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I. Introductibn

The present report summarizes the work, under the support of the AFOSR Grant
AFOSR-FA9550-04-1-0352, starting at May 1, 2004.

This research program is primarily aiming at developing plasma torches as
igniters of a scramjet engine. For the hydrocarbon-fueled scramjet in a typical startup
scenario, cold liquid JP-7 is injected into a Mach-2 air crossflow (having a static
temperature of ~ 500 K); under these conditions, the fuel-air mixture will not auto-ignite.
Some ignition aid, for example, plasma torches that can deliver enough heat to the
mixture to reduce the ignition delay time and to increase the rate of combustion, is
necessary to initiate main-duct combustion.

A cylindrical torch module improved from the previous one (United States Patent
No.: US 6329628 B1) has been designed. It was fabricated at AFRL, Hanscom and tested
at Polytechnic University. The central electrode is made of a tungsten tube, rather than a
-tungsten rod, adding an additional flow path through the tungsten tube that can be used
for fuel inj;ection purpose. The gas plenum chamber is integrated to the module.
Moreover, we have developed a unique way to couple microwave to the arc plasma

generated by this new torch module. We integrate the torch module into a tapered

rectangular cavity as shown in Fig. 1.

Fig.1 A photo of the microwave-
augmented plasma torch module.




Thus microwave energy in this adaptor arrangement can easily be delivered from
the cavity to the arc plasma without hindering the access of the torch module to the
combustor cavity or adding any significant complexity to the design. In order to be
effective as an igniter, the torch plasma has to penetrate deeply into the supersonic cross
flow in the combustor. The arc torch relies on the applied gas flow to push the torch
plasma, which has to overcome the momentum of the supersonic crossflow. The
microwave-augmented torch plasma can penetrate deeply into the supersonic crossflow
even when the torch is operated at relatively low gas flow rate. This is because the
microwave field is not affected by the supersonic crossflow in the combustor.
Consequently, the temperature and average energy of the microwave-augmented torch
plasma is significantly higher than that of the arc torch plasma, which has to operate at a
much higher gas flow rate to achieve a similar penetration depth into the supersonic cross

flow.

II. 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 tapered microwave cavity, 3) a torch module,
and 4) a power supply to run the torch module and the magnetron. This torch module is
similar to that developed by Kuo et al (1999, 2001, 2004a), 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 remaining components consist of a high power transformer, diodes, and
capacitors. The transformer uses a single-phase input from 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 micfowave-augmented mode.
An S-band rectangular waveguide having a cross section of 7.2 cm x 3.4 cm is
tapered to a cross section of 7.2 cm x 0.5 cm. 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 taperéd section. The
first section (cross section of 7.2 cm x 3.4 cm) has a length of 3, /8 and the last section
(cross section of 7.2 cm x 0.5 cm) has a length of A, /2 where A, = A¢/[1 — (7»0/20c)2]1/2 =
23.3 cm is the axial wavelength for the TE o3 mode, Ay = 12.25 cm is the free space
wavelength, and o = 7.2 cm is the dimension of the wider side of the cross section. The
middle transition section, tapering the cross section from 7.2 cm x 3.4 cm to 7.2 cm x 0.5
cm, has a length of A, /2 and a slope angle 6 = 14°. This cavity is simiilar to the one used
in a microwave torch device reported previously (Kuo et al 2004b).

Microwave generated by a magnetron (2.45 GHz, 700 W to 1.5 kW) radiates into
'this cavity at a location about quarter Wa\}elength (Ao/4) (more precisely, A,/8) away from
the shorted-end of the non-tapered section of the cavity. The quarter wavelength in the
axial direction of the uniform sections of the cavity is 5.83 cm and the wavelength in the
middle transition section is expected to be a little shorter; thus, the total axial length of 32
cm matches the length requirement for the TE;o3; cavity mode. This result is confirmed
by the measurements described later.

In the narrow section of the cavity, two aligned holes on the bottom and top walls
of the cavity at a distance A,/8 =2.92 cm away from the end are introduced. The top hole
has a diameter of 9.53 mm and a tube fitting is welded to it. A torch module is then
installed through the holder, as shown in the photo of Fig. 1, 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 module inside the cavity functions as a receiving antenna and the
portion (~ 143 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 Fig. 1, a magnetron with its transmitting antenna inserted into the
cavity from the other side (non-tapéred section) is also shown. When plasma is generated
by the arc discharge between the electrodes of the torch module, the plasma produces a
time varying resistive load of the adaptor. The effectiveness of delivering microwave

through this adaptor to a dynamic load will be analyzed and presented in the next section.



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 described here. 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 143 mm, consists of three sections. The bottom
section is 51 mm in length, having an inner diameter slightly larger than 9.53 mm to
accommodate the ceramic insulator. The central section has a length of 90 mm and has a
much large 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 1.14 mm and 3.18 mm, respectively, and fits tightly

inside the ceramic insulator. The hollow center 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 center 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

outer flow paths.

Both the torch module and magnetron operate at the power line frequency,
typically 60 Hz, with approximately a 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.

Fig. 2 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 of 208 V
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(rms) to 3.5 kV (rms), which is applied to both devices through two (one for each
device) serially connected 1puF/2.3 kVAC capacitors. However, since neither device
requires the full 3.5 kV (rms) in their operations, a Variac is used to reduce the input
voltage from 208 V to 175 V. The magnetron, which has a grounded anode, is then
connected in parallel with a diode (15 kV and 750 mA rating) to assure that only negative
voltages are applied to the cathode. 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 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.
Although the magnetron operation is interrupted by the arc discharge, the arc discharge
still provi‘des seed charges to interact with the main pulse of the microwave, which
extends the duration of the plasma pulse. After the arc discharge, the voltage returns to a
high value, and the output power of the “restarted” magnetron increases considerably.

The coupling of the two loads improves the power factor of the power line from 0.52 to
0.89.



III. COUPLING EFFICIENCY

The torch module has a coaxial structure and can easily be connected to a
rectangular waveguide to form a microwave adaptor. A schematic of such an
arrangement is shown in Fig. 3a. 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 Fig. 3b are used to
represent the torch module, i.é., 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.
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FIG. 3 (a) Schematic of the microwave adaptor and (b) equivalent transmission line model of the torch
module.

The characteristic impedances Z; and propagation coﬁstants Bo of these two
transmission lines are determined to be |
Zo1 = (60Ne)In(ror/r;)) Q
Zg» = 60{In(ro/ri)[& In(ro/ry) + In(roz/ro1)]} 2 Q (1)
Bo1 = koVer
Boz = ko{In(roz/r)/[e:  In(ror/ty) + In(roafron)]}



where ko = oo/c is the wave number in free space, my is the wave angular frequency, c is
the speed of light in free space, 1; and ry; are the outer radii of the central electrode and
the ceramic insulator, respectively, and 1y, is the inner radius of the gas plenum chamber
.(central section of the torch frame).

When the arc discharge is initiated, the plasma becomes a time varying resistive
load, represented by Ry, of the combined line. 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. Howe\}er, the
plasma is a dynamic load, i.e., time varying resistive load, so perfect impedance matching
over the operational range is not possible. In the folloWing, an e\nalysis to determine the
dependence of the coupling efficiency on Ry is presented.

The input impedances of line 1 and line 2 are Z;; and Z;; as shown in Fig. 3b.
Introducing the normalized impedances gi; = Zi1/Zo1, 3i2 = Zip/Zn, and gy = Z1/Zy,, and

the notations a; = tanfo L, a; = tanPg,L, and 1 = Zgp/Zo1, allows the input impedances to

be expressed as

gi1 = (Mgi2 +ja/(1 + jngial) (2)
and

gi2= (30 +ja2)/(1 +] 31 a). (3)

Substituting Equation (3) into Equation (2), the following expression is obtained for the

input impedance
i1 = [ (- a1 tjmaz + a))[(1 - naa) +jy (ar +a)] =& +jxa.  (4)
The input impedance g of the combined line given by Equation (4) represents the

load impedance of the antenna which is expressed as a function of the actual load
impedance g4 of the system. Considering only TE;o mode in the waveguide of Fig. 3a, the
phasors of the wave fields are given by
[ sin(mx/a)[Arexp(-jp1z) + Azexp(iPiz)] forz<-{
E=yl o )
| B sin(rx/a) sin(B1z) forf£<z<0



[ -Z, sin(nx/a)[A1exp(-jB12) - Azexp(iBiz)] forz<-L
H=%| (©)
| 521 B sin(nx/a) cos(B12) forL<z<0
where Z; = aopo/P1 = noko/P; is the wave impedance in the waveguide; i is the free
space permeability, no = 377 Q is the intrinsic impedance of the free space, and B, =
| 27/A, is the wave propagation constant in the waveguide; A, = A, here ' =T, + jTiis
the reflection coefficient. I' = 0 only when the load is matched to the line and the
reflectance |1“|2 determines the coupling efficiency (given by 1- |F|2). The continuity
condition of the wave electric field at z = - { leads to Ajexp(jBil) + Azexp(-jpid) =- B
sin(B1{), which reduces to B = -(sinPp1L) [ 1 + Texp(-2jp1£)] Arexp(ipid).
This wave electric field induces an antenna current density given by
J = ¢ Ipsin(ny/2b)d(x — a/2)8(z + 1) for0<y <b @)
where y=0and y = b are located on the bottom and top plates of the waveguide shown
in Fig. 3a, respectively. Aty =Db, the antenna current is I = I, which is the input current

of the combined transmission line shown in Fig. 3b. The net time average microwave

power received by the antenna is given by
Po=-%ExH* dS=% E"J*dV. (8)
This power should equal to the net input power of the transmission line, which is giveh
by 72 o> Zi;. Thus the power balance condition leads to the following equations
A Ex H* dS =% K" J* dV =% [, Z. ©)
Substituting Equations (4) — (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). Those
coefficients are simplified by considering two preferential locations: {=%,/8 and 7»/4,
i.e., pil=n/4 and 7/2. |
Case A. | =),/8. The coupled equations are given by

(1 -T2 -T2/ + T2 + T2+ 2T + 2105) = Bl (10)



and
(1 + T+ T[(HT)HTAY[( -T2 -T2 + (1 + T2 + T2 + 2T+ 2007
= (n*aZo1/16bZ)( A1 - ¥i1) (11)

where #; and 71, given by Equation (4), are functions of the load impédance 94
Case B. = 2,/4. The coupled equations become
(1- T/ -TP)20 = A/ (12)
[(1 - T’ + TP -T2 - T2) + 4T = (n°aZo/8bZ1) | g (13)

These two sets of two equations [(10) and (11), and (12) and (13)] will be solved to

obtain [Flz(gg) for comparison.

Using the dimensions of the torch device presented in this work yields Zy; = 24.5
Q,Zyp=474Q, 7 =682 Q, oy = 2.83 ko, Boz = 1.83 ko, and B; = 1.81 ko, where ko =
16.67xn, a =72 mm and b = 5 mm. Thus a; = 2.1, a; =-0.72, and 1 = 1.93, which reduces

Equation (4) to g1 = [1.03 3¢ +j(0.18 — 0.75 3,))/(1 + 0.72 3¢") = A + jy1. With the aide
~ of these parametric values, Equation sets (10) & (11) and (12) & (13) are solved

numerically. The results IFAIZ(%L) and |1"B|2(3g) are presented in Figs. 4a and b,

respectively. As shown in the figures, ICal* < |Tsf%; moreover, [Caf* < 0.2 for 38 Q < Z; <
200 Q, while [[gf* > 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. 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 torch plasma 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 iﬁ the next section

are obtained by using Case A arrangement with £ = 2,/8.
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FIG.4 Reflectance |'* of the adaptor as a function of the load resistance g for two different torch module
locations: (a) £ = A,/8 and (b) A,/4 from the endplate.

IV. MICROWAVE EFFECT ON TORCH PLASMA

The torch is operated in the open air using compressed air as the feedstock. The
torch module operates stably over a very large flow rate range, with flow speeds from
subsonic to supersonic. The effect of microwave power on the torch plasma varies with
the gas flow rate. This dependence is demonstrated by the single frame CCD plasma
plume images shown in Fig. 5. The five sets of images with microwave off (top row) and
on (bottom row) from (a) to (e) correspond to the air supply pressures of 1.36, 2.04, 3.4,
4.76, and 5.44 atm absolute, respectively, where the flow speeds at the nozzle exit of the
torch module are subsonic in (a) to (cj 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 torch
plasma significantly at low gas flow rates. Compa;‘ing 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

11
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FIG.5 Images of plasma plumes generated before (top row) and after (bottom row) the magnetron is
turned on. The air supply pressures in (a) to (€) are 1.36, 2.04, 3.4, 4.76, and 5.44 atm.

increasing the flow speed, the size of the arc torch plasma shown in the top row of Fig. 5
also increases except at the transition from subsonic (c) to supersonic (d). Alternatively,
the plume sizes of the microwave-enhanced torch plasmas shown in the bottom row of
Fig. 5 decrease with increasing flow speed but are still enhanced compared 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 the size of the torch plasma
becomes dictated by the flow speed. At the same supply pressure, the heights of the
microwave-augmented torch plasmas shown in (d) and (e) are only slightly larger than
the corresponding arc torch plasmas. However, the volume and the luminosity intensity
of the plasma plume are still increased by the application of the microwave power.

The time varying voltage V and current I of the discharge were measured using a
digital oscilloscope. The product of the V and I functions gives the instantaneous power
function. The arc discharge occurs in each half cycle, but 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 arc

discharge affects the operation of the magnetron. In fact, the magnetron is shut off during

12
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FIG. 6 The power of the 60 Hz arc discharge. (a), the positive arc (PA) and negative arc (NA); (b),
microwave field applied to the positive arc (PA+M), and negative arc (NA+M).

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 low flow rate. The
power functions in one cycle for discharges without and with the presence of microwave
in the case of low flow rate are presented in Figs. 6a and b for comparison. The supply
pressure of the torch module is 1.16 atm. The powers plotted in Fig. 6 are calculated from
the current drawn by the arc discharge and the voltage drop across the two electrodes,
i.e., no contribution from the nﬁagnetron 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 kW to 12 kW. 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
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significantly. In the arc discharge, the voltage and current peaks are not in phase. The
voltage reaches the peak of about 4 kV when the gaseous breakdown starts. As the
discharge current increases, the discharge voltage drops rapidly to a relatively low level
in the range of 200 ;[o 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
Figs. 7a and b, for discharges without and with the presence of microwave, réspectively,
also demonstrate this point. As shown the peaks of the arc discharge currents in both
cases are about the same. However, the areas of the hysterésis loops in Fig. 7b are larger
than the corresponding ones in Fig. 7a, and the arc discharge voltages at large current
values (Fig. 7b) are higher. Consequently, the peak of the product of the V and I
functions is increased. It is also indicated in Fig. 7b that microwave increases
considerably the breakdown voltage in the positive discharge. When the central electrode
is positive, it collects electrons produced by the discharge. The microwave field enhances
the electron mobility, and thus 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 and the cavity prolongs the storing time of the

remaining microwave after the negative arc discharge.

<

ga;\o\n\ +

-18 - -5 10 1§
- (8}

@ (b

FIG.7 V-1 characteristics of discharges (a) without microwave and (b) with microwave.
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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 liters per minute (SLM) injected through
the central electrode, a tungsten-carbide tube, corresponding to 160 m/s fuel velocity at
298 K. The flame plume was observed when the torch was run with air flow rates ranging
from 10-100 SLM with microwave power applied. This air flow rate range corresponded
to air velocities of 6-65 m/s at 298 K. Ignition under these éonditions is illustrated in Fig.
8b. The plasma plume of the arc discharge (without microwave) operated in the same
condition is shown in Fig. 8a for comparison. As shown, fuel was not ignited. This effect
is understood because fuel was injected from fhe central port of the module, which was
outside the main arc discharge region. An estimate of the discharge region can be seen in

the images shown in Fig. 9.

Arc Only Arc & MW

FIG. 9 Plasma plume emission images recorded with an interline-transfer CCD camera image with an 100

us 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.

15



Fig. 9a is the arc plasma plume emission image recorded with an
interline-transfer CCD camera with a 100 ps exposure. This image was recorded though a
1 nm bandpass interference filter centered at 405 nm, and the high intensity region was
correlated to energy deposition by the plasma. However, as microwave was introduced,
the torch plasma distributes more uniformly across the electrodes as seen in Fig. 9b. In
Fig. 9b, 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) of the
torch plasma. It is noted that the arc discharge alone can also ignite the fuel as the
discharge power is increased by increasing the capacitance in the power supply from 1
uF to 3 uF. Under these conditions, a maximum of 400 SLM air flow rate was ignited

while maintaining the ethylene flow rate at 9 SLM.

V. SUMMARY AND CONCLUSIONS

A torch device that integrates a cylindrical-shaped plasma torch module into a
tapered rectangular microwave cavity is developed. 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 torch plasma 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. |
A theoretical analysis on 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 the volume of torch plasma considerably. The magnitude
of the microwave enhancement decreases as the air flow rate increases. Nevertheless, the

height and the volume of microwave-augmented torch plasma exceed those of the arc
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torch plasma 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 invented are:
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; 3) It is able to run as a combined igniter/fuel injector.
The microwave-augmented arc discharge operating with 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 previous arc discharge configurations. This

improvement should both prove beneficial for applications involving ignition and

combustion in a variety of environments.




VI. PUBLICATIONS
S. P. Kuo and Steven S. Kuo, “A Physical Mechanism of Non-thermal Plasma
Effect on Shock Wave”, Phys. Plasrhas, 12, 012315(1-5), Jan. 2005. .
Daniel Bivolaru and S. P. Kuo, “Aerodynamic Modification of supersonic flow
around truncated cone using Pulsed Electrical Discharges”,' AIAA Journal, 43(7),
1482-1489, 2005. |
S. P. Kuo, “Shock Wave Modification by a Plasma Spike: Experiment and Theory”,
Physica Scripta, 71, 5, 535-539, 2005. |

Wilson Lai, Henry Lai, Spencer P. Kuo, Olga Tarasenko, and Kalle Levon,
“Decontamination of Biological Warfare Agents by a Microwave Plasma Torch”,
Phys. Plasmas, 12, 023501 (1-6), Feb. 2005.

S. P. Kuo, Daniel Bivolaru, Skip Williams, and Campbell D. Carter, “A Microwave-
Augmented Plasma Torch Module”, submitted to the Plasma Sources Science and

Technology.

18



