
AIP Advances 10, 055002 (2020); https://doi.org/10.1063/5.0005814 10, 055002

© 2020 Author(s).

Jet propulsion by microwave air plasma in
the atmosphere 
Cite as: AIP Advances 10, 055002 (2020); https://doi.org/10.1063/5.0005814
Submitted: 28 February 2020 . Accepted: 11 April 2020 . Published Online: 05 May 2020

Dan Ye, Jun Li, and Jau Tang 

COLLECTIONS

 This paper was selected as Featured

ARTICLES YOU MAY BE INTERESTED IN

Identification of light sources using machine learning
Applied Physics Reviews 7, 021404 (2020); https://doi.org/10.1063/1.5133846

An atomic physics perspective on the kilogram’s new definition
Physics Today 73, 32 (2020); https://doi.org/10.1063/PT.3.4472

RF current condensation in the presence of turbulent enhanced transport
Physics of Plasmas 27, 042306 (2020); https://doi.org/10.1063/5.0001881

https://images.scitation.org/redirect.spark?MID=176720&plid=1167510&setID=378289&channelID=0&CID=390544&banID=519902572&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=7aaa55a2163a7405f47dd653615c362b4d422573&location=
https://doi.org/10.1063/5.0005814
https://aip.scitation.org/topic/collections/featured?SeriesKey=adv
https://doi.org/10.1063/5.0005814
https://aip.scitation.org/author/Ye%2C+Dan
https://aip.scitation.org/author/Li%2C+Jun
https://aip.scitation.org/author/Tang%2C+Jau
http://orcid.org/0000-0003-2078-1513
https://aip.scitation.org/topic/collections/featured?SeriesKey=adv
https://doi.org/10.1063/5.0005814
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0005814
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0005814&domain=aip.scitation.org&date_stamp=2020-05-05
https://aip.scitation.org/doi/10.1063/1.5133846
https://doi.org/10.1063/1.5133846
https://aip.scitation.org/doi/10.1063/PT.3.4472
https://doi.org/10.1063/PT.3.4472
https://aip.scitation.org/doi/10.1063/5.0001881
https://doi.org/10.1063/5.0001881


AIP Advances ARTICLE scitation.org/journal/adv

Jet propulsion by microwave air plasma
in the atmosphere

Cite as: AIP Advances 10, 055002 (2020); doi: 10.1063/5.0005814
Submitted: 28 February 2020 • Accepted: 11 April 2020 •
Published Online: 5 May 2020

Dan Ye, Jun Li, and Jau Tanga)

AFFILIATIONS
Institute of Technological Sciences, Wuhan University, Wuhan 430072, China

a)Author to whom correspondence should be addressed: jautang@yahoo.com

ABSTRACT
We propose a prototype design of a propulsion thruster that utilizes air plasma induced by microwave ionization. Such a jet engine simply
uses only air and electricity to produce high temperature and pressurized plasma for jet propulsion. We used a home-made device to measure
the lifting force and jet pressure at various settings of microwave power and the air flow rate. We demonstrated that, given the same power
consumption, its propulsion pressure is comparable to that of conventional airplane jet engines using fossil fuels. Therefore, such a carbon-
emission free thruster could potentially be used as a jet thruster in the atmosphere.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0005814., s

Similar to solids, liquids, and gases, plasma is a normal state of
matter. Plasma naturally arises due to the ionization of molecules at
high temperatures (such as in the sun) or in high electric fields (such
as in lightning). In the laboratory, plasma can be generated using an
electric arc, microwave cavity, laser, fire flame, or discharging high-
voltage needle. Plasma has wide applications in many areas, includ-
ing metal processing,1,2 crystal growth,3,4 medical treatment,5–7 food
processing,8,9 energy,10,11 and environmental industries.12,13 Plasma
jet thrusters have also been used in aerospace applications for many
years.14,15 The jet thruster using xenon plasma in a spacecraft exerts
only a tiny propulsion force and can only be used in outer space
in the absence of air friction. Even though such a plasma engine
has a very small propulsion force, after months and years of con-
stant acceleration, the spacecraft can ultimately reach a high speed.
However, this type of an engine, like that of the NASA Dawn space
probe,16 is not useful in the atmosphere environment.17,18 Recently,
a research team from MIT demonstrated a plasma-powered glider
that can operate in air by using a needle-discharge array to generate
air plasma to power the flight. This team demonstrated a continu-
ous flight time of 12 s and a flight distance of 55 m. However, this
Tesla type of plasma thruster has a lifting force and jet pressure of
only 6 N/kW and 3 N/m2, respectively.19 It is very challenging for
this approach to become feasible for use as a powerful engine for
actual air transportation. In this report, we consider a microwave
air plasma jet thruster using high-temperature and high-pressure

plasma generated by a 2.45 GHz microwave ionization chamber for
injected pressurized air. We propose a simple prototype plasma jet
thruster that can generate approximately 10 N of thrust at 400 W
using 0.5 l/s for the airflow, corresponding to the lifting force
of 28 N/kW and a jet pressure of 2.4 × 104 N/m2. At a higher
microwave power or greater airflow, propulsion forces and jet pres-
sures comparable to those of commercial airplane jet engines can be
achieved.

Our experimental setup is shown in Fig. 1 and includes a mag-
netron with the power of 1 kW at 2.45 GHz, a circulator, a flat-
tened waveguide, an igniter, and a quartz tube. The magnetron is
the microwave source, the circulator is used to absorb reflected
microwaves, and a three-stub tuner is used to optimize the power
inside the air ionization chamber. The length, width, and height of
the waveguide are 600 mm, 90 mm, and 50 mm, respectively. The
flattened part of the waveguide has a height of 25 mm. The flat area of
the waveguide is designed to increase the electric field strength. The
microwave generated by the magnetron passes through the circula-
tor and the three-stub tuner and reaches the flattened waveguide.
This flat part has a circular opening for the insertion of a quartz
tube with an inner diameter of 24 mm, an outer diameter of 27 mm,
and a length of 600 mm. The quartz tube passes vertically through
the wall of the flattened waveguide tube and the central axis of
the tube located at a quarter wavelength from the short end of the
waveguide.20 The igniter is used to ignite and generate a plasma jet.
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FIG. 1. Schematic diagram of a prototype microwave air plasma jet thruster. A
flattened waveguide was used to increase the electric field strength of air ionization
inside the air ionization chamber.

An industrial cooler is used to cool the circulator and the magnetron.
We use an air compressor and an airflow meter to generate and
condition the high-pressure air into the quartz tube. Air enters the
quartz tube from the side, forming a vortex that keeps the plasma jet
stable in the tube.21 As shown in Fig. 2, variation in the microwave
power affects the length of the air microwave plasma jet. Our obser-
vation indicates that the length of the flame increased with increas-
ing power. In addition, changes in the injected airflow also affect the
flame length.

The flame temperature can reach higher than 1000 ○C; a
general-purpose barometer will not withstand such a high tempera-
ture and could not be used. Therefore, in this experiment, we devised
a simple tool to measure the jet pressure of the hot plasma. We

FIG. 2. Images of the microwave air plasma jet at different power settings (in a
unit of W). The length, temperature, and brightness of the flame increase with an
increase in the microwave power.

placed a hollow steel ball (117 g, outer diameter 75.5 mm) on top of
the quartz tube, as shown in Figs. 3(a) and 3(b) (Multimedia view).
A small hole was drilled on the top of the ball with an opening for
the insertion of much smaller steel beads to change the overall ball
weight. If the plasma jet is sufficiently strong, it can cause the hol-
low steel ball to vibrate. In order to keep the steel ball stationary,
small steel beads need to be added. We define the threshold weight
as the minimum total weight (including the steel ball and small steel
beads) that can make the steel ball keep still. We can calculate the
threshold propulsion force from this critical weight. Then, based on
the known area for the quartz tube cross section, the jet pressure
can be determined. The jet propulsion force F is equal to the crit-
ical total weight M times the gravitational acceleration g, which is
9.8 N/kg. In the experiments, we used 400 W, 600 W, and 800 W for

FIG. 3. (a) Schematic diagram of a simple homemade heat-resistant device for
the propulsion pressure measurements, consisting of a hollow steel ball on top
of the quartz tube. The device has a small hole at the top for inserting smaller
steel beads in order to adjust the threshold weight at which the ball starts to
rattle due to the effect of the plasma jet. (b) The device used in the experi-
ment, the point at which the hollow steel ball began to vibrate (Multimedia view:
https://doi.org/10.1063/5.0005814.1).

AIP Advances 10, 055002 (2020); doi: 10.1063/5.0005814 10, 055002-2

© Author(s) 2020

https://scitation.org/journal/adv
https://doi.org/10.1063/5.0005814.1


AIP Advances ARTICLE scitation.org/journal/adv

the microwave power, and 0.7 m3/h, 0.85 m3/h, 1 m3/h, 1.15 m3/h,
1.3 m3/h, and 1.45 m3/h for the airflow rate. Even in the absence
of microwave power, the injected compressed air can provide some
propulsion to the steel ball. Therefore, when calculating the net
propulsion Fnet generated purely by the plasma jet, it is necessary to
subtract the F0 propulsion contribution that is present in the absence
of microwave irradiation. Thus, the net propulsion force is given
by

Fnet = F − F0 = (M −M0)g. (1)

M0 is the critical steel ball weight obtained in the absence of the
microwave irradiation. The overall pressure P generated by the air
plasma jet is equal to F/πR2, where R is the inner diameter of
the quartz tube. Subtracting the contribution to the pressure gen-
erated purely by air injection, the net jet propulsion pressure is
obtained as

Pnet = (F − F0)/πR2. (2)

We measured the threshold weight at which the steel ball
started to rattle to measure the corresponding jet propulsion force of
the plasma jet under different microwave powers and airflow rates.
Figures 4(a) and 4(b) show the overall jet propulsion force includ-
ing the contribution from the injected air with no microwave power,
where the x-axis represents the power and flow rate. These data were
linearly fitted with a slope m and an intercept c, indicating a linear
increase with increasing power or airflow. Figure 5 shows the net
pressure generated by the plasma jet at various microwave power
and airflow settings based on the area of the inner quartz tube. For
example, at the power and airflow rate of 600 W and 1.15 m3/h,
respectively, the net jet pressure reaches 1.6 × 104 N/m2 after the
subtraction of the airflow component.

The above experimental results proved that the microwave
power and airflow have a significant influence on the plasma jet
propulsion. At a constant airflow, higher microwave power makes
the electric field inside the ionization chamber much stronger, lead-
ing to a more efficient ionization of the gas molecules. At higher
microwave power and airflow, the temperature and density of the
plasma increase, resulting in increased jet propulsion force and
pressure.

In summary, we propose a prototype device that utilizes
microwave air plasma for jet propulsion as a viable engine. To mea-
sure the propulsion pressure of very hot plasma (easily over 1000 ○C)
at temperatures where a conventional pressure meter can be dam-
aged, we devised a technique based on the use of a hollow steel ball
with adjustable weight. The pressure was determined according to
the threshold weight at which the ball started to rattle. Based on the
threshold weight data, we have determined the plasma propulsion
force and pressure as a function of microwave power and the air
flow rate. For example, at the microwave power and air flow rate of
400 W and 1.45 m3/h, respectively, the overall jet propulsion force
was approximately 11 N or 28 N/kW. Based on the area of the quartz
tube opening, we estimated the total propulsion pressure to be
2.4 × 104 N/m2. These values are comparable to those of a con-
ventional jet engine of an airplane and are much higher than the
values obtained for the airplane powered by ionic wind. The bat-
tery pack of a Tesla Model S electric car has 416 horsepower, or
310 kW equivalent. Assuming linear extrapolation, using such a
power, our jet thruster can generate a force of approximately 8500 N.

FIG. 4. (a) Threshold propulsion force at various air flow settings as a function of
the microwave power (in a unit of W). Linear fits were obtained with m representing
the slope and c representing the y-axis intercept. I represents the air flow rate (in
a unit of m3/h). (b) Similar to (a), but with the x-axis representing the air flow rate.

Therefore, using a high-power microwave source or an array of mul-
tiple microwave sources in parallel operation, with materials resis-
tant to high temperature and pressure, it is possible to construct a
high-performance microwave air plasma jet thruster in the future to
avoid carbon emissions and global warming that arise due to fossil
fuel combustion. When high-power microwave is generated using
microwave sources arranged in parallel, higher heat is also gener-
ated. At this time, the method of measuring the propulsive force
with a steel ball is no longer applicable. How to deal with the impact
of high temperature on equipment and how to evaluate the driving
force are challenges that require further research.
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FIG. 5. (a) Net jet pressure (excluding the contribution from the injected air but with
no microwave power) at various air flow settings as a function of the microwave
power (in a unit of W). Linear fits were obtained with m representing the slope and
c representing the y-axis intercept. I represents the air flow rate (in a unit of m3/h).
(b) Similar to (a), but with the x-axis representing the air flow rate.
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