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Abstract

A new plasma torch device which combines arc and microwave discharges
to enhance the size and enthalpy of the plasma torch is described.

A cylindrical-shaped plasma torch module is integrated into a tapered
rectangular cavity to form a microwave adaptor at one end, which couples
the microwave power injected into the cavity from the other end to the arc
plasma generated by the torch module. A theoretical study of the microwave
coupling from the cavity to the plasma torch, as the load, is presented. The
numerical results indicate that the microwave power coupling efficiency
exceeds 80%. Operational tests of the device indicate that the microwave
power is coupled to the plasma torch and that the arc discharge power is
increased. The addition of microwave energy enhances the height, volume
and enthalpy of the plasma torch when the torch operates at a low airflow
rate, and even when the flow speed is supersonic, a noticeable microwave
effect on the plasma torch is observed. In addition, the present design allows
the torch to be operated as both a fuel injector and igniter. Ignition of
ethylene fuel injected through the centre of a tungsten carbide tube acting as

the central electrode is demonstrated.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Plasma sources having open structures are critical for
applications requiring plasmas to be exposed to ambient
conditions.  The applications include spray coating and
materials synthesis [1-3], decontamination of chemical and
biological warfare agents [4—6] and ignition in hydrocarbon-
fuelled combustors [7-9]. The application most relevant to
the device described in this paper is ignition and combustion
enhancement in hydrocarbon-fuelled supersonic combustors.
For a typical hydrocarbon-fuelled supersonic combustor
startup scenario [10, 11], the fuel-air mixtures will not auto
ignite and some ignition aide is necessary to initiate main-duct
combustion. The residence time through a typical combustion
region is short, ~1 ms, and aids to reduce the ignition delay
time and increase the rate of combustion of hydrocarbon fuels
are essential to the operation of the combustor. To fulfil the

0963-0252/06/020266+10$30.00 © 2006 IOP Publishing Ltd Printed in the UK

purpose, an ignition aid has to provide adequate energy to
initiate the fuel/air mixture, and the delivered energy should
be able to deeply penetrate into the supersonic crossflow.

A dense plasma jet can be produced through dc or low
frequency capacitive [12, 13] or high frequency inductive arc
discharges [14] which require adding flowing gas to stabilize
the discharges. The gas flow also carries generated plasma out
of the discharge region to form an extended plasma plume,
thereby creating a torch module. The inductive torch and
non-transferred dc torch employ high current power supplies
and require external cooling to achieve stable operation.
Consequently, the structures of these torches are relatively
large and are therefore unsuitable for certain applications. The
torch module patented by Kuo et al [15] can run in dc or low
frequency ac mode and can produce low power (hundreds of
watts) [16] or high power (a few kilowatts in 60 Hz periodic
mode or hundreds of kilowatts in pulsed mode) [17] plasma
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torches. The size of the plasma torch produced by this module
depends on the gas flow rate. An increase in the gas flow
rate increases the size as well as the cycle energy (in the case
of periodic operation) of the plasma torch. However, the large
flow rates decrease the average gas temperature, which may not
be beneficial for some applications. Therefore, there is a need
to develop new plasma sources which operate at atmospheric
pressure conditions with less dependence on the gas flow rate.

Microwave power can be used to produce an electrodeless
discharge resulting in a relatively large volume plasma with
no need to flow gas through the discharge. However, in
order to apply a microwave plasma in a designated region
away from the source, special attention must be paid to
ionization along the propagation path before reaching the
preferred ionization region. The undesirable ionization causes
attenuation and reflection of the microwave power possibly
resulting in transmitted powers too low to cause air breakdown
in the desired region [18]. Usually, a high O resonant cavity is
used to localize microwave discharge that produces microwave
plasmainside the cavity [19]. A tapered rectangular waveguide
[20] has also been used to spatially localize the microwave
discharge. A gasflow isused to blow the microwave plasma out
of an exit hole on the cavity/waveguide wall to form a plasma
torch. Using high Q cavity, the required Q-factor limits the
size of the hole, which in turn limits the diameter of the torch.
On the other hand, if seed plasma is introduced, the microwave
power density along the propagation path can be maintained
below the breakdown threshold to assist the existing discharge,
rather than to initiate a discharge, without the associated losses.
Thus the applied microwave power is coupled effectively only
in the discharge region, where a significant amount of seed
charges exist. This approach was demonstrated in a previous
work by Kuo et al [21]. Using an arc torch to produce seed
plasma, a relatively large exit hole on the cavity surface can
be used to increase the diameter of the torch. It reduces the
Q-factor of the cavity; thus the evanescent microwave electric
field can reach farther out of the cavity hole to also increase
the height of the torch.

However, cavity-based microwave plasma torches are
difficult to use as an igniter within a supersonic combustor.
This difficulty results from the fact that the walls of the engine
have a thickness of more than 50 mm and large openings on the
walls are forbidden in order to minimize the perturbation on
the supersonic flow in the combustor. In addition, as a practical
matter, there are no large empty spaces adjacent to the walls
for accommodating a microwave cavity.

In the present paper, a microwave-augmented plasma
torch is developed. It combines an arc torch module with
a rectangular microwave cavity in the form of a microwave
adaptor. The torch module is used not only to generate the
arc plasma but also to couple the microwave power from the
cavity to the arc plasma for microwave enhancement. Most
importantly, this torch module does not require the microwave
cavity to be adjacent to the engine walls; it can still be easily
plugged to the engine along with a required seal to high-
pressure gas; and the required opening on the engine wall is
the same as that for an arc torch. In section 2, the plasma
torch module is described. A theoretical formulation and
numerical analysis of the microwave coupling efficiency of
this adaptor are presented in section 3. The experimental

results demonstrating the microwave effect on the electric
characteristics and physical size of this plasma torch are
presented in section 4. Finally, in section 5 summary and
conclusions are given.

2. Description of the device

The components of this plasma torch device include (1) a
2.45 GHz, 1.5 kW magnetron as the microwave source, (2) a
torch module, (3) a tapered microwave cavity and (4) a power
supply to run the torch module and the magnetron

2.1. Arc torch module

The cylindrical torch module, which uses the frame of a
cylindrical tube having an outer diameter of 16.5 mm as the
grounded outer electrode, is first described. This torch module
is similar to that developed by Kuo ef al [15-17], with the
exceptions that the device is longer and has an integrated
gas plenum chamber allowing for the module to be integrated
into a supersonic combustor. Moreover, the central electrode
has been replaced with a tungsten carbide tube providing an
additional flow path for either air or fuel. The concentric
electrodes in the module are separated at the nozzle exit
location by a gap of 2.16 mm and insulated by a ceramic tube,
having outer and inner diameters of 9.53 mm and 3.81 mm,
respectively, and dielectric constant &, = 8, which hosts the
central electrode. The frame, having a length of 14 mm,
consists of three sections. The bottom section is 51 mm in
length, having an inner diameter slightly larger than 9.53 mm
to be fitted with the ceramic insulator. Itis convenient to centre
the central electrode hosted by the ceramic insulator. In the
torch operation gas flow through the gap between electrodes
is necessary. Thus, the central section having a length of
93 mm is open up to a much larger inner diameter of 12.7 mm
so that this section functions as a gas plenum chamber. A
threaded nozzle of 2 mm length is inserted at the top of the
frame to increase the gas flow speed in the discharge region.
This nozzle has an inner diameter of 7.5 mm. The ceramic
insulator does not cover the central electrode in the nozzle.
It is placed slightly below the bottom of the nozzle. The
central electrode is a tungsten carbide tube with inner and
outer diameters of 1.14mm and 3.18 mm, respectively, and
fits tightly inside the ceramic insulator. The hollow centre
section can be connected to a separate gas supply allowing
for an additional, independent flow path through the discharge
region. The flow path through the centre of the tungsten carbide
tube is used for injection of ethylene fuel in the present study.
However, any gas can be used in either the inner or the outer
flow paths. Figure 1(a) is a photo of a dissembled arc torch
module showing its components; in the photo the labels are
A=165mm, B =2mm, C = 93mm and D = 51 mm as
described earlier, where D includes the height of the module
holder welded on top of the cavity. A photo of the assembled
torch module is shown in figure 1(b).

2.2. Tapered rectangular waveguide cavity

An S-band rectangular waveguide having a cross section of
a xbp (=72mm x 34 mm) is tapered to a cross section of a
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Figure 1. (a) A photo of the dissembled arc torch module showing its components; A = 16.5mm, B = 2mm, C = 93 mm and

D = 51 mm. (b) A photo of the arc torch module.

xb (=72mm x 5mm). The two ends of the waveguide are
terminated by conducting plates to form a rectangular cavity.
This cavity consists of three sections. Two sections with
uniform cross section are connected by a tapered section. The
first section (cross section of 72 mm x 34 mm) has a length of
3X./8 and the last section (cross section of 72 mm x 5 mm) has
alength of A, /2 where A, = Ao/[1 — (Ao/2a)*]"/? = 233 mm
is the axial wavelength for the TE g3 mode, Ao = 122.5mm
is the free space wavelength and @ = 72 mm is the dimension
of the wider side of the cross section. The middle transition
section, tapering the cross section from 72 mm x 34 mm to
72 mm x 5 mm, has a length of A, /2 and a slope angle 8 = 14°.
This cavity is similar to the one used in a microwave torch
device reported previously [21].

The microwave generated by a magnetron (2.45 GHz,
700 W to 1.5kW) radiates into this cavity at a location about
a quarter wavelength (1o/4) (more precisely, A, /8) away from
the end-wall of the non-tapered section of the cavity. The quar-
ter wavelength in the axial direction of the uniform sections of
the cavity is 58.3 mm and the wavelength in the middle tran-
sition section is expected to be a little shorter; thus, the total
axial length of 320 mm matches the length requirement for the
TE o3 cavity mode. This result was confirmed by a measure-
ment of the spatial distribution of the microwave electric field
normal to the bottom wall of the cavity (figure 2 in [21]).

In the narrow section of the cavity, two aligned holes on
the bottom and top walls of the cavity at a distance A./8 =
29.2mm away from the end are introduced. The top hole
has a diameter of 9.53 mm and a tube fitting is welded to it.
The arc torch module shown in figure 1(d) is then installed
through the holder, as shown in the photo of figure 2, by
inserting the bottom part containing only the central electrode
and the ceramic insulator of the torch module through these
two aligned holes. The bottom hole on the cavity wall has
the same diameter of 9.53 mm fitted exactly to the ceramic
insulator. The portion of the central electrode of the torch

268

tapered reciangular
waveguide cavity ~u

central electrode™

Figure 2. Photograph of the microwave-augmented plasma torch
module.

module inside the cavity functions as a receiving antenna
and the portion (~146 mm) of the torch module above the
top wall of the cavity functions as an open-end transmission
line. In this configuration, the plasma torch module becomes
a microwave adaptor. In figure 2, a magnetron with its
transmitting antenna inserted into the cavity from the other side
(non-tapered section) is also shown. When plasma is generated
by the arc discharge between the electrodes of the arc torch
module, the plasma produces a time varying resistive load of
the adaptor. The effectiveness of delivering the microwave
through this adaptor to a dynamic load will be analysed and
presented in the next section.

2.3. Power supply

The power supply consists of a high-power transformer, diodes
and capacitors. The transformer uses a single-phase input from
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Figure 3. Schematic circuit diagram of the combined power supply.
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Figure 4. (a) Power functions of the arc discharge and magnetron input and (b) power functions of the magnetron input without and with arc

discharge.

a 208 V power line and has a 1:17 turn ratio. This power
supply initiates the arc discharge on the first cycle after power
is applied to the transformer. However, a few seconds are
required to heat up the filament of the magnetron before the
torch operates in a microwave-augmented mode.

Both the torch module and magnetron operate at the power
line frequency, typically 60 Hz, with less than 50% duty cycle.
Hence, the synchronization of the two components in each
cycle is essential to the operation of this hybrid torch module.
The optimal operation condition is when the arc discharge
pulse of the torch module and the microwave pulse of the
magnetron overlap in time. The microwave field is too small
to initiate discharge by itself for the microwave power used
in the present setup. Since the discharge pulse is shorter than
the microwave pulse, the arc discharge needs to start at the
beginning of the steady-state level of the microwave pulse.
Thus, the two components share the same power supply to
simplify the synchronization.

Figure 3 shows a circuit diagram of the power supply used
in this study, which is capable of operating the arc discharge
and the magnetron simultaneously. A single power transformer
with a turn ratio of 1:17 is used to step up the 60 Hz line
voltage from 208 V (rms) to 3.5kV (rms), which is applied
to both the devices through two (one for each device) serially
connected 1 uF/2.3kVAC capacitors. However, since neither
device requires the full 3.5kV (rms) in their operations, a

Variac (variable transformer) is used to reduce the input voltage
from 208 to 175V. The magnetron, which has a grounded
anode, is then connected in parallel with a diode (15kV and
750 mA rating) to assure that only negative voltages are applied
to the cathode.

2.4. Performance of the power supply

The arc discharge occurs in both the positive and negative
voltage cycles of the ac input; the plasma generated
during negative-voltage discharges directly interacts with the
magnetron output pulses and the plasma generated during
the positive-voltage discharges interacts with the remaining
microwave energy stored in the cavity.

The arc discharge draws too much current from the power
supply for the capacitor in the magnetron circuit to maintain the
required voltage for turning on the magnetron. Consequently,
the magnetron is automatically turned off during the peak of
arc discharge. This effect is demonstrated in figures 4(a)
and (b), which presents the synchronized power functions of
the negative arc discharge and magnetron input as well as
the power functions of the magnetron input power with and
without the arc discharge. As shown, the magnetron operation
is interrupted by the arc discharge. However, the arc discharge
still provides seed charges to interact with the main pulse
of the microwave, which extends the duration of the plasma
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Figure 5. (a) Schematic of the microwave adaptor and (b) equivalent transmission line model of the arc torch module.

pulse. Unfortunately, the total duration of the microwave-
augmented plasma cannot be monitored by the arc current
measurement. After the discharge, the voltage returns to a
high value, and the output power of the ‘restarted’ magnetron
increases considerably as seen in figure 4(b). The coupling of
the two loads improves the power factor of the power line from
0.52 to 0.89. It is noted that the results presented in figure 4
were obtained from low power operation of the device, where
the input was from the 120 V power line, rather than from the
208 V line used to obtain the higher power results presented in
section 4.

3. Coupling efficiency

3.1. Model of the arc torch module

The torch module has a coaxial structure and can easily
be connected to a rectangular waveguide of a cross section
(a x b) to form a microwave adaptor. A schematic of such
an arrangement is shown in figure 5(a). In this adaptor, the
antenna size is equal to b, the dimension of the short side of
the waveguide, because the central electrode of the module
has to pass through the waveguide to be accessible to high
voltage connection for the arc discharge. This size is different
from that of the conventional adaptor, which is usually less
than b/2. Two serially connected transmission lines shown in
figure 5(b) are used to represent the torch module; that is, the
detail of the short nozzle section of the torch module, which
is much shorter than the wavelength, is not included in the
analysis. The central electrode is tightly fit to the ceramic
insulator so that no air gap exists between the two components.
The characteristic impedances Z; and propagation constants
Bo of these two transmission lines are determined to be [22]

Zor = (60//g,) In(ro1 /1),
Zoy = 60{In(roo/ri)le, " In(rot/ri) + In(roa/ron)1}'/* 2,
Bot = kov/5r,

Boz = ko{In(roa /1) /e, In(ror /r:) + In(roa/ron) 1} 2,

where kg = wq/c is the wave number in free space, wy is the
wave angular frequency, c is the speed of light in free space,
r; and ro; are the outer radii of the central electrode and the
ceramic insulator, respectively, and ry, is the inner radius of
the gas plenum chamber (central section of the torch frame).

ey
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When the arc discharge is initiated, a time varying
plasma is generated to be the load of the transmission line.
The generated plasma acts as a resistive load to absorb
the microwave power as well as an antenna to radiate the
microwave power. Therefore, it is practical to consider
plasma as a time varying resistive load of the combined line,
represented by Ry which is the sum of the plasma resistance
and the radiation impedance (resistance) of the plasma antenna.
For safety reasons, a microwave leakage detector (MD-2000)
was used in experiments to monitor the level of the microwave
flux. It was found that the power flux at 1 m distance away was
less than 1 mW cm~2, which was within the safety threshold
level of 5mWcm™2. The radiated power was estimated to
be less than 5% of the magnetron input power. The antenna
inside the waveguide receives the microwave power to make
a current source as the input of the line. The microwave
power coupling efficiency depends on the matching condition
of the load. However, plasma is a dynamic load, i.e. a time
varying resistive load, so perfect impedance matching over the
operational range is not possible. In the following, an analysis
to determine the dependence of the coupling efficiency on Ry,
is presented.

3.2. Analysis

The input impedances of line 1 and line 2 are Z;; and Z;, as
shown in figure 5(b). Introducing the normalized impedances
zit = Zit/Zot, zia = Zin/Zopy and 73 = Z1/Zy,, and the
notations a; = tan oL, ap = tan fop L, and n = Zy/ Zos1,
allows the input impedances to be expressed as

zit = Mzia + jay) /(1 + jnzpar) 2

and
€))

Substituting equation (3) into equation (2), the following
expression is obtained for the input impedance

zio = (z+ jar)/(1 + jziaz).

zit = [z(n — a1az) + j(maz + a))1/[(1 — naiaz)

+ jzumar +a)] = R + jxi1- “4)

The input impedance z;; of the combined line given by
equation (5) represents the load impedance of the antenna
which is expressed as a function of the actual load impedance
z; of the system. Considering only TE;y mode in the
waveguide of figure 5(a), the phasors of the wave fields are
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Figure 6. Reflectance |I"|? of the adaptor as a function of the normalized load resistance z;(= Z;./ Z;,) for two different torch module
locations: (a) [ = A,/8 and (b) A, /4 from the endplate, where Zy, = 47.4 Q.

given by
sin(rrx /a)[A; exp(—jBiz) + Az exp(jBiz)] forz < —I,

E =ysin(wx/a)[A; exp(—jBiz) + Az exp(jBi2)]

forz < —¢
= yBsin(wx/a) sin(B;z) for—¢ <z<0 5)
H =32 sin(x/a)[ A exp(—jp12) — Az exp(jpi2)]
forz < —¢
= — jchl_lB sin(rrx /a) cos(B1z)
for—¢ <z <0 6)
where Z, = wopro/B1 = noko/B is the wave impedance in

the waveguide; p is the free space permeability, no = 377
is the intrinsic impedance of the free space and 8, = 2w /X, is
the wave propagation constant in the waveguide; A, = I'Aj,
where I' = I, + jI'; is the reflection coefficient. I' = 0 only
when the load is matched to the line and the reflectance |I"|?
determines the coupling efficiency (given by 1 — |T'|?). The
continuity condition of the wave electric field at z = —/ leads to
Ajexp(jBil) + Ar exp(—jpil) = —B sin(Bl), which reduces
to B = —(sin Bi1)"'[1 + T exp(=2jBi1)1 A1 exp(jpil).

This wave electric field induces an antenna current density
given by

J=y1ysin(mwy/2b)8(x —a/2)8(z+1) for0 < y < b,

)
where y = 0 and y = b are located on the bottom and top
plates of the waveguide shown in figure 5(a), respectively. At
y = b, the antenna current is I = Iy, which is the input current
of the combined transmission line shown in figure 5(b). The
net time-average microwave power received by the antenna is
given by

1 * 1 *
Poz_i ExH-dS:E E-Jj dv. 8)
This power should equal to the net input power of the
transmission line, which is given by %|10|2Z,-|. Thus the power

balance condition leads to the following equation:
]/E H* -dS I/E J dv l|1 *Zi. )
- - « H* -dS = = . =_ .
2 2 PR

Substituting equations (5)—(7) into equation (9), results in
two coupled real equations for I', and I'; being obtained.

The coefficients of the equations are functions of the variable
parameter | and the location of the antenna (torch module).
These coefficients are simplified by considering two preferen-
tial locations: [ = A;/8 and X, /4, i.e. Bil = /4 and /2.

Case A. 1 = X, /8. The coupled equations are given by

(1 =T?=TH/A+T?+T? 420, +2T) = —Rii/xi1 (10)
and
A+, +THI(L+T)*+ T2/[(1 = T2 = T7)?
+(1+ T2+ 7 + 20, +2I1)%]
= (m*aZo/16bZ1)(Ri1 — Xi1), (11)

where R;; and y;;, given by equation (5), are functions of the
load impedance z;.

Case B.l = A /4. The coupled equations become

(1 =T} =T})/2I; = —Rit /i1, (12)
[(1=T)° +7P/I(1 = T7 = T7)? +417]
= (m%aZo1/8bZ1)*zi1 |*. (13)

These two sets of two equations [(10) and (11), and (12) and
(13)] will be solved to obtain |I"|?(z;) for comparison.

3.3. Numerical results

Using the dimensions of the torch device presented in this
work yields Zg; = 2459, Zp, = 474Q, Z; = 682,
Boi = 2.83ko, B = 1.83ky and B 1.81ko, where
ko =16.337m™',a = 72mmand b = Smm. Thusa; = 2.1,
a —0.72 and n = 1.93, which reduces equation (5) to
zi1 = [1.03z;+ j(0.18 — 0.75z)1/(1 +0.72z7) = Ri1 + j xi1-
With the aide of these parametric values, equation sets (10)
and (11) and (12) and (13) are solved numerically. The
results |['4]%(z;) and |T'z|?(z;) are presented in figures 6(a)
and (b), respectively. As shown in the figures, |[[4|> < [T'z|%;
moreover, |[T4|> < 0.2 for 38Q < Z. < 200, while
T3> > 0.2 in the same region. This impedance region
corresponds to the times before and after the peak of the
arc discharge. In the setup, the magnetron and the arc torch
module share the same power supply to eliminate the need of an
additional circuit to synchronize the microwave pulse with the
arc discharge. Hence, the magnetron operation is affected by
the arc discharge, which causes voltage to drop considerably.
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Figure 7. Images of plasma plumes generated before (top row) and after (bottom row) the magnetron is turned on. The air supply pressures

in (a) to (e) are 1.36, 2.04, 3.4, 4.76 and 5.44 atm.
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Figure 10. Torch plasma plumes: (@) air plasma generated by arc
discharges and (b) flame plume (in the centre) ignited by a 60-Hz
microwave plasma torch; in both the cases gaseous ethylene fuel
(flow rate of 20 SLM) was injected through the central electrode
(tungsten—carbide tube) and an airflow rate of 30 SLM was supplied.

As shown in the preceding section, the magnetron is off during
the peak of the arc discharge due to the voltage drop during
the arc discharge. In other words, during the high reflectance
time period when the plasma torch has very low impedance,
the voltage drop automatically shuts off the magnetron. This
automatic shutoff feature also improves the coupling efficiency
of this microwave adaptor. The results presented in the next
section are obtained using Case A arrangement with/ = A,/8.

4. Microwave effects on the plasma torch

The torch is operated in open air using compressed air as the
feedstock. The torch module operates stably over a very large
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flow rate range, with flow speeds from subsonic to supersonic.
The effects of microwave power on the plasma torch, which
vary with the gas flow rate, include the following.

4.1. The size and enthalpy of the plasma torch

This effect together with its dependence on the gas flow rate is
demonstrated by the single frame CCD plasma plume images
shown in figure 7. The five sets of images with the microwave
off (top row) and on (bottom row) from (a) to (e) correspond
to the air supply pressures of 1.36atm, 2.04 atm, 3.4 atm,
4.76 atm and 5.44 atm absolute, respectively, where the flow
speeds at the nozzle exit of the torch module are subsonic
in (a) to (¢) and are supersonic in (d) and (e¢). As shown
in the figure, the applied microwave power can increase the
height and the volume of the plasma torch significantly at low
gas flow rates. Comparing the top- and bottom-row plume
images in (a) to (e), it is seen that, with the application
of microwave power, the respective plume heights increase
by more than 300%, 100%, 30%, 20% and 10% and the
respective plume volumes increase by approximately 900%,
400%, 180%, 100% and 50%. The enhancement is estimated
from the increased luminosity of the plasma plume, which
provides an indirect measurement. The effect of applying
the microwave power decreases with increasing flow speed.
As the air supply pressure is increased, thereby increasing
the flow speed, the size of the arc plasma torch shown in
the top row of figure 7 also increases except at the transition
from subsonic (¢) to supersonic (d). Alternatively, the plume
sizes of the microwave-enhanced plasma torches shown in the
bottom row of figure 7 decrease with increasing flow speed
but are still enhanced compared with the arc only images as
indicated by lower luminosity of the arc only plasma plumes.
This dependence most likely results from the fact that the fixed
applied power has to energize more gas with less interaction
time as the flow rate increases and that the size of the plasma
torch becomes dictated by the flow speed. At the same supply
of pressure, the heights of the microwave-augmented plasma
torches shown in (d) and (e) are only slightly larger than the
corresponding arc plasma torches. However, the volume and
the luminosity intensity of the plasma plume are still increased
by the application of the microwave power.
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Figure 9. V-1 characteristics of discharges (a) without the microwave and (b) with the microwave.

4.2. The electric characteristics of the plasma torch

The time varying voltage V and current / of the discharge were
measured using a digital oscilloscope (Tektronix TDS3012
DPO 100 MHz and 1.25GSs™!). The product of the V
and / functions gives the instantaneous power function. The
arc discharge occurs in each half-cycle, but the magnetron
runs only during the negative-voltage half-cycle. Thus, the
microwave pulse lasting approximately 6 ms is expected to
synchronize only with the negative discharge pulse. However,
the operation of the magnetron is affected by the arc discharge.
In fact, as shown in figure 3(a), the magnetron is shut off
during the main pulse of the arc discharge. It turns out that
the microwave effect on the positive discharge is stronger
than that on the negative discharge in the case of a low flow
rate. The power functions in one cycle for discharges without
and with the presence of the microwave in the case of a low
flow rate are presented in figures 8(a) and (b) for comparison.
The supply pressure of the torch module is 1.16 atm. The
powers plotted in figure 8 are calculated from the current
drawn by the arc discharge and the voltage drop across the two
electrodes, i.e. no contribution from the magnetron is included.

As shown, the microwave has enhanced both the peak power
of the negative discharge and the positive discharge. The peak
power in the negative discharge pulse is increased from 8 to
12kW. However, the total energy per pulse does not increase
proportionally, because the discharge pulse energy is limited
by the available energy stored in the capacitors, which does
not change significantly. In the arc discharge, the voltage
and current peaks are not in phase. The voltage reaches the
peak of about 4kV when the gaseous breakdown starts. As
the discharge current increases, the discharge voltage drops
rapidly to a relatively low level in the range 200-400 V. Thus,
at the peak current the discharge voltage is, in fact, quite
low, which limits the peak discharge power. The microwave
helps to reduce the phase delay of the current peak from the
voltage peak resulting in a higher discharge voltage while the
discharge current is increasing. The V—I characteristic plots
shown in figures 9(a) and (b), for discharges without and with
the presence of microwave, respectively, also demonstrate this
point. As indicated the peaks of the arc discharge currents
in both cases are about the same. However, the areas of the
hysteresis loops in figure 9(b) are larger than the corresponding
ones in figure 9(a) and the arc discharge voltages at large
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Figure 11. Plasma plume emission images recorded with an interline-transfer CCD camera image with an 100 is exposure; the illuminated
portions shown correspond to the discharge region generated by (a) an arc discharge and (b) an arc discharge in the presence of the

microwave.

current values (figure 9(b)) are higher. Consequently, the peak
of the product of V and [ functions is increased. It is also
indicated in figure 9(b) that microwave considerably increases
considerably the breakdown voltage in the positive discharge.
Itis understood that the discharge initiates in the region near the
central electrode where the applied electric field concentrates
due to the cylindrical geometry. When the central electrode
is positive, it collects electrons produced close to it by the
discharge. The microwave field introduces radially quiver
motions in electrons. Since the microwave frequency is much
smaller than the electron collision frequency, the mean free
path of electrons is essentially determined and thus enhanced
by the quiver speed; this then increases the transit-time loss
of electrons to the central electrode, which in turn increases
the breakdown voltage. The microwave effect on the positive
discharge is likely attributed to the circuit arrangement and
cavity setup. The negative arc discharge delays the start of the
magnetron as shown in figure 4(a) and the cavity prolongs the
storing time of the remaining microwave after the negative arc
discharge.

4.3. The ignition capability of the plasma torch

Experiments demonstrating the torch module as a fuel injector
and igniter of hydrocarbon fuel have also been performed.
Tests have been conducted using gaseous ethylene fuel with the
flow rate of 9 standard litres per minute (SLM) injected through
the central electrode, a tungsten-carbide tube, corresponding
to 160ms~' fuel velocity at 298 K. The flame plume was
observed when the torch was run with airflow rates ranging
from 10-100 SLM with microwave power applied. This
airflow rate range corresponded to air velocities of 6-65 m s~
at 298 K. Ignition under these conditions is illustrated in
figure 10(b). The plasma plume of the arc discharge (without
microwave) operated in the same condition is shown in
figure 10(a) for comparison. As shown, the fuel was not
ignited in figure 10(a). This effect is understood because fuel
was injected from the central port of the module, which is
outside the main arc discharge region. An estimate of the
discharge region can be seen in the images shown in figure 11.
Figure 11(a) is the arc plasma plume emission image recorded
with an interline-transfer CCD camera with a 100 s exposure.
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This image was recorded through a 1 nm bandpass interference
filter centred at 405nm, and the high intensity region was
correlated to energy deposition by the plasma. The use of
a narrow bandpass filter was necessary in order to prevent
saturation of the CCD camera allowing the discharge region to
be clearly imaged. As the microwave is introduced, the plasma
torch distributes more uniformly across the electrodes as seen
in figure 11(b), i.e. the discharge becomes more cylindrical.
In figure 11(b), the plasma distribution is more uniform and
has a higher density in the central region of the hollow central
electrode where the fuel is ejected. The microwave energy has
also significantly enhanced the size and enthalpy (evidenced
by the luminosity contrast shown in figure 7) of the plasma
torch. It is noted that the arc discharge alone can ignite the
fuel by increasing the discharge energy through increasing the
capacitance in the power circuit of the arc discharge from 1 to
3 uF and through increasing the airflow rate. Maintaining the
ethylene flow rate at 9 SLM, fuel was ignited with a maximum
of 400 SLM airflow rate.

The results presented in figures 10(b) and 11(b)
demonstrate that the microwave-augmented arc discharge
operating with low airflow rate can deliver enough energy to
the gas over a larger volume to ignite the fuel. Low airflow
rate operation is an essential requirement of a practical igniter.

5. Summary and conclusions

A torch device that integrates a cylindrical-shaped plasma
torch module into a tapered rectangular microwave cavity is
described. The central electrode of the torch module is inserted
through the tapered side of the cavity at A,/8 distance away
from the end wall to function as a receiving antenna, and
the microwave power injected into the cavity from the other
end is delivered to the plasma torch generated by the torch
module through this coupling. In the presence of seed charges
provided by the arc discharge, the required microwave field
intensity for the initiating the microwave discharge is well
below the microwave breakdown threshold field. Thus, the
present microwave-augmented torch module employs a power
level low enough to avoid undesired microwave breakdown
inside the cavity but high enough to introduce significant
microwave enhancement of the arc discharge.
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A theoretical analysis of the microwave coupling
efficiency shows that nearly 80% of the supplied microwave
power can be delivered to the arc plasma through this
adaptor arrangement. Experiments performed demonstrate
that the added microwave energy increases the height and
volume of the plasma torch considerably. The magnitude
of the microwave enhancement decreases as the airflow
rate increases. Nevertheless, the height and the volume of
microwave-augmented plasma torch exceed those of the arc
plasma torch even when the flow speed is supersonic. The
added microwave power also affects the peak power delivered
by the arc discharge by affecting the phase relationship of the
current and voltage. The addition of the magnetron to the
circuit increases the circuit efficiency enabling more power to
be delivered to the gas.

The three principal advantages of the microwave-
augmented device discussed here are that (1) it is compact
and durable, running for long periods of time in a periodic
mode on an air feedstock; (2) it needs very low gas flow
rate in its operation, which is an essential requirement of
a practical igniter and (3) it is able to run as a combined
igniter/fuel injector. The microwave-augmented arc discharge
operating with a low gas flow rate delivers more energy to
the gas over a larger volume, as evidenced by the measured
powers and luminosity of the plasma plume, compared with
previous arc discharge configurations. This improvement
should prove beneficial for applications involving both ignition
and combustion in a variety of environments.
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