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Abstract
The purpose of this thesis is to investigate the plausibility of developing a low current
plasmatron fuel reformer that utilizes magnetic fields to hydrodynamically induce spin
of the arc discharge. The proof of principle, development, design, and characterization
of the device are discussed. Important parameters for fuel reforming are determined.
Comparisons are made between this device and other applications of this atmospheric
glow discharge. After a thorough investigation, it has been determined that utilizing
magnets to generate a mirror type magnetic field geometry can significantly improve
the performace characteristics of the plasmatron. In addition, the effective dynamic
range of the device can be increased dramatically by utilizing this magnetic field
geometry.
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Chapter 1

Introduction to Plasma Fuel

Reforming

The applications of plasma span a variety of fields including chemistry, metallurgy,

microelectronics, and environmental protection. Generally, there are two types of

plasma used for research and industrial purposes. The first are known as hot quasi-

equilibrium plasma (i.e. arc discharges). Characterized by high power and and high

pressure, hot quasi-equilibrium plasma typically have a low selectivity and low effi-

ciency for chemical reactions. The second kind of plasma, known as cold nonequi-

librium plasma (i.e. glow discharges) are usually highly selective and efficient in the

acceleration of chemical reactions, but are limited by power and pressure constraints.

Recently, reseachers at MIT's Plasma Science and Fusion Center (PSFC) have

developed a device that unites the advantages of these two very different systems.

The Plasmatron, a micro fuel reformer, utilizes a powerful high pressure discharge

that generates a nonequilibrium cold plasma to reform hydrocarbon fuels. The per-

formance of a plasmatron using DC magntic fields is the subject under study in this

thesis. The first chapter offers an introduction to the operation of the plasmatron, as

well as the benefits from exploiting such a device on-board engine driven vehicles. The

use of magnetic fields to enhance the performance of the plasmtron is also motivated

in this chapter.
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1.1 Emmisions Reductions Using Output Gener-

ated From The Plasmatron

Substantial progress must be made with respect to engine emissions control in order

to keep up with increasing emissions regulations for spark ignition(SI) and diesel

internal combustion engines (ICE). Because of its miniature size, the plasmatron fuel

reformer provides an attractive option of onboard hydrogen production for both fuel

pretreament and for aftertreatment applications. The plasmatron is capable of rapid

response hydrogen production, in the form of a hydrogen rich gas (H2 + CO), from

a wide range of hydrocarbon fuels. By introducing this hydrogen rich gas (along

with the fuel) into the combustion process, engine exhaust pollutants can be greatly

reduced, as shown in (figure 1 - 1). Additionally, significant improvements in spark

ignition engine efficiencies may be achieved through hydrogen enhanced lean burn

operation.

1.1.1 Hydrogen Production from Plasmatron Fuel Reformer

The plasmatron fuel reformer utilizes atmospheric pressure non-thermal quasi-neutral

air plasma to initiate a partial oxidation reaction that converts the liquid fuel into

hydrogen rich gas. When combusting hydrocarbon fuels in an abundance of 02 the

products consist of CO 2 and H 20. However, when combusting hydrocarbons in the

presence of a limited amount of 02, the reactants are only partially oxidized. In

this case the fuel is reformed into a gas composed of H2 and CO. Under ideal

stoichiometric partial oxidation conditions, the partial oxidation reaction is

n 'm
CnHm + 20 2 -- nCO + H 2 (1.1)

2 2

In this case, there is just enough oxygen present to convert all the carbon in the

fuel into CO.

The (figure 1-2) shows a simple diagram of a low current plasmatron. An air-fuel

mixture is continuously injected into a plasma region provided by a discharge that

10



Plasmatron Enhanced Gasoline Engine
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Hydrogen-rich gas (H2+CO}
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Figure 1-1: Cleaner combustion using the Plasmatron fuel reformer.
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is established across an electrode gap. The device operates at atmospheric pressure

with air as the source of oxygen. When operating in a DC current mode of the

plasmatron fonfiguration shown in Figurel-2, the cathode can be a heavy duty spark

plug (However, the plasmatron typically runs in an AC current mode.)The anode can

be a steel cylinder. Neither electrode is water cooled.
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Figure 1-2: Sample first generation low current plasmatron.

In order to ensure good reforming, the hydrocarbon fuel is pre-mixed with air

before being exposed to the plasma. The air moves at high velocities relative to

the fuel, such that when the air molecules collide with the fuel droplets, the fuel is

atomized into droplets with a diameter on the order of 100 micrometers. The

plasma generates free radicals and other reactive species within the air-fuel mixture
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that increases the local gas stream enthalpy which further accelerates the partial

oxidation reaction.

Because the plasmatron accelerates the reaction rate of the partial oxidation re-

action given in equation (1.1), the size requirements of the reformer are minimal.

Likewise, increasing the reaction rates enhances the response time to a given demand

for fuel and increases the versatility of the fuels which can be effectively reformed.

The boost provided by the plasma can facilitate partial oxidation reactions with ef-

ficient fuel conversion and negligible soot production, thereby alleviating problems

associated with catalytic reformation such as response time limitations, sensitivity to

fuel composition, poisoning, soot formation and a narrow operational temperature.

The plasmatron fuel reformer provides continuous ignition at the entrance of the

fuel. Because the plasma generates radicals within the entire volume of the reacting

chamber, there are no limitations due to slow flame propagation. Thus the partial ox-

idation reaction takes place over the entire reactor volume which increases conversion

efficiency while reducing soot formation.

As previously stated, the plasmatron utilizes a nonequilibrium cold plasma to

drive the partial oxidation reaction. The plasma is nonequilibrium (or non-thermal)

meaning that the temperature of the electrons is much higher than the surrounding

ions and neutral molecules, which are at ambient temperatures. It is precisely this

non-equilibrium condition that allows effective operation at much lower currents.

Consequently, this plasma generates a relatively low level of plasma heating. By

reducing the current necessary to drive the reforming reaction, the lifetime of the

electrodes is extended substantially.

Table (1.1) shows parameters for a typical low current AC plasmatron. Typical

electrical power levels are a few hundred Watts, which corresponds to on the order

of < 1 - 2% of the heating value power of the fuel that is processed by the fuel

reformer. The electrical power loss corresponds to a consumption of around 3 - 5%

of the chemical power of the fuel in order to produce the electricity. However, most

of the heating in the fuel reformer is provided by the partial oxidation reaction,

which is mildly exothermic. The heating due to partial oxidation can be increased by

13



Table 1.1: Typical AC Plasmatron Parameters
Power 50-300W
Current 15-120mA
H2 flow rate 30-50 liters/min
Volume 2 liters
Weight 3kg

operating and an increased O/C ratio, or oxygen to carbon ratio(i.e. combusting a

small fraction of the reformate). This additional heating is specifically useful during

the start-up phase, prior to the fuel reformer achieving a temperature equilibrium.

The performance of the plasmatron has been improved as a result of modifications

of the electrode geometry, as well as by implementing a more sophisticated air flow

geometry comprised of independent tangential(flow has tangential component with

respect to the axis of symmetry) and axial airflows. This second generation AC low

current plasmatron fuel reformer has been tested. In the second generation device,

both the anode and the cathode have a large surface area, in contrast to the plas-

matron shown in (figure 1 - 2). Due to the electrode and airflow modifications the

discharge can be produced to fill a relatively large volume, resulting in a significanlty

higher power plasma. This type of reformer can be used to reform natural gas, diesel

and gasoline into hydrogen rich gas with a negligible amount of soot. Typical power

conversion efficiencies in the partial oxidation mode ranged from 60- 85% (ratio

of heating value of the product gas to heating value of the input fuel). Diesel fuel

streams with chemical power levels ranging from 10 to 80 kW have been processed

into hydrogen rich gas.

Table (1.2) shows reforming results for several operating conditions using the

second generation plasmatron fuel reformer under steady state conditions (after about

1 to 2 minutes of continuous operation). Several types of reaction extension cylinders

were used either with or without a catalyst. Typical parameters were at power levels

between 300 and 600 W, and O/C ratios of 1.2- 1.5, and fuel rates of 0.3- 0.5g/s

(which corresponds to between 10- 20 kW of fuel power).

The compostion of the hydrogen rich gas for the cases shown in Table (1.2) are

14



Table 1.2: Performance of second generation AC low current Plasmatron using diesel
Fuel

Electrical
power
input (kW)

O/C
ratio

Fuel
flow
rate
fram

.qfer

Fuel
power
(kW)

Hydrogen
yield

Energy
consumption
(MJ/kg)

Power
conversion
efficiency(%)

Empty 0.27 1.32 0.26 11 0.64 13 56
Reactor

Ceramic 0.19 1.51 0.48 20 0.75 4 64
Catalyst

Honeycomb 0.23 1.21 0.34 14 0.91 6 74
Catalyst

Table 1.3: Gas composition for cases in Table (1.2)
H2 vol.% CO vol.% CO 2 ol% N2 ol% CH 4 vol% C2H4 ol%

Empty 14 16 4.7 64 0.7 0.1
Reactor
Ceramic 14 17 4.7 64 0.2 0
Catalyst
Honeycomb 19 21 3.3 57 0.3 0
Catalyst
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shown in Table (1.3). High concentrations of hydrogen and carbon monoxide gases

are achievable with minimal soot production. The startup yield from the low current

AC plasmatron has been investigated as well. The composition of the output was

studied as a function of time. Test results demonstrated that hydrogen yields as high

as 30% are instantaneously achieved (in less than 3 seconds), increasing to as high

as 80% after 90 seconds. The power conversion efficiency is about 30% at startup,

increasing to as high as 70 - 80% once the reactor has warmed up. Both fuels had

similar results.

1.1.2 Reduction of Emmissions in Spark Ignition Engines us-

ing Hydrogen

The availibility of hydrogen rich gas onboard a vehicle has several benefits in spark

ignition internal combustion engines. Properties specific to hydrogen gas, including

its small size, low density, and rapid diffusivity allow rapid dissipation. Consequently,

hydrogen fuel has a very high flame speed. Furthermore, when mixed with other fuels,

hydrogen gas significantly increases the flame speed of the composite fuel and improves

engine combustion stability. Because fuel-hydrogen mixtures have higher flame speed

and stability, engines can run efficiently in an ultra lean regime operation without

misfire. Very lean operation has been shown to significantly decrease emmisions and

increase efficiency.

Running in an ultra lean regime is advantageous for several reasons. NO, re-

duction in spark ignition engines is a direct result of lean operation. In this case,

hydrogen rich gas is used as an additive. In this method of operation, a small frac-

tion of fuel is reformed into hydrogen rich gas, which is then injected into the cylinder

with air. The hydrogen facilitates dilute engine operation with either lean or heavy

exhaust gas recirculation (EGR) operation. The dilution increases the thermal ca-

pacity of the air/fuel mixture, which decreases peak combustion temperatures. Since

generation of NO. gas is directly related to temperature conditions, a decrease in

peak temperatures translates to a decrease in the production of NOx emmisions.
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Carbon monoxide is another significant product present in the hyrogen rich gas.

The presence of CO has been demonstrated to be benefical in hydrogen enhanced

engines. The CO - H2 mixture inhibits knock by slowing the auto-ignition reactions

and by accelerating flame speed. CO also further contributes to dilution in terms

of lean operation. Using the plasmatron for this type of operation is particularly

appealing in applications with state of the art gasoline and natural gas engines where

relatively modest amounts of hydrogen would be required to operate very lean.

(figure 1- 3) shows the results of a test engine run with hydrogen supplemented

gasoline fuel. Operating conditions were arranged so that the plasmatron was re-

forming fuel with a 75% hydrogen yield. This translates to a 13% hydrogen addition

by heating value to a gasoline engine. To produce the required hydrogen yield un-

der these operating conditions, it was necessary to reform 35% of the fuel using the

plasmatron in order to obtain a 13% hydrogen addition (by heating value).

From these results, a substantial increase in overall efficiency in spark ignition

engines is highly promising. By using state of the art engines optimized for very lean

operation, under high compression ratios and open throttle operation coulped with

a high plasmatron fuel conversion ratio, gasoline engine efficiencies will approach

efficiencies achieved by diesel engines. The net efficiency will be lower because of

power loss due to plasmatron fuel conversion. This power loss is determined by a

power conversion efficiency(PCE) that takes into account exothermic power loss as

well as electrical power drain from operating the plasmatron. The net engine efficiency

nnet is determined as follows:

nnet = nengine X RF (1.2)

where nengine is the engine efficiency, and the reduction factor, RF, which repre-

sents a reduction in avaliable fuel power,is calculated by

RF unprocessed fuel(%) + processed fuel(%) * PCE. (1.3)

So, for example, if operating conditions are arranged so that the plasmatron
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Engine Tests with Hydrogen Rich Gas
from Microplasmatron Fuel Converter

Quad-4 engine, 1500 rpm, 2.6 bar IMEP
(medium load conditions)
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processes 25% of the fuel, and the PCE is 80%, then nnet = nengineRF, and here

RF = 0.75 + 0.25 * 0.80 = 0.95. Hence, if the gross engine efficiency of a hydrogen

supplamented lean burn gasoline engine is comparable to a diesel engine, then the net

efficiency would be 95% of that of a diesel engine. However, running a spark ignition

engine under very lean operation does result in a low specific power. As is the case

with diesel engines, lean operation spark ignition engines may be run efficiently un-

der very high compression ratios through boosting, turbo charging or super charging.

This boost in power will easily compensate for the lower specific power due to lean

operation.

1.1.3 Exhaust Aftertreatment benefits using the Plasmatron

with an Absorber Catalyst

Diesel Engine Emissions Aftertreatment Concept

Figure 1-4: Catalyst Regeneration using the Plasmatron

An absorber catalyst can be used for trapping the NO. in diesel engine exhaust.

The catalyst can then be regenerated by the use of the output of the plasmatron as
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shown in the (figure 1- 4). Both H 2 and CO are highly reducing agents, and in

particular, they are better than straight deisel fuel . The use of the plasmatron in

conjunction with these absorber catalysts provide a number of significant advantages.

The hydrogen rich gas produced by the plasmatron is a significanly stonger reducing

agent than diesel or gasoline (regeneration of the absorber catalyst would othewise

require the use of diesel or gasoline). The use of hydrogen rich gas could potentially

provide:

* Higher regeneration effectiveness.

* Larger regeneration operating window.

* Reduced poisoning of catalyst.

* Reduced emmisions of hydrocarbons due to faster catalytic removal.

* Reduced loss in overall fuel efficiency due to lower requirements of on amount of

reducing gas and greater ease of reuseof hydrogen rich gas in the engine.

* Shorter regeneration time due to greater reducing capability of hydrogen rich gas

and hgh concentration of reducing gas.

The plasmatron fuel reformer is well suited for efficient reforming at low through-

outs required for aftertreatment applications. Furthermore, the heating of the output

gas due to plasmatron operation might be used for catalyst warm up or for catalyst

heating during regeneration. Finally, modifications to the absorber catalyst may be

made to treat other forms of emmision as well.

1.2 Magnetically Enhanced Plasmatron Operation

The second generation plasmatron is capable of supporting the generation of higher

power plasma, and therefore is capable of processing higher throughputs. As men-

tioned before, this higher throughput processing capability is achieved by increasing

the surface area of the electrodes (in addition to the additional tangential airflow

manifold). However, the efficiency of the reforming process of the plasmatron is

highly coupled to the electrode size and geometry as well as the airflow configuration.
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Optimization of performance for both very high throughputs (as may be required for

high loads ni the engine) as well as for very low throughputs (as may be required for

operation during idle or for catalyst regeneration operations) has proven to be very

difficult. One promising method to achieve this very high dynamic range of operation

is through the use of magnetic fields.

In order to efficiently reform very high throughputs, the electrode diameter must

be relatively large (on the order of 1" in diameter). The reason for this will be

discussed in more detail later. As a result, the cross- sectional area in the regions

where the plasma will exist is relatively large. For efficient reforming, the plasma must

uniformly fill this cross section(in and average sense, otherwise, significant amounts

of fuel may pass through without being reformed. The tangential air flow is used

to achieve this uniform power distribution across the cross-section. Specifically, the

tangential airflow serves several purposes. First, it creates a vortex in the air flow

that is important for plasma stability. Secondly, the vortex pushes the roots of the

arc away from the electrode gap, streching the plasma and simultaneously increasing

the power. And finally, the tangential air pushes the plasma to the center of the cross

section and spins the plasma at very high rpm's (revolutions per minute), thereby

effectively creating a uniform power distribution across the cross section as well as

deceasing electrode wear. As a result, the tangential airflow is an extremely important

parameter in terms of efficient reforming operation. Another important parameter

for efficient reforming is the axial air flow. The axial air flow serves several purposes

as well. First, the axial flow is at high velocities relative to the fuel in order to

atomize the fuel (good fuel atomization is necessary to prevent production of soot).

Also, the axial air is used to keep the fuel off the walls of the electrodes (this both

increases the lifetime of the electrodes and prevents production of soot). Thus for

effective operation, there must be a balance of axial and tangential flows that must

be optimized for each particular fuel throughput rate.

When reforming lower throughputs, both the amount of fuel and the air flow rates

are decreased. The decrase in airflow is necessary in order to remain as close to ideal

stochiometric partial oxidation conditions as possible (also to keep the O/C nearly
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constant). When reforming lower throughputs, ideally, a smaller electrode size is

preferred (the diameter may be on the order of 1/2"). However, since the goal is to

develop a compact device that can effectively operate across a wide dynamic range

with rapid response, using electrodes of various sizes is not feasible. Consequently,

it is necessary to optimize the air flows for low throughput using low flow rates

and electrodes with a large diameter. However, these simultaneous constraints make

effecient operation very difficult since there is a limited amount of total air flow to be

split between both tangential and axial flows.

The goal of this thesis is to investigate the option of utilizing a magnetically spun

plasma discharge. By using magnetic fields to spin and stretch the discharge, the

tangential flow rate can be decoupled from the flow rate optimization process. In this

case, the tangential flow is only used to create a stabilizing vortex, and to initially

push the arc out from betrween the electrode gap. Once the discharge has been

pushed out of the gap by the air, the fields will simultansouly spin and stretch the arc.

Consequently, a lower tangential flow rate (ideally constant or nearly constant across

the entire dynamic throughput range) is achievable for all throughputs. This extra

degree of freedom will significantly improve the efficient dynamic range of operation.
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Chapter 2

Proof of Principle

The goal of this thesis is to investigate the possibliity of developing the next generation

low current plasmatron. In this third generation plasmatron, magnetic fields will be

utilized to spin and strech the electric arc. However, before this can be done, there will

be necessary modifications to the design and operating conditions. This chapter will

briefly outline this investigation. Specifically, the third generation plasmatron must

utilize a rectified current arc. Hence the output from the AC power supply must be

rectified. Secondly, the terminal velocity of the arc in air will be approximated in order

to determine the desired magnetic field strength. A field simulation is constructed in

order to determine the plausibility of generating fields of the desired magnitude in a

reasonably confined amount of space. The magnetic field geometry will be discussed.

A simple model of the next generation plasmatron is designed and tested using both

tesla coils and permanent magnets. The test results will be discussed qualitatively.

2.1 Full Wave Rectification to Generate Pulsed

DC Current

In order for the magnetic fields to produce a net force on the plasma, the current must

be DC. The RF Atlas 3013 devloped at Advance Energy Inc., is the power supply

used to generate the AC low current plasma. It was modified to produce alternating
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current at a frequency of 200 kHz. Thus the output from the power supply must be

rectified. A full wave rectification bridge must be constructed. Because the voltage

peaks may be as high as 10-15 kV before breakdown occurs, the bridge must be

capable of rectifying a 20 kV signal. The diodes that will be used are UF1007 diodes.

The peak repetitive reverse voltage for these diodes is 1000 volts. Hence each leg of the

rectification bridge will have 20 diodes in series. To ensure that each diode operates

within its voltage rating, it is necessary to add a voltage sharing network in parallel

with each diode. The compensation networks are used to ensure uniform steady state

voltage sharing as well as uniform transient voltage sharing. However, because we are

using ultra fast diodes of the same lot, the AQRR,( the change in reverse recovery

charge)is vanishingly small. Thus the sharing capacitor can be reduced to zero. So

we are only concerned with steady state voltage sharing.

In the calculations to determine what resistors to use for the voltage sharing

network, the maximum voltage applied to the plasma will be VM=10 kV. So the

maximum voltage across an individual diode is 500 volts. The calculations necessary

to determine the proper value resistor to be used for the compensation network are

clearly outline by Rivet. From the calculations, the required resistor value is Rmax =

110kQ. The corresponding power dissipation through the bridge is P = 20 * V2 = 45R

watts, where V is the voltage across an individual diode. The maximum net power

dissipated to the bridge is relatvely small compared to the power delivered to the

plasma.

Figure (2- 1) shows the a sample input and output of the full wave rectifying

bridge. A function generator was used to deliver a 200 kHz frequency sinusoidal

signal, which was rectified throught the bridge. The top wave form is an AC signal

with no DC offset. The bottom waveform shows what the first signal looks like after

it has been rectified and is applied to a load of 15kQ. The amplitude of the second

signal has also been amplified using a transformer with a turns ration of 7:140. This

transformer is used with the atlas power supply to generate the desired high voltage

input required for the plasmatron. From the output, we see that a 200 kHz AC signal

into the bridge returns a pulsed DC current out, with a pulsing frequency of 400 kHz.
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Thus, using this bridge and transformer arrangement, we will get a 400 kHz pulsed

DC electrical discharge. Consequently, the current produced will experience a net

force when exposed to a DC magnetic field.

S ig rna I into th bridge rom lunc io n goneralor r

g
mP

_'E

0

0
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0.
0.

0.2 0.4 0.6 0.8 - ' .2 ' .4 - 6 .8 2
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0 0.2 0.4 0.6 0.8 - -.2 4 6 .8 2
ime seconds) r 

Figure 2-1: Sample AC signal in and rectified signal out.

2.2 Determining the Terminal Velocity of the Elec-

trical Discharge

In the third generation plasmatron, there will be multiple forces acting on the electri-

cal discharge. In particular, we are concerned with the rate at which the DC plasma
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is spinning. n general, the body of the arc will have a very complicated motion. For

example, the arc might strech and become cork screwed. However, the roots of the

arc will always have a component perpendicular to the surface of the electrodes. Since

there will be nonzero DC current, the arc must be continuous from one electrode to

the other. Thus, by spinning the perpendicular component of the roots, the entire

plasma will spin.

The rate at which the plasma spins is a measure of how uniform the power will be

distributed across the inner electrode region, where the fuel will be reformed. So it

is important that the plasma spins rapidly enough so that as the fuel passes through

the electrodes, the fuel will be in the vicinity of the plasma for some period of time.

Therefore, it will be important to approximate how fast the arc can move through

air before reaching terminal velocity when exposed to a given magnetic field. Also,

it will be important to determine the magnitude and geometry of the field that will

best accomplish this uniform power distribution.

We want to determine the terminal velocity of the roots of the arc traveling

through air with viscosity ,u, under the influence of a magnetic field B. Because

there is a net current perpendicular to the surface of the electrodes, and because we

want to determine the maximum spinning velocity (i.e.velocity of the arc perpendic-

ular to the direction of current) we need only be concerned with the component of

the magnetic field that is perpendicular to the direction of current. Since the plasma

heats the air locally, we will calculate the terminal velocity of the arc for the worst

case scenario. Setting the force on the arc due to drag equal to the force on the arc

due to the magnetic field, FD = F1 .

A basic fluid flow analysis for transverse airflow around a cylinder yields the

relation,

FD = CD 16UD (2.1)
3

where CD is the dimensionless drag coefficient, U is the velocity of the arc root,

and D is the diameter of the arc. Now, the forces acting on the arc due to the
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magnetic fields are

F =ix xB=ixL xBL (2.2)

where L 1 is the length of the arc perpendicular to the surface of the electrodes,

i is the current per unit length, and B 1 is the magnetic field perpendicular to LI.

Balancing the force due to drag on the arc with the force due to the magnetic field

and rearranging terms we get

U = 16/ 'CB' (2.3)

Assuming the worst case scenario, we take the length to diameter ratio, L/D = 0.5,

the dimensionless drag coefficent corresponding to the ratio, as calculated by [Hussey]

is CD 1.66. Assuming the local temperatures will be as high as 4000K, we use

= 1 * 10-4 kg, and an average current, i = .200 amps. (Figure 2- 2) shows

a fist order approximation to the terminal velocity of the arc as a function of the

applied magnetic field perpendicular to the roots. According to [Nuria], the average

length of timne for the arc to stretch to its maximum length before breaking is on

the order of 1 millisecond. So, if we want uniform power distribution, we need the

arc to spread across the entire electrode cross section in this time frame. So, if the

electrdode diameter is 1 ", then the plasma must make one revolution in 1 millisecond.

Hence the desired velocity is on the order of 100 m/s. According to the figure, this

corresponds to B = 0.85 tesla, or about 8500 gauss. While this is a pretty large

field, it is reasonably achievable with modern rare earth magnets. Moreoever, this

is a first order approximation to the worst case scenario. Thus, spinning the arc at

sufficiently high speeds is reasonably achievable.

2.3 Magnetic Field Simulation Software

In the third generation plasmatron, the magnetic fields will spin the arc roots along

the surface of the electrodes. So, the relevant magnetic fields will be the field vectors
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Figure 2-2: First Order Approximation to root velocity dependance on magnetic field
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perpendicular to the surface of the elctrodes along the entire inner surface of the

electrodes. Since the electrodes are cylinders, we must only consider the fields on the

3-dimensional surface along the inner electrode walls. Using Ansoft field simulation

software, Maxwell SV, we can generate vector field plots for a sample coil and a

sample permanent magnet. Using ring magnets and coils, it is possible to generate

two kinds of magnetic field geometries. In one case, the magnets or coils produce

fields that oppose each other. In this case the field geometry is called a cusp and is

shown in (figure2 - 3). With this field geometry, the fields produce forces that will

spin the roots in the same direction. In the other case, the magnets or coils produce

fields that will cause the coils or magnets to attract each other. The field geometry is

called a mirror geometry. This field geometry for this case is identical to the previous

one shown with the exception the arrows are pointed in the opposite direction for one

of the magnets.

In this case, the force on the roots induced by the magnetic fields will tend to spin

the roots in opposite directions. The advantage of the first case is that the roots will

spin very fast. The advantage of the second case is that the plasma will tend to cross

through the center of the cross section for longer periods of time. The optimum field

geometry will be determined by experiment.

2.3.1 The Electromagnet Coil

Given that we need a desired field of approximately 8500 gauss on the surface of the

electrodes, a model is constructed in order to determine the necessary current density

to generate such a field. Using MaxwellSV, a model is developed. The inner diameter

of the ground and high voltage electrodes, IDg = IDh, = 0.6 ". The coil dimensions

are 0.875" (ID) x 1.75" (OD) x 1.0" (thickness). In the model, the current density of

the coils is adjusted until the magnetic field on the surface of the electrode cylinder

is approximately 8500 gauss. From this simulation we can determine what current

we need to run through the coil to generate the desired fields. The results of the

field simulation software suggest using a current density J = 2000 amps per squaer

centimeter.

29



Figure 2-3: Sample Cusp Field NdFeB Material grade N40.
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To construct the tesla coil, 24 guage copper magnet wire is used. The cross

section of the copper wire is approximately 70% copper. For a coil with the given

dimensions used in the simulation, the cross section is 0.4375in2, or 0.068cm2 . So for

the desired current density, we must have a curernt 100 amps. Clearly, running

this kind of current through magnet wire is not practical. The coil will heat up

and the resistance will increase with temperature, thereby further heating the coil

until it melts. However, we can pulse a relatively high current through the coil

for a short enough duration of time so that the coil does not heat up significantly.

So, for example, if we pulse 20 amps of current,the corresponding current density is

300 m;.

Using a simple thermal powerloss calculation, we have

PC * d T = C * 2 (2.4)
dt 7 ~ 

where Pcu is the density of Copper, Cp is the specific heat of Copper, 77cu is the

resistivity of Copper, and T and t are temperature and time respectively. Under STP

conditions we have Pcu, = 8920 kg, Cp = 380 Jk-, le, c = 1.56 * 10-8Qm. Plugging in
m3 kg K ,TC .6*1 5 m lgigi

the constants and approximating the differential we have

AT = 0.05At. (2.5)

So for each each minute that current passes through the coil, the coil heats up by

approximately 3 degrees. So, using a coil of this size is not really feasible.

2.3.2 Rare Earth Ring Magnets

There are various types of rare-earth magnets that will fit our application. AlNiCo

(Aluminum Nickel Cobalt composite), SmCo (Samarium Cobalt composite) and Nd-

FeB (Neodymium Iron Boron composite) are among the magnets considered. All

of these materials have higher energy products than ceramic magnets. With each

of these materials there are associated advantages and disadvantages including cost,

maximum energy density, maximum flux density, maximum operating temperature,
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and resistance to demagnitization. For our application, the most relevant conditions

are the steady state operating temperatures, the maximum flux density, and resis-

tance to dernagnitization. Because the steady state operating temperature of the

plasmatron is near 1000 C, none of the rare earth magnets can be dierctly exposed

to these conditions. Given that we require relatively high magnetic fields and that

there may be large demagnitizing fields present, the NdFeB magnets will best fit our

application. Using the characteristics for NdFeB magnets of material grade N35, as

shown in (figure2 - 4), a simulation is conducted to determine the magnitude of the

field on the surface of the electrode. The results from the simulation suggest that for

magnets with dimensions 1.00" (ID) x 1.25" (OD) x 0.375" (thickness), separated by

0.25" on axis, the use of permanent rare earth magnets seems promising.

2.4 A Simple Model

A simple model that was designed and machined to resemble the model used in the

simulations. The model consists of two electrodes, a swirl manifold, and an axial

air inlet. In addition, the coils were built, and NdFeB magnets with the dimensions

mentioned earlier were obtained. The model was hooked up to the power supply and

both the coils and the magnets were tested. The flux density at the surface of the

coils and the magnets were measured using a gauss meter. At the surface of the coil,

the magnitude of the field was - 1000 gauss. At the surface of the magnet, the field

was - 3500.

When testing the magnets and the coils, we tested the mirror goemetry first.

For the coils, the temperature of the coils became too hot to handle in under a few

minutes. In addition, it was hard to tell if the coil was generating high enough fields

to spin the plasma beyond the contribution from the swirl manifold. However, when

using the permanent magnets, there was a clear difference. Visually, we ould see the

plasma spinning faster. The plasma was a higher pitch as well. The plasma sounded

as if it were hissing from spinning faster.

When testing the cusp goemetry, again the perfrormace of the coils had minimal
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effect on the plasma. This time the permanent magnets seemed to have minimal

effect as well. It is likely that the strength of the fields was not sufficiently high to

spin one root against the flow of the tangential air. Future tests will be attempted

with more powerful magnets.
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Chapter 3

Design, Testing, and Optimization

With the proof of principle yielding promising results, the next step is to design the

third generation plasmatron, machine it, then run test experiments. This chapter

will briefly discuss this procedure. The design will be based on a second generation

plasmatron, with a few modifications. First, because one objective is to utilize a low,

relatively constant tangential air flow, the design of the tangential air manifold must

be modified. Also, the magnets must be incorporated into the design. Acquiring

custom magnets of the desired strength and size would have a long lead time and

would be very expensive, so the plasmatron will be designed around the dimensions

of available stock magnets. The design will also incorporate the possibility of using

a fuel injector, which should help with the atomization of the fuel. These design

considerations will be discussed in this chapter, as will the optimizing process.

3.1 The Tangential Air Flow

The tangential air flow will be used to push the arc out from between the electrodes.

Thus the velocity of the air flow leaving the swirl manifold should be moving on

the order of the same velocity as the velocity the arc will be travelling. So our first

constraint is that the velocity of air leaving the swirl manifold, v = 100m. Using the

simple first order approximation,
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F= = F 2(3.1)
A 7r a 2

where F is the air flow rate measured in m 3 /s, A is the cross sectional area of the

jet where the air leaves the swirl manifold, and a is the radius of the jet. This gives

us the reltionship between the radius of the jet and the flow rate.

Our next constraint is the limit on the allowed pressure drop from the constriction

of air flowing through the jets. The requirement is that the total pressure drop

P2 - P < 6 PSI. In order to generate pressures higher than 6 PSI would require

a pump with power consumption and size limitations that would not be practical

to use on a car. As mentioned earlier, we would like to have relatively low (and

nearly constant) flow through the swirl manifold. Compared to the second generation

plasmatron, low flow for tangential air is about 15 - 20 liters/min. We will use these

constraints to determine the optimal ratio of a where is the length of the jets.

Using a basic fluid flow analysis for viscous-flow through a straight tube of circular

cross section. we can determine the desired radius a. The familiar Poiseuille equation

for such a flow is given by

7r a 4

Q 8 / 1 x Pag x (P2 - P1 ), (3.2)

where Q is defined by Q _P * dv and P is the pressure at which the flow is

being measured at. In the above equation, ,u is the viscosity of air, Pavg is the average

pressure across the pressure drop, P2 is the pressure before the drop, and P is the

pressure after the drop. An implicit assumption made is that the pressure drop

measured by the pressure gauge results entirely from the constricted air flow through

the swirl jets. The swirl manifold will be made with 6 jets, so the throughput must

be divided by the number of jets. To a good approximation, we can use substitute

Q = Pay * F Then plugging (3.1) into (3.2), and rearranging we get

48 vI 1 1/P i ta = 17x0- g(s)1=(3.3)

Plugging in the values v = 100 m/s,/ 1 = 1.7 x 10 kg/(m s), 1 = 0.1" = 0.00254
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m, and P 2 - P1 = 6 PSI =41369 kg/(m s2), we get a = 0.01 ". Thus we want to use

- 1:10.

Plugging these values into (3.2), we get an expected flow rate of 15 liters/min for

a 6 PSI pressure drop. With this size radius, the air flowing out of the jets should

have velocities near 100 m/s. So, when designing the swirl manifold, we'll use l= 0.1"

for the wall thickness and d = 0.02" for the jet diameter.

3.2 N40 NdFeB Ring Magnets

The best readily available magnets for our application were NdFeB magnets made

from a material grade N40. The B-H curves for these magnets are given in (figure

3- 1). The dimensions of the magnets are 1.25" (ID) x 3.00" (OD) x 0.5" (thickness).

The magnitude of the field measured on the surface of the magnets using the gauss

meter is - 6000 gauss. The inner diameter of the magnets creates a constraint on

the size of the electrodes. Because the magnets must remain near room temperature,

and because any electrical arcing to the magnet will destroy it, the magnets must

remain sufficiently far from the high voltage electrode. ***ADD FIGURE*** shows

a field simulation with mirror geometry for the electrode size to be used with these

magnets.

3.3 Preliminary Design

The simple model constructed for proof of principal, was too simple to accurately

relfect how the plasmatron might actually operate. Thus a preliminar design was

made. Figures ( ?? and 3-3) show the first draft design of the magnetic plasmatron.

Only the relevant design choices will be motivated. The first figure shows the design

which incorporates a fuel injector. The second figure shows the first draft design with

a B100 nozzle. In both cases, the arc ignition takes place between the two electrodes

in the electrode gap. The swirl air then pushes the arc out from the gap. Both

roots travel along the inner walls of the electrodes moving away from the gap. The
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reason for this, whether it be forces from the swirl air or from the magnets, is not

known. As the roots spread apart, the plasma streches and the voltage of the arc

increases. Also, as the roots travel along the electrode walls, the magnetic fields spin

the plasma. Eventually, the arc breaks and the plasma re-ignites near the electrode

gap. This process is repeated with a frequency on the order of 1000 Hz as reported

by Nuria[2].

G1
(6

0.35

10

-0--.71 --

Figure 3-2: Cross Section of the Preliminary Design intended for used with Fuel
injector

In both cases the pieces were air tight sealed using gaskets and sealant. In addition,

the pieces were compressed together using the 6 vertical threaded rods. The macor

piece was the electrical insulator, used for its high temperature tolerances. The G-10
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Figure 3-3: Cross section of Prefininary Design with B100 nozzle
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pieces were used to electrically insulate the magnets. In this first draft version of the

magnetic plasmatron, the inner wall of the upstream magnet is used as part of the

air tight seal. In both cases there is a wall air manifold which is used to keep fuel off

the walls, as well as an atomizxation manifold used to atomize the fuel.

The performance of the first draft version was tested. In these preliminary tests,

the larger magnets obviously had a much more dramatic influence on the motion of

the plasma. The plasma was spinning very fast with very little tangential flow. The

tangential flow could be brought down to as low as 5 liters/min while still mainting a

very fast spinning arc. It is worth noting that erosion of the electrodes predominantly

took place along the walls of the electrodes corresponding to the location of the center

of the magnets. Unfortunately, this design could not be tested without magnets at all,

in order to compare the spinning rate without the magnets. For the first draft, only

the mirror geometry was tested. This is because when the plasmatron was assembled,

the rods were screwed on too tight and the macor piece cracked so that if it were taken

apart it could not be put back together again.

There were a few major shortcomings to this design. First, large amounts of wall

air 100 liters/min could be injected axially while mainting a tangential air flow rate

of 15-20 liters/min. However, even very low amounts of atomization air would create a

region in the center void of the plasma. But high atomization flow rates are necessary

to sufficiently atomize the air. Secondly, the magnets had too much thermal contact

with the plasmatron. After operating the plasmtron continuously, but without fuel,

for a minute or so, the magnets would get very hot to the touch. As the magnets

heat up, the magnetic fields produced decrease, hence the roots of the plasma spin

slower. This phenomenon could be heard. As the magnets heat up, the "whizzing"

sound decreases in audible frequency, suggesting that the spinning rate is decreasing.

If fuel were used, the temperaure of the plasmatron would be much higher and the

magnets would certainly be ruined. Finally, the postition of the magnets could not

be adjusted. The distance between magnets may be an important parameter, so it

is worthwhile to be able to adjust this distance With these considerations in mind,

the final version of the third generation magnetic plasmatron was designed.
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3.4 N45 NdFeB Ring Magnets

From the tests with the preliminary design, it is clear that the magnets can not have

any contact with the plasmatron. Thus the magnets will have to have a larger inner

diameter. Consequenctly, the magnets will also have to be further away from the

electrodes. Thus, to get the same magnitude fields on the same size electrodes from a

further distance away the magnets will have to be more powerfull. Again lead times

and prices would be steep for custom magnets, so we used the best readily available

magnets.

The magnets of choice this time were NdFeB magnets made from material grade

N45. This grade material is a higher quality than N40 and should have a greater

flux density. Also the magnets will act on the plasma from a farther distance, so a

greater thickness is required. The dimensions of the new magnets are 4.25" (OD) x

1.75" (ID) x 0.7" (thickness). The B-H curves are given in (figure 3- 1. The mirror

orientation field geometry is shown in the figure. The electrode ID assumed in the

simulation is the same. The NdFeB material grade used in the simulation is identical

to the material grade in the previous simulation. So the magnitude of the fields in this

simulation are slighlty lower than is actually expected. Now, because these simulated

magnets are farther from the electrodes, have larger dimensions, but are constructed

from the same material, the ratio of the magnitudes from this simulations and the

previous one will determine wether the field strength at the electrodes will be higher

or lower using these magnets. From the ***ADD FIGURE*** we see that, in fact,

the fields at the electrodes will be geater in magnitude despite there larger distance

separation.

3.5 The Magnetic Plasmatron

Figure ( 3- 5) shows the cross section of the magnetic plasmatron. The magnets and

the magnets supports are not shown in the drawing. Figure ( 3-6) shows a picture of

the magnetic plasmatron while operating without fuel. The significant design changes
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will be discussed in this section.

Figure 3-5: Cross section of the third generation Magnetic Plasmatron

One necessary major improvement to the design of the magnetic plasmatron is the

requirement that the plasma fills the cross-section (in an average sense) uniformly for

large axial flows. To improve the performance in these regards, a few changes were

made. First, the electrode diameter was increased from .7" to 1". The idea here is

that the axial velocity of the axial flow will be lower since the cross section is larger.

However, the it is important that the velocity of the axial air is high relative to the

fuel flow to ensure good atomization. So the atomization manifold constricts to a

small cross section near the entrance of the flow. The fuel air mixture then flows out

of a nozzle with a large cross section so that the air fuel mixture has a relatively low

axial velocity. In addition., the design uses a fuel injector for better atomization.

Next, because the magnets used were larger, they could be kept farther away

from the electrodes thereby reducing the temperatures that they would be exposed
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Figure 3-6: Picture of Magnetic Plasmatron Operating Without Fuel
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to. Hence the magnets will still be just as effective at steady state temperature

operations on the order of 1000 C. Also, the electrodes were elongated so that the

magnet position can be adjusted along its axis of symmetry. Also, this design is held

together by gaskets and a large threaded lid, to simplify assembly. So it is relatively

easy to change the orientation of the magnets and consequently change the magentic

field geometry.

After running a few preliminary tests, a few adjustments were made to improve

the performace. The inner diameter of the electrodes was decreased from 1 inch to

0.7 inches. Also, the angle of the jets was decresed from 90 degrees to about 55

degrees. Traditionally, the jets were perfectly tangential to the inner diameter of

the electrodes, as demonstrated in Figure(3 - 7). However, the angle of the jets was

adjusted as shown in Figure ( 3-8).The reasoning for this goes as follows: Because the

magnets will be used to spin the plasma, the tangential air now serves two purposes.

The first purpose is to push the arc out from the electrode gap. The second function

is to provide a slight vortex for plasma stability. Because the tangential air is no

longer needed to spin the roots, the angle can be adjust so that it has some radial

component. The angle was chosen some what arbitrarily and the optimization of this

angle should be investigated further.

After these adjustments were made, both field geometries were tested. The net

flow rates used were taken from reforming throughputs used by [Alex], and Data was

collected for several operating conditions.
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Figure 3-7: Jets Tangent to 4/ner diameter of the electrode



Figure 3-8: Jets with anlge modeid with slight radial component]



Chapter 4

Data Collection and Analysis

Data has been collected while the magnetic plasmatron is in operation without fuel.

In this chapter, the conditions under which the data was collected are discussed. The

data is analyzed and parameters pertaining to reforming are analyzed and discussed.

4.1 Determining the Optimum Magnet Configura-

tion

The magnetic plasmatron was tested without fuel and waveforms were recorded under

various operating conditions. There were 8 distinct performance configurations: there

are 4 possible magnet congfigurations and two possible electrode configurations. The

electrodes could be arranged so that the anode was upstream and the cathode was

downstream, or vice versa. The magnets could be arranged so that the same poles

faced each other (north or south poles), or they could be arranged so that opposite

poles faced each other (north pole upstream or south pole upstream). Each of these

was tested for various flow rates. The flow rates to be used were taken from previous

testing conditions of a second generation plasmatron with flow rates optimized to

reform gasoline fuel.
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Table 4.1: Parameters Used to Reform Gasoline at various Throughputs
Tang. Atomiz. Wall Total Fuel
Air Air Air Air Flow Ratio
(L/min) (L/min) ((L/min) (L/min) (gram/s)
40 40 3 83 0.32 1.15
75 45 23 143 0.62 1.02
75 25 105 205 0.89 1.02
80 50 100 230 1.00 1.01

4.1.1 Qualitative Comparison of Various Operating Condi-

tions

Because the magnetic plasmatron was not tested with fuel, the performace was first

tested qualitatively. To guage the performance, we looked at the plasma through the

downstream electrode with the naked eye. The tangential and atomization flow rates

were adjusted. Bad performace was characterized by either a region void of plasma

in the center of the device, or by instability (plasma breaking frequently enough

to see with the naked eye). The best performance was characterized by a stable

plasma uniformly filling the cross-section with the highest atomization flow and the

lowest tangential flow. After testing each configuration, the best performance was

determined to be the case with the anode upstream and the cathode downstream,

and the opposite poles facing each other (with the north pole as the upstream face

and the southpole as the downstream face). The process used to determine which

electrode was the anode and which was the cathode will be discussed later. With

this optimized configuration, we compared flow rate parameters for the magnetic

plasmatron with flow rate parameters used by the second generation plasmatron.

(4.1) shows the flow rate and fuel throughput parameters for a second generation

plasmatron optimized to reform gasoline fuel. (4.2) shows the best performace (deter-

mined qualitatively by the naked eye) for the optimum configuration of the magnetic

plasmatron as previously discussed.

In each of the above tests listed in table (4.2), the plasma was stable and uniformly

filled the cross section. As demonstrated here, significantly less air flow was required

from the tangential flow. So for a given fuel flow rate, increased atomization air could
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Table 4.2: Magnetic Plasmatron
Tangential Atomization
Air Air
(L/min) (L/min)
10 15

15 30

25 70
30 110
35 155
40 190

Parameters
Wall
Air
((L/min)
0

0

0

0

0

0

Used With Hypotheitcal Fuel Flow
Total Fuel
Air Flow
(L/min) (gram/s)
25 0.10
45 0.20
95 0.40
140 0.60
190 0.80
230 1.00

Rates
c Ratio

1.10
0.99
1.04
1.03
1.04
1.01

be used, leading to better atomized fuel and better reforming. Also, the table shows a

fairly large dynamic range of hypothetical fuel flow rates. Because no fuel tests were

conducted, the feul efficient dynamic range of operation could not be determined.

However, when using 60 liters/min of tangential air, the amount of air that could be

injected axially while still mainting a stable unifrom plasma seemed to be limitless.

In fact, the flow controller used (FMA 2600 - FVL 2600 Mass and Volumetric Flow

Controller) was the limiting factor on the amount of air that could be injected axially,

with a maximum limit of 250 liters/min.

4.1.2 Determining the Frequncy of Quenching and Restrik-

ing

Another method used for comparing the optimal configuration was through the use of

the Phantom v5.0 High speed camera. The camera is capable of capturing a gigabyte

worth of images. In the setting we used, each picture had a resolution of 256 x 64

pixels, at a frame rate of 32000 (pps) pictures per second (or one picture every 31.25

[s) and with a shutter speed of 10 seconds.

The first experiment was to try to determine with which field geometry, either

mirror or cusp, does the arc break more often. However, this experiment did not

work so well for a few reasons. First the time scale in which the plasma quenches and

then re-strikes is on the order of nanoseconds, which is a few orders of magnitude too

fast for the camera to capture. Secondly, some times the arc breaks but reconnects at
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another point so that it doesn't have to begin from between the electrode gap. The

figures (1-3) capture this phenomenon. So determining what counts as a break and

what does not is tricky.

Figure 4-1:

Figure 4-2:

Figure 4-3:

4.1.3 Determining the Optimal Field Geometry to Uniformly

Distribute the Plasma

The camera was also used to determine which magnetic field geometry was better

for uniformly filling the cross section in an average sense. The way the experiment

was conducted is breifly described in what follows. A flow rate of 20 liters/min
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of tangential air was used with no axial air. Both magnetic field goemetries were

tested. To keep track of performance the following scheme was used: looking upstream

through the electrodes, the axis of symmetry of the plasmatron was defined to be the

origin. If in any given picture, the plasma arc streched around the origin, then the

time interval from when the picture of the image benig examined was taken until

the time when the next image was taken counted as a contribution of the plasma

uniformly filling the volume. Hence, for the given frame rate (32000 pps), if in a

given picture, the plasma streches around the origin, then we say the plasma filled

the volume for those 31.25 microseconds corresponding to that picture. Figures(4-5)

show an example of what the arc looks like when it does fill the volume, and what

it looks like when it does not. We can determine whether the arc fills the volume as

follows: Consider the circle formed by the inner diameter of the electrode, if any solid

line can be drawn through the center axis without intersecting the arc of the plasma

then we say that the plasma does not fill the volume. If no straight line can be drawn

through the origin without intersecting the arc, we say that the plasma does fill the

volume.

Figure 4-4: Example of Arc filling the volume

Figure 4-5: Example of arc not filling the volume

We looked at a sequence of 480 pictures in each case, which corresponds to a time
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interval of 15 milliseconds. For the case with cusp field geometry (magnets repelling)

the time spent filling the volume was 4.375 milliseconds out of the 15 milliseconds

examined. For the case with mirror field geometry (magnets attracting) the time the

arc spent filling the volume was 9.59 milliseconds out of 15.

From these results we conclude that the mirror geometry is better for generating

a plasma that uniformly fills the volume. The reason for this is that with this field

geometry, the fields both spin and strech the plasma. While in the cusp geometry,

the fields only spin the roots. In the mirror geometry the roots both experience a

magnetic field in the same direction. But the direction of current perpendicular to the

electrodes i at the anode is opposite to the direction of i± at the cathode. Thus the

fields spin the roots in opposite directions. Hence, when an arc first strikes the roots

move away from each other much faster. As a result, the roots spend more time on

opposite sides of electrodes, and thus fill the volume more often. Figures(6-9) show a

sequence of pictures in which the roots are moving in opposite directions relative to

one another.

Figure 4-6:

Figure 4-7:
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Figure 4-8:

Figure 4-9: Arc roots moving in opposire directions in response to mirror magnetic
field geometry

4.1.4 Determining the Arc Root Speed

For our next discussion it will be worthwile to discuss how we determined which

electrode is the anode and which electrode is the cathode. From the design of the

swirl manifold, when looking at the pictures from the camera, the swirl air will be

moving clockwise. Experimentally, we set up the magnets so that the roots will spin

in the same direction as the air. This was easy to do visually, since it was easy to

tell when the forces from the fields and the forces from the air flows were opposing.

To achieve this arrangement,the magnets were arranged so that the north poles were

facing each other. In this geometry, the fields along the electrode walls will be roughly

parallel to the electrodes and point away from the electrode gap, as seen in the field

simulation. e use the fact that the electrons will flow out of the cathode at normal

incidence and into the anode at normal incidence. So from the relation FB = ixB, we

expect that the forces from the magnetic field will spin the roots clockwise if the anode

is the upstream electrode, and indeed they do. Alternatively, when connecting the

plasminatron to the power supply, the downstream electrode was connected to ground

and the upstream electrode was connected to high positive voltage. So the upstream
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electrode is the anode.

The velocities of the roots were also determined using the fast frame Camera.

Simply by tracking the number of revolutions the roots make along with the number

of frames, we can easily determine the root velocities. Again we exmined both field

geometries with no axial air and 20 liters/min of tangential air. For the mirror

geometry, the root moving in the same direction as the tangential air moved with a

velocity of 35 i 4 m/s (the root at the anode) and the velocity of the root moving in

the direction opposite the swirl air (the root at the cathode) moved with a velocity of

75 4 m/s. For the cusp field, both roots travelled in the same direction. One root

moved with a velocity of 75 i 4 m/s, while the other moved with a velocity of about

42 4 m/s. The measurements were made several times with several data sets, and

the numbers consistently agreed. From our experiment, we found that the arc at the

cathode moves faster (or 'jumps' as reported by Pellerin), and the arc root at the

anode moves slower (or 'slides' as reported by Pellerin). These results suggest that

for a given magnetic field, the magnitude of the velocity of the root depends more

heavily on whether the root is at the anode or the cathode than what flow rate is

used for the swirl air. Clearly, the velocity direction is determined by the direction

of the magnetic fields.

To investigate this matter further, we recorded images with cusp field geometry

and a tangential flow rate of 60 liters/min. We expect that the root at the anode will

still be significantly slower than the root at the cathode. We measured the speed of

the two roots to be 64 4 m/s and 94 4 m/s. So each root velocity increased by

about 20 m/s with this increase of tangential flow.

4.2 Calculation of Electrical Arc Properties

In this section we calculate electrical parameters. The ratio of the voltage per unit

length of the arc has been determined for two flow rates. A similar ratio is also

calculated for the current and power per unit length. Using these parameters, we

make an approximation to the on axis temperature profile of the plasma and determine
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and upper bound for the plasma temperature. From these parameters we can also

determine the power loss at the electrodes due to the plasma sheaths. In doing so, we

may determine the efficiency of power being delivered to the plasma. Furthermore,

from an energy balance, we can determine the efficiency of the atlas power supply.

Finally, we can determine the electric field of the plasma which allows us to calculate

the electron energies as well as the number density. We can then calculate the power

radiated away by the plasma.

4.2.1 RMS and Peak Voltage, Current and Power Per Unit

Length

The process by which the plasma reforms the hydrocarbon fuels is not well understood.

However, there are certainly correlations between the power and energy delivered to

the plasma and the efficiency with which the plasma reforms the fuel. Furthermore,

because the energy consumed by the plasmatron should be minimized, determining

this power limit may be useful in minimizing power consumption. To do this, we setup

the oscilloscope to measure current and voltage across the electrode gap. We used a

high voltage probe to collect the voltage waveform. To collect the current waveform,

it was necessary to leave the plasmatron floating. A ground referenced voltage probe

was connected to ground through a 2.5 ohm resistor. Since V = I x R, we could get

a current reading by dividing the voltage signal by the value of the resistor. Figures

(10-11) show sample waveforms for two flow rates.

The oscilloscpe was configured to capture a waveform after being triggered by an

external input pulse. In addition we set up the phantom high speed camera using

a trigger option that allows the recording process to be initiated by an input signal

pulse. Then both the camera and the scope were hooked up to a pulse generator.

With this setup we could simultaneously trigger the scope and the camera. We were

then capable of correlating pictures of the plasma with there respective waveforms.

Because the rectified signals are pulsed at 400 kHz, we used a recording sample of

1 MHz for the scope. Thus, the time interval between data points on the scope is 1
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Us and the time between pictures is 31.25 us. Also, since the shutter speed on the

camera was 10 ,us, each picture corresponded to 10 data points on the scope. Figures

(12-13) show the the waveforms used to be correlated with length of the arc. These

measurements were recorded for two flow rates.

Voltage Signal Correlated with arc length for Case A

.5

.5

time (sec)
X 1

- 3

Figure 4-12:
case A

Voltage wafeforms to be used to correlate with the length of the arc,

To measure the length of the plasma, we used CineView604 software associated

with the phantom camera. The software has distance calibration capabilities. By

inputing the length of a feature of known size in the picture, the length of other

objects in the picture can be calculated. We used the outer diameter of the magnets

to calibrate the distance measurements. For each picture the two dimensional arc

length could easily be calculated using the software provided. Figures (14-17) show

a few pictures used to correlate the voltage and wavelength for the first flow rate.

Now since each arc length measured had ten corresponding data points, for each

arc length measured, we recorded the rms voltage, current, and power as well as the

peak voltage per unit length. The figures (18-20) show the measurements made for

the rms voltage, current and power versus length for flow rates considered in case A.
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Voltage waverform correlated with arc length for case B
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Figure 4-13: Voltage wafeforms to be used to correlate with the length of the arc,
case B

Figure 4-14:

Figure 4-15:
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Figure 4-16:

Figure 4-17:

The figures (21-23) show the measurements made for the rms voltage, current and

power versus length for flow rates considered i case B.

Figures 24 and 25 show the measurements made for the peak voltage at both flow

rates. The voltage drop and power per unit length were assumed to be constant.

Thus we fit the data points to a linear curve. The voltage, current, and power per

unit length are given in table(4.4). The peak voltage per unit length for the lower

flow rate was Vpeak - 310 i 50 volts/cm. The peak voltage per unit length for the

higher flow rate was Vpeak 350 ± 50 volts/cm.

From these fits we can calculate the voltage at zero arc length. This number gives

the voltage drop at the surface of the electrodes. This is the voltage corresponding to

the sum of the voltage drop at the sheaths of the anode and cathode. In the figures

displaying the arc, the sheaths at the cathode are easily identifiable. The average

voltage drop at the sheaths for Case A is Vsheath = 585 ± 55volts. The average

voltage drop for Case B is Vheath = 430 ± 77volts. To determine the average power

dissipated at the sheaths, we use the relation
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Matlab Fit of RMS voltage vs length
1600

0

180 + 50 volts/cm

10 15 20 25 30 35 40
length (mm)

Figure 4-18: RMS voltage for Case A

Table 4.3: Rms voltage current and power per unit length at two flow configurations.
The flow rates are measured in liters/min

Case A Case B
Tangential flow = 20 Tangential flow =60
Atomization flow = 0 Atomization flow =140

voltage/length 180 ± 50Volts 270 ± 50Volts

current/length .29 ± .1 amps .48 i .1ampsow/lghcm cm

power/length 99 ± 60 watts 94 ± 40 wattscm cm
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Matlab Fit of RMS current vs length

data
I fitted c"Ie

.29 amps
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Figure 4-19: RMS current for Case A
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Matlab Fit of RMS Power vs length

100 watts/cm
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length (mm)

Figure 4-20: RMS power for Case A
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Matlab Fit of RMS voltage vs length

270 ± 50 volts/cm
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Figure 4-21: RMS voltage for Case B
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Matlab Fit of RMS current vs length
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Figure 4-22: RMS current for Case B
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Matlab Fit of RMS Power vs length

· data
- fitted curve
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Figure 4-23: RMS power for Case B
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Matlab Fit of Peak voltage vs length

310 ± 50 volts/cm
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Figure 4-24: Peak voltage for Case A
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Matlab Fit of Peak voltage vs length
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Figure 4-25: Peak voltage for Case B
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(P)rms = (Vl)rms * + Ped

where (i)rms is the average power per unit length, (Vi)rms is the average voltage

per unit length, and 1 is the length of the arc for a given picture. Then by averaging

over all the measurements, we get the average power lossed at the electrodes, Ped.

For case A Ped = 110 watts and for case B Ped = 190 watts. So, the average power

delivered to the plasma is case A is 216 watts while the average power delivered to the

plasma in case B is 300 watts. Thus the efficiency of power delivered to the plasma in

case A is Peff = 66% and the efficiency of the power delivered to the plasma in case

B is Peff = 61%. Another parameter that will be useful is the radius as a function

of flow rate. Although this matter should be investigated more thoroughly, from the

images the radius in case A was determined to be 0.7 ± 0.2 mm while the radius

of case B was - 0.4 ± 0.2 mm.

4.2.2 On Axis Temperature Profile of the Arc

To describe the arc, we use a simplified model in which rough assumptions are made.

These assumptions were used by Maecker and Frind to describe cylindrical arc be-

havior.

(1)Flow is axially symmetric.

(2)Viscous dissipation and Lorentz forces can be deglected.

(3) Radial pressure gradient is negligible compared to the static pressure.

(4) Radiation is neglected.

(5) Principal transfer of energy is produced by conduction and convection.

We consider two arc regions separately. The plasma core is the inner region. The

outer region is the weakly ionized ring. We assume the plasma to be in a steady

state. For the plasma core, physical properties along the center line of the plasma are

considered to be identical. The arc is assumed to be cylindtrically symmetric, hence

we can work with cylindrical coordinates. We also assume that radiation is uniform
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along the arc core. Turbulent effects and radial convection are neglected. We assume

a gaussian distribution centered on axis for J, the current density. We also assume

constant uniform electric field, E, in the core. An energy balance and and continuity

equation yield the relation

V 2T + Wi = 0,
k

(4.2)

where T is the temperature as a function of r, Wi = J * E, and J is a funtion of

r, and k is the thermal conductivity of air as a function of T. The current density

profile is constructed so that the current density is zero at r = 0.5 mm. The thermal

conductivity for air as a funtion of temperature was taken from Bacri[11]. The current

density and thermal conductivity are shown in figure 26.
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used. In this model, we could not take convection into account because we could not

measure the velocity of the air flow past the plasma. However, in the plasma core,

convection can be neglected. So our model becomes invalid outside the core of the

plama. This nonlinear second order differential equation can be solved numerically

using matlab.

Figure 27 shows the temperature profile along the center line of the plasma, along

with the current density, heat generation, and heat flux. The thermal conductivity

is also shown as a function of radius. The on axis temperature was determined by

match boundary conditions on axis and at a distance of 1 cm away from axis, where

the temperature of the air was assumed to be room temperature.
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Figure 4-27: Temperature Profile, Heat Flux,Heat Generation versus Radius

At the boundary between the plasma core and the weakly ionized ring, the tem-

perature profile is assumed to be invariant with a constant conducting radius, rc.

Convection is the main cause of cooling at the radius and beyond. The convection
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causes a constriction of the arc as the velocity difference between the core and the

surrounding region increases. Based on Bacri's calculations in atmospheric conditions

we have

2.4
r = E (4.3)

where / = 3.95xlO-2mho/Watt, as measured by Bacri[11], is a valid approxima-

tion for low temperatures corresponding to low current intensities. Based on these

calculations, the predicted conduction radius for case A is r = 0.6 mm and r = 0.4

mm for case B. These values are both in relatively good agreement with what was

measured. So we can assume that the temperature profile is a fairly good approxi-

mation for the region between the axis and r 0.5mm. Thus we can get an upper

bound on the temperature of the plasma from the model, To = 4300 kelvin.

4.2.3 Electron Energy and Number Density

For spectroscopy purposes we calculate the electron energies and number densities

for case A and case B of our previous discussion. From Newton's second law we have,

dv
m d- + m (Vm) v = e Eo exp(jwt) (4.4)

where m is the mass of the electron, vm is the collision frequency, j is imaginary,

and w is the frequency and e is the charge of the electron. The velocity can be written

Vd -e/m (4.5)

Where E = E exp(j w t). The proportionality constant between average drift

velocity and the electric field defines a mobility constant, pm given by

e/mPm . (4.6)j W + m(46

In the case of a DC electric field,w = 0, or in the case of high pressure where

Vm >> w, we have the a mobility constant
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e (4.7)
m Vm

Now, for a gas of electrons with mean velocity (), and cross section Ue and

number density ne, the collision frequency is

1m = ne ere (Ve) (4.8)

pluggin this expression into (4.5), and using w = 0 we get

va (-e/m) E (49)
ne e (e)

But we can assume the ideal gas law, P = nekT where bk is boltzmann's constant.

We are then left with

mEkbT
Vd m (4.10)

P (Be (Ve)

Using [?] we can look up Vd as a function of E

Now, from the fact that J = neeVd, where J is the observed current density, we

can determine the number density of the electrons

ne - -(4.11)
eVd

The drift velocities measured in the graph were measured at 273 kelvin, so to

determine Vd from the graph we must mutiply the value we get from the graph by the

factor Troom/Tmax. This will yield the drift velocity at the maximum temperature,

at the center of the arc. The graph is taken from Brown, and is shown in figure

28. Furthermore, we can look up the average electron energy E, as a function of the

reduced Electric field, Er = E/nair, measured in voltscm 2 , where nair = 2.5 1019

is the particle density of air at room temperature. Figure 29 shows the graph of the

electron energy as a function of the reduced electric field, Er. But the air near the

center of the plasma is not at room temperature. Using the temperature profile we

calculated a central temperature of Tmax = 4300 kelvin. So the number density of air
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at 4300 kelvin is, nTmax = nairTr ° 'm = 1.6x101 8 . Thus we have,
Tmax

Er = ElnTra

Using the graphs from [Brown], we determine d for cases A and B of our previous

discussion as well as the average electron energy as given in the 4.4.
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Chapter 5

Closing

5.1 Conclusion

From the results of the data collected while running the third generation magneically

spun plasmatron we draw the following conclusions:

* The magnetic plasmatron is capable of increasing the air flow dynamic range

with good plasma characteristics.

* For a given throughput, the amount of required tangential air, is significantly

less than earlier generation plasmatrons.

* The optimum magnetic field geometry is the mirror geometry, which is generated

when the magnets are attracting eachother.

* The velocity of the arc root is strongly dependent on whether the root under

consideration is at the surface of the cathode or the anode.

* The measured velocity of the root at the anode is 30-50 m/s for the magnets

used. The velocity at the cathode is - 70-100 m/s for the magnets and independenct

of the magnetic field geometry.

* The efficiency of the power delivered to the plasma decreases wtih increasing

flow rate.

* The maximum temperature of the Plasma is 4300 K.

* The conducting radius and the weakly ionized ring are decreased with higher
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flow rates, and consequently there is a smaller volume around the arc that is capable

of reforming.

* The electric field of the arc increases with flow rate.

* The electron density increases with flow rate.

* The electron energy increases with flow rate.

* The electron energies generated by the magnetic plasmatron may be sufficient

for spectroscopy analysis of mercury.

5.2 Further Investigation

Due to lack of time and various other constraints, there are a few interesting param-

eters that should still be thoroughly investigated:

* The angle of the swirl jets must be optimized.

* A model for the temperature profile which takes convection into account should

be calculated. Experiments using the high speed camera to determine the difference in

velocities between the plasma and the air flow around the plasma should be conducted.

* The magnetic Plasmatron should be tested with fuel.
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