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ARTICLE INFO ABSTRACT

Keywords: Combustion instability has become one of the most significant challenges faced in designing modern industrial
Combustion instability gas turbines and aero-engines. In this study, the influence of combustor structure on the combustion instability of
Ethanol ethanol and n-heptane is explored by adjusting the plenum length (200-550 mm) and the swirler vane angle (60°
gieiﬁz;fn and 75°). The ethanol combustion instability maps show that the oscillation frequency increases as the equiv-

alence ratio and plenum length decrease with the stabilization range of n-heptane being broader. The maximum
pressure pulsation amplitudes of ethanol and n-heptane during combustion instabilities are close to 495 and 415
Pa, respectively. The flow field temperature measurements show that the fuel properties change the flame shape
and temperature distribution in the combustor, thus potentially affecting the intensity of the oscillations. Short,
compact ethanol flames and more uneven temperature distribution are more likely to lead to unstable com-
bustion. This work provides more experimental observations on the effects of fuel properties and combustion

configuration on combustion stability.

1. Introduction

In order to reduce NOx emissions, industrial gas turbine manufac-
turers are developing lean combustion technologies [1]. However, lean
fuel combustion systems are more prone to cause self-excited combus-
tion oscillations caused by the interaction between heat release, sound
and combustor geometry [2,3]. When combustion instability occurs, the
phase difference between the sound pressure fluctuation p’ and the heat
release fluctuation Q’ is less than 90° [2]. Combustion instabilities can
result in vibrations and noise, shorten the service life of the equipment
and cause accidental flame quenching or flashback [4,5]. In many pre-
vious works, the flame transfer or describing functions (FTFs or FDFs)
were used to study the flame response to velocity or pressure fluctua-
tions under external acoustic forcing [6]. However, spray combustion
instability is also related to fuel atomization and evaporation, droplet
distribution and spray movement [7]. When the combustion chamber
structure or conditions change, the accuracy of the prediction results
based on the FTF/FDF method decreases [8]. Although combustion
instability could be weakened by installing acoustic dampers on the
problematic combustors [9-12], it is even more critical to avoid oscil-
lations in the early design phase [13].

The combustor geometry, such as length and inner diameter, is
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usually related to flame speed, oscillation mode, and frequency [14,15].
Gejji et al. [16] studied the effects of the chamber and plenum lengths,
inlet-air temperature, equivalence ratio, nozzle position and liquid fuel
composition on the self-excited combustion instabilities, and reported
whether the pressure wave in the combustor was the 3/8- or half-wave
mode depending on the combustor structure. The change in the equiv-
alence ratio caused a change in the gas temperature, changing the
oscillation frequency observed during the test. The oscillation frequency
was low when the combustion chamber was long. Ahn et al. [17] studied
the low-frequency combustion dynamics in more detail and found that
the plenum length does not determine the frequency of Helmholtz-type
instability. However, the longer the length of the chamber, the lower the
oscillation frequency. In addition, a lower inlet-air temperature has been
found to cause greater instability.

The dependence of the oscillation frequency and normalized pres-
sure amplitude on the combustion chamber length was investigated by
Lee et al. [18]. The combustion chamber length was found to have
minimal effect on the oscillation frequency of a dual swirl flame but
significantly changed the thermoacoustic oscillation amplitude.
Through experiments, Yoon et al. [19] proved that the combustor length
affects the amplitude of the pulsating pressure. Under high instability
conditions, the flame shape changes drastically and the heat release rate
fluctuates heavily. Xu et al. [20] found that for the quarter-wave mode,
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Nomenclature
R; inner radius of the primary air passage, [m]
R, outer radius of the primary air passage, [m]
L, plenum length, [m]
P dynamic pressure, [Pa]
Q heat release rate, [W]
Sn geometric swirl number
(2] equivalence ratio
W installation angle of the swirler blades, [°]

the longer the chamber length, the lower the oscillation frequency.
Unlike the quarter-wave mode, the intrinsic thermoacoustic (ITA) mode
was insensitive to the chamber length variation and its frequency was
mainly determined by the time delay of the flame response. The added
bias flow had a positive effect on suppressing the quarter-wave mode
instability but did not affect the ITA mode.

Furthermore, Rao et al. [21] studied the effect of combustion
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chamber length and equivalence ratio on combustion stability. The
permutation entropy and proper orthogonal decomposition methods
were demonstrated to effectively distinguish the stable state and
limit-cycle oscillation, even for combustors with different lengths. Using
large eddy simulations, Chen et al. [22] found that the acoustic
impedance of the swirler could cause periodic variations in the mass
flow rate, which led to periodic changes in the mixing and heat release
rates, as well as amplifying the combustion oscillations.

Swirl number oscillations can also induce flame angle fluctuations
and instabilities. Schiavo et al. [23] found that the acoustic character-
istics of the swirler affected the oscillation intensity. Yi et al. [24] also
reported that the swirler had an effect on the combustion stability. While
the change in the vortex shear layer angle caused a significant change in
the flame structure, more vigorous gas expansion promoted vortex
rupture and gas recirculation, which improved the fuel and air mixing.
The influence of swirl number on FTF was investigated by Durox et al.
[25]. As the blade angle decreased, the flame moved downstream and
the reaction zone became less compact. Precessing vortex core occurred
when the swirl number exceeded 0.45. Changing the vane angle and the
corresponding swirl number makes it possible to change the flame from
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Fig. 1. Schematic diagram of the lab-scale liquid fuel and measurement equipment.
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an unsteady state to a steady state. Zhang et al. [26] studied the ther-
moacoustic instability driving factors and mode conversion in a
methane-air combustor under various swirling intensities. As the vortex
intensity increased, the lateral recirculation zone and the coherent
structure played a major role in causing excitation fluctuations, while
the central recirculation zone had the most negligible effect on driving
thermoacoustic instability.

Fuel characteristics, such as ignition delay time, also affect the
combustion stability [27,28]. Soundararajan et al. [29] established
instability maps of three types of liquid fuels (propane, heptane and
dodecane) by changing the equivalence ratio and thermal power. Under
the same operating conditions, the magnitude and frequency of the
instability depended on the fuel injection conditions and fuel type.
Dodecane, which has poor volatility and a long lag time, was the most
stable. Karlis et al. [30] studied the influence of the inert diluents in the
fuel mixture on the dynamic state of a swirl stabilized combustor. As the
molar fraction of nitrogen dilution increased, the velocity oscillation
amplitude of the standing wave decreased. Speth et al. [31] investigated
the combustion kinetics of CO-Hy mixtures in a syngas combustor and
showed that the interaction of the flame and flow field determined the
stability. When sufficient hydrogen was mixed into the fuel, the com-
bustion became unstable and the flame became compact. The analysis
showed that the quarter- and three quarter-wave modes could be excited
when the equivalence ratio was close to 0.45.

In summary, the plenum length affects the oscillation frequency and
intensity, the geometric swirl number affects the flame lift-off length,
and the physical properties of the liquid fuel affect the heat release
process. However, the combustion instability mechanism of liquid fuel,
especially under different combustor structures, is not very clear [32].
This study aims to evaluate the influence of liquid fuel physical prop-
erties and combustor structure on combustion stability. Ethanol and
n-heptane are volatile and relatively clean and were therefore used in
this study [33,34]. Another reason for choosing ethanol and n-heptane
as research fuels is that these two fuels are relatively inexpensive,
renewable, readily available, and the fuel properties have been exten-
sively studied [35,36]. Ethanol and n-heptane were chosen as research
fuels because these two fuels are relatively inexpensive, renewable,
readily available, and the fuel properties have been extensively studied.

To the best of the authors’ knowledge, this is the first time that the
effect of combustor structure on self-excited combustion instability has
been explored by varying the plenum length and the installation angle of
the swirler blades.

This study is structured as follows. Section 2 shows the experimental
facilities and gives the operational conditions. The instability maps
when burning ethanol and n-heptane are in Section 3.1 and 3.2,
respectively. The length of the plenum, the installation angle of the
swirler blades and the equivalence ratio are all independent variables.
By measuring the axial flow field temperature and taking snapshots of
the flames, the influence of the temperature distribution characteristics
on the self-excited combustion instability is then analyzed in Section 3.3.
The findings of this study are summarized in Section 4.

2. Experimental setup and procedures

The investigations were performed on a lab-scale liquid-fueled
combustor, including a plenum, a siphon type air atomizing nozzle
(located at the injector plane) and a rectangular combustion chamber
(110 x 110 mm?). The test rig and measuring devices are shown sche-
matically in Fig. 1. In the experiment, the length of the plenum L, was
200-550 mm, so the air column length in the combustor was
1120-1670 mm. Combustion occurred in the chamber of 350 mm length
equipped with sensor ports. The front quartz glass window provided
optical access.

In the experiment, the range of the equivalence ratio @ was 0.3-0.8.
This is because lean combustion is prone to instability. As shown in
Fig. 1, a siphon nozzle (Delavan, type SNA, P/N 30609-2) was clamped
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Table 1

Fuel properties of ethanol and n-heptane [35,37,38].
Parameter Ethanol n-Heptane
Purity 99.7% vol. 98.0% vol.
Molar mass [g/mol] 46.1 100.2
Dynamic viscosity (298.15 K) [mPa-s] 1.074 0.387
Density (298.15 K) [kg/m®] 791 684
Lower calorific value [kJ/mol] 1365.5 4806.6
Boiling point [K] 351.6 371.6
Ignition temperature [K] 348.2 506.2

in the center of the swirler. The swirler was made by metal three-
dimensional printing technology and had eight blades. The printing
material was an aluminum alloy (AlSi;oMg). The installation angle y of
the blades was 60° or 75°, creating an azimuthal velocity component.
The geometric swirl number S, of the swirler could be calculated by:

1= (Ri/R,)’
- ®/ry)"Y @

n

2
3

where R; and R, are the inner and outer radii of the primary air passage,
respectively, and y is the vane installation angle (i.e., 60° or 75°). The S,
values for blade angles of 60° and 75° are 1.24 and 2.67, respectively.

Two float flowmeters adjusted the primary air and then sent the air
into the plenum. A flow controller (Alicat Scientific, MCR series, 0-20
LPM) controlled the atomizing air flow rate (0.2 MPa, 10 L/min). The
atomizing air sucked and sprayed the liquid fuel (10 mL/min) into the
combustion chamber. The Sauter mean diameter (SMD) of the droplets
produced by the injector in the steady state was dsyp =~ 40 pm and the
spray angle was 40°. The droplet size was determined using a particle
dynamic analyzer (Dantec Dynamics A/S, FiberPDA) under non-reactive
conditions. The physical properties of the ethanol and n-heptane fuels
are shown in Table 1.

The complete combustion formulas of ethanol and n-heptane are
given in Egs. (2) and (3), respectively:

C,Hs0H + 30,—2CO, + 3H,0 2)

3

The calculated thermal power when burning ethanol and n-heptane
were 3.9 and 5.5 kW, respectively.

A dynamic pressure sensor (Kunshan, CYG 1-406) was mounted on
the chamber’s back wall and located 5 mm downstream of the injector
plane (x = 0 mm). A photomultiplier tube (PMT, Hamamatsu Photonics,
H10722) coupled with a bandpass filter (centered at 430 + 10 nm) was
erected in front of the flame and kept a constant horizontal distance of
25 c¢m from the flame (Fig. 1). The PMT was used to measure the in-
tensity of CH* chemiluminescence at the flame root representing the
heat release rate of the flame, because the CH* chemiluminescence is
proportional to the overall heat release rate for combustion mixtures,
within certain limits [39]. The PMT was fixed 4 cm above the injector
plane and almost received all the light passing through the combustion
chamber window. The data acquisition device (National Instruments,
USB-6210) sent the collected analog signals from the pressure trans-
ducer and PMT to a computer. A LabVIEW program controlled the

C7H16 + 1102—>7C02 + SHzo

Table 2
Experimental conditions.

Parameter Value

Ethanol: 3.9/n-heptane: 5.5

0.3-0.8 (step size of 0.05)
200-550 (step size of 50)

60° (S, = 1.24)/75° (S, = 2.67)
298-303

101.3

Theoretical thermal power Q [kW]
Equivalence ratio ¢

Plenum length L, [mm]

Installation angle of the swirler blades y
Ambient temperature (K)
Environmental pressure (kPa)




Z. Liu et al. Journal of the Energy Institute 102 (2022) 206-215
600 T T T T T T T T T T T T T
Partial enlarged view

400 B b
5
=200 b
g
7
177
2 0 d
[-»
2
g -200 H
<
<
7wl

-400 H |

-600 F -

1 1 1 1 1 1 1 1 1 1 1 1 1
0 Gl 2 3.4 50:6: /. 8 910 2.02 2.04 2.06 2.08 2.10
Time (s) Time (s)
(a)
6000 T T T T T T T T T T T T T
Partial enlarged view
5000 -k b

4000

3000

*

CH' chemiluminescence (a.u.)

2000 [

10 2.02 2.04 2.06 2.08 2.10

Time (s)

(b)

<—147 Hz, 233 Pa

ence

<—147 Hz, 287 a.u.

L

IOOO 1 1 1 1 1 1 1 1
0 253 grE s Gt 8
Time (s)
e300 T T
uz —— Dynamic pressure
k'3
2 200f
=
£
<
® 100 |
2
&
0 . t
o CH' chemiluminesc
S 300
Q
=
=
= 200 F
=9
£
=100+
ol
© (!
Py Aol
50 100

Fig. 2. Pulsation components of pressure and CH* chemiluminescence extract
pressure time signals; (b) 10 s CH* time signals; (c) FFT results of the signals.

experiment and managed the date for preprocessing. The sensor data
were sampled synchronously at a frequency of 10 kHz for 10 s.

A K-type thermocouple thermometer (Apuhua TM-902C, 323-1573
K) was used to measure the fluid temperature at different axial heights in
the combustor. A digital camera was used to capture instantaneous
photographs of the flame and the frame rate was 30 fps. All experiments

150 250

Frequency (Hz)
(©)

ed by FFT (ethanol for combustion, y = 60°, L, = 250 mm and & = 0.35): (a) 10 s

were carried out in a dark environment and were repeated two to five
times. The air temperature and relative humidity were ~300 K and 60%,
respectively. The experimental conditions are summarized in Table 2.
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Fig. 3. Contour plots of (a, b) oscillation frequency, (c, d) pulsating pressure amplitude and (e, f) pulsating CH* amplitude as a function of the equivalence ratio @
and the plenum length L, for ethanol combustion. The corresponding swirler blade angles are 60° for the left column and 75° for the right column.

3. Result and discussion
3.1. Instability maps of ethanol swirling sprays

First, the intensity values of pulsating pressure and CH* chem-
iluminescence are obtained by fast Fourier transform (FFT). Fig. 2 shows
the process of extracting the dynamic signal pulsation components when
burning ethanol (y = 60°, ® = 0.35 and L, = 250 mm). Fig. 2(a) shows
the 10 s time series data of the pressure in the combustion chamber,
while Fig. 2(c) shows the results of the FFT analysis of the pressure
sensor and PMT signals. The phase contrast between the dynamic
pressure and CH* chemiluminescence intensity signals is ignored
because the phase difference is always less than 90° during oscillations
[40].

210

Fig. 3 shows the contour plots of the oscillation frequency, pulsating
pressure amplitude and the pulsating heat release rate as functions of the
plenum length L, and equivalence ratio @ when ethanol is burned. Ac-
cording to the oscillation frequency contours (Fig. 3(a) and (b)), the
oscillation frequency is 128-150 Hz.

The oscillation frequency is related to L, and . Fig. 3(a) and (b)
show that as the & decreases, the oscillation frequency increases
significantly. In addition, the longer the plenum length L,, the lower the
oscillation frequency. This is because the air column length in the
combustor is increased, so the intrinsic frequency is lower.

According to Fig. 3(c), it can be seen that when the blade installation
angle y = 60°, the amplitude of p’ increases with decreasing ®. This is
because the flame length decreases as the @ decreases first. The time
delay is therefore reduced and the coupling degree between the
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Fig. 4. Contour plots of (a, b) oscillation frequency, (c, d) pulsating pressure amplitude and (e, f) pulsating CH* amplitude as a function of the equivalence ratio @
and the plenum length L, for n-heptane combustion. The corresponding swirler blade angles are 60° for the left column and 75° for the right column.

pulsating heat release rate and the pulsating velocity is changed [41,42].
When & = 0.3, the amplitude of p’ reaches 495 Pa, i.e., 148 dB.

Sn may change the distribution of vortices. In particular, the position
of the reaction zone may be changed, which in turn may cause the gain
of the FTF to change. When y = 75°, it can be seen from Fig. 3(d) that the
stable range (p’ <100 Pa) is more extensive. When & > 0.7, there is no
significant pressure oscillation. Strong oscillations appear in the flame
zone as the primary air flow rate increases (i.e., ®|). When & =
0.35-0.45, the oscillation is most vigorous. The maximum amplitude of
the pulsating pressure is ~310 Pa. When & < 0.35, the pulsating pres-
sure amplitude decreases instead. An earlier study conjectured that the
drop of p’ is mainly due to the nonlinear response of the swirling shear
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layer to the inlet velocity perturbations. The unstable airflow along the
swirling shear layer changed the droplets’ evaporation rate, flame dis-
tribution and kinetics [43]. When y = 75°, the swirl number S, is larger,
so the sensitivity of the swirling shear layer to velocity perturbations is
also different from that when y = 60°. The maximum heat release plane
moves downstream as the primary air increases (i.e., @|) [44]. The
amplitude of p’ was found to decrease when @ = 0.3. Fig. 3(c) and (d)
show that the plenum length also affects the amplitude of p’ [45].
Comparing the amplitude contour plots of p’ and CH*’, it can be seen
that the amplitude evolution of the pulsating heat release intensity is
very similar to that of the pulsating pressure (Fig. 3(e) and (f)). This is
because the p’ and Q’ are coupled and reinforce each other when
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combustion instability occurs. Therefore, when the amplitude of p’ is
high, the fluctuation of the heat release rate is also strong. The strong
oscillation areas in Fig. 3(d) and (f) do not completely correspond. The
reason for this difference remains to be studied.

3.2. Instability maps of n-heptane swirling sprays

The contours of the oscillation frequency and the amplitude of p’ and
CH*’ are plotted in Fig. 4 when n-heptane fuel is burned. The frequency
contours show that the oscillation frequency when burning n-heptane is
~5-10 Hz higher than that when burning ethanol. A reasonable expla-
nation for this is that n-heptane has a higher calorific value than ethanol,
which makes the overall temperature of the air column in the combustor
higher, so the oscillation frequency increases slightly. This proves that
the physical properties of the liquid fuel affect the oscillation frequency.
The physical properties of the liquid fuel also have a strong influence on
the instability amplitude (Fig. 4(c)-(f)). The stability range in the maps
(e.g., p’ amplitude below 100 Pa) is wider when n-heptane is burned.

Different from burning ethanol, when y = 60°, the oscillation fre-
quency first increases and then decreases as @ decreases. The reason for
this oscillation frequency shift requires further research with knowledge
of the FTF. The influence of L, on the oscillation frequency is also
different. Only when the equivalence ratio ¢ = 0.45-0.75 can it be
observed that the shorter the plenum, the higher the oscillation fre-
quency. When y = 75°, the oscillation frequency is less affected by & and
Ly, which is ~144-154 Hz.

It can be seen from Fig. 4(c) and (e) that the stability margin of the
combustor was significantly increased. When y = 60°, the pulsating
pressure amplitude increases slowly with decreasing equivalence ratio
(Fig. 4(c)). When @ decreases to 0.5, the amplitude of p’ starts to in-
crease. With @ < 0.35, the amplitude decreases again. This is similar to
the pattern shown in Fig. 3(d).

The length of the plenum also has a significant effect on the ampli-
tude of p’. When L, = 250 mm, strong pressure oscillations occur in the
combustion chamber. In particular, when @ = 0.40-0.45, the amplitude
of p’ is close to 415 Pa. The vibration of the air column even caused the
structural oscillation of the experimental bench. The amplitude contours
of CH*’ show a similar pattern. When & = 0.40-0.45 and L, = 250 mm,
the pulsating CH* luminosity even exceeds 1600 a.u., which is three
times that when burning ethanol. The excessive increase in CH*’
amplitude appears to be related to fuel properties. Figs. 3-4 show that
the effect of plenum length on the amplitude of p’ is different for
different fuels, which is related to the flame structure and requires
further analysis using FTF.

When the blade installation angle y = 75°, the amplitude of the
pulsating pressure and the pulsating heat release rate are significantly
reduced and the maximum values do not exceed 15 Pa and 45 a.u.,
respectively. This shows that when y = 75°, & or L, has less effect on the
combustion stability and the safety range available for operation is
larger. Fig. 4(c) and (d) show that y can affect the degree of combustion
instability [25]. This is similar to the situation when burning ethanol,
the mechanism has been discussed above.

In order to further analyze the influence of y and the physical
properties of the liquid fuels on combustion stabilities, eight typical
operating cases were selected for comparison, namely, ethanol or n-
heptane fuel, @ is 0.35 or 0.75 and y is 60° or 75°. The L, is fixed at 250
mm.

It can be seen from Figs. 3 and 4 that when @ = 0.35 and y = 60°, the
pulsating pressure amplitude during ethanol combustion is ~220 Pa and
the pulsating heat release rate amplitude exceeds 280 a.u. The ampli-
tudes of p’ and CH*’ during n-heptane combustion are 122 Pa and 462 a.
u, respectively. When @ increases to 0.75, the oscillation weakens, the p’
amplitude during ethanol combustion drops to 83 Pa and the amplitude
of CH*’ is only 130 a.u. When n-heptane is burned, the amplitudes of the
pulsating pressure and heat release rate drop to 7 Pa and 40 a.u.,
respectively.
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Fig. 5. The temperature of the flow field inside the combustor when (a) y =
60° and (b) w = 75°.

When y = 75°, the amplitude of the pulsating pressure and heat
release rate show similar patterns to those at y = 60° for ethanol fuel.
However, the n-heptane combustion instability almost disappears when
w = 75°. The pulsating pressure amplitude does not exceed 20 Pa
regardless of the equivalence ratio and the heat release pulsation almost
disappears. Under these eight combustion conditions, the temperature
measurement results at different axial heights of the combustor are
shown in Sect. 3.3.

3.3. Temperature distribution and flame shape analysis

The temperature measurement results show that the local tempera-
ture at the flame root (x = 5 mm) is higher when @ is lower (Fig. 5). This
is because the smaller the equivalent ratio, the more thoroughly the fuel
burns at the flame root. The turbulence effect enhances the mixing of
vaporized droplets and oxidant, enhances combustion and shortens the
flame length, thereby reducing the range of spray combustion and
increasing the flame root temperature. In addition, when the air flow
rate increases, excessive air dilution and convection will cause more
heat loss, thereby reducing the brightness and length of the flame [42].
Regardless of the fuel type and vane angle, the temperature always
conforms to this rule.

According to the axial temperature distribution, the lower the
equivalence ratio, the lower the temperature in the exhaust section. This
is because the lower @ means that more low-temperature primary air is



Z. Liu et al.

Ethanol
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n-Heptane

Fig. 6. Instantaneous flame photographs of ethanol (left) and n-heptane (right). The equivalence ratios for the upper and lower rows are 0.35 and 0.75, respectively.

supplied into the combustor. Heat is quickly taken away from the
combustor by thermal convection, so the temperature drops. In addition,
it can be inferred that the exhaust section temperature when burning n-
heptane is significantly higher than that when burning ethanol. The flue
gas in the exhaust section is heated by the n-heptane flame tail, which is
confirmed by the flame snapshots (Fig. 6). This is because the n-heptane
flame is longer, which may be related to its higher boiling and ignition
temperature (see Table 1) and longer carbon chain. In addition, the
ethanol molecule contains oxygen, which also contributes to shortening
the flame length [42].

The temperature measurements also show that the root temperature
is much higher for the strongly oscillating ethanol flame than the n-
heptane flame. In the exhaust section, the temperature is much lower
when burning ethanol than when burning n-heptane. The temperature
curves show that the temperature at the flame root (x = 5 mm) is ranked
as T(ethanol, @ = 0.35) > T(ethanol, @ = 0.75) > T(n-heptane, @ =
0.35) > T(n-heptane, @ = 0.75). The temperature ranking of the exhaust
section (x > 350 mm) is T(ethanol, @ = 0.35) < T(ethanol, ® =0.75) < T
(n-heptane, @ = 0.35) < T(n-heptane, @ = 0.75). The pulsating pressure
amplitude ranking is p’ (ethanol, @ = 0.35) > p’ (ethanol, & =0.75) > p’
(n-heptane, @ = 0.35) > p’ (n-heptane, @ = 0.75).

The temperature distribution appears to be correlated with the
amplitude of the pulsating pressure. The oscillations are more pro-
nounced when the flame root temperature is high and the exhaust sec-
tion temperature is low. This indicates that the oscillation may be
related to the uneven temperature distribution in the combustor. The
greater the difference in temperature at different heights of the
combustor, the more pronounced the oscillation. The different physical
properties of the fuel cause the difference in temperature distribution
and combustion stability. When burning ethanol, the reaction zone is
more compact and the temperature gradient of the flow field in the
combustor along the x-axis is larger, which is one of the crucial reasons
for the formation of pressure waves. A previous study has also shown
that the chemical properties of the fuel are related to ignition delay and
flame temperature [33]. The physical properties of the fuel also affect
the penetration ability and evaporation life of the spray droplets, which
are related to the reaction intensity [46]. The influence of the chemical
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reaction characteristics of different fuels on combustion instability and
the causal relationship between temperature distribution and system
stability need to be further studied.

From the flame transient photographs, it can be seen that the n-
heptane flame is longer than the ethanol flame and the effect of the blade
angle on the flame length is not very obvious, but the effect of the
equivalent ratio on the flame length is noticeable (Fig. 6). When the &
increased from 0.35 to 0.75, the ethanol flame height increased from 16
to 19 cm and the flame length of n-heptane increased from 22 to 30 cm.
The differences in flame size and temperature distribution caused by
differences in fuel properties may potentially be related to the strength
of thermoacoustic oscillations [47]. The influence of the blade angle on
the oscillation intensity is more subtle. Although the flame length does
not change much under different blade angles, the change of the swirl
intensity may still cause the change of the instantaneous flame surface. A
high-speed PLIF or a high-speed camera equipped with an image
intensifier (ICCD) is required to observe the rapid changes of
perturbed-flame shape with shorter exposure times [43,48,49]. It should
be emphasized that thermoacoustic oscillations are not only related to
flame macrostructure. Shorter flame simply reflects its greater tendency
to generate combustion oscillations.

4. Conclusions

Lean combustion systems are prone to spontaneous combustion in-
stabilities, which has become a challenging issue for developing lean
combustion technologies. Combustion instabilities may cause
combustor vibration and loud noises, induce flame quenching and
flashback and severely damage the combustor components. In order to
gain insight into the mechanism of combustion instability of liquid fuels
and explore the effects of burner structure, equivalence ratio and fuel
properties on combustion stability, combustion instability maps were
drawn for ethanol and n-heptane. Some important conclusions are
presented below.

When burning ethanol, the oscillation frequency increases with
decreasing equivalence ratio and plenum length. When the equivalence
ratio is lower than 0.7, the amplitudes of the pulsating pressure and heat
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release rate increase significantly. The stable combustion range of n-
heptane is wider, revealing that the fuel’s physical properties affect the
combustion stability. The equivalence ratio and the plenum length also
affect the amplitude of the pulsating pressure and heat release rate.
When the plenum length is 250 mm and the equivalence ratio is
0.40-0.45, the pulsating pressure amplitude is close to 415 Pa when
burning n-heptane. The pulsating CH* chemiluminescence intensity
even exceeds 1600 a.u., which is three times higher than the pulsating
CH* intensity when burning ethanol. The intense pressure fluctuations
even caused structural vibrations in the model combustor.

Further studies confirmed that the different fuel properties resulted
in different flame structure and temperature distribution in the
combustor, which may be one of the potential reasons for the different
combustion stability performance between ethanol and n-heptane.
Ethanol flames are shorter and more compact and appear to be more
prone to combustion instability. In future studies, large eddy simulation
and more accurate combustion diagnosis methods will be applied to
verify the decisive influence of flame size and temperature distribution
on combustion stabilities.
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