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PREFACE

This report was prepared by ADA Technologies, Inc., 304 Inverness Way South,
Englewood, CO 80112, under DoD Small Business Innovation Research Contract
Number F08637-94-C6047 for the Air Force Research Laboratory, Airbase and
Environmental Technology Division (AFRL/MLQE), 139 Barnes Drive, Tyndall AFB, FL
32403.

This Phase |l final report describes testing conducted to demonstrate the
technical and economic feasibility of a corona-discharge process to decrease the
emission of nitrogen oxides (NO,) from jet engine test cells (JETCs). The work was
performed between August 1994 and January 1997. The Air Force Project Officer was
Dr. Joseph D. Wander.

The work performed in this phase consisted of design and fabrication of a pilot-
scale corona-discharge reactor, testing of the reactor in ADA's laboratory, and
demonstration of the reactor on a JETC exhaust slipstream at Nellis Air Force Base.
We would like to thank Dennis Helfritch of Environmental Elements Corporation for his
assistance in establishing operating conditions in the laboratory and performing
economic analysis for a full-scale system. We would also like to acknowledge the
support of many personnel at Nellis Air Force Base, in particular the hush house
operating crew, who assisted in smooth field testing of the pilot.




EXECUTIVE SUMMARY

A. OBJECTIVE:

The objective of this project was to determine the technical and economic
feasibility of applying a gas-phase oxidation process (Pulse-Corona-induced Plasma;
PCIP) initiated by a rapidly pulsed corona discharge as an air pollution control device to
the exhaust from jet engine test cells (JETCs). The target pollutant to be treated by the
PCIP process was NO,.

B. BACKGROUND:

A JETC is not a generator of pollutant emissions; however, as an enclosure from
which air pollutants are emitted through an identifiable stack, it is subject to regulation
under Title 1 of the Clean Air Act (amended 1990). As such, it is also a candidate for
imposition of a MACT standard, and the technology selected by EPA as a baseline is
not compatible for use on a JETC. Also, as an operation, the JETC is typically one of
the largest three or four sources contributing to an installation’s emissions, which are
regulated under Title 5. An economical emission control system would provide
significant relief to the installation in staying in compliance with its permit limits.
Conventional emission control technologies for NO, will not work on JETC exhausts
because the control device must accommodate several extreme conditions, including
drastic, short-term excursions of temperature; enormous mechanical stresses; and a
requirement that resistance to exhaust flow not create a pressure drop across the entire
control system of more than 0.5 inches of water. PCIP is one of two technologies that
have been able to remove significant quantities of NO, from combustion exhausts
under (small-scale) laboratory conditions equivalent to the JETC environment.

C. SCOPE:

During this study, the PCIP concept developed during the phase | project was
refined at bench scale, and improvements to the design were incorporated into a pilot-
scale reactor, which also evolved during a program of testing in the laboratory. The
final version of the pilot-scale PCIP system was successfully demonstrated on a 300-
cfm split of the exhaust from an operational hush house at Nellis AFB, Nevada.

D. METHODOLOGY:

Bench-scale tests were conducted to determine the NO, removal chemistry and
to identify chemical additives which would help scrub NO,. The subscale PCIP system
was designed and built based on these results, and tested at ADA’s laboratory to define
operating setpoints which were effective for NO, removal under jet engine exhaust
conditions. A laboratory-scale turbojet engine was used to generate the gases for



treatment by the PCIP system. Testing at ADA’s laboratory took several months as
design modifications were made to improve system performance.

Once removal was obtained in the laboratory using a combination of oxidation by
pulse-corona discharge with a spray scrubber, the entire system was moved to Nellis
Air Force Base and installed adjacent to a JETC. A 300 cfm slipstream of JETC
exhaust was extracted by fan and treated in the PCIP/scrubber system. Differential
measurements were made to quantify the performance of the system, including NO,
(conversion and removal), carbon monoxide, hydrocarbons, particulate, temperatures,
and flow rates. The results of these tests were used to design and cost a full-scale
system capable of treating the exhaust from an entire JETC (up to 4 million cfm).

E. TEST DESCRIPTION:

The bench-scale tests consisted of operating two small-scale (0.5- and 1.0-inch
diameter) pulse-corona-discharge reactors while making measurements of the products
generated by the corona. Additional laboratory tests included bubbling NO,-containing
gas through various liquid reagents to identify candidate scrubber liquors.

Subscale testing using the bench-scale turbojet engine consisted of optimizing
one characteristic at a time. The electrical performance was optimized through testing
various electrodes, and both negative and positive polarity. Measurements were made
to characterize the electrical performance and power consumption. Pulse-onset
voltage was also determined by testing. These electrical variables were set relatively
early on in the testing and left at the values that were determined to be effective.

The PCIP system was effective at oxidizing NO to NO, and/or other higher
oxides. This was determined using a chemiluminescent NO, analyzer that measured
NO separately from total NO,. Once oxidation was obtained at conditions which
duplicated actual JETC conditions, the focus was to design a scrubbing system which
would remove the higher oxides of nitrogen. Higher oxides are much more readily
scrubbed than NO, and reagents that were identified through literature and verified
through earlier laboratory testing were tested in the subscale system. One reagent,
sodium thiosulfate, was identified as the best option based on good removal rates and
relatively neutral pH. This reagent was used in the balance of testing, including the
field tests at Nellis Air Force Base.

A slipstream probe was designed and installed on a JETC at Nellis Air Force
Base. Testing at Nellis was conducted over a two-week period. Operating conditions
were established for the PCIP/scrubber system at normal JETC operating conditions.
Base personnel also set up steady-state conditions to allow ADA to optimize the
operation of the PCIP and to make measurements. The data from these tests were
used to project the scale and cost for a full-scale system on a similar JETC.

F. RESULTS:



In testing at Nellis Air Force Base, we obtained greater than 50 percent NO,
removal under normal JETC operating conditions. The system for exhaust gas
treatment consisted of a slipstream probe, fan, PCIP, and scrubber. The capital cost
projections for a full-scale system were based on 50 percent removal of NO, from
4 million cfm of flue gas at afterburner conditions. The cost of the NO, removal system
is $109,000,000, with operating costs projected for 10 and 50 hours/week operation.
The total annualized cost is $14.7 million for 10 hours/wk operation, and $16.8 million
for 50 hours/wk. Depending on actual NO, emission rate assumptions, the cost per ton
of NO, removal ranges from $112,000 to $686,000 for operation in the more normal
weekly operation of 10 hours/week. For comparison purposes, NO, offsets currently
cost $1,000/ton.

G. CONCLUSIONS:

The results of this work indicate that cold-plasma-discharge technology is
completely practical at much larger scales than are currently being investigated.
Specific to the purpose of this project, PCIP in conjunction with wet scrubbing is an
engineerable technology for the control of pollutant emissions from large combustion
sources that operate on an erratic, low-use schedule. The efficiency of such a PCIP
control could significantly exceed the 50-percent goal of this program. At the colossal
flow rates generated by JETCs, unit cost to control NO, is strongly affected by the
postreactor scrubbing component. Significant removal of carbonaceous pollutants also
occurs, which provides additional compliance benefits and implicitly decreases the life-
cycle-balanced cost of control by distributing it over several pollutants. In general,
plasma-discharge technologies appear to be technically feasible for a wide spectrum of
air-decontamination applications, but the associated costs severely limit their utility.

H. RECOMMENDATIONS:

Application-specific system economics should guide further development of this
technology as an emission control for applications to decontamination of combustion
exhaust streams. As the trading value of emission credits continues to increase, it is
reasonable to expect that both military installations and aircraft-related industries will
encounter circumstances in which applying a control to an engine testing facility
crosses the economic threshold of practicality. PCIP is also a plausible candidate for
treating such high-risk exotics as chemical or biological agents, or rocket propellants,
for which the cost of specialized technologies is justifiable.

vi
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SECTION I: INTRODUCTION
A. PROJECT OBJECTIVES

This report describes the Phase Il results of a two-phase Small Business
Innovation Research (SBIR) program sponsored by the Air Force Research Laboratory,
Airbase and Environmental Technology Division (AFRL/MLQE). The Air Force
established the goal of developing an efficient NO,-control strategy for jet engine test
cells (JETCs) which does not impact the performance of the jet engines. The overall
purpose of this multiphase SBIR program was to evaluate the technical feasibility and

cost effectiveness of applying Pulsed-Corona-Induced Plasma (PCIP) to destruction of
NO,.

The objective of Phase | was to demonstrate technical feasibility of using a
pulse-induced-plasma-initiated chemical process to control NO, emissions from the
exhaust of a JETC. Phase | was intended as a proof-of-concept program to develop
the experimental data required to assess the feasibility of the process. The Phase |
program demonstrated that the PCIP process was technically feasible and capable of
90-percent removal of NO, under simulated jet engine test cell conditions.

The Phase Il program was designed to further the development of this
technology by developing the data necessary to design a full-scale system and to
perform an accurate economic analysis of the technology. This was achieved by
scaling up the equipment and demonstrating the technology on a portion of the exhaust
from an operational JETC. The sub-scale system tested in Phase Il was representative

of the geometric configuration of a full-scale module. Laboratory tests addressed
issues such as characterizing the wastes.

B. BACKGROUND

The control of acid rain precursors, SO, and NO,, has been the subject of
regulations for a number of years. The 1990 Clean Air Act Amendments have
specifically targeted significant additional control of nitrogen oxide (NO,) emissions.
Nitrogen oxides are believed to contribute significantly to acid rain, forest and
vegetation decline, tropospheric ozone formation, and an increase in the concentration
of "greenhouse" gases. NO, also contributes to visible smog. In response to the
concerns related to NO,, regulators have continued to impose increasingly stringent
limitations both for new sources and for existing plants through retrofit control
requirements. Industrial stationary sources of NO, have been required to control
emissions by a percentage from baseline by using either modified combustion or back-

end removal/control technologies. Each NO,-control technology is applicable under
different process conditions.

JETCs, used by the military and commercial airlines to test-fire new and
reworked engines, have been classified by the EPA as stationary sources. Jet exhaust
contains nitrogen oxides (NO,), soot particles, carbon monoxide (CO), and
hydrocarbons (HC). The Air Force anticipates that EPA will require at least 50 percent

1




reduction in total NO, emissions in the near future. Control of emissions from these
facilities represents a very challenging problem because characteristics of the process
and of the exhaust gases preclude using any conventional back-end NO,-control
technology such as selective catalytic reduction (SCR) and selective noncatalytic
reduction (SNCR). Combustion modifications or front-end emission control are also
precluded in a highly tuned process such as a jet engine.

The Air Force has established the goal of developing an efficient NO,-control
strategy for jet engine tests which does not impact the performance of the jet engines.
The purpose of this multiphase SBIR program was to meet this Air Force need by

developing a cost-effective technology for control of NO, from JETCs using PCIP
destruction of NO,.

1. JETC Combustion and Byproducts

Jet fuel combustion forms airborne pollutants, including NO,, hydrocarbons, fine
particulate matter, and carbon monoxide. Both gaseous and particulate pollutants are
formed from the oxidation of species present in the fuel or in the combustion air.

This SBIR program addressed NO,, which forms from atmospheric and fuel-
bound nitrogen during combustion at the high temperatures present in jet engine
combustors. NO, forms through three mechanisms in any combustion process. Most
NO, emitted from jet engines burning JP-8 fuel is thermal NO,, formed by oxidation of
atmospheric nitrogen. This reaction is rapid at temperatures above 2200 °F. Fuel NO,,
or the oxidation of organically bound nitrogen in the fuel, is the second contributor to jet
engine NO, emissions. This is a smaller contributor since JP-8 contains very little fuel-
bound nitrogen. The third source of NO, emissions is prompt NO,, which is less well
understood, but forms in the flame very quickly. This accounts for slightly higher NO,
emissions than can be theoretically explained when adding the effects of the first two
NO, mechanisms. Air Force jet engine combustors are extremely intense-firing, with
high temperatures and high heat release rates. This environment is conducive to rapid
formation of NO, by the thermal mechanism.

The jet engines operated by the Air Force are classified as stationary sources only
when operated during brief test periods inside a JETC, which category includes hush
houses. JETCs are structures designed to hold jet engines, provide a uniform
environment, and suppress noise during static operational tests following maintenance
or overhaul. These test facilities are used by the Air Force, Navy, and Army, as well as
civilian airline companies and jet engine manufacturers. Although the emissions are
emanating from a mobile source (i.e., a jet engine) the courts have ruled that, during

these static firing tests, pollutants exiting the stack of the test cell are to be regulated as
stationary sources.

There are a variety of designs for JETCs but the most common design
incorporates an air-augmentor tube downstream of the engine exhaust to cool the
exhaust gases. As the exhaust gases flow into the augmentor tube, ambient air is
drawn from outside into the tube to mix with the exhaust gases. In addition to cooling

2




the gases, the augmentor tube dissipates a portion of the kinetic energy of the exhaust
blast.

A typical firing of a jet engine in a test cell involves operating the engine at several
thrust levels from idle to full load with afterburning. The load on the engine may be held
for several seconds to several minutes before proceeding to the next load. There is a
prescribed series of operating conditions which each engine is put through to obtain
data for an Air Force “acceptance test.” Figure 1 shows NO, emissions as a function
time over a typical acceptance test. The engine emissions shown here were measured
in the field during our pilot demonstration, and are representative of the F100-PW-100, -
220, and -229 engines, which are used on F-15 and F-16 aircraft.

Run #0924: Acceptance Test
-220 Engine
40.0
g
[~
2 30.0 + /\1
=
=
2 200 +
g
» 10.0 +
o
NI
0.0 ; f ;
17:02 17:16 17:31 17:45 18:00
Time

Figure 1: Typical NO, Emissions During Air Force Acceptance Test

The graph shows only parts per million by volume (ppm,) of NO,. Table 1 shows
typical flow rates for these operating conditions, and the corresponding emission
concentrations. The emission measurements show that most of the NO, is in the form
of nitric oxide (NO) and that the total NO, increases with load from idie to 100 percent.
Also shown are emission data for other gas-phase constituents such as CO and total
HC. These gases show an inverse relationship with load, until the afterburner is
engaged, at which point CO and hydrocarbons are quite variable, and can increase
significantly over full-power conditions. This is not surprising since the engines burn up
to four times the quantity of fuel in afterburner mode as compared with full military
power, for a thrust increase of about 50 percent. The poor burn efficiency associated
with afterburner operation explains the increase in CO and HC emissions.




Table 1: Flow Rates and Emissions from Typical JETC

Power Level Idle Military Afterburner
Flow Rate, acfm?® ~ 200,000 2,100,000 3,721,000
Temperature?®, °F
Range 90-154 331-609
NO,, ppm°® 4 30-40 30-50
CO, ppm°® 10-25 <5 70-90

2Sorbtech, 1995
®Spicer, 1990
‘ADA Nellis Air Force Base test result

2. Regulatory Perspective on JETCs

EPA-453/R-94-068 (PB95-16237) [Nitrogen Oxide Emissions and Their Control
from Uninstalled Aircraft Engines in Enclosed Test Cells; Joint Report to Congress on
the Environmental Protection Agency—Department of Transportation Study] addresses
the Title 1 MACT consideration. In ozone noncompliance areas (and compliance areas,
too), emissions from the JETCs are included in the Title 5 permit limits. Permitting a
new JETC now generally requires that the installation either decrease its emissions
from other sources, acquire emission credits to offset the increased emissions, or
combine offsets from decreased emissions and purchased credits to maintain the same
net output of each respective pollutant from the installation.

3. _Emission Control Approaches for JETCs

Control of emissions from these facilities presents a real challenge because
emission is intermittent and because the engine is only minimally tolerant of back
pressure (or flow resistance). Other conventional NO, control technologies are not well-
suited to the jet engine test cell application because of the high dilution (low
concentration), drastic and condition-dependent temperature gradients, low exhaust
temperature, high flow rates, and broad and rapidly changing operating conditions.

Conventional NO, control technologies are thermal, wet scrubbing, dry scrubbing,
or process-based. Several approaches have been evaluated by the Air Force in the
past several years in the quest for a cost-effective NO, control technology.

An overview of Air Force research to control NOx emissions from JETCs (Kimm,
Allen and Wander, 1995) summarizes a variety of technologies to achieve this goal.
Modifications to the combustor are precluded based on performance impacts or
potential physical damage. The Air Force Research Laboratory AFRL/MLQE has
sponsored seven independent projects (prior to this nonthermal plasma program) that
address exhaust-gas-treatment options. These include exhaust-gas reburning,
noncatalytic reduction with additives, metal-based catalytic reduction, photocatalytic
decomposition, electrocatalysts, and a solid sorbent bed of magnesium-oxide-coated
vermiculite. Each project found the technology to be either technically or economically
unfeasible under JETC operating conditions, with the exception of the sorbent bed.
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AFRL/MLQE is concurrently investigating the use of packed beds of sorbents for use on
JETCs (Wander and Nelson, 1993)). Its primary disadvantage is the large pressure
drop, for which fans are being used to overcome the flow resistance.

Given the need for a control technology that would be preferable to those already
investigated, the Air Force funded this nonthermal plasma development program. The
technology seemed well suited to the harsh environment of a JETC due to its fast
response time, minimal pressure drop, success with very dilute gas streams, potential
to control multiple pollutants simultaneously, and because it can operate in the less-
extreme, cooler space behind the augmentor tube.

C. SCOPE/APPROACH

This Phase Il SBIR program demonstrated the nonthermal plasma technology on
a pilot scale. Initially the work defined the parameters of JETC operation and
investigated the products of the PCIP system. Laboratory work at ADA Technologies
was directed toward characterizing the chemistry of the process and determining what

chemicals could potentially be combined with the PCIP system to promote the NO,
control process.

This laboratory work was incorporated into the design, construction, laboratory
testing, modification, and field testing of a subscale PCIP system. The Phase Il unit
treated a slipstream of exhaust from an Air Force hush house. Ideally, the entire
subscale test program would have been conducted on a slipstream from a test cell.
However, JETCs are extremely expensive to operate, and are not operated at steady-
state conditions for extended periods of time. Therefore, screening tests at ADA’s

laboratory were a part of the Phase Il effort, using a bench-scale jet engine as a
surrogate for the test cell.

These initial screening tests were conducted using a bench-scale turbojet engine
firing JP-8 fuel. The engine was run at steady-state conditions for long periods to
permit making the necessary measurements to characterize the plasma process and
make appropriate design changes to the pilot system. These tests provided a base of

information that was essential in designing the full-scale system for economic
evaluation.

Once sufficient tests were conducted to characterize the process, the subscale
system was interfaced to a slipstream of an operating hush house at Nellis Air Force
Base. A series of tests were then performed to evaluate the performance of the plasma
system under normal JETC operating conditions.

In addition to ADA’s NO, removal measurements, Navy personnel attempted to
measure fine particles before and after treatment in the field during testing at Nellis Air
Force Base. Oxidation of carbon monoxide and hydrocarbons was also examined. By
simultaneously destroying or capturing more than one pollutant, the system could
significantly increase its net cost effectiveness.




SECTION li: SUMMARY OF NO, CONTROL TECHNOLOGIES
A. CONVENTIONAL CONTROL OF NO,

Combustion-based NO,-control techniques alter the temperature and air/fuel
balance in the primary combustion zone, with associated performance impacts. The
performance effects are unacceptable in a highly tuned process such as a jet engine.
Earlier efforts to introduce additives to modify the formation of NO, have also been
consistently unsuccessful. Control techniques within the combustor are ruled out on
this basis. A number of technologies have been developed for controlling NO,
downstream of the combustion zone. The most prominent and widely applied
commercial-scale means of controlling NO, emissions are selective catalytic reduction
(SCR) and selective noncatalytic reduction (SNCR). These techniques rely on reducing

nitrogen oxides, as gas species, generally according to the following (ideal)
stoichiometry:

4NO + 4NH, + O, -> 4N, + 6H,0 (1)
2NO, + 4NH, + O, > 3N, + 6H,0 (2)

In the SCR system, flue gas passes through a catalyst at temperatures of 600 to
850°F. These catalysts typically contain vanadium, platinum or titanium compounds
impregnated on metallic or ceramic substrates. Catalysts made from zeolites are also
used for this application and operate at a wider range of temperatures. Innovative
variations on SCR technology have taken the form of impregnating catalytically active
materials into high-temperature fabric filtration bags (Weber, et al., 1991), placing
inserts made of catalysts inside high-temperature fabric filter bags (Wilkinson, et al.,

1991), injecting dry catalysts into flue gas (Doyle, et al.,1988), and fluid bed adsorbers
(U.S. DOE, 1990).

The SNCR process is also called "Thermal DeNO,.” Ammonia or urea is injected
into the flue gas at temperatures of 1,600 to 2,000 °F to convert NO, according to
reactions (1) and (2). A catalyst is not used in this case, but chemicals can be added to

the urea solutions to adjust the temperature window at which the NO,-reduction
reactions occur (Epperly, et al.,1988).

Several other processes have been developed to lower postcombustion NO,
concentrations without use of ammonia or urea. These processes include reaction with
dry calcium hydroxide (Chu and Rochelle, 1989), dry injection of sodium sorbents
(Helfritch, et al., 1990), NO, removal during spray drying (Chan, et al., 1986), a sorbent

bed of magnesium oxide (Wander and Nelson, 1993), and reburning (Folsom, et al.,
1995).

B. NONTHERMAL PLASMA TECHNOLOGY FOR NO, CONTROL

The PCIP process uses a cold plasma to destroy NO, at relatively low
temperatures (i.e., < 200 °F). The process involves application of a very sharp-rising,




narrow-pulse high voltage to a corona system to produce intense streamer coronas,
which bridge across the electrode gap. Streamer corona is the avalanche of electrons
generated near a high-voltage wire due to intense gradients in the electric field. Many
characteristics of the process make it promisin