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(Abstract)

Five plasma jet ignitor designs were tested on a Waukesha ASTM-CFR engine
fueled with natural gas. The pollutant emissions, fuel and air flow rates and dynamic
cylinder pressure were measured for the full range of Air/Fuel ratios. From these
measurements the indicated power and specific fuel consumption were calculated. The
energy for the ignitors was provided by a variable high energy ignition system, and each
ignitor was supplied with 0.00, 0.08, 0.32, 0.72 and 1.28 Joules of energy in addition to
that provided by the standard ignition coil. To differentiate between the benefits gained
by use of the plasma jet ignitors and those due to the higher ignition energies, an ordinary

spark plug was also tested with added ignition energies.

The goal of the experiment was to find an ignitor that could be used to extend the
lean operating limit of a natural gas fueled engine, so that the emission of NOx and other
pollutants could be reduced. The following table shows the optimum pollutant emission
reductions achieved by the use of the most effective plasma jet ignitor and the high energy
spark plug compared with the emissions from the engine when operated with the standard
equipment spark plug near stoichiometric. The plasma jet ignitor for which the results are
displayed in this table consisted of an 83 mm3 cavity and a 118 mm3 ejector, both of

which were insulated with ceramic cylinders.



Specific
Extra Indicated Fuel
A/F Energy CO THC NOy Power | Consumption
Ignitor | Ratio | (Joules) | g/kW-h | g/kW-h | g/kW-h (kW) (g/kW-h)
Reg.
Spark 17.5 N/A 1.5 1.1 13.12 2.55 262
Plug
High
Energy | 21.0 0.32 1.2 0.85 1.66 2.46 235
Spark
Plug
Plasma
Jet 21.8 0.72 1.2 29 3.4 2.02 266
Ignitor
5

The table shows that the use of a plasma jet ignitor enabled the extention of the
lean operating limit without significantly increasing fuel consumption. By allowing leaner
operation, the NOy emissions were reduced to less than 4 g/kW-h. This is a reduction of
70 % when compared with the regular spark plug near stoichiometric. The drawback to
operating lean with a plasma jet ignitor was that the indicated power was reduced by over
20 %. A less drastic reduction in indicated power was observed when the engine was
operated with the high energy spark plug. In this case the NOx emissions were lowered
below 2 g/kW-h (a reduction of 85 %) and the specific fuel consumption was lowered by

over 10 %.
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I. Background

1. Motivation and Scope

The motivation for this study stems from this nation's growing concern about the
environment. This concern, focusing especially on the gaseous pollutants that are
emitted from a wide variety of machinery designed to convert fossil fuels into usable forms
of energy, has resulted in many new laws. These laws have accelerated the innovation,

advancement and implementation of several important new technologies

It has long been known that one of the biggest contributors to the air pollution
problem is the exhaust from gasoline and diesel fueled vehicles. Limits established by the
Environmental Protection Agency (EPA) have forced the manufacturers of these vehicles
to make great advances toward reducing exhaust emissions. The first emission
regulations were placed on new cars in 1968 and the regulations have grown stricter
throughout the years. Today's cars emit 90% less of the main pollutant gases (oxides of
nitrogen (NOy), total hydrocarbons (THC) and carbon monoxide (CO)) than unregulated,
pre-1968 vehicles. Manufacturers have shown that they can meet the strict emissions
restrictions for California in 1997, when new cars will be required to emit less than 38

ppm THC, 1900 ppm CO and 68 ppm NOy [1].

As the exhaust emissions from cars have been greatly reduced, other sources of air
pollution are becoming more important and have fallen under the EPA's scrutiny. Among
these are the emissions from stationary natural gas fired engines. This class of engines is
used predominantly in the gas pipeline industry to provide power for the reciprocating

compressors that pump natural gas from the well-head to the consumer. Natural gas,



consisting mostly of methane, has always been considered the "cleanest” of the fossil fuels
since the only hydrocarbon released from its combustion in significant amounts is CHy.
The EPA has therefore allowed these engines to operate without restrictions for many

years. Only recently have newly installed natural gas engines come under EPA regulation.

The levels to which the exhaust of these engines was restricted are high enough
not to require catalytic converters; instead manufacturers have been able to meet these
restrictions by building engines that operate at an ultra-high Air/Fuel ratio. Operating any
internal combustion engine near its lean limit (the highest Air/Fuel ratio that allows
continuous operation of an engine without excessive misfire) reduces all three major
pollutants. Above a certain Air/Fuel ratio an ordinary spark plug is not sufficient to ignite
the mixture in the cylinder, even though combustion can occur once initiated. Operation
in this high Air/Fuel ratio range is necessary to significantly reduce pollutant emissions.
To make ultra-lean operation feasible, the ignition systems of these engines has to be

enhanced.

In most new engines this is accomplished through the use of pre-combustion
chambers. This process is initiated by a spark plug that ignites a slightly rich mixture in a
small chamber. This chamber is connected to the cylinder with a small valve or an orifice.
The large amount of energy created by combustion of the rich mixture in the chamber is
released through the valve or orifice and produces a torch of hot combustion products that
is capable of igniting the main charge inside the cylinder. Waukesha has shown that this
technology can be used to reduce the emissions from one of their newly designed line of
engines to 1.5 gm/HP-hr (2.0 gm/kW-hr) NOy, 2.5 gm/HP-hr (3.35 gm/kW-hr) CO and
1.0 gm/HP-hr (1.34 gm/kW-hr) THC [2]. These emission rates are sufficiently low to
meet the current and future emission restrictions in most states.  Unfortunately, this

system is very complicated and requires redesigning the cylinder head. Each pre-chamber



needs its own fuel supply, it needs to be cooled and the valve separating the chamber

from the cylinder has to be controlled.

In 1994, the EPA will phase in a program that will limit the exhaust emissions
from stationary natural gas fueled engines that are already in use. These restrictions will
be limited to high population areas, where ozone concentrations are believed to approach
dangerous levels. Still, the restrictions will affect a large portion of the gas
transportation industry and steps must be taken to meet them. The EPA itself did not set
the limits at which existing natural gas engines will be allowed to operate. The EPA only
designated the areas where overall pollutant emissions will have to be reduced;
consequently, the individual states were allowed to set their own limits for the various
pollutant sources. The standard that many states adopted for stationary reciprocating
engines limits NOy emission to 4 gm/kW-hr for lean burn engines and 2.7 gm/kW-hr for

engines that use a catalytic converter and operate rich.

Retrofitting these engines with pre-combustion chamber technology will be a very
costly option, due to the necessity of using new cylinder heads. Another method of
enhanced ignition to extend the lean operating limit has been studied in recent years. This
method, called plasma jet ignition, has been shown to extend the lean limit close to the
limit of the more costly pre-combustion chamber technology. Like pre-chambers, plasma
jet ignitors increase the energy that is applied to ignite the lean charge inside the cylinder.
Instead of obtaining this energy from a rich fuel mixture, the plasma jet ignitor relies on
the electrical energy supplied externally.  This electrical energy is discharged inside a
small cavity that surrounds the center electrode. Instead of the small ignition volume
created by a spark plug, the plasma jet ignitor produces a plasma of radicals, ions and

electrons that enters the combustion chamber through a small orifice. When this plasma



enters the cylinder it creates a large volume in which ignition of the main charge can occur

(see Figure 1).

By increasing the volume in which initial ignition of the main cylinder charge may
occur, the plasma jet ignitor eliminates misfires due to improper mixing. The initial burn

rate is also increased because a larger volume is ignited initially.

Some previous studies of plasma jet ignition have focused on the effect of injecting
various plasma media into the plasma cavity [3-7]. Although the studies conducted with
combustion bombs showed evidence that injecting hydrogen, pure methane or other gases
into the cavity further enhanced the igniting capability of the plasma jet, studies in real
engines showed mixed results and no clear evidence of extending the lean limit by injecting
a plasma medium was presented. The apparent advantage indicated by combustion bomb
tests did not necessarily translate into better engine performance due to the turbulence
inside the combustion chamber of a real engine. It is unlikely that the complications
inherent to any system that attempts to inject a plasma medium can ever be offset by the
small performance advantage of such a system. The complications are not only the result
of injecting a gas at high pressure just prior to ignition, but are also due to the difficulties

in storing a constant supply of the plasma gas.

It seems likely that the in-cylinder turbulence, which prevented a plasma jet ignitor
with injection from gaining a clear advantage over a plasma jet ignitor without injection,
kept any plasma jet from developing properly. The possibility of developing a more
effective plasma jet before it gets exposed to the turbulence inside the cylinder was
considered. On some of the ignitors tested in this experiment a secondary cavity was
therefore placed at the exit orifice of the plasma cavity. This secondary cavity will be

referred to as the "ejector” for the remainder of the document.
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The focus of this experiment was to study the operating characteristics of various
ignitor designs and to compare the designs based on the emissions and performance of a
Waukesha ASTM-CFR (American Society for Testing Materials - Co-operative Fuel
Research) engine. The emissions and performance data of these ignitor designs was also
compared to the emissions and performance data obtained for an ordinary spark plug with
and without the extra energy. For all ignitors 5 different levels of extra energy were
tested (0.0, 0.08, 0.32, 0.72 and 1.28 Joules of extra energy). These amounts of energy
were supplied in addition to the estimated 0.02 to 0.06 Joules delivered by the

conventional coil [24].

2. Summary of Pollution Forming Processes that Occur in Internal
Combustion Engines

Of all the products that are formed during hydrocarbon combustion in spark
ignition engines, the three environmentally harmful components that occur in significant
quantities are the oxides of nitrogen (NO and NOj, classified together as NOy), the

Total Hydrocarbons (THC) and carbon monoxide (CO).

Carbon monoxide is considered a pollutant because it is very poisonous, causing
death in concentrations as low as 2000 ppm. It is also undesirable in smaller
concentrations, because it is absorbed into the hemoglobin of the blood stream more
readily than oxygen, creating carboxyhemoglobin.  The carboxyhemoglobin cannot
supply adequate quantities of oxygen to the cells, which then die of oxygen deficiency.
Brain cells are very sensitive to oxygen deprivation, so brain damage can result from very

low CO concentrations if the time of exposure is long enough.



The largest quantities of CO are produced when hydrocarbons are burned with less
than the stoichiometric amount of air (fuel rich). = Carbon monoxide is a principal
intermediate product of combustion for any hydrocarbon flame.  When enough OH

radicals are available CO is oxidized further to form CO; via the reaction:

CO+0OH — COy +H

During rich combustion the number of OH radicals is limited because no excess
oxygen is available and a large quantity of CO does not get oxidized. The oxidation
reaction is also temperature sensitive and usually does not remain in local equilibrium, so
most of the CO freezes out when the exhaust leaves through the exhaust valve [8 and 9].
During lean operation enough OH is available to oxidize almost all the CO to COj.
Stationary natural gas engines are not a major source of CO because they are always
operated with lean Air/Fuel mixtures to conserve fuel. Using plasma jet ignitors or pre-
combustion chambers to extend the lean operating limit will further reduce the CO

because even more OH radicals are available to convert CO to CO».

Unburned hydrocarbons are considered pollutants because some hydrocarbons are
key components in the reactions that form photochemical smog and ozone. Methane is
the most unreactive hydrocarbon and does not play a significant role in the formation of
smog or ozone [8]. However, it may still be considered a pollutant because it is 10 to 80
times more potent as a greenhouse gas than carbon dioxide. Like carbon monoxide,
methane and other hydrocarbons are not emitted in large quantities by stationary, natural
gas engines which burn lean.  Also, like carbon monoxide, the total hydrocarbon
concentration is reduced further by extending the lean operating limit.  The higher
hydrocarbon emissions during rich operation can be attributed to the fuel that is not

oxidized. Emissions of unburned hydrocarbons would only increase if an engine was



operated so lean that misfires would start to occur. Excessive misfiring results in large
unburned hydrocarbon emissions and this is not a desirable mode of operation because it

would also increase fuel consumption.

The last major pollutant group consists of the oxides of nitrogen, NOy. NO and
NO3 are a major concern when operating spark ignition engines on natural gas, because
the exhaust gas concentrations of NOy peak slightly lean of stoichiometric [8], where
most older natural gas engines were designed to operate.  NOy has dual pollutant

characteristics because it contributes to both photochemical smog and acid rain.

The first step to be taken before attempting to reduce the NOy emissions from
internal combustion engines is to find out what processes inside the combustion chamber
form NO and NOj. Although extensive research has been conducted in recent years on
the formation of these pollutants, the basic processes believed to be responsible for the

formation of NOy were proposed as early as 50 years ago.

There are three main mechanisms that are believed to be responsible for most from
the NO formation in high pressure, premixed hydrocarbon - air flames. The first is
known as the Zeldovich mechanism and can be described with the following chain

propagating reactions [10, 13 and 27]:
1.1 Np+O—-5NO+N
1.2 N+0,—->NO+O
1.3 N+OH->NO+H

The second mechanism is known as the N>O intermediate mechanism and evolves
through the following reactions [11]. In these and subsequent reactions M refers to a

non-reacting collision partner.



21 Np+O+M->NO+M
22 H+N;0—-NO+NH
23 O+Np0—->NO+NO
2.4  H+Ny0 — N + OH
25 O+N2O—-Npy+0Op

The third mechanism is usually referred to as the Fenimore mechanism and the

most important step of its pathway can be described by the equation [12]:
N> + CH - HCN + N

Of these three, the Zeldovich mechanism is widely accepted to be the dominant
source of nitric oxide emission in spark ignition engines. It was first introduced by the

Russian chemist Y. B. Zeldovich in 1946 [8, 9 and 13].

From Equations 1 it is apparent that the rate of Zeldovich NO formation is very
much dependent on the formation of O and OH radicals. These radicals are mostly formed

by the Hy - Op system which always exists in hydrocarbon oxidation [13].
31 Hp+M->2H+M
32 Hp+0p >HOy+H
33 Hp+O—->0+O0OH
34 H+0p—->H+OH
3.5 Hp+OH—HyO+H

36 0O+HyO—OH+OH



The rate of reaction of these processes is governed by the Arrhenius rate law
(equation) kg = A*Tlexp(-Eo/RT).
Where:
k¢ = Specific Reaction Rate Constant
T = Temperature
A*TN = Collision Frequency
Ry = Universal Gas Constant

E, = Activation Energy

Reactions 3 have a very strong temperature dependence since they involve the
dissociation of inherently stable species and therefore require a high activation energy.
The Zeldovich mechanism itself (Equations 1) is also very temperature dependent. The

relation for the concentration of nitric oxide with respect to time can be written as [13]:

Where
kif = 2 * 1014 * exp (-76,500/T) [13]
kof = 6.4 % 109 * T * exp (-6280/T) (27]
k3f = 3.8 %1013 [27]
kp = 3.27 * 1012 * T(0.3) [27]

are the forward and backward reaction rate coefficients of Equation 1.1 through

1.3. K'is the equilibrium constant of formation for NO [13].

The rate constant expressions listed above show a high activation energy for the

first reaction of the Zeldovich mechanism. This reaction is the rate limiting reaction for
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the Zeldovich mechanism. Once monatomic nitrogen is formed the subsequent reactions
proceed almost immediately. Due to the large activation energy, high temperatures are
necessary to allow for the formation of monatomic nitrogen by way of reaction 1.1. This,
combined with the high temperature necessary for the formation of the O and OH radicals
results in the Zeldovich mechanism occurring only near 1800 K and above [13]. This
temperature is easily reached in most premixed hydrocarbon flames, especially when the

equivalence ratio is close to 1.

The N>O intermediate mechanism is the second major mechanism used to describe
how NO is formed during combustion.  This five-step mechanism (Equations 2) was
proposed by Malte and Pratt[11]. It relies on the formation of N»O, which then reacts
with O or H radicals to produce NO. Malte and Pratt proposed that N>O is formed when
diatomic nitrogen reacts with an oxygen molecule in the presence of the non-reacting
collision partner M. This reaction and the subsequent reactions that form NO can only
proceed if monatomic radicals of oxygen or hydrogen are present. These species are only
present at high temperatures. So, like the Zeldovich mechanism, the NO intermediate
mechanism can only lead to NO at temperatures around 1800 K, with more NO forming

as the temperature increases.

The last major NO forming scheme is credited to C. P. Fenimore, who performed
his work in the early 70's [12]. His measurements of NO formation in the post flame zone
agreed reasonably well with the theoretical reaction rate for the limiting step of the
Zeldovich mechanism (O + Np — NO + N). However, the Zeldovich mechanism could
not account for the fast growth rate of NO in the primary reaction zone. Fenimore
observed that this fast, transient growth of NO did not occur in hydrogen or carbon
monoxide flames. The "prompt” NO formation only occurred in hydrocarbon and air

flames, and Fenimore therefore proposed the attack of hydrocarbon molecules on

11



diatomic nitrogen (CH + N7 — HCN + N) as an explanation for the observed phenomena.
Once this reaction has occurred, the second equation of the Zeldovich mechanism (1.2)
can take over, because N + Op — NO + O will occur very rapidly once sufficient

monatomic nitrogen is available.

The other reaction proposed by Fenimore is Cp + Np — 2 CN [12].  This
equation, along with two elementary reactions and combined with the first set of
reactions, can be used to obtain a complete picture of the "prompt" NO formation,

shown below.
4.1 CH+ Ny - HCN +N
42 N+0p - NO+O
43 Cp+Np—>2CN
44 CN+O->NO+C
45 CN+0p »>NO+CO

Like the other two mechanisms the Fenimore (prompt NO) mechanism also

requires a high combustion temperature to produce NO in significant quantities.

All the pathways that lead to the formation of NOy will produce less NOy when
the temperature is lowered. The most effective way to lower the combustion
temperature, without increasing CO and hydrocarbon emissions, is to operate on the lean
side of stoichiometric. The higher the Air/Fuel ratio, the lower will be the concentration

of NO and NO in the exhaust.
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II. Experimental Equipment & Design

1. Engine Modifications

Figure 2 shows the overall experimental set-up. More detailed schematics of the
ignition systems, the pressure data acquisition system and the exhaust gas flow are shown

on figures in later sections.

The test engine used in this experiment is an ASTM-CFR Fuel Testing Unit made
by Waukesha. This unit was originally intended as a standard engine with which the
resistance of fuels to knock could be measured. The original design of the engine dates
back to early the 1930's and this particular unit was made in 1948 [14]. This may seem
ancient when considering the technological advances of engines in the last 50 years, but
establishing octane ratings for fuels is a comparative procedure and the same basic design
is used for today's ASTM CFR engines. The main improvements incorporated in today's
CFR engines involve the fuel delivery and the ignition systems. Newer engines have fuel
injection and breakerless ignition systems, as opposed the this test unit which stll uses

carburetors and a conventional ignition system.

The combustion chamber design of these engines has not changed and CFR
engines still use flat heads. This is one reason why this engine was used to test ignitors
whose most likely application will be in the reciprocating engines commonly found in the
natural gas industry. The engines for which plasma jet ignition will be most appropriate
are not of modern design and often do not use hemispherical heads. Another reasons a

CFR engine was used for this test is that this engine is extremely robust and versatile.

13
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