.-0.5 bar.
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