P
% aerospace
% P

Article

Dynamic Response Mechanism of Ethanol Atomization—-Combustion
Instability under a Contrary Equivalence Ratio Adjusting Trend

Chengfei Tao 1'**, Rongyue Sun *, Yichen Wang !, Yang Gao (¥, Lin Meng !, Liangbao Jiao !, Shaohua Liang !

and Ling Chen 2

check for
updates

Citation: Tao, C.; Sun, R.; Wang, Y.;
Gao, Y.; Meng, L.; Jiao, L.; Liang, S.;
Chen, L. Dynamic Response
Mechanism of Ethanol
Atomization-Combustion Instability
under a Contrary Equivalence Ratio
Adjusting Trend. Aerospace 2024, 11,
163. https://doi.org/10.3390/
aerospacel1020163

Academic Editor: Tiegang Fang

Received: 28 December 2023
Revised: 7 February 2024
Accepted: 13 February 2024
Published: 17 February 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Energy and Power Engineering, Nanjing Institute of Technology, Nanjing 211167, China
2 MayAir Technology (China) Co., Ltd., Nanjing 211167, China
*  Correspondence: taochengfei@njit.edu.cn (C.T.); sunrongyue@nijit.edu.cn (R.S.)

Abstract: This study experimentally explored the effects of equivalence ratio settings on ethanol
fuel combustion oscillations with a laboratory-scale combustor. A contrary flame equivalence ratio
adjusting trend was selected to investigate the dynamic characteristics of an ethanol atomization
burner. Research findings denote that optimizing the equivalence ratio settings can prevent the occur-
rence of combustion instability in ethanol burners. In the combustion chamber, the sound pressure
amplitude increased from 138 Pa to 171 Pa and eventually dropped to 38 Pa, as the equivalence ratio
increased from 0.45 to 0.90. However, the sound pressure amplitude increased from 35 Pa to 199 Pa
and eventually dropped to 162 Pa, as the equivalence ratio decreased from 0.90 to 0.45. The oscillation
frequency of the ethanol atomization burner presents a migration characteristic; this is mainly due
to thermal effects associated with changes in the equivalence ratio that increase/decrease the speed
of sound in burnt gases, leading to increased /decreased oscillation frequencies. The trend of the
change in flame heat release rate is basically like that of sound pressure, but the time-series signal
of the flame heat release rate is different from that of sound pressure. It can be concluded that the
reversible change in equivalence ratio will bring significant changes to the amplitude of combustion
oscillations. At the same time, the macroscopic morphology of the flame will also undergo significant
changes. The flame front length decreased from 25 cm to 18 cm, and the flame frontal angle increased
from 23 to 42 degrees when the equivalence ratio increased. A strange phenomenon has been ob-
served, which is that there is also sound pressure fluctuation inside the atomized air pipeline, and
it presents a special square waveform. This study explored the equivalence ratio adjusting trends
on ethanol combustion instability, which will provide the theoretical basis for the design of ethanol
atomization burners.
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1. Introduction

As a renewable and sustainable biofuel, ethanol is widely used in combustion equip-
ment such as internal engines and industrial boilers, providing heat and power. Therefore,
how to achieve clean combustion and efficient utilization of ethanol is crucial for achiev-
ing carbon neutrality [1]. As a representative of alcohol-based fuels, ethanol has good
application prospects and helps alleviate the fossil fuel crisis [2]. However, the combus-
tion process of ethanol is complex and involves many influencing factors; it is especially
prone to combustion instability, which poses serious challenges to the safe and clean op-
eration of the combustion system [3,4]. Unsteady combustion instability, also referred to
as combustion oscillation, has emerged as a common problem in modern engines that use
atomization—-combustion technologies and will seriously threaten the safety operation or
development progress of the combustion engine [5]. Therefore, it is urgent to investigate the
causes, measurement methods, diagnosis, and optimization control of the unstable ethanol
atomization—combustion process [6,7]. Although scholars have been able to use passive
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methods to suppress the instability of ethanol atomization—combustion and have achieved
good results [8,9], the causes of ethanol atomization-combustion oscillations have not been
fully elucidated. Only by revealing the mechanism of ethanol atomization-combustion
oscillations can it be possible to suppress ethanol combustion oscillations from the source
rather than passively suppressing them when combustion oscillations occur, which will
greatly shorten the development progress of renewable ethanol burners.

Mastering the dynamic process of ethanol atomization—combustion is the key to sup-
pressing the source of combustion oscillations [10]. However, in reality, the combustion
process of liquid or gas combustion reacts quickly and is very sensitive to changes in specific
combustion parameters, making it difficult to obtain the main variables that cause combus-
tion oscillations [11,12]. These parameters typically include combustion air volume [13,14],
burner power, fuel type, burner geometry, etc. In the actual operation of ethanol burners, it
is usually necessary to change the air volume of the burner to improve burner efficiency
and reduce pollutant emissions, accompanied by an increase or decrease in burner load [15].
Unlike other variables, the flame equivalence ratio not only reflects the proportion of fuel
and air well, but the oscillation of the flame equivalence ratio is also one of the main reasons
for the occurrence of combustion instability [16]. Therefore, using the trend of changes in
flame equivalence ratio as a research variable has representativeness. This study aims to
explore the influence of the contrary flame equivalence ratio on the instability of ethanol
atomization-combustion to provide a reference for better understanding and suppressing
ethanol fuel combustion oscillations.

Scholars have extensively studied the influence of flame equivalence ratio on the
unstable process of liquid fuel atomization—combustion. To grasp the characteristics of
flame oscillation, it can be seen that the importance of the flame equivalence ratio cannot
be ignored in the atomization—combustion process of liquid fuel. Yi et al. [17] studied
the flame structure and combustion instability characteristics in a turbulent combustor
and denoted that with decreasing equivalence ratios at the approach of lean blowout, the
flame ring shrinks in diameter and gradually converges to the axis. Semlitsch et al. [18]
numerically explored the equivalence ratio perturbations on flames and found flame
parameters would influence the nonlinear heat release rate estimation and its modeling.
Meanwhile, Prieur et al. [19] clarified that equivalence ratio perturbations would cause a
hysteresis phenomenon in annular combustors. Lee et al. [20] presented the quantitative
measurements of equivalence ratio fluctuations during unstable combustion and revealed
that the heat release and pressure fluctuations occur predominately at the fundamental
frequency of the instability. Sun et al. [21] investigated the nonlinear dynamic features
of self-sustained thermoacoustic oscillations in a premixed swirling combustor, and the
Hopf supercritical and period-doubling bifurcation behaviors are experimentally observed
with increased equivalence ratio. The above research indicated that the distribution of
flame heat release was crucial in the process of liquid spray combustion. Zhang et al. [22]
studied the combustion characteristics and flame development process, and due to the low
total equivalence ratio and heat release quantity of pure ethanol spray, the overall flame
brightness of ethanol spray is weaker. Ruan et al. [23] explored the combustion stability
characteristics in liquid-fueled combustors and revealed that the flame would shift from
stable to unstable modes under a wide range of equivalence ratios. Soundararajan et al. [24]
explored the equivalence ratio fluctuations during liquid fuel atomization-combustion and
clarified that combustion instability amplitude or frequency would alter after experiencing
small fluctuations in the equivalence ratio. Pillai et al. [25] tested the fuel atomization
and flow rate fluctuations on spray combustion instabilities in liquid-fueled combustors.
Then, this team revealed that an unstable flame would lead to temporal fluctuations in fuel
droplet diameter distribution. Ahn et al. [26] studied combustion dynamics in a laboratory-
scale liquid-fuel combustor operated with Jet A-1 fuel and pointed out that the oscillation
amplitude, frequency, and phase differences of combustion instability could be changed.

The above research indicates that the equivalence ratio of liquid spray flames is closely
related to combustion dynamics. Therefore, it is necessary to explore the impact of changes
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in flame equivalence ratio on combustion instability. Liu et al. [27] presented the numerical
evidence of multiple bifurcations in thermoacoustic instability when decreasing the flame
equivalence ratio from fuel-rich to fuel-lean. Similarly, Wang et al. [28,29] indicated that
the fluctuation or variation of the flame equivalence ratio will lead to the evolution of com-
bustion oscillation modes, posing a challenge to the suppression of combustion instability.
More importantly, Xue et al. [30] found that as the flame equivalence ratio increased, the
flame oscillation pattern gradually shifted from one mode to another mode. Therefore, it is
necessary to explore the dynamic characteristics of ethanol spray combustion instability
when the flame equivalence ratio changes in the opposite direction, which can help design
a reliable ethanol burner with reliable performance. Accordingly, it can also help to grasp
the response mechanism of unstable ethanol atomization—combustion, thereby achieving a
better suppression of combustion oscillation.

Therefore, this study focuses on studying the dynamic response mechanism of unstable
ethanol atomization—-combustion when the flame equivalence ratio changes in a completely
different direction, aiming to reveal the mechanism by which the fluctuation trend in the
flame equivalence ratio induces oscillation. By obtaining the response trend in combustion
dynamics when the ethanol flame equivalence ratio changes inversely, the engine design
department can improve the adjustment strategy of the ethanol atomization burner and
assist in the development of low-carbon ethanol atomization burners. At the same time,
mastering the evolution dynamics of ethanol flames can also help prevent oscillation in
engines, thereby improving the safety and reliability of combustion systems.

In this research, the time-series signal, oscillation amplitude, oscillation frequency,
and the flame macrostructure of ethanol combustion instabilities are experimentally and
theoretically studied. The flame equivalence ratio ¢ of the combustion system was stud-
ied while keeping the thermal power, the ethanol flow rate, and the burner geometry
unchanged. The combustion experiment was constructed in a laboratory-scale liquid-fuel
combustor operated with ethanol fuel. Eleven equivalence ratios of the flame were taken in
this study, and the equivalence ratio ranged from 0.45 to 0.95; this corresponds to the lean
premixed combustion of actual atomized combustors. In this study, the equivalence ratio
of the ethanol atomization flame gradually increased from 0.45 to 0.95 and then gradually
decreased from 0.95 to 0.45. During this process, the sound pressure oscillation signal,
the heat release rate fluctuation signal, and the morphological changes in the flame in the
combustion chamber were synchronously measured and recorded. This research aimed to
reveal the contrary equivalence ratio adjusting trends on ethanol combustion dynamics to
achieve a better suppression effect of combustion instability in modern ethanol engines. At
the same time, it provides a reference for the safe operation of ethanol burners. This study
is organized as the following steps: The model ethanol combustor setup, experimental
apparatus and procedures, and the data processing method are described in Section 2. The
analysis and discussions of experiment results are presented in Section 3. Finally, the key
findings and prospects of this study are summarized in Section 4.

2. Experimental Apparatus and Procedures

The combustion experiment of this research was conducted on a laboratory-scale
ethanol atomization combustor. Detailed burner design characteristics and measuring
instruments are displayed in Figure 1. In this research, the atomizing air of the ethanol
nozzle is supplied with an air compressor (FREEMAN, PE20V15G), and the airflow rate
was regulated with an Alicat gas flow meter (MCR-250SLPM). During the experiment,
the ethanol flow rate and atomization airflow rate were kept constant to ensure that the
burner thermal power remained constant. The air required for combustion is supplied by
a high-pressure vortex air pump (PAMPAS, 250w), and the air flow rate was regulated
with an Alicat gas flow meter (LZB-50, 16-160 m3/h). Ethanol used for combustion is
supplied from ethanol fuel tanks, with a concentration of 99.95%. At the bottom of the
burner, eight combustion air inlets are reserved. The combustion chamber is made of
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high-temperature-resistant and transparent quartz glass, with holes reserved for measuring
the dynamic pressure of the combustion chamber.
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Figure 1. Design of the laboratory-scale ethanol atomization combustor. The measuring instruments
of the experiment are presented.

During the experiment, the burner is placed vertically with combustion air entering
from the bottom and ethanol mist entering from the middle. The flue gas generated from
ethanol combustion is discharged from the upper end of the burner. Except for the area
used to measure the flame heat release rate and capture the flame images, the entire quartz
glass combustion chamber is wrapped with insulation cotton to reduce the heat dissipation
losses of the combustor. In this study, the length of the burner was set as 1350 mm, and
there were three pressure measurement holes drilled in the wall of the combustor. These
pressure-measuring holes are located on the side wall of the quartz combustion chamber,
the inlet section of the burner, and the intake pipe of ethanol atomization air, respectively.
By adjusting the airflow of the rotameter, the flame equivalence ratio ¢ can be varied from
0.45 to 0.95, increasing or decreasing by 0.5 each time. Because the atomization-combustion
process usually uses a large excess air coefficient to lower the combustion temperature and
suppress the generation of NOy, the flame equivalence ratios investigated in this study are
all below 1.0. The self-excited frequency of this combustor is below the cut-off frequency;
thus, the ethanol atomization combustor can be treated as a one-dimensional structure.

A high-speed camera (AOS series) was used for catching flame images, and the camera
was triggered with a digital delay pulse generator (STANFORD DG645). A photomultiplier
tube (HAMAMATSU) was used to measure the fluctuation of the flame heat release rate.
And the photomultiplier tube is powered by a programmable DC power supply (Gwinstek).
The front section of the PMT (photomultiplier tube) is equipped with a CH* signal filter.
Three high-frequency dynamic sound pressure sensors (CYG-400) were used to measure
combustion acoustic oscillations. The sound pressure sensors are powered by a 24 V DC
power supply (MEAN WELL, LRS-100-24). The fluctuation signals of flame heat release
rate and sound pressure are both transmitted through signal transmission lines to the
high-frequency dynamic data acquisition card (National Instruments, USB-6210) and then
collected and stored in real-time by Labview software installed in the computer (Labview
2022). The properties of ethanol are summarized in Table 1.
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Table 1. Fuel characteristics of ethanol.

Parameter Value
Fuel type Ethanol (99.5%)

Density (kg/m3) 789.45
Specific heat capacity (k] /kg-K) 242
Boiling point (°C) 78.4
Ignition temperature (°C) 363
Dynamic viscosity (mPa-s) 1.20

Heat of Combustion (k] /mol) 1365.5

During the combustion experiments, the burner thermal power was kept constant at
4 kW. In Figure 2, to stabilize the atomization flame, the burner adopts swirl blades with a
swirl angle of 55 degrees. The diameter of the ethanol atomizing nozzle is 0.5 mm. This
ethanol nozzle is made of stainless steel and the working pressure is 0.1 to 0.4 MPa. The
intake pipe diameter of ethanol atomization air is 10 mm, with a sound pressure sensor
installed. Some combustion conditions are set as shown in Table 2.

- 3
5 Liquid i
| Nozzle :
‘ 3 Ailr i
Figure 2. Sectional view of the ethanol atomizing nozzle.
Table 2. Combustion conditions of this study.
Parameters Values
Thermal power (kW) 4.0
Swirl blade angle (°) 55
Equivalence ratio (¢) 0.45~0.95
Atmospheric pressure (MPa) 0.105
Ambient temperature (°C) 25
Burner lengths (mm) 1350

3. Results
3.1. Characteristics of Sound Pressure

The aim of the study was to clarify the fluctuation of sound pressure inside the ethanol
atomization burner under different flame equivalence ratio variation trends. Figure 3a,b
show the variation tendency of sound pressure amplitude in the combustion chamber
(referred to as chamber in Figure 3) and the air inlet section (referred to as inlet in Figure 3).
It can be seen that both the combustion chamber and the air inlet section have a consistent
trend in the amplitude of sound pressure. The flame equivalence ratio ¢ firstly increased
from 0.45 to 0.95, then decreased from 0.95 to 0.45. In this research, the sampling frequency
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of the high-frequency dynamic data acquisition card is 20,000 Hz. Firstly, as the flame
equivalence ratio ¢ gradually increases, it can be inferred from Figure 3a that the sound
pressure amplitude in the combustion chamber gradually increases from 138 Pa to 171 Pa
as the equivalence ratio ¢ rises from 0.45 to 0.55. However, the sound pressure amplitude
in the combustion chamber decreased from 171 Pa to 38 Pa as the equivalence ratio ¢ rose
from 0.55 to 0.95. When it comes to the air inlet section, Figure 3a shows that the sound
pressure amplitude in the air inlet section gradually increases from 128 Pa to 158 Pa as
the equivalence ratio ¢ rises from 0.45 to 0.55. However, the sound pressure amplitude
in the air inlet section decreased from 158 Pa to 35 Pa as the equivalence ratio ¢ rose
from 0.55 to 0.95. At a certain equivalence ratio, there exists a maximum sound pressure
amplitude value during the combustion of ethanol. This feature can provide a reference
for effective control of ethanol atomization—combustion oscillation. In addition, as the
flame equivalence ratio gradually decreases, it can be inferred from Figure 3b that the
sound pressure amplitude in the combustion chamber gradually increases from 35 Pa to
199 Pa as the equivalence ratio ¢ drops from 0.95 to 0.55. However, the sound pressure
amplitude in the combustion chamber decreased from 199 Pa to 162 Pa as ¢ continued to
drop from 0.55 to 0.45. When it comes to the air inlet section, Figure 3b shows that the
sound pressure amplitude in the air inlet section gradually increases from 35 Pa to 186.5 Pa
as the equivalence ratio ¢ drops from 0.95 to 0.55. However, the amplitude in the air inlet
section decreased from 186.5 Pa to 153 Pa as the equivalence ratio ¢ dropped from 0.55 to
0.45. Overall, when the equivalence ratio ¢ decreases, the average oscillation amplitude
generated is higher than that when it gradually increases.

¢ Increases ¢ decreases
210 210
( a) —— Up-?hamber (b) .~ Down-chamber
180 - —— Up-inlet 180 7 Down-inlet
= =
€150+ £ 1504
6 120 6120+
= =
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5 904 g 90
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n wn
60 60+
30 30 -
0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Equivalence ratio Equivalence ratio

Figure 3. Effects of different flame equivalence ratio ¢ variation trends on the sound pressure
amplitude in the combustion chamber and air inlet section; the ¢ varies from 0.45 to 0.95. (a) The
equivalence ratio increases. (b) The equivalence ratio decreases.

Figure 3a,b also indicate that by optimizing the equivalence ratio of the actual ethanol
atomization—combustion process, combustion instability can be effectively controlled. Al-
though the variation trend in ethanol atomization flame equivalence ratio is different, the
variation trend in combustion oscillation amplitude is relatively consistent. To further elu-
cidate the variation pattern of sound pressure amplitude, the difference in sound pressure
between the combustion chamber and the air inlet section is calculated and plotted. In
Figure 4, it is found that a single hump-type curve can be obtained when the equivalence
ratio gradually increases from 0.45 to 0.95. However, the variation curve presents a double
hump-type curve when the equivalence ratio gradually decreases from 0.95 to 0.45. When
the flame equivalence ratio ¢ is less than 0.8, the sound pressure amplitude difference
between the combustion chamber and the air inlet section is greater than 8 Pa. When
the flame equivalence ratio ¢ is greater than 0.8, the difference between the combustion
chamber and the inlet section is less than 8 Pa. This also indicates that the higher of flame
equivalence ratio, the lower the oscillation amplitude of ethanol atomization—combustion.
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Due to the hysteresis phenomenon of combustion oscillation, once the combustion oscilla-
tion is formed and then regulated by the change equivalence ratio, excessive adjustment
of system parameters is required to exit the oscillation, which may cause mode transi-
tion of combustion oscillation. Every time the flame equivalence ratio is adjusted, it will
wait for 3 min before starting to collect combustion oscillation parameters. It can be seen
that the dynamic characteristics of combustion oscillations under different equivalence
ratios are inconsistent; this is mainly due to thermal effects associated with changes in
the equivalence ratio that increase/decrease the speed of sound in burnt gases, leading to
increased/decreased oscillation frequencies.
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Figure 4. Effects of different flame equivalence ratio ¢ variation trends on the sound pressure
amplitude in the combustion chamber and air inlet section; the ¢ varies from 0.45 to 0.95.

The main reason for the sound pressure amplitude variation trends can be attributed to
the variation in air volume, which directly alters the reaction kinetics of ethanol atomization
flames in the combustion chamber. In Figure 3, as the equivalence ratio ¢ gradually changes
to 0.55, the ethanol atomization flame has the highest intensity of oscillation amplitude. This
is because the combustion air completely alters the dynamic process of ethanol atomization
flame, resulting in severe thermoacoustic coupling under the condition of an equivalence
ratio of 0.55, thereby stimulating higher oscillation amplitudes. According to the Rayleigh
criterion of the thermoacoustic coupling process, the absolute phase difference between
sound pressure and flame heat release rate is less than 90 degrees [5]. When the air
volume of the burner changes, the air passes through the swirl blades and generates
swirling flow; then, the swirling flow mixes with the atomized droplets and is ignited in
the combustion chamber. During this process, the medium convection time, mixing time,
and chemical reaction time are all changed, resulting in changes in the phase difference
and delay time of the combustion oscillation process, ultimately leading to the evolution
of oscillation intensity. Exploring the sound pressure amplitude difference between the
upstream chamber and the downstream air inlet section may provide noise reduction
guidance for the burner, effectively eliminating sound pressure fluctuations in the intake
section [31]. Furthermore, the sound waves inside the burner propagate between the intake
section and the combustion chamber, which may play a critical role in sustaining ethanol
combustion instability.

The detailed value of sound pressure oscillation frequency at several different equiva-
lence ratios is displayed in Figure 5. This study explored the effects of ¢ variations on the
flame oscillation frequency in the combustion chamber; four flame equivalence ratios were
selected, ¢ = 0.45 in Figure 5a, ¢ = 0.60 in Figure 5b, ¢ = 0.75 in Figure 5¢, and ¢ = 0.90
in Figure 5d. By performing FFT (fast Fourier transform) analysis on the obtained sound
pressure time-series signal in the combustion chamber, the main frequency of combustion
oscillations under different flame equivalence ratios was obtained. At the flame equivalence
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ratio of 0.45 and 0.60, the oscillation frequencies were 163 Hz and 162 Hz, respectively. In
Figure 5a,b, the oscillations were all greater than 160 Hz. However, at the flame equivalence
ratio of 0.75 and 0.90, the oscillation frequencies were 159 Hz and 157 Hz, respectively. In
Figure 5c,d, the oscillations were all greater than 160 Hz. At the same time, it can be seen
that when the flame equivalence ratio is low, the main frequency of combustion oscillation
is more obvious, while when the equivalence ratio increases, the FFT results of combustion
oscillation show that the main frequency is no longer obvious, indicating the occurrence of
many secondary oscillations during ethanol combustion. Figure 5 also indicates that when
the equivalence ratio of the ethanol atomization flame is lower, the burner not only faces
the problem of lean combustion and extinguishing but is more likely to trigger intense
combustion oscillations, and the safety of the burner is affected by combustion oscillations.
The reason for oscillation frequency changing is closely related to the mode transition of
flame dynamics. Due to the relationship between the oscillation frequency of flames and
the wavelength of sound waves, variation in air volume directly changes the coupling
process between sound waves and flame heat release rate, as well as the delay time of
combustion oscillation.

] |
(a) |

> 160Hz 1] : > 160Hz |
|

| |
120 140 160 180 200 120 140 160 180 200

Frequency Frequency
© ! L@ ! :
| |
<160Hz | 1] <160Hz | ]
|
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| 4 | ,
‘ l : ‘ J :
120 140 160 180 200 120 140 160 180 200
Frequency Frequency

Figure 5. Effects of different flame equivalence ratio ¢ on sound oscillation frequency in combustion
chamber, ¢ =0.45in (a), ¢ = 0.60 in (b), ¢ = 0.751in (c), and ¢ = 0.90 in (d).

To accurately evaluate the impact of equivalence ratio settings on the ethanol
atomization—combustion dynamics, the time-series signal from high-frequency dynamic
pressure sensors was collected and analyzed. In Figure 6, four flame equivalence ratios
were selected, ¢ = 0.45 in Figure 6a, ¢ = 0.60 in Figure 6b, ¢ = 0.75 in Figure 6¢, and ¢ = 0.90
in Figure 6d. These working conditions correspond to the oscillation frequency in Figure 5.
This study directly used the voltage signal of pressure sensors to analyze the characteristics
of sound pressure oscillation and captured a 0.05 s time series of voltage signals. Compared
to the results in Figure 6a with Figure 6d, the oscillation amplitude and frequency are
higher at extremely low equivalence ratios than when the equivalence ratio is close to 1.0.
From Figure 6, it can also be seen that at low equivalence ratios, the electrical signal of
sound pressure oscillation is relatively regular, close to the sine waveform. However, at
high equivalence ratios, the electrical signal of sound pressure oscillation fluctuates and
becomes no longer regular. This is also consistent with the evolution law of the oscillation
frequency mode transition presented in Figure 5. Ethanol flame dynamics and combustion
instability are mainly induced by equivalence ratio variation, and these combined effects
cause changes in the wavelength and oscillation period of sound waves, finally resulting in
changes in the oscillation frequency. At the same time, as the air volume changes, the in-
stantaneous flow field becomes more complex under combustion instability conditions [32],
which will cause the evolution of the vortex-shedding process that greatly affects the flow
field in the combustion chamber.
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Figure 6. Effects of different flame equivalence ratio ¢ on the time-series signal of sound pressure,

¢ =0.45in (a), ¢ =0.60 in (b), ¢ = 0.75in (c), and ¢ = 0.90 in (d).

Because the thermoacoustic oscillation of ethanol combustion undergoes mode transi-
tion over time, the wall temperature of the combustion chamber gradually increases with
the combustion process. Boundary effects also affect the combustion oscillation mode.
In this study, the flame equivalence ratio was gradually increased from 0.45 to 0.90, and
after staying for 3 min, the oscillation parameters of the flame equivalence ratio gradually
decreased from 0.90 to 0.45 were measured. Therefore, there was an instantaneous change
in the combustion oscillation mode when the equivalence ratio was maintained at 0.90.

From the results plotted in Figures 36, it can be seen that the ethanol atomization
flame will bring significantly different combustion oscillation intensities, oscillation fre-
quencies, and oscillation modes at different equivalence ratios. Mastering the causes
and dynamic characteristics of ethanol atomization-combustion oscillation has theoretical
and practical significance for designing a safe and efficient ethanol burner. However, the
oscillation intensity of ethanol atomization—combustion does not vary linearly with the
flame equivalence ratio but exhibits strong nonlinear evolution characteristics. By the way,
identifying how to obtain the equivalence ratio that may cause the strongest oscillation
intensity is a necessary condition for improving the safety of practical combustion systems.
This is because the process of ethanol atomization-combustion involves many factors, so it
is necessary to conduct in-depth research on the causes of combustion dynamics.

3.2. Dynamics of Flame Heat Release Rate

The fluctuation of the flame heat release rate is the source of combustion oscillation exci-
tation. Therefore, to explore the dynamic characteristics of ethanol atomization—combustion,
Figures 7-9 studied the amplitude, frequency, and time-series signal variation characteris-
tics of flame heat release rate fluctuation. Figure 7a shows the distribution density of the
flame heat release rate in the combustion chamber, while the equivalence ratio varies from
0.40 to 1.0. While the equivalence ratio increases or decreases, the flame heat release rate
and combustion chamber sound pressure signal are synchronously collected. To present
the intensity distribution of flame heat release rate more accurately, the flame equivalence
ratio increases or decreases by 0.1 each time. It can be inferred from Figure 7 that the flame
heat release rate gradually decreases as the flame equivalence ratio ¢ increases from 0.40
to 1.0. This is different from the sound pressure amplitude in Figure 3. The fluctuation
intensity of the flame heat release rate gradually decreases and eventually slows down as
the equivalence ratio ¢ increases. However, the flame heat release rate gradually increases
as the flame equivalence ratio ¢ decreases from 1.0 to 0.55. This is consistent with the
maximum sound pressure amplitude in Figure 3. The fluctuation intensity of the flame
heat release rate gradually decreases as the equivalence ratio ¢ decreases from 0.55 to 0.40.
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The intensity of the flame heat release rate drops from 2.6 arb.units to 0.6 arb.units as the
equivalence ratio rises from 0.4 to 1.0, and the flame heat release rate rises from 0.6 arb.units
to 3.8 arb.units as the equivalence ratio drops from 1.0 to 0.55, then continues to decrease
from 3.8 to 2.7 as ¢ drops to 0.40.
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Figure 7. Effects of different flame equivalence ratios ¢ on the distribution density of flame heat
release rate in the combustion chamber.
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Figure 8. Effects of different flame equivalence ratio ¢ on the oscillation frequency of flame heat
release rate, ¢ = 0.45 in (a), ¢ = 0.60 in (b), ¢ = 0.75 in (c), and ¢ = 0.90 in (d).
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Figure 9. Effects of different flame equivalence ratio ¢ on the time-series signal of CH*, ¢ = 0.45 in
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Similar to Figure 5, the detailed value of flame heat release rate oscillation fre-
quency at several different equivalence ratios was displayed in Figure 8. To be consistent
with the combustion conditions in Figure 5, four flame equivalence ratios were selected,
¢ = 0.45 in Figure 8a, ¢ = 0.60 in Figure 8b, ¢ = 0.75 in Figure 8c, and ¢ = 0.90 in Figure 8d.
By performing FFT (fast Fourier transform) analysis on the obtained PMT (photomultiplier
tube) time-series signal, the main oscillation frequency of heat release rate under different
flame equivalence ratios was obtained. At the flame equivalence ratio of 0.45 and 0.60, the
oscillation frequency of the CH* signal was 162 Hz and 161 Hz, respectively. In Figure 8a,b,
the oscillation of flame heat release rate is all greater than 160 Hz. However, at the flame
equivalence ratio of 0.75 and 0.90, the oscillation frequency of the CH* signal was 159 Hz
and 156 Hz, respectively. In Figure 8c,d, the oscillation frequencies of the CH* signal were
all greater than 160 Hz. At the same time, when the flame equivalence ratio is low, the
main oscillation frequency of the CH* signal is more obvious, while when the equivalence
ratio increases, the FFT results of the CH* signal show that the main frequency is no longer
obvious, and the oscillation peak eventually disappears.

The reason for the oscillation frequency change can be attributed to the distribution
of flame heat release rate in the chamber. As the flame equivalence ratio changes, the
combustion air volume also changes, resulting in significant changes in the temperature
and flow field distribution of the combustion chamber, ultimately causing fluctuations in the
distribution of flame heat release rate. Due to the correlation between the flame oscillation
frequency and the propagation timescale of the flame heat release rate, the oscillation
frequency changes with the distribution of the flame heat release rate. As the air volume
increases, the flame is in a lean premixed combustion mode, which is more likely to trigger
combustion oscillations; thus, the CH* oscillation frequency is like the sound pressure in
Figure 5. In Figures 5 and 8, there is a significant modal transfer phenomenon in the sound
pressure and flame heat release rate of combustion oscillation, and the oscillation amplitude
and frequency are also significantly different. This is attributed to the different flame
equivalence ratios and their varying trends in combustion. Therefore, when operating an
ethanol atomization burner in practice, it is important to avoid the equivalence ratio region
that can trigger severe nonlinear combustion oscillations. In fact, the actual combustion
process also needs to consider variables such as high pressure and power [33], which will
bring new disturbances to the oscillation of ethanol combustion. So, mastering the changes
in oscillation frequency and amplitude also helps to apply control measures.

To deeply evaluate the impact of the equivalence ratio on the ethanol atomization—
combustion dynamics, the CH* signal was collected and analyzed. In Figure 9, four flame
equivalence ratios were selected, ¢ = 0.45 in Figure 9a, ¢ = 0.60 in Figure 9b, ¢ = 0.75
in Figure 9¢, and ¢ = 0.90 in Figure 9d. This study directly used the voltage signal of
PMT (photomultiplier tube) sensors to analyze the characteristics of CH* signal oscillation
and captured a 0.05 s time series of voltage signals. Comparing the results in Figure 9a
with Figure 9d, the oscillation amplitude does not undergo significant changes when the
equivalence ratio varies. However, the oscillation frequency and pulsation period are
different under the equivalence ratio of 0.45 and 0.90.

3.3. Dynamics of Flame Macrostructures

To elucidate the dynamic response characteristics of flame macrostructures under
different equivalence ratios, this study synchronously collected transient images of flames
under combustion oscillation conditions. Figure 10 shows the ethanol flame macrostructure
as the flame equivalence ratios ¢ increase or decrease. In Figure 10, four flame equivalence
ratios were selected, ¢ = 0.45, ¢ = 0.60, ¢ = 0.75, and ¢ = 0.90. Edge detection algorithms
and spray angle measurement methods are used to obtain the spray angle and length
of the ethanol flame [34]. In this study, the flame front length and frontal angle were
adopted. As the flame equivalence ratio ¢ increased from 0.45 to 0.9, the flame front length
gradually reduced. However, the spray angle of the flame front gradually increases. As the
equivalence ratio ¢ decreased from 0.90 to 0.45, the flame front length slightly improved,



Aerospace 2024, 11,163

12 of 16

and the spray angle of the flame front gradually decreased. It can also be seen that under
oscillation conditions, the flame root appears bright white and the flame front appears
yellow. Under low equivalence ratio conditions, the increase in air volume leads to the
stretching of the ethanol flame. From Figure 10, it can also be seen that after the ethanol
atomization flame leaves the atomization nozzle and is ignited, the flame root initially
appears light blue, followed by bright white in the main combustion zone, and the flame
front appears yellow. It can also be inferred that the length of the main combustion zone of
the flame hardly changes with the equivalence ratio.

¢ increases

Figure 10. Effects of different flame equivalence ratio ¢ variation trends on flame macrostructures.
Four equivalence ratios were selected.

The detailed value of the front length and frontal angle for the ethanol flame is
displayed in Figure 11a,b. As the equivalence ratio increased from 0.45 to 0.9, the flame
front length decreased from 25 cm to 18 cm, and the flame frontal angle increased from 23 to
42 degrees. When the equivalence ratio decreased from 0.90 to 0.45, the flame front length
increased from 19.2 cm to 24 cm, and the flame frontal angle decreased from 34.5 cm to
25 degrees. An interesting phenomenon can be seen in Figure 11; during the measurement
process, the flame thermoacoustic oscillation signal is not always constant but evolves.
This explains why when the equivalence ratio rises from 0.4 to 0.9 or drops from 0.9
to 0.4, the sound pressure amplitude, heat release rate, and flame morphology are not
always consistent. The above phenomenon also corresponds to the flame oscillation signals
that changed in Figures 5 and 7, and these nonlinear findings also reflect the complex
dynamic process of the ethanol atomization flame [35]. In fact, the length and angle of
the atomized flame front not only affect the design of the actual combustor [36] but also
affect the flame organization and flow field distribution. The length of the flame front is
inversely proportional to the flame atomization angle, which also has reference significance
for designing the ethanol atomization nozzles.
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The flame front length and the atomized flame angle are crucial for the design of the
combustion chamber. They not only affect the distribution of flow field, temperature field,
etc., in the combustion chamber but also affect the concentration of pollutant emissions.
Therefore, obtaining the shape and size of ethanol atomization flames under different
flame equivalence ratio variation trends could help design atomization burners with high
thermal efficiency, low emissions, and good fuel flexibility. To further investigate the
cause of combustion oscillation in atomized ethanol flames, this study also measured the
sound pressure pulsation inside the atomized air delivery pipeline plotted in Figure 12. As
illustrated in Figure 12, four flame equivalence ratios were selected, ¢ = 0.45 in Figure 12a,
¢ = 0.60 in Figure 12b, ¢ = 0.75 in Figure 12¢, and ¢ = 0.90 in Figure 12d. The time-series
signal of the flame heat release rate in the combustion chamber and the sound pressure
in the atomized air delivery pipeline were recorded simultaneously. The high-frequency
data acquisition card collected a 0.1 s time-series voltage signal from PMT and the sound
pressure transducer. Figure 12a—d shows that the CH*signal is basically in the normal sine
waveform and pulsating like the signal in Figure 9. However, the sound pressure pulsation
signal in the atomized air pipeline is not like that in the combustion chamber. The sound
pressure fluctuation signal in the combustion chamber (P2) and the inlet section of the
burner (P1) are approximately in the form of sine waves. However, the sound pressure
pulsation signals in the atomized air pipeline (P3) exhibit a square waveform.

——PMT ——PMT
(a) Pressure Piesaure

Voltage (V)
.
o
Voltage (V)

Time (5)

——PMT
Pressure

Voltage (V)
Voltage (V)

Time (s) Time (5)
Figure 12. Effects of different flame equivalence ratios on the time-series signal of sound pressure
signal in the atomized air delivery pipeline. ¢ = 0.45 in (a), ¢ = 0.60 in (b), ¢ = 0.75 in (c), and ¢ = 0.90
in (d).
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Figure 12 presented the effects of different flame equivalence ratios on the time-series
signal and the sound pressure signal in the atomized air delivery pipeline and compared
them with the flame heat release rate signal in the combustion chamber. It can be seen
that the sound signal inside the air transmission pipeline does not significantly change
with the change in equivalence ratio, while the amplitude and frequency of flame heat
release rate fluctuation undergo appropriate evolution. This is because the sound waves
inside the pipeline are completely different from those inside the combustion chamber. The
sound waves inside the combustion chamber couple with the flame heat release rate to
form thermoacoustic oscillations, while the sound waves inside the pipeline may be fluid
vibrations caused by airflow.

This periodic pulsation phenomenon in the atomized air pipeline can cause regular
periodic disturbances to the ethanol atomization process, further affecting the fragmentation
of droplets, the formation of liquid filaments, and the liquid films. Similarly, it will also
affect the mixing process of air and ethanol and ultimately affect the amplitude and phase
difference of combustion instability. At the same time, it can also be seen from Figure 12
that the amplitude and frequency of the flame heat release rate were influenced by the
equivalence ratio, while the amplitude and frequency of the sound pressure in the atomized
air pipeline remain almost unchanged. This indicates that the sound wave pulsation in the
atomized air pipeline is not coupled with the heat release rate but belongs to an independent
chamber resonance [37,38]. This cavity resonance effect will ultimately transmit and affect
the atomization flame chemical reaction process. The pulsating sound waves inside the
atomized air pipeline first affect the fragmentation process of ethanol droplets, leading
to periodic pulsations in the mixing process between droplets and air. The preheating,
ignition, and propagation processes of atomized flames will be altered.

It is worth mentioning that the frequency of sound pressure pulsation in the atomized
air pipeline is lower than 60 Hz, which is far from the frequency of sound pressure pulsation
in the combustion chamber or inlet section (160 Hz). Therefore, it is unlikely that the sound
wave in the atomized air pipeline is the sound wave entering the atomized air pipeline in
the opposite direction through the small hole (0.5 mm) of the atomizing nozzle, and it is
highly likely to be the periodic surge caused by the air compressor.

4. Conclusions

The dynamic response properties of the ethanol atomization flame under different
equivalence ratio settings bring significant challenges to the design and practical operation
of ethanol burners. To illustrate the response characteristics of the atomized ethanol flame,
in this study, the influence of contrary equivalence ratio variation trends on combustion
oscillation was experimentally and theoretically investigated. The nonlinear effects of the
flame equivalence ratio were investigated by comparing their influences on the sound
pressure amplitude, the flame heat release rate, and the flame shape.

Research results indicated that the changing trend and set value of the flame equiva-
lence ratio affect the intensity of ethanol atomization—-combustion oscillation. At the same
time, there is an extreme point that will cause the most severe combustion oscillation.
The flame equivalence ratio is either too high or too low, and it is not near this extreme
point. Before developing a new ethanol burner by mastering the dynamic characteristics of
ethanol atomization flame pulsation and identifying the value of flame equivalence ratio
where the maximum combustion oscillation occurs, it is possible to effectively prevent the
excitation of thermoacoustic oscillation. Research results also indicated that the oscilla-
tion traits fluctuated with practical burner settings, especially the length and angle of the
ethanol flame front. This is because these two parameters are both related to the intensity
of combustion oscillations, which can provide a theoretical basis for the design of compact
combustion chambers.
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