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Abstract

A variety of methods exists for fast and efficient combustion of air-fuel mix-

tures. In this study, a microwave subcritical streamer discharge is used to ignite

propane-air mixtures at atmospheric pressure. The streamer is initiated at the

inner surface of a dielectric tube with the help of a passive half-wave vibrator.

By creating a network of ignition lines, the streamer discharge forms the network

of burning channels with large total surface area. This leads to the apparent

speed of combustion propagation along the cylinder in excess of 100 m/s, which

is more than 200 times the laminar flame propagation speed. The axial propa-

gation of the combustion front in a cylindrical tube filled with the air/propane

mixture is investigated by high speed video recording in visible light. A simple

model is presented to explain observed results.

Keywords: Microwave, Streamer discharge, Air-Fuel Mixture, Ignition,

Plasma-Assisted Combustion,

1. Introduction

Increasing the burning rate of fuel leads to a higher specific engine power,

reduction of emissions of nitrogen oxides, and the possibility of burning lean
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or diluted air-fuel mixtures [1]. Optimisation of the ignition system has always

posed challenges in commercial applications. Conventional spark plug systems5

have several limitations including inability to ignite lean mixtures, only provid-

ing a localized ignition, and being prone to cathode erosion. Many experimental,

theoretical and numerical studies have been performed in the past years with

a variety of ignition systems such as electric discharge, microwave discharge,

and laser radiation [2, 3, 4] tested to achieve simultaneous ignition at multiple10

ignition points throughout the combustion chamber. Plasma-assisted combus-

tion is a promising technique to improve engine efficiency, reduce emissions, and

enhance fuel reforming [1, 5, 6] with the use of cold and non-thermal plasmas

appearing in microwave discharges becoming a major topic of interest [7, 8].

The idea of using plasma methods of fuel ignition is based on non-equilibrium15

generation of chemically active molecules, accelerating the combustion process

[9]. Mechanisms for the acceleration of combustion under the action of a non-

equilibrium plasma are actively discussed including the generation of atomic

oxygen and other chemical radicals [10], development of molecules of singlet

delta-oxygen [11, 12], and chain ion-molecular reactions with intermediate rad-20

icals [13]. The use of a non-equilibrium electric discharge is experimentally

demonstrated in [14, 15, 16]. Results of experimental and numerical analysis of

plasma-assisted combustion at a normal and high pressures and temperatures

are presented in [17].

Microwave plasma has shown potential to improve ignition characteristics25

[18, 19]. Microwave plasma can be generated at pressures from 10−5 torr up to

atmospheric pressure in pulsed and continuous regimes. Meanwhile, a powerful

microwave generator is required at the atmospheric pressure when the break-

down takes place at the energy density larger than 106 W/cm2. A volume

microwave discharge is used in the ignition systems [20] and combustion sta-30

bilizers [21]. The study [22] investigates experimentally the minimum energy

necessary to ignite a premixed air-methane mixture. A thermal spark promotes

neutral heating by maintaining the electrical current over a long period which

is less efficient in the end [23].
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Among various types of discharges studied, the subcritical microwave streamer35

discharge has recently demonstrated promising characteristics for ignition at low

initial temperatures [24]. The streamer discharge represents a random network

of plasma channels (filaments) with the characteristic diameter of a fraction of

a millimetre, and a characteristic distance between the channels of a fraction

of the radiation wavelength [25, 26, 27]. Streamers are non-thermal filamentary40

plasmas developing in insulating medium under the influence of strong external

electric fields [28]. A notable property of a developed streamer discharge is that

it absorbs almost all the electromagnetic energy incident on it. An important

feature of streamer discharges is that the streamers of which they are comprised,

like streamers in constant electric field, grow to regions where the magnitude of45

the electric field is substantially below the critical breakdown value. Therefore,

once initiated, a subcritical streamer discharge spreads in a considerable volume,

requiring the power much smaller than that to initiate a critical discharge. The

energy deposition in air-hydrogen mixture necessary for ignition by streamer

discharges is examined in [29].50

In this study, possibilities of using the microwave radiation to initiate com-

bustion of premixed air-fuel mixtures are investigated experimentally. The

streamer discharge initiated at the tips of a half-wave wire spreads along a

dielectric surface in electrical field of a strength several times smaller than the

air breakdown value. The flow induced by expansion of combustion products55

drives the apparent flame propagation speed hundreds times higher than its

value of around 0.4 m/s in otherwise still gas mixture [30].

2. Experimental setup

The test rig shown in the Fig. 1 consists of a microwave source, focusing

elements, and the tube filled with the air-fuel mixture. The main component60

of the microwave source is a pulsed magnetron generator. Its power supply is

provided by a modulator based on a partial discharge of a storage capacitor.

The maximum pulsed power of the magnetron is about 107 W. The modulator
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is used to generate a rectangular 40 µs pulse of 3.4 GHz (8.9 cm) microwave.

Figure 1: Experimental setup consisting of a system of lenses, a focussing mirror, and an

acrylic tube filled with air-fuel mixture. The red dashed line indicates the microwave beam.

The microwave radiation from magnetron is transported through the waveg-65

uide, which includes a circulator, an attenuator, a polarizer and a system of

dielectric lenses. The waveguide has a rectangular cross-section of 72 mm2 be-

fore the polarizer with a transition to a round cross section (76 mm diameter) at

the polarizer. The lens system consists of the lens on the target diffuser of the

waveguide and the polystyrene lens forming a quasi-optical beam. It provides70

input of the microwave radiation into the chamber in transverse electromagnetic

mode with a flat phase front and Gaussian intensity distribution. A metal mir-

ror of 685 mm diameter and 450 mm radius of curvature is installed at 1 m from

the lens. The mirror focuses the microwave radiation at the axis of the system

forming a quasi-optical microwave beam with the strength of electric field at the75

level of 2 kV/cm. The streamer discharge originates at the tips of the initiator

which is a half-wavelength metal wire.
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Combustion of the air-propane mixture was selected for experiments as one

of the most classical and the most studied processes.

An acrylic tube filled with fuel-air mixture is placed in the focal region of80

the quasi-optical beam. One end of the tube is blocked, another is equipped

with a balloon containing the air-fuel mixture within the tube while keeping the

pressure atmospheric. The tube length is 350 mm and its internal diameter is

30 mm. Composition of the air-propane mixture is controlled by varying gas

partial pressures when filling the tube. The measurements have been performed85

with mixtures of stoichiometric ratio of 1, 0.87, and 1.33.

The discharge initiator, a half-wavelength wire, is placed at 27 mm from the

closed end of the tube. The streamer initiates at the tips of the wire where the

electric field is above the critical value. Once appeared at the initiator, the net of

streamers grows towards the metal mirror i.e. towards the direction from which90

the focussed microwave beam arrives. As seen in Fig.2, streamer propagation

in the other direction is suppressed because conductive plasma filaments shade

that area from the higher intensity microwave radiation focussed by the mirror.

Figure 2: Streamer discharge initiated at the inner surface of the tube: side view and the

front view, a long exposure photo. The blue-green spots indicate streamer initiation points at

the tips of the half-wave wire.

The evolution of combustion-filled volume has been recorded in visible light

using a monochrome high-speed camera Phantom v.2511 at frame rates of up95

to 10,000 frames/s. The speed of the combustion front propagation has been

measured from spatio-temporal images constructed from the acquired videos.

3. Experimental results

Due to the short, 40µs, duration of the microwave pulse, combustion of the

gas mixture may be assumed to start simultaneously along the entire length100
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of discharge filaments. Then, two processes influence the combustion. The

burning filaments thicken due to the flame propagation and also due to the

expansion of combustion products. In this way, a region spanned by combustion

with somewhat turbulent flow forms. This region acts as a ”piston” of hot gas

pushing the fresh unburned mixture towards the open end of the tube. A typical105

sequence of images is shown in Fig. 3. The length of the streamer discharge was

measured using the first frame of image sequences.

To assess the combustion front propagation, spatio-temporal images have

been produced such as shown in Fig. 4. In spatio-temporal images, each hor-

izontal row of pixels represents the brightness along the tube axis averaged110

across the tube. The bright area occupied by combustion products is clearly

seen. The slope of the line bounding the combustion area from above corre-

sponds to the inverse flame propagation speed. Observe the fast, up to 80 m/s,

growth of the combustion region towards the open (left) end of the tube, and a

slow, at the level of 1 m/s, propagation of the flame towards the closed (right)115

end of the tube. The oscillations of the right boundary caused by compression

waves arising in the tube with a closed end: indeed, the oscillation period at the

level of 1-2 ms is consistent with the frequency of a sound wave of a quarter-

wavelength equal to the tube length of 35 cm. The magnitude of oscillations

suggest pressure variations in the tube at the level of 20%.120

The measured rate of expansion of the area span by combustion at the tube

exit is shown in Fig. 5 for stoichiometric ratios of 1, 0.87, and 1.33. The error

bars reflect the range of streamer lengths and expansion rates appearing visually

feasible when processing spatiotemporal diagrams similar to that in Fig. 4.

4. Results and Discussion125

The anomalously high visible flame propagation rate can be caused by two

factors. The first is the large area of the actual flame front formed at the surface

of streamer channels. The elevated temperature and pressure in the vicinity of

the streamer may also cause the autoignition of the fuel mixture which would
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Figure 3: A typical sequence illustrating development of the combustion. The length of the

area span by the net of streamers is 55 mm. A ”piston” of hot gas expands towards the open

(left) end of the tube at approximately 50 m/s while the flame slowly, at the level of 1 m/s

propagates in the stationary gas towards the closed (right) end of the tube.
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Figure 4: A typical spatio-temporal diagram used for visualisation of the evolution of the area

occupied by combustion products and hence measurement of propagation speed of the flame.

The whole diagram is shown at the top and the zoomed-in interval of the first 6 millisecond

after the discharge is shown at the bottom. Bright areas correspond to areas spanned by flame,

as can be compared with the image sequence in Fig. 3. The slope of the flame-occupied area

corresponds to the propagation speed. Oscillations at the tube closed (right) end visible up

to 10 ms after the discharge correspond to pressure oscillations. The dashed line corresponds

to the model (9)
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Figure 5: Dependence of the speed of propagation of the visible combustion front when it

exits the tube on the length of the area occupied by the streamer discharge initiated on

the internal surface of the tube. Lines show the modelled velocity (8) at the tube exit for

stoichiometric/rich mixtures (solid line) and lean mixture (dashed line).

increase the apparent ignition volume. Then, turbulent flow occurring in the130

tube may speed up the flame propagation rate. A simple model presented below

suggests the first factor, the large area of the flame front, quantitatively explains

the observed axial flame propagation.

Consider evolution of combustion products formed in the volume span by

the streamer with the network of streamers occupying Lign part of the tube of135

Ltube = 300 mm length and rtube = 15 mm inner radius. Back of the envelope

estimates of the pressure needed to axially accelerate the gas column combined

with visual assessment of the flame boundary oscillations at the closed end of

the tube (right boundary of the flame in Fig.4) suggest that the deviation of the

pressure inside the tube from the atmospheric does not exceed 20%. Therefore,140

we further assume the pressure of the unburned mixture is P0 = 105 Pa.

Recalling that the mass fraction of propane in stoichiometric mixture is

ΦC3H8 = 0.064 and the heat capacity of Propane is λ = 46 MJ/kg, we get

the energy released per unit length of the streamer channel due to the instant
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combustion as

εstr ∼ πr2str · λρ0ΦC3H8
∼ 1.4 J/m (1)

Here, the mixture density is taken at atmospheric pressure and the room tem-

perature as ρ0 = 1.2 kg/m
3

and the radius of the streamer channel from [26] as

rstr ∼ 0.35 mm. Now, we have a configuration where hot combustion products

form a network of thin cylindrical channels. As channel radius rstr is much

less than length of network segments (Fig. 3), for the sake of simplicity they

will be treated as infinitely long and axisymmetric. We refer to the work [31]

on cylindrical shocks to calculate, at 1.2 J/m energy input, the characteristic

radius in the system as

R∗ =
√
ε0/γP0 ≈ 3mm (2)

and hence the characteristic time defined by the speed of sound in the unper-

turbed gas at 9 µs. Using density plots from numerical results reported in [31] we

conclude that, within microseconds, i.e. instantly in our observation timescale,

the channels of hot combustion products expand to r0 ∼ 0.3R∗ ∼ 0.9mm. From

here, combustion front propagates with the laminar velocity v0 outwards at the

surface of expanded streamer channels. The volume of unburned gas consumed

by flames per unit time is

dVunburned
dt

= `str · 2πr · v0 (3)

where `str is the total length of burned out channels, r is their radius, and

v0 = 0.4 m/s is the laminar flame propagation velocity. Evaluating, from Fig. 2,

the typical distance between streamers as h ∼ 4 mm, we estimate the total

length of the streamer channels as

`str ∼ 2πrtube · Lign/h (4)

which, in the strongest discharges we use, exceeded 3 metres. Assuming that

combustion products expand adiabatically (which is not the case but suitable
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for the order of magnitude estimate), the rate of expansion of the gas contained

within the tube is

dV

dt
=
dVunburned

dt
·
(
P1

P0

)1/γ

=
dVunburned

dt
· βexp (5)

Here, we have introduced the gas expansion ratio βexp which depends on the

ratio of pressures after and before instantaneous combustion P1/P0 which is

essentially ratio of temperatures of combustion products and the initial gas

mixture:

βexp =

(
P1

P0

)1/γ

=

(
T1
T0

)1/γ

=

(
1 +

ΦC3H8
· λ

cV · T0

)1/γ

≈ 6.8. (6)

For simplicity, we have assumed the adiabatic constant and the heat capacity

of the resulting mixture being equal to that of air γ = 7/5, cV ∼ 718 J/kg. As

the speed of flame propagation in stationary mixture is v0, the radius of burned

out channels evolves as

r = r0 + βexp · v0t (7)

The apparent speed of combustion region expansion along the tube is its volume

expansion rate divided by the tube cross-section, hence we get

Uapparent =
2π (r0 + βexp · v0t) `str

πr2tube
βexp · v0 (8)

Integrating 8 in time and using (4), we get, for the axial coordinate of the visible

combustion front,

Xapparent = L0 +
4πv0
hrtube

(
r0t+

1

2
v0βexpt

2

)
βexp · Lign (9)

The modelled position of the apparent flame front is shown in Fig. 4 by a

dashed line. To make the curve fit the observed front trajectory, the coefficient

βexp in (6) has been set to 3.1 (as in equation (6) divided by 2.2) which seems

a reasonable adjustment provided crudeness of the model.145

To test the model against other measurements, the apparent flame speed

at the exit of the tube was measured and compared to that predicted by (8).

Solving the quadratic equation (9) with respect to t, we find the time instant
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when flames leave the tube. Substituting that to (8), we find the apparent flame

speed at the tube exit which are plotted in Fig. 5 together with the measured150

flame exit velocities. When calculating the curve, same expansion ratio βexp

has been used as that to plot the curve in Fig. 4(b). This seemingly random

adjustment of (6) may reflect the heat conduction loss from the laminar flame

front leading to weaker-than-adiabatic expansion of combustion products.

A factor which has not been accounted for yet is the autoignition. The155

temperature of combustion products immediately after the streamer ignition is

T1 ∼ 300 K + ΦC3H8λ/cV ∼ 4400 K, hence temperature at the location of the

igniting streamer is well in excess of a typical autoignition temperatures from

1200K to 1800K mentioned in [32], where the autoignition delays from 10 µs

to 500 µs have been reported. The study [33] suggests similar autoignition160

delays in a range of pressures. The above timescales are within the first two

frames in Fig. 4 and therefore gas mixture autoignition may take place unnoticed

in our experiments. From energy balance, the temperature of 1200K can be

reached in the volume spanning as much as four cross-sections or two diameters

of the streamer. While potentially doubling the initial radius of the burning165

filaments r0 in (8) this will not significantly influence the flame propagation

speed achieved at the tube exit. Another possible source of ignition is the

over-pressurisation by the shock wave initiated by the streamer discharge. We

evaluate the autoignition-prone volume of the gas-fuel mixture using results on

cylindrical shocks reported in [31]. With the characteristic radius R∗ = 3mm170

from (2) and the characteristic time of 9 µs, simulations suggest that, in our

parameter range, significant over-pressurization only occurs at timescales of

single microseconds which is too short for the autoignition to take place.

Another flame accelerating mechanism is the flow turbulence. Indeed, stud-

ies [34, 35] report up to 10-fold increase in the flame propagation speed due to175

turbulence when the turbulence intensity is high enough i.e. when the velocity

of turbulent fluctuations reaches 10 or so laminar flame velocities which may

be the case in our experiments. Meanwhile, analysis of high speed videos sug-

gests that turbulence does not form in the tube with the tube-diameter-size flow
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structures persist throughout the gas expansion as clearly seen seen in frames180

0.8, 1.4, and 2.0 ms in Fig. 3.

The volumetric ignition by the network of streamer channels comes at a

cost. The energy absorbed by the streamer from the microwave radiation can

be approximately evaluated from the magnitude of Poynting vector, the energy

density 〈S〉, in the incident microwave radiation and the absorbing cross-section

taken as the tube cross-section.

Estreamer = 〈S〉Atube ·∆t =
E2
max

2η0
· πr2tube ·∆t (10)

where η0 = 337 Ω is the impedance of vacuum, Emax ≈ 2 · 105 V/m is the

amplitude of electric field near the focus and ∆t ≈ 40µs is duration of the

microwave pulse. The strongest discharges we used (right end of the curve in

Fig. 5) absorb the energy at the level of 2 J while the typical energy discharged185

by a car spark plug is an order of magnitude less at 0.1 J. The energy absorbed by

the streamer network Estreamer is essentially independent of its length, therefore

for practical applications the streamer discharge length should be maximised,

for example, by using a parallel, not focussed, microwave beam or by placing

the combustion chamber into a waveguide.190

We note that energy released by the streamer per unit length is of the same

order but a few times less than the chemical energy (1) released by the gas it

spans hence does not significantly affect our model (8).

5. Conclusion

When the energy density necessary for ignition of the air-fuel mixture is195

reached, the surface area of ignition region becomes a key parameter to increase

the speed of combustion. We have investigated ignition by a microwave streamer

discharge representing a network of plasma filaments that initiate ignition. Un-

like in laser ignition, combustion is being seeded along a network of lines, not at

points, which changes the problem symmetry from spherical to cylindrical. A200

high amount of energy is being released by the nearly instantaneous combustion
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of large amount of gas mixture along a randomly-shaped network of streamer

channels. As a result, a large area flame front forms at the channels’ surface

before any flame-accelerating turbulence has a chance to appear. The effect of

ignition volume on the propagation of flame in air-propane mixture has been205

investigated experimentally in axisymmetric configuration and compared to a

simple mathematical model.

A stable ignition of the premixed air-propane mixture with the subcritical

streamer discharge initiated on the internal surface of a cylindrical acrylic tube

has been achieved at 20◦C and atmospheric pressure. Ignition of the air-propane210

mixture by a subcritical streamer discharge yields more than a 200-fold, from

0.4 m/s to above 100 m/s, increase in the apparent speed of flame propagation

compared to the laminar flame propagation.

The rapid combustion achieved by ignition by the streamer discharges can

be exploited in practical combustion devices. The new ignition systems can be215

implemented in internal combustion engines and premixed gas turbines. The

microwave streamer ignition can be considered for the application in internal

combustion engines to replace the conventional spark ignition. Creating pre-

conditions for deflagration to detonation transition, the streamer ignition can

also be applied to pulsed detonation engines currently being evaluated for high-220

speed propulsion systems.
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