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ABSTRACT: Microwave-assisted ignition is a new ignition
method, which has the advantages of reliable ignition and high
ignition energy and requires no preheating. In this study,
experimental methods were used to study the microwave-assisted
ignition and combustion characteristics of ADN-based liquid
propellant, and the effects of microwave power and propellant flow
rate on combustion flame structure, spectral emission character-
istics, and flame temperature were investigated. In the experiment,
a microwave-assisted ignition experimental device was established
first. The ADN-based liquid propellant was injected into the
microwave high-energy region from the bottom of the resonator
through a hollow straight tube with an inner diameter of 1 mm, and
the gas was introduced in a coaxial manner. The research results
demonstrated that when the microwave power increased from 1000 to 2000 W, the flame height increased from 11.12 to 17.32 mm;
the free radical intensity of C2*, NH2, and HNO* increased significantly; the flame temperature increased by about 28.9%. The
increase in microwave power is helpful to the generation of intermediate products and the combustion performance of propellant is
better. When the propellant flow rate was increased from 25 to 45 mL/min, it was found that the spray combustion effect was the
best when the propellant flow rate was 30 mL/min, the flame height increased by 25.2%, and the flame temperature increased by
about 11.3%.

1. INTRODUCTION

With the rapid development of aerospace technology,
problems related to environmental protection and sustainable
use of traditional propellants have become increasingly
prominent. To this end, the development of pollution-free,
recyclable, and green propellants has important scientific
significance and application value. Ammonium diamide
(ADN)-based liquid propellant is a new type of high-
performance, low-toxicity green monopropellant, which, in
recent years, has received extensive attention in the military
and aerospace fields, representing a new research direction and
development trend of space propulsion technology with good
application prospects.1

ADN-based liquid thrusters, which are currently used on
satellites, mostly use the catalytic decomposition method to
ignite the ADN-based liquid propellant.2−4 Some scholars also
try to use the emerging thermal ignition.1,5 The limitations
related to the ignition method hinder the development of the
green ADN-based propellants in the aerospace field; thus, it is
urgent to find a reliable and stable ignition method. In recent
years, plasma-assisted ignition has developed rapidly as a new
combustion technology in the aeroengine field, and its main
principle is to promote auxiliary fuel ignition through plasma
discharge.6−11 Common plasma discharges include filamentary

discharge,12 corona discharge,13 streamer discharge,14 micro-
wave discharge,15 surface discharge,16 and nanosecond pulsed
repetitive discharge.17 Bulat et al. investigated a subcritical
microwave streamer discharge to ignite air−fuel mixtures and
proved that microwave streamer ignition combustion has a
faster combustion speed and a higher combustion efficiency
compared to spark combustion.18 The microwave-assisted
ignition technology mainly uses the microwave discharge
principle to ignite ADN-based liquid propellant.
According to the existing literature in the field of automobile

engines, microwave-assisted ignition technology has been
relatively mature, and good test results have been
reported.19−21 Hwang et al. investigated the effect of
microwave-assisted plasma ignition on the development of
laminar flame in a constant volume combustion chamber
(CVCC) and revealed that compared to traditional spark
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ignition, microwave plasma ignition has an apparent lean
limit.22 More specifically, the flame expansion time increased
significantly, and the flame speed increased up to 20%.
Consequently, the possibility of applying the microwave
ignition technology in propulsion systems has been raised;
however, currently there are only a few studies on the
microwave ignition characteristics of ADN-based liquid
propellants.
In this research, the possibility of microwave-assisted

ignition and combustion of an ADN-based liquid propellant
in the discharge cavity is experimentally investigated. Through
the coupling mechanism of microwave plasma in the
electromagnetic field, the air plasma is first ignited to promote
the combustion of the ADN-based liquid propellant and the
effects of microwave power and propellant flow rate on the
combustion flame characteristics are studied. In the combus-
tion process of ADN-based liquid propellants, several branched
reaction processes take place and a variety of intermediate free
radicals are produced. Based on the band spectra emitted by
flames, in this work, a preliminary study on the flame spectrum
at the initial stage of ADN-based liquid propellant combustion
is conducted for the first time.

2. EXPERIMENTAL DESIGN AND METHODS

2.1. Experimental Setup. A schematic diagram of the
experimental setup is illustrated in Figure 1. The experimental
system used in this study comprised a microwave plasma
generation system, a propellant supply system, an intake and
exhaust system, and a spectrum test system. The microwave
plasma generation system consisted of a microwave power
supply, magnetron, tuner, and waveguide components. The
microwave power supply could provide 2.45 GHz microwave
radiation, and the maximum power of the magnetron was 3
kW. In the experiments, an Ocean USB 2000+ fiber optic
spectrometer was employed to collect the flame emission
spectrum information. The spectrum test system consisted of a
light probe, an optical fiber wire, a fiber optic spectrometer,
and a computer control unit. The optical fiber spectrometer
had a maximum measurement range of 200−900 nm, a
resolution of 1.5 nm, and a detection integration time of 1 ms.
To ensure that the measured signal comes from the target
object, a collimating lens was added to the optical fiber probe

to make the radiation signal of the target object enter the
probe in the form of parallel light.
The experiments were mainly performed in an atmospheric

environment, using air as the discharge medium. Before
switching on the microwave generator, a steady airflow was
first ensured in the discharge chamber. The airflow rate is
precisely controlled through a 2 MPa high-pressure air source
by adjusting the needle valve and monitoring the airflow meter.
After the plasma was excited, the ADN-based propellant spray
was injected into the discharge cavity. The ADN-based
propellant is precisely controlled by a peristaltic pump and is
injected into the discharge region of the resonant cavity
through a circular tube with a 1 mm inner diameter. The air
plasma was used to ignite the propellant; finally, a jet flame was
generated and stable combustion was established.

2.2. Microwave Discharge. Microwaves of a specific
frequency were used to resonate in the resonant cavity and
form a strong electromagnetic field. The high-frequency
electrons can gain enough energy by colliding with the
surrounding particles to excite atoms and molecules to emit
light, which is known as microwave discharge. The motion
direction of the electrons changes constantly through
continuous elastic collisions; thus, they gradually gain enough
energy from the microwave field to excite and ionize atoms and
molecules. There is no definite electrode for microwave
discharge, mainly capacitive coupling discharge, with a
frequency of 300 MHz to 300 GHz and a typical operating
frequency of 2.45 GHz. Due to the Lorentz force exerted on
the moving electrons, which is generated by the magnetic field
in the discharge chamber, the electrons gain a certain amount
of energy, and the high-energy electrons ionize the
surrounding gas to form plasma.

3. RESULTS AND DISCUSSION
3.1. Effect of Microwave Power on Combustion

Characteristics. The incident microwave power reflects the
intensity of the energy fed into the microwave and is one of the
key factors affecting the gas breakdown discharge. Figure 2
demonstrates the jet flame state in the quartz tube at different
time points under atmospheric pressure when the microwave
power values were 1000, 1250, 1500, 1750, and 2000 W. It is
known that the randomness of the plasma jet direction
depends mainly on the electron density distribution, which can

Figure 1. Schematic diagram of the experimental setup.
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be controlled by the position of the discharge channel. To
compare the effects of different microwave power on the jet
flame, it was necessary to ensure that, during the experiments,
the plasma jet was always in the same direction. To this end,
the position of the tungsten needle in the discharge cavity
remained unchanged, ensuring that, after the gas breakdown,
the electron concentration was uniformly distributed.
In general, microwave-assisted ignition provides a directional

driving force for the front end of the plasma jet flame and
accelerates its directional development. The jet flame extends
outward into the quartz tube at the upper end of the discharge
chamber. Based on the comparison photographs in Figure 2,
the following observations can be made: (1) When the
microwave ignites the air plasma, a bright and strong light is
emitted in the discharge cavity. After the ADN-based liquid
propellant is injected, the jet flame gradually stabilizes and
exhibits a characteristic yellow-green flame. (2) When the
microwave power is low, the electric field can ionize only a
small amount of air into the plasma at the nozzle tip; thus, the
plasma torch length is short. When the microwave power
increases, the flame height increases with the increasing
discharge intensity. (3) When the jet flame is stable, the flame
shape at different time points has certain differences, while the
flame height is practically the same. This is attributed to the
fact that, while the upward disturbance of the air induces a
small range of fluctuations to the jet flame, the microwave
power is constant, the electric field intensity does not change,
and thus, the changes in the flame height are almost negligible.

In addition, some white particles were observed on the
quartz tube. This is due to the fact that the ADN-based liquid
propellant was not completely burned in the discharge
chamber, and the residual propellant was driven upward by
the air and ejected out of the quartz tube along with the jet. It
is worth noting that when the microwave power is low, the
microwave energy coupled into the discharge cavity is not
sufficient to completely ionize the air therein. The energy in
the discharge cavity increases with increasing microwave power
until the working gas has been completely broken down. The
discharge fills the lower end of the quartz tube and, as the gas
flow diffuses, extends to the outside of the quartz tube.
The average height of the ADN-based liquid propellant jet

flame under different microwave power levels is plotted in
Figure 3, and the estimated maximum error in the jet height is

about 2 pixels. It can be observed that the jet flame heights
under the different microwave power levels were 11.12, 12.46,
14.14, 15.08, and 17.32 mm. When the microwave power
increased from 1000 to 2000 W, the maximum increase in the
plasma jet flame height was about 55.8%. This is because when
the microwave power is low, the electric field intensity in the
discharge cavity is low as well, and only a small amount of the
air in the cavity can be ionized into plasma. At this point, the
introduced propellant cannot be completely burned; thus, the
jet flame is relatively small. With the increase of power, the
initial discharge field of the tip conductor has a stronger
resonance, which increases the electron transition rate near the
discharge tip. During this process, the electrons gain higher
energy from the stronger electric field for collision and
excitation. The concentration of discharge particles near the
discharge tip increases; as a result, the height of the plasma jet
increases accordingly.
Free radicals in flames can be mainly excited in two ways:

thermal or chemical excitation.23 During the combustion of the
ADN-based liquid propellant, a large number of free radicals
are generated, which include important intermediate products,
such as N2O, NO, NH2, NH3, CO2, and H2O. Gaydon
compiled the emission spectra of some free radicals.24 As
shown in Table 1, where it can be observed that NH2* is
mainly distributed in the visible-light region and its radiation

Figure 2. Jet flame images under different microwave powers at (a) t
= 5 s, (b) t = 10 s, (c) t = 15 s, (d) t = 20 s, and (e) t = 25 s after
ignition.

Figure 3. Average flame height of the ADN-based liquid propellant
under different microwave power levels in an atmospheric environ-
ment; the error bars represent the approximate value.
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wavelength is usually 544 nm, while that of CO2 is 543 nm. In
addition, the emission spectra of Na* and K* were detected in
the flame. A large number of studies have reported that the air
contains alkali metal salts, the sources of which in the flame
generally include (1) the salt in oxygen; (2) the salt adsorbed
on the surface of experimental equipment; and (3) the salt in
sweat that enters into the flame with the airflow. Experiments
have demonstrated that there are no apparent band peaks in
the ultraviolet region of 200−380 nm, where the spectral
intensity is weak, and obvious radical peaks appear in the
visible-light and near-infrared regions at 380−780 and 780−
1100 nm, respectively. Figure 4 illustrates the spectra of the

flame under different microwave power levels collected and
processed by a fiber optic spectrometer. In addition,
measurements are usually averaged over 10 s for each spectral
calibration to reduce the effect of measurement errors. In these
spectra, characteristic bands of CH*, HNO*, NO2*, Na*, and
K* can be observed. The focus of the present work is the
observation of these free radical emitters during the
combustion of ADN-based liquid propellant. It can be clearly
seen that changing the microwave power level has no
significant effect on the wavelength range corresponding to
the free radical emission peaks in the spectrum, while it has a
certain effect on the signal intensity of the free radicals.
Figure 5a presents the emission spectrum characteristics of

the C2* and NH2 radicals in detail. In the initial flame of the
ADN-based liquid propellant combustion, the emission spectra
of the C2* radicals were mainly the Swan and Philips bands.
Characteristic peaks were observed at 512.9, 516.5, and 547
nm and at 771.5 and 810.8 nm in the infrared band; although
the spectral intensity was high, the characteristics were not
apparent. The generation of C2* free radicals concerns two
mechanisms: one is the direct reaction of groups containing
multiple carbon atoms with other groups; the other is that
saturated hydrocarbon molecules undergo a dehydrogenation
reaction; then, multiple unsaturated C-containing groups are
formed, which assemble a carbon chain. Due to the instability
of the structure, the carbon chain separates any excess carbon
atoms, forming relatively stable C2* radicals. The NH2* band
appears strong in oxygen/ammonia and hydrogen/nitrous
oxide flames; however, it is not that intense in other flames
containing hydrogen and nitrogen. Figure 5b exhibits the
spectral band of the HNO* radicals. In general, the bands in
the region of 650−900 nm are attributed to HNO* emission.25

It has been found that the radiation intensity of the C2*, NH2,
and HNO* free radicals increased gradually with the increasing
microwave power. In addition, the radiation intensity of the
free radicals increased exponentially with the increasing power.
This is because, as the microwave power increases, the
combustion reaction of the ADN-based liquid propellant
becomes more violent, and the concentration of the free

Table 1. Wave Bands of the Radicals in the Flame of ADN-
Based Liquid Propellant

radical wavelength (nm)

CO2 400−543
NH2 526.5−665.2
CH* 304.6
Na* 588.6
K* 766.4
HNO* 763.3−766.6, 793−797.2
C2* 469−473, 510−516

Figure 4. Corrected emission spectral distribution of the ADN-based
liquid propellant jet flame under different microwave power levels.

Figure 5. (a) C2*, NH2 emission bands of the ADN-based liquid propellant jet flame under different microwave power levels. (b) HNO* emission
bands of the ADN-based liquid propellant jet flame under different microwave power levels.
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radicals generated during the combustion reaction increases as
well. This is macroscopically manifested as an increase in the
radiation intensity of free radicals, such as C2*, NH2, and
HNO*.
3.2. Effect of Propellant Flow Rates on Combustion

Characteristics. Figure 6 demonstrates the flame height

variation of the propellant jet under different flow rates. In all
cases, the microwave power was constant at 1500 W. When the
propellant flow rate was 25−45 mL/min, it can be observed
that the jet height increased first, then decreased, and finally
increased. The overall range of the flame height change was
small. This is due to the fact that the increase in the propellant
flow rate corresponds to an increase in the number of
propellant droplets in the discharge chamber, and the
combustion of the flame is mainly affected by the atomization
performance of the propellant. When the flow rate is 30 mL/
min, the atomization of the ADN-based liquid propellant in the
discharge cavity is better and the combustion is more
complete. When the flow rate continues to increase, the jet
height increases as well. Nevertheless, due to the high jet flow
rate, some propellant droplets are not completely burnt but
ejected out of the tube along with the airflow. It is worth
noting that the atomization of the propellant in the discharge
cavity is affected by several factors. The spray and droplet
dynamics are research hotspots. The turbulence−spray−
combustion interaction mechanism is also under discussion.
Consequently, a spray combustion mechanism in the discharge

cavity caused by microwave-assisted ignition has an important
scientific research value.
Figure 7 plots the average height of the ADN-based liquid

propellant jet flame under different propellant flow rates. At

different tested flow rates, the height of the jet flame was found
to be 13.32, 16.76, 14.18, 15.26, and 15.87 mm, respectively. It
can be observed that when the propellant flow rate ranged
between 25 and 45 mL/min, the maximum height difference
was about 25.8%. Unlike the effect of the microwave power on
the jet flame height, discussed in Section 3.1, the effect of the
propellant flow rate on the flame height did not exhibit a
regular trend, and the flame height did not change significantly.
The experimental results revealed that, under a high flow rate,
the jet flame height increased significantly; however, the flame
shape became more slender, and there were a lot of propellant
crystal residues within the discharge chamber and the lower
half of the quartz tube. This is due to the fact that when the
nozzle diameter is fixed (0.1 mm), the higher propellant flow
rate is difficult to ensure a good atomization effect, the
propellant particles cannot achieve a large-area contact with
the air plasma jet flame, and the combustion reaction in the
discharge cavity is difficult to proceed.
Figure 8 exhibits the spectra of the ADN-based liquid

propellant jet flame under the five tested propellant flow rates
with spectral assignments for the most intense bands.
Theoretically, in the combustion of nitrogen-containing
hydrocarbon fuels, a variety of ground- and excited-state
radical radiation lines can be found in the combustion flame,
which includes OH*, CH*, C2*, HCN, NH2, CO2, and
HNO*, as well as other free radicals and alkali metals, such as
Na* and K*. Consistent with the spectra obtained under
different microwave power levels, the propellant flow rate was
found to have no significant effect on the wavelength range
corresponding to the free radical emission peaks, while the free
radical radiation intensity corresponding to different propellant
flow rates was different. In particular, CH* radicals are
generated in the first sharp temperature rise area of the flame
reaction zone; these radicals have a short life and low-
concentration chemiluminescence characteristics and are
mainly distributed in the visible-light band. The main reaction

Figure 6. Jet flame images under different propellant flow rates at (a)
t = 5 s, (b) t = 10 s, (c) t = 15 s, (d) t = 20 s, and (e) t = 25 s after
ignition.

Figure 7. Average flame height of the ADN-based liquid propellant
under different propellant flow rates in an atmospheric environment;
the error bars represent the approximate value.
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paths are C2 + OHCH* + CO or C2H + OCH* + CO.
Moreover, HNO* appeared also in the very early stage of the
reaction, with the main reaction paths being HCO + NO
HNO + CO, CH3 + NO2HNO + CH2O, and CH3O +
NOHNO + CH2O.
Figure 9 presents the emission spectrum characteristics of

the C2*, NH2, and HNO* radicals under different propellant
flow rates. It can be observed that the flow rate of the ADN-
based liquid propellant has a great impact on jet flame. As
mentioned above, when the flow rate is high, the flame height
increases abnormally and the flame becomes slenderer. For the
two identified emitters (C2*, NH2), the intensity of free radical
emission versus the propellant flow rate is presented in Figure
9a, where several trends can be observed. First, each contour
displays a maximum value. For the C2* and NH2 free radicals,
the maximum radiation intensity increases first, then decreases,
and continues to increase with the increasing propellant flow.
Figure 9b shows that some profiles exhibit more than one local
maxima, especially those of HNO*. In addition, the wave-
packet generated between 540 and 550 nm may be the result
of the combination of multiple species; possible combinations
include NH2 and CO2 or a mixture of nitrogen-containing
substances. All species presented emissions due to flame

enveloping below the surface. Due to the limitations of the
experimental device, the spectral emission characteristics of
several intermediate products in the combustion reaction, such
as OH*, N2O, and H2O, are not observed.

3.3. Flame Temperature of Microwave-Assisted
Ignition. Temperature is one of the most important physical
parameters of flames, and the characterization of flame
temperature is of great significance in understanding the
flame combustion process. The maximum error in temperature
measurements by thermocouples is ∼4%. In Figure 10, the

ADN-based liquid propellant jet flame temperature under the
microwave-assisted ignition mode is presented as a function of
microwave power and propellant flow rate. The result shows
that the microwave power and propellant flow rate have
varying degrees of influence on the flame temperature. The
effect of microwave power on the temperature is mainly

Figure 8. Corrected emission spectral distribution of the ADN-based
liquid propellant jet flame obtained under different propellant flow
rates.

Figure 9. (a) C2* and NH2 emission bands of the ADN-based liquid propellant jet flame under different propellant flow rates. (b) HNO* emission
bands of the ADN-based liquid propellant jet flame under different propellant flow rates.

Figure 10. Temperature diagram of the ADN-based liquid propellant
jet flame as a function of microwave power and flow rate in an
atmospheric environment.
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attributed to the fact that the higher the energy fed by the
microwave, the more violent the discharge and gradually more
clear the flame contour, which are more conducive to the
combustion and decomposition of the ADN-based liquid
propellant. Since the ADN-based liquid propellant is a high-
energy material, when the amount of energy fed by the
microwave is small, the combustion promotion effect of the
propellant is not significant. When the microwave power is
above 1500 W, a qualitative leap in the flame temperature can
be observed. Nevertheless, since the propellant flow rate has no
apparent effect on atomization, its effect on temperature is
small.

4. CONCLUSIONS
The ADN-based liquid propellant can be successfully ignited
through microwave-assisted ignition. Compared to traditional
catalytic combustion, it has better ignition performance and
can achieve multipoint ignition in space, which has a good
application prospect. The conclusions of the present study are
summarized as follows:

(1) Under atmospheric pressure, the combustion perform-
ance of the ADN-based liquid propellant can be
improved to a certain extent with increasing microwave
power, and the combustion reaction in the discharge
cavity can be more complete. In addition, during the
combustion and decomposition processes of the ADN-
based liquid propellant, the intensity of NH2, HNO*,
and other free radicals was also significantly increased.
This means that a higher microwave power level may be
more conducive to the combustion reaction of the ADN-
based liquid propellant in the discharge cavity.

(2) Under a constant microwave power level, the flow rate
of the ADN-based liquid propellant injected into the
discharge cavity was changed, and according to the
results, the flame combustion characteristics did not
exhibit a regular change trend. It was found that when
the flow rate is 30 mL/min, the ADN-based liquid
propellant has a good atomization effect in the discharge
chamber, and the fuel can come into full contact with
the air plasma flame and burn, maintaining a stable jet
flame shape.

(3) According to the experimental results, after the ADN-
based liquid propellant has been successfully ignited,
stable and continuous combustion can be achieved, and
sufficient energy can be produced to ensure the
operation of the ADN-based thruster. Under atmos-
pheric conditions, microwave-assisted ADN-based liquid
propellant ignition is feasible; it can be used to replace
the traditional catalytic combustion technology and has
a potential application in the aerospace field.
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