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Abstract

Improvements in diesd engine aftertreatment technology are needed to meet
future environmenta qudity gods. Systems using recently developed compact
plasmatron fue convertersin conjunction with aftertrestment catalysts could
provide new opportunities for obtaining sgnificant pollution reductions. Use of
compact plasmatron reformers to produce hydrogen-rich gas for the
regeneration of NOx absorber/adsorbers and particulate traps could provide
sgnificant advantages. Catalyst requirements are determined and overdl
system characteristics are evaluated. The options made possble by the use of
the onboard hydrogen generation for the regeneration of catalysts are briefly
described.



l. Introduction

Diesdl engines are presently the most efficient vehicular propulson systems. Heavy trucks and
buses are powered dmost exclusively by diesd engines worldwide. In Europe, diesel powered
cars have been increasingly popular. The high religbility of these enginesis an additiona
atractive feature. The diesd engine may become even more widdy used in the future. However,
ggnificant further progressin diesel emission control is needed. Diesdl particulates and nitrogen
oxides, the two most troublesome components of diesel exhaust emissions, have adverse impact
on urban air. The new 2004 emission standardsin the U.S. (to be implemented in 2002 &fter the
consent decree between the manufacturers and the EPA) aswell as the tightening regulationsin
Europe and East Asareflect the growing concern with diesd emissons. Recently developed
compact plasmatron fuel converters have features that are suitable for onboard production of
hydrogen for aftertrestment applications. Systems that use these devicesin conjunction with
aftertreatment catalysts have the potentia to significantly improve prospects for reduction of
diesd emissons.

Compact plasmatron fud converters have been shown to efficiently reform natural gas
[Brombergl], gasoline [Bromberg2], diesd [Bromberg3] and hard-to-reform biofuels [Cohn]
into hydrogen rich gas (H, + CO). Recent developments in compact plasmatron reformer
design a MIT have resulted in substantial decreases in the value of the dectrica power
requirements. These new devel opments aso increase the lifetime of the electrodes. The
development of these devices has been sponsored by the DoE Office of Heavy Vehicle
Technologies for the purpose of reducing engine exhaust pollutants by providing hydrogen rich
gas for combustion in spark ignition and diesd engines. Compact plasmatron fuel converter
technology could aso be used with NOx absorber/adsorber cataysts and particul ate traps.
NOx absorber cataysts and particulate traps have been suggested for the decreasing emissions
from diesd and park ignition engines. In order to regenerate the cataly<t, areducing agent is
introduced into the exhaud,, either directly injected, or in the case of spark ignition engines by
running the engine fuel rich during the regenerating period. Use of compact plasmatron
reformers for generating hydrogen rich gas for regenerating the catalyst could provide important
advantages. This paper describes compact plasmatron fuel converter- aftertreatment catalyst
systems that could provide new opportunities for improved diesd engine emissons control.

. Hydrogen Production from Compact Plasmatron Fuel Converter

Plasmatron fuel converters provide dectrica dischargesin flowing gases of hydrocarbon fues
and air (and/or other oxidants). The resulting generation of reactive species in the flowing gases
aong with increased mixing accderates reformation of hydrocarbon fuels into hydrogen rich gas.
Plasmatron fue converters may aso be utilized for increasing enthapy, further accelerating the
reection rates. These conditions facilitate the reforming of awide range of hydrocarbon fuds
into hydrogen-rich gas without the requirement of using areformer catayst. It ispossibleto
eliminate problems associated with reformer catalyst use, such as narrow operating temperature,
sengtivity to fud composition, poisoning, and response time limitations.



By increasing the reaction rates, plasmatron fuel converters can sgnificantly reduce size
requirements for effective reforming, increase speed of response and substantialy increase fud
flexibility. A wide range of fuels can be converted to hydrogen rich gas, including diesel fuel. The
boost provided by the plasma can ensure conditions for partiad oxidation reactions to occur with
negligible soot production and with a high conversion of hydrocarbon fud into hydrogen-rich
gas.

A plasmatron reformer can be made very small because of reaction accelerating characteristics.
Moreover, the capability to rapidly vary plasmatron parameters (energy input, flow rate,
product gas composition, etc) make this technology very suitable for gpplication to the dynamic
demands for hydrogen-rich gas production in vehicles. 1t should be possible to produce
hydrogen-rich gas for injection into acatalyst in a practicaly ingantaneous amount of time,
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Figure 1. Plasmatron fud converter device.
Figure 1 shows adiagram of alow current plasmatron reformer. A discharge is established
across an dectrode gap. Air and fue are injected in the plasma region. The device operates at
atmospheric pressure, with air as the plasma forming gas. Use of a specid discharge mode



dlowsfor operation at relatively smdl eectrical powers, a much reduced current releive to
earlier compact arc plasmatron fuel reformers developed a MIT. When operating DC, the
cathode can be a spark plug. The ground electrode of the spark plug would have been
removed. The anode can be asted or copper cylinder. Neither electrode iswater cooled.

Table| showsthe typicd plasmatron parameters for alow current, low power compact
plasmatron fuel converter.

The plasma sourceis followed by areaction extenson cylinder. A smple heat exchanger can be
used downstream from the reaction extension cylinder, both to cool the reformate and to
prehegt the incoming air and/or fud.

Table1.
Parameters of present low current compact plasmatron fuel converter

Power 50-500 W.
Voltage 500-20000 V
Current 15-120 mA
Flow rates

H, 30-50 litersmin
Height 20 cm
Volume 2 liters

The required eectrical energy input to the compact plasmatron fud converter is on the order of
2% of the hesting value of the fud.

The low current device showed no evidence of soot, even after extended operation. Typica
reforming efficiency in partid oxidation mode of operation was around 70% (ratio of heating
vaue of the hydrogen rich gasto hegting vaue of the fud). It is projected that reforming
efficiencies of 80% will be attainable with device/process improvements. Diesdl fud has been
successtully reformed using a high current, low voltage compact plasmatron reformer using an
ac. Initid tests with the low current compact plasmatron indicate it should al'so be adleto
practicaly reform diesd. However, further testing must be carried out in order to definitely
establish this capability.

Compact plasmatron fud converters have substantiad dynamic range. The lower power is
determined by the maximum voltage capability of the power supply (the voltage increases with
decreasing current), while the highest power is determined by erosion of the electrodes. It is
expected that a dynamic range of afactor of 10 is possible without substantial modification to
the plasmatron device. Thisis sufficient to provide the required change in throughput for
conventiona engines.



Projected parameters for higher throughput versions of low current compact plasmatron fuel
converter systems are an H, flow rate of 500 liters per minute, and electrica power
requirements of 500-1000 W.

[11.  Exhaust Aftertreatment with Absorber Catalysts

An absorber catalyst can be used for trapping the NOx, and then chemically reducing NOx in
the system during regeneration periods. The process of trapping could be elther catalytic
absorption or adsorption, or conventiona absorption or adsorption [Campbell]. The catdyst for
NOXx treatment is very sendtive to poisoning by sulfur. In order to solve this problem, a sulfur
trap is under development [Parks], in conjunction with the development of NOx absorber
catalysts that are more sulfur tolerant. In this case, the sulfur and the NOX traps are regenerated
smultaneoudy

Experimentd studies of combined SOx and NOX traps have been carried out recently by Goal
Line Technologies [Parks, Parksl]. These studies examined both the use of diesdl fud and
hydrogen as reducing agents for trap regeneration. Greater than 90% NOx removal was
obtained. Further work is needed to determine effects of sulfur on catay<t lifetime and the
difference between the use of diesd fuel and hydrogen rich gasfor catalyst regeneretion.

God Line Environmental Technologies has recently claimed a 98.9% reduction in NOx and
Hydrocarbon (HC) emissons from diesd engines at their test facility last soring. Using their
proprietary catalyst system, atached to a Cummins 50-kW/86-bhp diesel engine, NOx and HC
have been reduced to 0.4 grams per brake horsepower-hour (g/bhph), an emissons reduction
that isafull order of magnitude lower than the U.S. EPA’s 2002 emission reduction requirement
of 4.0 g/bhph for diesdl engines.

A smilar process may be used for trgpping/regenerating particulates. The harmful or noxious
emission can be trapped in one system, and then released and treated in a downstream unit
(engine or ancther catays).

A recent patent by Daimler Benz [Boegner] describes the regeneration of one of the catayst
while the other isin the adsorbing mode. This patent discusses a motor vehicle exhaust emisson
control system that has tandem adsorber catalysts connected in pardld for dternate adsorption
and desorption. NOx from the engine goes to the operating adsorber catalyst while the other
adsorber catalyst isin the desorption mode. An oxidizing converter is located upstream of the
adsorber part and near the engine for oxidation of the NO contained in the exhaust to form
NO,, s0 asto permit an increase in the NOx adsorption rate for the nitrogen adsorber parts. A
reducing agent is used to regenerate the catalyds.



V.  Advantages of Compact Plasmatron Fud Converters

The use of compact plasmatron fuel convertersin systems for regeneration of these catalysts
could provide anumber of Sgnificant advantages. Hydrogen rich gasis asgnificantly sronger
reducmg agent than diesd or gasoline. Use of hydrogen rich gas could potentialy provide:
Reduced poisoning of catayst (Snce diese fue is not used for regeneration)
Reduced adverse effects of sulfur (hydrogen sulfur interactions could reduce sulfur
poisoning effects)
Reduced emissions of hydrocarbons, since it is easier to prevent release of hydrogen and
CO than hydrocarbons due to faster cataytic removal
Higher regeneration effectiveness
Reduced lossin overdl fud efficiency due to lower requirements on amount of reducing ges
and greater ease of reuse of hydrogenrich gasin the engine.
Shorter regeneration time due to grester reducing capability of hydrogen rich gasand high
concentration of reducing gases.

Compact plasmatron reformers are very well suited for the required hydrogen-rich gas
generatl on dueto:
Robustness when operating with diesd fuel
No soot production
Very rapid reformer response (< 1 second)
High efficiency
Low cost
Smdl sze and weight
Warm up capability provided by hot gas, since the hydrogen rich gas from the compact
plasmatron fuel converter is hot; catalyst warm-up time could be decreased, or the catalyst
could be further heated up during regeneration.

V. Catalyst regeneration by direct injection of hydrogen rich gasusing tandem
absor ber/adsorber catalysts

Figure 2 shows a schematic diagram of a compact plasmatron fuel converter feeding hydrogen
rich gas to a NOx-absorber/adsorber and/or a particulate trap catalyst. In the case of the NOx
absorber catayst, the injection of hydrogen rich gas reduces the nitrogen in NO and NO, to N..
Hydrogen rich gas (approximately 20% H,, 20% CO with the balance mainly N, and CO,) isa
powerful reducing agent.

In catalyst regeneration by direct injection of hydrogen rich gas, the exhaust flow from the
engine is diverted from the catalyst to be regenerated. The diverted exhaust flow may be sent to
asecond catalyst. Hydrogen rich gasisthen rgpidly injected onto the catdyst. Some of the gas
from close-cycle operation of the NOx-absorber catalyst needs to be released, in order to
prevent pressure buildup in the closed system. The gas from the catdyst during regeneration can
be sent to the engine, a second catdyst and/or the plasmatron fuel converter.



There are severd variaions in which the compact plasmatron fuel converter can be combined
with the catdydts. 1n one variation, the compact plasmatron fuel converter isintegrated with the
NOx-absorber cataly<. If there are two NOx-absorber catalyst units, then two compact
plasmatron fuel converters are required. An dternative approach conssts of asingle plasmafud
converter, directing the hydrogen rich gas into the unit thet is being regenerated. This method of
operation saves on the cost of the plasma fue converter units, but requires a high temperature
vave. Thisembodiment isshown in Figure 5. A high temperature EGR valve could be used for
this purpose. If the gas from the NOx-absorber catalyst being regenerated isto be recycled,
ether in the engine, in the compact plasmatron fue converter or in the other NOx-absorber
cadys unit, then it is needed to have a vave at the exhaust to control the flow of the gases.
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Figure 2. Schematic diagram of a compact plasmatron fuel converter/absorber catdyst system
for the treestment of engine exhaugt emissions.

The plasmafud converter may be set to operate continuoudy while the engine is operationd,
with hydrogen rich gas normally used in the engine to reduce emissons. During absorber



catayst regeneration, part or al of the hydrogen rich gas from the plasmafud converter can be
redirected into the absorber catalyst unit. The hydrogen rich gas production rate by the compact
plasmatron reformer could also be increased.

The devices described above could aso be used, with a modification of the absorber catalyst,
to treat other emissions. It may be useful to employ a system that uses a particulate trap that is
regenerated by the injection of hydrogen rich gas, with or without an oxidant. In this
embodiment, the hydrogen rich gas could aso be used, dong with some free oxygen, for
burning the particul ates deposited in the particulate trgp. Or if the temperature of the trgp is high
enough, it could be used for gadification of the particulate, without the use of an oxidant. The
absorbing and or gasification processes could be either homogeneous of cataytic in nature.

[llustrative parameters for acompact plasmatron-fuel converter system regenerating an absorber
catadyst are shown in Table 2. 1t is assumed that the hydrogen throughput requirements are
twice stoichiometric, and that the CO that is produced in the compact plasmatron fuel converter
does not help reducing the catdyst. Hence, there isamargin of afactor of 4 in the flow rate of
reducing agent relative to the 'best’ possible conditions. The actua amount needs to be
experimentaly determined. Based on the illudrative parametersin Table 2, if dl of the chemica
energy in the fuel used for regeneration were log, thelossin chemica energy would be around
2% of the mechanica energy produced by the engine. Taking engine efficiency into
congderation, this loss then trandates into less than 1% loss reldive to total fuel chemicd energy
to produce the mechanical power.

Table2
Compact plasmatron fudl converter/absorber system
Illustrative parameters

Engine NOx production a/bhp-hr 6
Engine power hp (kW) 30(23) 60 (45) 120 (90)
Engine NOx rate g/hr 180 360 720
Low current plasmatron

Average electrical power requirement w 9 18 35

Plasmatron duty cycle % 4% 8% 16%

Plasmatron peak power w 220 220 220

Average chemical power of diesel fuel to plasmatron kW 0.44 0.88 1.76

VI. Conclusion

NOx and particulate absorber/adsorber catalysts are promising technologies for controlling
emissons from diesd engines. Prospects for successful use may be significantly enhanced by
systems which combine these technol ogies with compact plasmatron fuel converters. The
requirements on the compact plasmatron fuel converter have been evauated using conservetive
assumptions on the regeneration process, and it has been determined that the requirements for
the compact plasmatron fuel converter are modest. Short regeneration times, with low duty



cycle, may well be attainable. Although the paper focuses on gpplicationsinvolving
absorber/adsorber catdystsin diesd engines, the use of a compact plasmatron fuel converter
for production of hydrogen rich gas for regeneration may have other applications. It could dso
be used for regeneration of SCR catalysts of engines that run near stoichiometric. Compact
plasmatron fuel converter-catalys aftertreatment technologies could play an important role in the
effort to meet the urgent need to reduce pollution from diesdl vehicles.
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