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Abstract

Passive control methods are widely used in unsteady combustion systems

due to their robustness and convenience. This paper used the upstream

microjets method for the first time to control thermoacoustic instability and

pollutant NOx emissions in unsteady swirl premixed flame. Three variables

of CO2 microjets flow rate, upstream microjets distance, and microjets num-

ber are investigated. Results demonstrate the upstream microjets distance

plays a significant role in restraining the thermoacoustic instability and NOx

emissions. The smaller the upstream microjets distance, the more completely

the thermoacoustic instability is suppressed while the NOx emissions are the

opposite, which means a compromise choice needs to be made between

them. The damping ratio of pressure amplitude in the chamber can reach

the maximum of 81.3%, and the damping ratio of CH* intensity can reach

the maximum of 80.2%. Besides, the frequency of pressure and CH* will

transit to a lower mode. NOx emissions can realize a maximum reduction of

12.2 ppm. Meanwhile, the flame mode switches from an enlarged Mode-A

flame to a shrunk Mode-B flame, and the flame length shows a maximum

reduction of 14 mm at the largest upstream distance. However, the

specific control mechanism under upstream microjets still needs further

study to clarify. This research proved the feasibility of suppressing combus-

tion instability and NOx emissions with upstream microjets in unsteady

swirl premixed flame, promoting its practical application in gas turbine

systems.
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1 | INTRODUCTION

As a complex multidisciplinary problem, combustion
instability was first proposed by scholar Rayleigh.1 When
combustion instability occurs, it is often accompanied by
periodic large pressure oscillations.2,3 The power engines

in gas turbines, industrial furnaces, and rockets will face
the threat of damage or even failure.

To prevent the occurrence of combustion instability,
researchers often implement control strategies from the
two necessary factors of combustion instability, namely,
acoustic oscillations and heat release oscillations. For
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acoustic oscillations, the acoustic energy is dissipated in
the form of heat by adding perforated liners4 or plates,5

quarter-and half-wave tubes,6 Helmholtz resonators,7

and baffles in the burner,8 thereby breaking the phase
coupling between sound waves and heat release.9 The
rich vortex structure, such as shear-layer vortices,
counter-rotating vortices, and horseshoe vortices in the
crossflow jet,10 can be used to control the thermoacoustic
instability driven by vortex shedding. Among them, Choi
et al.11 experimented on suppressing combustion oscilla-
tion and noise by injecting secondary fuel into the local
flame structure. They found the pressure fluctuations and
NOx emissions could be controlled for the case of pure
methane injection, while the effectiveness is limited by
injecting fuel with air. Ghoniem et al.12 compared the
controlling effect of stability and emission with air injec-
tion and H2 addition in premixed combustion. A suffi-
cient momentum air jet in crossflow will reduce the
pressure amplitude by up to 12 dB and turn the NOx
emission to the single ppm levels. The addition of H2 will
also improve the flame stability while slightly increasing
the NOx emissions. Murat Altay et al.13 examined the
controlling effect of combustion instability with two dif-
ferent air injection configurations. The first configuration
is applied with a row of microjets in the cross-stream
direction, located upstream of the step. The second con-
figuration consists of an array of microjets in the
streamwise direction, located on the face of the step.
Combustion instability could be suppressed, and the
flame would anchor slightly upstream of the step with
the first configuration. Combustion instability could be
mitigated at an optimum secondary air flow rate when
injecting air in the streamwise direction. LaBry et al.14

clarified the correlation between thermoacoustic instabil-
ity and vortex shedding in the swirl combustor. Their
results indicated counter-swirling microjets could elimi-
nate instability and stabilize the inner recirculation zone
between modes of instability. Altay et al.15 investigated
the suppression effect of combustion instability with
cross-stream air injection from a slot or microjets near
the step of a backward-facing step combustor. The experi-
ments are examined when the fuel bar is located 35 cm
or 95 cm upstream of the step. They demonstrated the
fuel bar location had a significant impact on the combus-
tion dynamics. Both the slot and the microjets could miti-
gate the instability when the fuel bar was located 35 cm
upstream of the step. However, the microjets became less
valuable when the fuel bar was located further upstream
of the step. In the above research, air and H2 are widely
used as traditional jet media.

Recently, CO2 dilution from the exhaust gas rec-
irculation (EGR) technique16–18 serves as a low-cost and
easy-to-implement combustion control and emission

reduction method. Studies have shown that the unique
physical and chemical properties of CO2

19–22 have a sig-
nificant impact on combustion kinetics and pollutant
emissions. Gascoin et al.19 used a modified CHEMKIN
code and a radiation code to simulate the thermal effect
of CO2 on NOx formation in a methane diffusion flame.
They found the addition of CO2 could reduce the flame
temperature, which limited the formation of NOx. The
replacement of N2 by CO2 could effectively suppress NOx
formation mainly due to thermal effects, followed by its
chemical and radiation effects. Wang et al.20 simulated
the chemical effect of CO2 on CH4 and H2 spherical
flames with an open-source CFD package lam-
inarSMOKE. The results showed the chemical effect of
CO2 could decrease the unstretched flame propagation
speed. Hasti et al.23 evaluated the chemical kinetics effect
of CO2 dilution on the CH4/air jet turbulent flame struc-
ture with the help of a large eddy simulation (LES). The
flame length will increase with the CO2 levels resulting
from a decrease of turbulent flame speed. Soloklou
et al.24 numerically analyzed the CO2 dilution on non-
premixed methane/air laminar flame with finite volume
method (FVM). They found that the flame length
decreases linearly with the CO2 rising, beneficial for a
shorter combustion chamber. Besides, the NOx emissions
will fall by the CO2 increase.

In terms of experiments, researches on CO2 dilution
can be found in papers.25–32 Lee et al.25 compared the
dilution effects of N2, CO2, and steam on the combustion
performance of H2-CO flame. Their results indicated 40%
dilution of N2, CO2, and steam could decrease NOx by
79%, 88%, and 95%, respectively. Moreover, the combus-
tion efficiency is good in most of the tested cases. Sahu
et al.32 carried out experimental and numerical research
to investigate the effect of N2 and CO2 dilution on pre-
mixed MTHF/ air flames characteristics. They found CO2

has a more significant influence on flame speed reduc-
tion than N2. To consider the effect of the high-
temperature and the high-pressure environment in EGR
technology. Kobayashi et al.26 investigated the character-
istics of CH4/air turbulent premixed flame diluted with
CO2 at high pressure and high temperature, which corre-
sponds to the EGR condition of a typical premixed gas
turbine. Their research improved that the turbulent burn-
ing velocity was reduced with the CO2 addition and indi-
cated that the increase in the average volume of the
flame zone and the decrease in the average fuel con-
sumption rate produced by EGR effectively suppress the
combustion oscillation premixed gas turbine combustor.
Paidi et al.27 analyzed the laminar burning velocity of
H2/air flame diluted with N2/CO2 at high temperatures.
The results showed the effect of CO2 dilution is greater
than that of N2 dilution in reducing the mixture's burning
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velocity at higher temperatures. Their computational
prediction is relatively consistent with the current
experimental data. Lee et al.28 investigated the effect of
CO2 dilution on flame stabilization, soot emissions, and
combustion efficiencies of CH4 jet flame at high pressure.
The flame stabilization mechanism can be divided into
the attached-flame regime, a lifted-flame regime, and the
blow-off regime, most affected by the injected Reynolds
number and fuel pipe depth. When the tip of the fuel
pipe is moved into the intermediate oxidizer pipe, soot
emissions under atmospheric pressure can be reduced,
improving combustion efficiency. However, severe soot
emissions occurred again under excessively high fuel flow
rates and elevated pressures. In terms of instability con-
trol, CO2 can effectively inhibit cellular instability29 and
combustion instability.30,31

In addition to CO2 dilution, researchers have also
researched other gas dilutions. Liu et al.33 compared the
effects of flame temperature controlled by Ar, N2, and
CO2 dilution on the polycyclic aromatic hydrocarbons
(PAHs) and soot formation in partially premixed and dif-
fusion flames. They found that flame temperature signifi-
cantly affected the evolution of PAHs and soot. The high-
temperature area ranked in the order of Ar > N2 > CO2

at a high dilution flow rate, while the temperature distri-
butions were similar at a low Ar, N2, and CO2 flow rate.
Yi et al.34 studied the effects of fuel properties on spray
flames at oxygen-enriched conditions with multiple opti-
cal diagnostics. The results showed that the spray flame's
shape, temperature, and species distributions strongly
depended on oxygen concentration. Chu et al.35 investi-
gated the effects of N2 dilution on laminar burning
velocity (LBV), adiabatic flame temperature (AFT), inter-
mediate radicals, and NOx emissions of rich methane/air
premixed flames. Their results indicated the LBV, inter-
mediate radicals, and NOx emissions first increased and
then decreased as the equivalence ratio increased. The
mole fraction of intermediate radicals and NOx decreased
with the increase of the N2 doping ratio under the same
equivalence ratio. Yilmaz et al.36 studied the effect of N2

dilution on the instability and emission of a biogas flame.
They found the dilution range of 20%–30% N2 was the
critical value of a biogas mixture containing 60% CH4–
40% CO2. Stability remained unchanged after this critical
value, and NOx and CO emissions increased significantly.
Khanehzar et al.37 simulated the effects of nitrogen and
hydrogen addition/dilution on soot formation of laminar
coflow ethylene/air diffusion flames with an in-house
algorithm. The results indicated that mixing hydrogen
and nitrogen into the fuel will reduce soot volume frac-
tion and radiation. Soloklou et al.38 conducted a simula-
tion of the effect of H2O dilution on NOx and CO
formation in turbulent premixed CH4/air flame with the

k-ε/EDM framework. They illustrated that the energy
absorbed by H2O could cause a sharp drop in tempera-
ture and subsequent reductions in NOx and CO
emissions.

Because at the upstream position, there are boundary
conditions,39 inlet thermodynamic properties,40 flow
fluctuations,41 unstable fuel/air mixing, and equivalence
ratio oscillation.42–44 Thermoacoustic will become more
frequent, and pollutant emissions will be out of
balance.45–47 So it is urgent to carry out corresponding
research near the upstream position to control the ther-
moacoustic instability and the emission of pollutants.

Although there is a lot of research on the injection
method to suppress combustion instability and NOx
emissions,11–15,30,31 to date, there is no research on the
suppression of thermoacoustic instability and NOx emis-
sions of unsteady swirl premixed flame with upstream
microjets. In addition, most jet control methods are
mainly based on modifying the combustion chamber
structure, which may significantly limit the combustor's
operating performance and combustion efficiency. In
summary, combining the advantages of CO2 and cross-
flow jet in controlling combustion instability and pollut-
ant emissions is necessary. Under the premise of not
affecting the structure of the combustion chamber, carry
out the corresponding CO2 upstream microjets
experiment.

This paper uses the upstream microjets method for
the first time to control thermoacoustic instability and
pollutant NOx emissions; the effects of CO2 microjets
flow rate, upstream microjets distance and microjets
number on combustion instability and pollutant emis-
sions were investigated through experiments. The
dynamic pressure in the chamber, flame heat release rate
and NOx emissions were analyzed synchronously in this
study. Meanwhile, the flame mode was captured and sub-
jected to post-processing analysis. This paper is organized
as: The experimental procedures are depicted in Section 2.
The results and discussion of measured parameters are
presented in Section 3. Finally, the key findings are sum-
marized in Section 4.

2 | EXPERIMENTAL PROCEDURES

2.1 | Geometric of the upstream
microjets combustor

Figure 1 shows the schematic of the upstream microjets
combustor used in this research. CH4 and oxidant were
uniformly mixed in the premixing plenum through the
honeycomb during the experiment. The mixed flow is
under the action of an axial cyclone with a swirl number
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of 1.15,31 and a strong swirl premixed flow is formed at
the outlet of the burner injector. The high temperature
resistant and transparent quartz glass chamber is used to
observe flame changes. The ignition hole opened on the
left side of the glass wall is used to ignite the premixed
flow. A bluff body is placed in the center of the injector
to stabilize the premixed flame. The threads tightly con-
nect the various parts. The detailed geometric parameters
of the upstream microjets combustor are present in
Table 1.

The upstream microjets part as the core control part
is placed at the upstream position
125 mm/225 mm/325 mm from the burner outlet plane.
Four jet holes with 4 mm diameters are evenly distrib-
uted in the middle along the circumferential direction.
The jet hole is smoothly opened on the inner cylindrical
surface to eliminate the influence of the jet structure
itself on the upstream flow field. Pneumatic connectors
made of PVC are used to connect the CO2 gas path and
the upstream microjets part. At the same time, the cylin-
drical outer wall of the quartz glass chamber and exhaust
gas outlet is provided with collection holes to collect the
combustion chamber pressure and exhaust gas composi-
tion, respectively.

In Figure 2, the three-dimensional views of the
unsteady model combustor under different orientations
are drawn with the help of 3D modeling software. It can
be seen from the partially enlarged view that the self-
excited thermoacoustic oscillation of the burner can be
realized under the close cooperation of the three core

components of cyclone, bluff body and injector. In addi-
tion, according to the geometric dimensions of the burner
in Table 1, the cut-off frequency f c of the unsteady model
combustor is about 1258Hz.31 Therefore, the sound
waves in the pipe section propagate in one dimension.

2.2 | Experimental setup

Figure 3 shows the systematic layout of measuring instru-
ments for the upstream microjets experiments. The high-
purity research-grade CH4 (Purity: 99.995%) was used as
fuel. The air compressor provided the oxidant part. The
alicat mass flowmeter and air flowmeter were used to
achieve flow control. The pressure sensor (CYG1406F,
Bandwidth: 0–10 kPa) placed in the pressure measuring

FIGURE 1 A schematic of the upstream microjets combustor

TABLE 1 Geometric parameters of the upstream microjets

combustor

Parameter Value

Premixing plenum length (mm) 752

Combustion chamber length (mm) 300

Exhaust section length (mm) 315

Swirl number of the combustor 1.15

Diameter of the bluff body (mm) 11

The thickness of honeycomb (mm) 50

Diameter of upstream microjets (mm) 4

4 of 14 HU AND ZHOU
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FIGURE 2 Three-dimensional views of the unsteady model combustor under different orientations

FIGURE 3 A systematic layout of measuring instruments for the upstream microjets experiments

HU AND ZHOU 5 of 14
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hole at the height of 25 mm from the burner outlet plane
is used to monitor the dynamic pressure changes in the
combustion chamber. The synchronous change of flame
heat release rate characterized by free radical CH* (430
± 10 nm) was recorded by PMT (Hamamatsu H10722,
photomultiplier tube). A transformer powers the pressure
sensor. A DC power supply powers the PMT. The NI
USB-6210 signal acquisition card is used to record the
pressure and CH* dynamic changes before and after the
upstream microjets control. The pressure and CH* signals
saved in the Labview window of the computer desktop
are used for analysis by the Origin FFT tool. The flame
image was captured by a CCD camera (800 � 600 pixels
resolution, pixel size: 14 μm) connected to a signal syn-
chronizer (DG535 type). The flame length was analyzed
with the Canny edge detection algorithm.31 The TESTO
350 gas analyzer records the exhaust gas for NOx varia-
tion. The temperature field variations during the
upstream microjets experiments were collected with a
thermocouple (TM-902C K-type, 50�C–1300�C) at the
axial center of 20 mm from the flame root.

The thermal power P and global equivalence ratio Φg

were kept at 3.8 kW and 0.71, respectively, during the
upstream microjets experiments. The CO2 (Purity: 99.5%)
is used as the jet medium. This paper analyzed the con-
trol feasibility of thermoacoustic instability and NOx
emissions from three variables of upstream microjets
flow rate, upstream microjets distance, and upstream
microjets numbers. The specific operating conditions and
the accuracy of the test equipment are present in Table 2
and Table 3.

3 | RESULTS AND DISCUSSION

Twelve upstream microjets configurations composed of
different upstream microjets numbers 1/2/3/4 and
upstream microjets distance 125/225/325 (mm) were

designed during the experiments. For example, 1–125
means that the upstream microjets number is 1, and the
upstream microjets distance is 125 mm. The flow rate of
the CO2 upstream microjets was changed from 0.0 to
1.0 L/min by an increment of 0.1 L/min. This paper clar-
ifies the unsteady swirl premixed flame's dynamics and
pollutant emission characteristics under different
upstream microjets. Meanwhile, the temperature varia-
tion and the flame mode transition before and after
upstream microjets control were also analyzed.

3.1 | Effect of upstream microjets
distance

Figure 4 shows the variation of pressure amplitude in
the chamber with microjets flow rate under different
microjets numbers and distances: (a) one microjet,
(b) two microjets, (c) three microjets, and (d) four
microjets. The dynamic pressure amplitude in the
chamber variation trend with jet flow rate under the
same number of upstream microjets and different
upstream microjets distances are compared and ana-
lyzed in each figure. With a minute amount of 0.1 L/
min CO2 injections, the dynamic pressure amplitude in
the combustion chamber shows a rapid downward
trend. The initial pressure damping speed Pi ((Pressure
amplitude before control-pressure amplitude at 0.1
L/min)/0.1 L/min) is defined to compare the control
effect under different jet configurations.

In most cases, the Pi decreases as the upstream micro-
jet distance increases. In Figure 4a, the Pi of 1–125
reaches the maximum value of 259 Pa/(L/min); the pres-
sure amplitude is suppressed from 52.4 Pa before control
to 26.5 Pa. As the jet flow rate continues to increase, the
pressure amplitude of the combustion chamber shows a
downward trend as a whole, which proves the feasibility
of the upstream microjets control method. There are fluc-
tuations during the control period, which may be related
to the fluctuation of the local equivalence ratio under the
upstream microjets.43

TABLE 2 Experimental conditions

Parameter Value

Fuel type Methane (99.995%)

Thermal power P (kW) 3.8

Global equivalence ratio (Φg) 0.71

Upstream microjets flow rate (L/min) 0.0–1.0

Upstream microjets distance (mm) 125/225/325

Number of upstream microjets 1/2/3/4

Upstream microjet pressure (Mpa) 0.105

Upstream microjet temperature (�C) 25

Upstream microjet medium CO2 (99.5%)

TABLE 3 Accuracy of the test equipment

Equipment Accuracy

Dynamic Pressure Transducer 0.25%

Photomultiplier Tube 0.1%

TESTO 350 Gas Analyzer ±2%

Alicat Mass Flowmeter 0.2% FS

Air Flowmeter 1% FS

Thermocouple ± 2.5 �C

6 of 14 HU AND ZHOU
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The control effect is quantified by the suppression
ratio d ((value before control-value after control)/value
before control). In Figure 4d, the pressure suppression
ratio dp in the combustion chamber reaches the maxi-
mum value of 81.3% in 4–125 case, and the pressure
value drops from 52.4 Pa to 9.8 Pa. The upstream micro-
jets distance is inversely related to the pressure control
effect, which may be associated with the flame-vortex
interaction mechanism near the flame anchoring zone.44

When the upstream distance is small, the rich vortex
structure of the crossflow jet outlet10 can more effectively
promote the mixing of fuel and air about to enter the
combustion chamber and suppress the flow rate fluctua-
tions and equivalence ratio oscillations at the upstream
position.41–44

Figure 5 shows the shifting of pressure frequency in
the chamber with microjets flow rate under different
microjets numbers and upstream microjets distances:

FIGURE 4 Variation of

pressure amplitude in the chamber

with microjets flow rate under

different microjets numbers and

distances. (a) One microjet, (b) two

microjets, (c) three microjets, and

(d) four microjets

FIGURE 5 Shifting of pressure

frequency in the chamber with

microjets flow rate under different

microjets numbers and upstream

microjets distances. (a) One

microjet, (b) two microjets, (c) three

microjets, and (d) four microjets
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(a) one microjet, (b) two microjets, (c) three microjets,
and (d) four microjets. The dominant frequency of the
pressure in the chamber decreases as the microjets flow
rate increases. The mode shift of frequency means that
the coupling between flame and vortex is disturbed, and
the phase difference between pressure and heat release is
enlarged.13 The thermoacoustic instability is suppressed,
which is consistent with the conclusion in Figure 4. In
Figure 5c, the pressure frequency suppression ratio in the
combustion chamber reaches the maximum value of
11.9% in 3–125 case, which drops from 274.1 Hz to
241.4 Hz. Due to the high heat release rate and dilution
of CO2, the frequency of unstable combustion will
decrease.30

Figure 6 shows the variation of CH* chemilumines-
cence intensity with microjets flow rate under different
microjets numbers and upstream microjets distances:
(a) one microjet, (b) two microjets, (c) three microjets,
and (d) four microjets. With the increase of microjets
flow rate, the CH* intensity in the combustion chamber
overall shows a downward trend under different micro-
jets numbers and upstream microjets distances. Define
the initial CH* damping speed Hi: (CH* intensity before
control�CH* intensity at 0.1 L/min)/0.1 L/min. In
Figure 6b, the Hi for 2–325 case reaches the maximum
value of 0.046 arb.units/(L/min), and the CH* intensity
drops from 0.007 arb.units before control to 0.0026 arb.
units/(L/min). The reason may be the longer residence
time when CO2 is injected in the premixed plenum at a
larger upstream distance. More CO2 means more radiant
heat release loss.30 The suppression effect of CH*

intensity in the combustion chamber is the largest when
the upstream microjets distance is the smallest, and the
control effect is not much different at other upstream
microjets distances. The reason may be that the influence
of CO2 upstream microjets on heat release involves com-
plex processes such as thermodynamics, fluid mechanics,
and reaction kinetics.3 The specific mechanism can be
illustrated with the help of advanced tools such as PLIF,
ICCD, and PIV in the future. In Figure 6c, the combus-
tion chamber's CH* intensity suppression ratio dCH�
reached the maximum value of 80.2% in the 3–125 case,
which dropped from 0.007 arb.units before control to
0.001 arb.units.

Figure 7 shows CH* chemiluminescence frequency
shifting with microjets flow rate under different microjets
numbers and upstream microjets distances: (a) one
microjet, (b) two microjets, (c) three microjets, and
(d) four microjets. The acoustic-heat release interaction
mechanism is limited under CO2 upstream microjets.31

The heat release frequency shifts to a lower frequency as
the CO2 microjets flow rate increases. In Figure 7c, the
CH* frequency suppression ratio reached the maximum
value of 14.4% in 3–125 case, which drops from 274.5 Hz
before control to 235.1 Hz.

The pressure and heat release show an attenuation
trend under CO2 upstream microjets, indicating the con-
trol feasibility of upstream microjets on thermoacoustic
instability. In addition, different upstream microjets dis-
tances show other suppression effects, indicating that the
upstream microjets distance is significant for the control
effect.

FIGURE 6 Variation of CH*

chemiluminescence intensity with

microjets flow rate under different

microjets numbers and upstream

microjets distances. (a) One

microjet, (b) two microjets, (c) three

microjets, and (d) four microjets
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3.2 | Effect of microjets numbers

Figure 8 and Figure 9 show the pressure and CH* spec-
trum under different microjets numbers when the micro-
jets flow rate is 1.0 L/min, and the upstream microjets
distance is 125 mm. In Figure 8, the pressure amplitude
in the chamber is suppressed from 52.4 Pa to 9.8 Pa in 4–
125 case. Meanwhile, the dominant pressure frequency
in the chamber shifts from 274.1 Hz to 241.4 Hz. In
Figure 9, the CH* intensity is suppressed from 0.007 arb.
units to 0.001 arb.units in 3–125 case, and the dominant
CH* frequency shifts from 274.5 Hz to 235.1 Hz. The
dynamic pressure and heat release under different micro-
jets numbers cases are suppressed, but the control effect
is not much different.

3.3 | NOx emissions characteristics

Figure 10 shows the variation of NOx emissions with
microjets flow rate under different microjets numbers
and distances: (a) one microjet, (b) two microjets,
(c) three microjets, and (d) four microjets. The NOx emis-
sions in the exhaust gas decrease as the microjets flow
rate increases. The NOx emissions show a downward
trend as the flow rate increases. The change of NOx
undergoes a stable period due to the limited content of
CO2 concentration at a flow rate of 0.1–0.5 L/min. The
NOx drops rapidly as the flow continues to increase. The
NOx suppression effect is proportional to the upstream
distance; the larger the distance, the greater the NOx sup-
pression effect. The reason may be due to the longer time

FIGURE 7 Shifting of CH*

chemiluminescence frequency with

microjets flow rate under different

microjets numbers and upstream

microjets distances. (a) One

microjet, (b) two microjets, (c) three

microjets, and (d) four microjets

FIGURE 8 Pressure spectrum in the

chamber under different microjets numbers

when the microjets flow rate is 1.0 L/min, and

the upstream microjets distance is 125 mm
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that CO2 stays in the premixed plenum in the case of a
larger upstream distance. Due to its excellent physical
and chemical properties,19–22 CO2 with a high radiation
heat transfer coefficient can effectively reduce the flame
temperature and NOx emissions. In Figure 10d, the NOx
emissions decrease from 31.2 ppm to 19.0 ppm in 4–325
case, reaching the maximum reduction of 12.2 ppm. It
shows that NOx emissions can be effectively reduced
with a minute CO2 injected from the upstream. At the
same time, it can be seen from the results in Section 3.2
that thermoacoustic instability is also gradually attenu-
ated under the action of CO2 upstream microjets. There-
fore, CO2 upstream microjets can effectively realize the
coordinated control of thermoacoustic instability and
NOx emissions.

To analyze the real-time changes of the temperature
field in the combustion chamber under CO2 upstream
microjets. A K-type thermocouple was fixed in the com-
bustion chamber at a center distance of 20 mm from
the flame root. Figure 11 shows the temperature varia-
tion with the microjets flow rate at the center of 30 mm
from the flame root under different upstream microjets
distances when the microjets numbers are 4. The tem-
perature drops from 1296.2 K to 1257.4 K in 4–325 case,
achieving the maximum reduction of 38.8 K. The sup-
pression effect of the combustion chamber temperature
is proportional to the upstream distance. The larger the
upstream distance, the more pronounced decrease of
the temperature. At the same time, when the CO2 con-
centration is between 0.6 and 0.1 L/min, the

FIGURE 9 CH* chemiluminescence

spectrum under different microjets numbers

when the microjets flow rate is 1.0 L/min, and

the upstream microjets distance is 125 mm

FIGURE 10 Variation of NOx

emissions with microjets flow rate

under different microjets numbers

and distances. (a) One microjet,

(b) two microjets, (c) three

microjets, and (d) four microjets
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temperature drop speed increases, which shows that the
temperature drop is related to the upstream distance
and the CO2 concentration. These results correspond to
the changing trend of NOx under the action of CO2

upstream microjets; it shows the importance of
temperature changes to NOx emissions. With the
increase of CO2 flow rate, the temperature in the com-
bustion chamber shows a downward trend, reducing
the thermal NOx emissions.24,25,31 Meanwhile, the
combustion reaction is also dampened and then
restrained the heat release.30 Finally, the phase between
acoustic and heat release oscillations is out of phase,
suppressing the thermoacoustic instability coupling
mechanism.1–3

3.4 | Evolution of flame mode

Figure 12 shows the variation of flame macrostructure
with the microjets flow rate under different upstream
microjets distances when the microjets numbers are
4. The flame luminosity gradually darkens with the
increase of CO2 injection flow rate, which may be the
reason for the decrease of certain free radicals in the
flame.22,30 At the same time, the flame shape has also
changed accordingly. The inner and outer recirculation
zones are transformed, which may result in a different
turbulent stretch rate and burning velocity.14,31 The fluid-
acoustic-flame interaction mechanism is disturbed under
the upstream microjets, and the vortex shedding fre-
quency will shift, inducing a new acoustic frequency.2,3

Moreover, the flame front obviously shrinks in 4–225 and
4–325 cases. The residence time of flame will be reduced,
suppressing the formation of NOx.30,31 The flame
becomes more compact, and the combustion is more sta-
ble, which helps to build a safe and small burner.

To better characterize the change of flame shape
under CO2 upstream microjets, use the Canny edge
detection algorithm of MATLAB software to calculate the
flame length. Figure 13 shows the variation of flame mac-
rostructure with the microjets flow rate under different
upstream microjets distances when the microjets num-
bers are 4. The flame length decreased significantly under
the CO2 upstream microjets of 0.0–0.4 L/min. As the CO2

flow rate continues to increase, the flame length slowly
decreases. Among them, the flame length is reduced from
112 mm before control to 106 mm in 4–125 case, achiev-
ing a 6 mm reduction. The flame length is reduced from
112 mm before control to 101 mm in 4–225 case, achiev-
ing an 11-mm reduction. The flame length is reduced
from 112 mm before control to 98 mm in 4–325 case,
achieving a 14-mm reduction. It can be seen that the

FIGURE 11 Variation of temperature with the microjets flow

rate at the center of 30 mm from the flame root under different

upstream microjets distances when the microjets numbers are 4

FIGURE 12 Variation of

flame macrostructure with the

microjets flow rate under

different upstream microjets

distances when the microjets

numbers are 4
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greater the upstream microjets distances, the more signif-
icant decrease in flame length, which may be related to
the CO2 residence time.24 A larger upstream microjets
distance means CO2 stays longer in the premixed ple-
num, and the flame temperature will be significantly
reduced.19–22,30 At the same time, due to the influence of
lateral microjets, the flame turbulence velocity will likely
become larger, making the flame length shorter.31 Two
flame forms were defined: Mode-A and Mode-B, which
combine the thermoacoustic characteristics and the
change of flame macrostructure. In Mode-A, the flame is
in a state of unstable combustion and presents an
enlarged flame shape. In Mode-B, the flame is in a stable
combustion state. The inner and outer recirculation zone
and the flame front are contracted, and the pollutant
NOx is also significantly reduced, showing a shrunk
flame shape. The characterization of the above two
flame modes helps define the combustion and
pollutant emission characteristics under CO2 upstream
microjets.

4 | CONCLUSIONS

This paper investigated the effect of upstream microjets
on suppressing thermoacoustic instability and NOx emis-
sions of unsteady swirl premixed flame. Three variables
of upstream microjets were analyzed-microjets flow rate,
upstream microjets distance, and microjets number. The
results proved the synergistic control feasibility of
upstream microjets on thermoacoustic instability and
pollutant NOx emissions. Meanwhile, some discoveries

of upstream microjets in unsteady combustion and pol-
lutant emissions will promote its practical application in
gas turbine systems. In the best upstream microjets case,
the pressure suppression ratio in the combustion cham-
ber can reach the maximum value of 81.3%. The CH*
suppression ratio reaches the maximum value of 80.2%.
In addition to changes in pressure and heat release
amplitude, the frequency of pressure and heat release has
also changed from high frequency to low frequency,
avoiding the phenomenon of high-frequency and high-
amplitude thermoacoustic instability. The NOx emissions
can reach the maximum reduction of 12.2 ppm. With the
increase of CO2 upstream microjets flow rate, the flame
presents two flame modes: Mode-A: enlarged flame and
Mode-B: shrunk flame. The flame length becomes
shorter; the maximum reduction can reach 14 mm.
Meanwhile, it is found that the thermoacoustic phenome-
non is more wholly suppressed when the upstream dis-
tance is smaller. When the upstream distance is larger,
the pollutant NOx is reduced more completely, which
means that an optimized and compromised strategy
needs to be adopted to coordinate the control of
thermoacoustic instability and pollutant NOx emissions.
Thermoacoustic instability often involves kinetics, hydro-
dynamics, thermodynamics, molecular transport, and
acoustics. As for the detailed changes of the turbulent
field, space heat release rate, and chemical-free radicals
under the control of CO2 upstream microjets, advanced
visualization tools such as PIV, ICCD, and PLIF will be
used for in-depth exploration in the future. The CO2

upstream microjets method used in this paper only
involves the structural modification in the upstream
premixed plenum without modifying the complex
combustion chamber structure, which will help realize
a simple-efficient and economical-practical control
strategy.
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NOMENCLATURE

S swirl number of upstream microjets combustor
f c cut-off frequency of upstream microjets combus-

tor, Hz
P thermal power, kW
Φg global equivalent ratio
Pi the initial pressure damping speed, Pa/(L/min)
d the suppression ratio, %
dp the pressure suppression ratio, %
dpf the pressure frequency suppression ratio, %

FIGURE 13 Variation of flame length with the microjets flow

rate under different upstream microjets distances when the

microjets numbers are 4
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Hi the initial CH* damping speed, arb.units/(L/min)
dCH� the CH* suppression ratio, %
dCH�f the CH* frequency suppression ratio, %
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