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INTRODUCTION

The NO remote sensor was built as an additional channel to the FEAT system
in unit FEAT 3006. It was used on several occasions in El Paso Texas and in Juarez
Mexico. Drive-by comparisons of the sensor with a fully instrumented Ford Taurus
(with computer controlled engine override, four gas analyzer (MPSI), a UV based NO
exhaust analyzer and functional catalyst), were undertaken at several on-road sites
during the El Paso and Juarez Studies. [n addition, drive-bys under more controllable
conditions were conducted in the hotel parking lot in El Paso. These initial studies
were helpful in evaluating the performance of the NO remote sensor. A more
complete study specifically designed to validate the sensor’s performance was
conducted at the Ford Motor Company Dearborn Proving Ground in Michigan, where
the NO emissions measured by the FEAT 3006 unit (modified for the simultaneous
analysis of CO, HC, NO, and CO, ) were compared with real-time NO emissions
measurements from on-board instrumentation in two instrumented vehicles. The two
vehicles were: a Ford Aerostar with an on-board instrumentation developed by Ford
Research, and a Ford owned Taurus with on-board instrumentation developed by
Denver Research Institute (mentioned above).

The Aerostar contains an on-board FTIR , an on-board air/fuel sensor , and an
on-board computer system. The FTIR is capable of acquiring time-resolved emissions
of thirty exhaust components including CO, CO, and NO. The on-board computer
system controls engine air-to-fuel ratios in open and closed loop modes, and
measures and monitors numerous engine operating parameters. These engine
parameters, when combined with the emission data from the FTIR, provide a
comprehensive and accurate account of the vehicle emissions and the conditions
which produced them.

The Taurus is equipped with on-board monitors for CO, CO,, HC, oxygen, and
a newly developed fast response on-board NO system. The Taurus has the ability to
operate in an open or closed-loop mode with or without EGR. These modes can be
changed in a few seconds by the driver, and the Taurus is capable of operating at
any pre-set air-to-fuel ratio with or without EGR.

Altering the engine operating parameters provided a wide range of fairly
reproducible NOx emissions which facilitated this study. The Taurus NO emissions
ranged from ~ 50 ppm to as high as 5500 ppm. Typically, NO emissions were less
than ~ 450 ppm in closed loop operation with EGR activated, and in rich operation. On
the other extreme, NO emission levels consistently greater than 2000 ppm and as
high as 5500 ppm were achieved under stoichiometric or slightly lean conditions with
the EGR disabled. Since the Aerostar was a California calibration vehicle equipped
with a blank catalyst assembly and no EGR, its NO emission range was much
narrower. The Aerostar NO levels never fell below ~750 ppm and never exceeded
3000 ppm.



The Dearborn Proving Ground study was designed to encompass this wide
range of NO emissions. During the study, both vehicles were repeatedly driven past
the FEAT system, under a variety of conditions. Usually, the vehicles were operated in
a specific gear, at a given speed in either a cruise (steady state) or a slight
acceleration driving mode. These modes were repeated at various gear, speed and
air-to-fuel ratio settings.

EXPERIMENTAL

NO FEAT SYSTEM

The NO prototype system was calibrated in the same way as all FEAT systems
(U.S Patent 5,210,702), by blowing a small puff of gas from a calibration cylinder with
known CO, CO,, propane and NO content in such a manner as to simulate the
exhaust of a passing vehicle.

AEROSTAR TEST VEHICLE

A detailed description of the Aerostar test vehicle and associated on-board
equipment is given in CRC VE-11-1 Final Report. For completeness the following
abbreviated description is included.

The On-Board Emissions (OBE) vehicle is a 1992 stretch Aerostar minivan with
a 3.0 L engine, calibrated for operation in California, and a 4-speed overdrive
automatic transmission. The vehicle has been driven approximately 4000 miles prior
to this program. For the purposes of the intercomparison study, the stock catalyst
was then replaced with a blank catalyst which allowed the production of higher than
normal exhaust emissions.

Aerostar On-Board Instrumentation

The OBE analysis system is comprised of several basic subsystems; 1) A
Multicomponent Exhaust Gas Measurement System, 2) the OBE Power System, and
3) the Vehicle Data Acquisition System and Research Console (VDAS/RCON).

Simplified block diagrams are given in Figures 1 and 2.

1. Multicomponent Exhaust Gas Measurement System

The Multicomponent Exhaust Gas Measurement System consists of three major
components: a) the FTIR spectrometer and associated support hardware, b) the FTIR
data acquisition system and software, and c) the exhaust gas sampling and dilution
system (U.S. Patent 4,801,805, U.S. Patent 4,928,015, U.S. Patent 5,138,163).



a. The FTIR Spectrometer and Associated Support Hardware

The high resolution FTIR spectrometer (Nova-Cygni Model 120, Mattson Instru-
ments, Inc., Madison, WI) is equipped with a water cooled glow bar source and a
MCT detector. A variable path, multi-pass gas cell (Wilks, 20 Meter, Model 8020) with
potassium bromide windows is used exclusively at the 14th order setting (21.75
meters) to improve the sensitivity of the system for all chemical species.

When the OBE is mobile, the nitrogen gas used to purge the spectrometer and
the water used to cool the IR source are contained "on-board". The water for cooling
the IR source is maintained below ambient temperature, and is recirculated from a
insulated container using a submersible pump. The nitrogen gas for purging the FTIR
is generated by boiling liquid nitrogen. An electric heater is placed in a 25 liter dewar
of liquid N, and a pressure actuated switch maintains the gas pressure at 7-8 PSIG,
while suitable valves and stainless steel tubing deliver the N, gas to the FTIR.

b. FTIR Data Acquisition System

Acquisition and processing of FTIR data are controlled by a PC compatible
computer (Industrial Portable Personal Computer (IPPC) by Texas Microsystems)
equipped with an Intel 1860 based coprocessor board (CSPI Supercard AT). The data
acquisition and processing routines were developed and patented by the Ford Motor
Company Research Laboratories and licensed to Pierburg, GMBH. This software was
designed for the specific purpose of (but not limited to) analyzing multi-component
gas phase samples composed of chemical species typically found in dilute vehicle
exhaust. The system can be used to acquire either time-resolved (every three
seconds) or signal-averaged data. The hardware and software used with the system
are capable of monitoring up to 50 individual components. During this study, data is
acquired on 21 components. A listing of the species monitored by the FTIR system
and their detection limits are listed in Table 1. With the current operating mode, the
system provides no real-time emissions information to the driver.

c. Exhaust Gas Sampling and Dilution System

The Exhaust Gas Sampling and Dilution System is comprised of the heated
sample line and a heated sampling and dilution system. A schematic diagram of the
system is presented in Figure 3.  As depicted, the sampling of raw vehicle exhaust is
achieved by transporting a portion of the exhaust from the tailpipe, through the heated
sample line, to a dilution chamber where the exhaust is mixed with a constant flow of
N,(g). A heated sample pump, positioned downstream of a self-regulating heated
sample line, is used to draw a sample of raw vehicle exhaust from the sampling port
to the dilution chamber. The sampling line was inserted into the tailpipe of the vehicle
just past the catalytic converters. To prevent the condensation of water in the raw
exhaust, the heated sample line, pump and dilution chamber are maintained at a



temperature above the dew point of the raw exhaust sample (>68°C). Approximately

3 liters per minute of raw exhaust is extracted from the tailpipe. A portion of this
sample (~2/3) is directed into the dilution chamber. The remainder of the sample is
vented from the chamber. The sample remaining in the chamber is diluted, ~ 10:1, with
N,(g). The N,(g) is supplied by the same N,(g) source used for purging the FT IR. A
mass flow controller regulates the flow of N,(g) and hence the dilution ratio. The

diluted sample is directed out of the chamber through a filter and into the gas cell via

a pump downstream of the FTIR. Both the excess raw exhaust from the dilution
chamber and the diluted exhaust are vented to the exterior of the vehicle.

2 Vehicle Data Acquisition System and Research Console (VDAS/RCON)

The task of acquiring vehicle data as well as controlling, and altering
engine/powertrain calibration is accomplished using a software/hardware system
referred to as the VDAS/RCON. This is a Ford proprietary PC based system that
utilizes a shared memory approach to control vehicle operation and calibration. The
VDAS/RCON can also acquire data from the powertrain controller as well as from
external sensors and/or signal sources. These external inputs include air/fuel
instrument signals, thermocouple signals, pressure sensors, and external triggers.
Through the use of triggers and coordinated sampling techniques, data from multiple
systems can be synchronized and overlaid for analysis. These capabilities are
necessary when time based data correlation is required. Running under current
versions of MS-DOS, all VDAS data files can then be analyzed using commercially
available spreadsheet, statistical, graphical packages, or by its own built in analysis
tools.

The vehicle instrumentation was shown above in Figures 1 and 2. The
hardware consists of several components: 1) the Electronic Engine Controller (EEC) of
the vehicle, which is the standard vehicle computer responsible for controlling the
engine and emissions system; 2) the VDAS/RCON (described above); and 3) an
80386SX/16MHz microprocessor-based computer (GRID Model 1755) which controls
the RCON through a serial local network. In addition, external sensors were added to
the exhaust system of the vehicle. A laboratory grade air/fuel sensor (Horiba Model
MEXA-1011) was installed adjacent to the factory HEGO sensor in the exhaust pipe.
Two thermocouples, one prior to and one in the mid-bed of the first catalyst, monitor
the exhaust system temperature. A list of the vehicle and engine operating
parameters monitored by the system is shown in Table 2. All VDAS/RCON accessed
signals are recorded at 1 second intervals.

3. The OBE Power System

There are 3 separate power systems on-board the vehicle, 110 VAC, 12 VDC
and 48 VDC. The 110 VAC system supplies power for the FTIR, the mass flow



controller for the dilution system, and the temperature controller used for the sampling
system heater and the heated sample line. This power is supplied by a 1 KVA, 24
VDC to 120 VAC inverter (Nova Electric, Model 1K 60-24). The 24 VDC is provided by
a pair of 130 AH, 12 VDC deep cycle batteries wired in series. The operating time
using fully charged batteries is 3 hours.

There are 2 separate 12 VDC systems used on the vehicle. One is connected
to the vehicle battery/alternator and the other is separate. The RCON, IPPC and the
GRIiD computers are connected directly to the vehicle battery and draw at total of 20
amps. The other 12 volt system supplies power for the submersible cooling pump for
the FTIR source, the heater used to generate N,(g) for dilution and purging the FTIR,
the FTIR flow pump, the sample pump and its heater, and the sampling system
heater. - The on board batteries provide power for data collection for at least 3 hours.

TAURUS TEST VEHICLE

The Taurus test vehicle is a 1991 wagon equipped with a 3.8 liter PFl V-6
engine and automatic transmission. Both feedback and adaptive control systems are
employed in the normal operating modes. The emissions control system uses dual
oxygen sensors and catalysts in conjunction with a vacuum/electronic EGR. The
Taurus is also equipped with a VDAS/RCON system (as shown in Figure 1). For the
purposes of evaluating the FEAT NOx channel the air-to-fuel ratios in the Taurus were
altered using the VDAS/RCON and locked in at values ranging from 0.85 to 1.1
with/without EGR. Signal information is recorded in raw data and calculated ppm
formats, along with vehicle operating parameters, in a comprehensive data acquisition
system.

Taurus On-Board Instrumentation

Exhaust gas sampling is conducted by two separate tailpipe probes of equal
length, one for the NO detector and one for the four-gas analyzer. Figure 4 shows a
schematic diagram of the set-up used for the two analysis systems. This method was
selected to provide the best possible compromise between ease of use, system
isolation, and instrument flexibility. Another consideration was the isolation of the
newly developed NO analyzer and dilution pump system to minimize any potential
negative interactions that may develop during its initial development. In order to
prevent condensation in the UV analyzer cell, the raw exhaust was diluted with
approximately 10 parts ambient air before flowing through the UV cell. This sufficiently
lowers the dew point of the exhaust without trapping water and risking losses of
soluble oxides of nitrogen. In this configuration, fast response times, on the order of
1.1 seconds were maintained. As an added precaution, small heater elements were
placed around the lens assemblies to further insure against condensation.

The measurements of CO, HC, O,, and CO, were conducted using an IR based



"in flight" analyzer manufactured by MPSI. This unit was linked to a dedicated PC that
was time correlated with the vehicle VDAS/RCON system. Slight difficuities were
encountered with condensation during long data runs, however this did not affect test
integrity as a periodic flush/purge procedure eliminated excess condensed moisture.
The entire on-board system was powered from the vehicle battery and alternator.

ON-ROAD TESTS

There was a three day intercomparison study conducted at the Ford Dearborn
Test Track. During this study the two test vehicles were driven past the remote
sensor, while varying engine operating conditions and subsequently the NOx emission
levels. The test conditions included varied vehicle speed (either steady-state or slight
acceleration driving conditions), transmission gear, air-to-fuel ratio, and both open and
closed loop operation.

Figure 5 shows a diagram of the experimental configuration. The general procedure
was to change the engine/vehicle parameter, allow the vehicle to stabilize (usually a
minute or two), and drive the vehicle from the staging area to pre-conditioning "Point
A" and then on to "Start Point B" . This distance was used to stabilize all test
conditions (i. e. speed , gear, either steady-state driving or slight acceleration), such
that when the vehicle arrived at point "B" the test condition was established. The test
condition was maintained constant from point "B", past the remote sensor site on to
point "C", where the vehicle was slowed to a stop. It was during this test period (
point " B" to point "C") that the data from on-board instrumentation was collected, and
the actual "pass point was noted during the data collection. The same conditions
were repeated in the opposite direction, reversing the process. The same conditions
were repeated a minimum of three times (usually 5 to 10 times).

DYNAMOMETER TESTS

On the last day in Dearborn, the Taurus was tested on a chassis dynamometer where
a comparison of the Taurus on-board NO instrument with a conventional
chemilumenscence instruments (CLD) was conducted. The vehicle was driven on the
dynamometer under conditions which spanned those encountered in the Proving
Ground studies.

RESULTS

FACTORS AFFECTING THE NO FEAT SYSTEM

As mentioned above the FEAT system was standardized using a cylinder with known
CO, CO,, propane and NO content in such a manner as to simulate the exhaust ofa
passing vehicle. This cylinder is the first ever prepared with these gases by Scott
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Specialty Gases in Longmont, Colorado. Scott initially reported trouble with stability of
the NO content. Inter-calibrations of both detectors with this cylinder and another
cylinder (containing CO, CO, and propane only) gave results within the expected
errors for CO and HC, and within 10% of the laboratory values. The NO calibrations
were more difficult to obtain free of noise. More purging of the system was required
to obtain good NO calibrations than for CO or HC.

Mechanical vibration causes more noise on the on-road UV NO channel than on the
IR channels, thus NO readings are more often rejected than HC or CO unless great
care is taken to stabilize the instrument. In El Paso the light source and detector were
not always stable. Between the El Paso and Dearborn studies a new (and much more
stable) undercarriage was built for the source. In Dearborn, the first day of
intercomparison seemed to suffer from instability. The problem was solved by
inserting a metal wedge on the last two days between the FEAT detector leg and the
metal body.

WATER AND AIR/FUEL CORRECTIONS

In the process of analyzing raw exhaust, the conventional analysis systems remove
water from the sample by chilling the exhaust below the dew point. The on-board
FTIR instrumentation analyzes a diluted sample which also lowers the dew point
without water removal. The Taurus NO analysis is also based on a diluted sample
without water removal, however, the Taurus on-board measurements of CO, HC, O,,
and CO, is based on a dried sample. The FEAT NO measurements are based on
combustion equations relating to "dry exhaust" at stoichiometry (corrections are made
for the amount of excess air leaner than stoichiometry). Thus, prior to comparison
with the FEAT NO results, one must convert both the OBE and the Taurus NO
measurements to "dry exhaust" measurements. The water analysis provided by the
on-board FTIR was used to convert the OBE data to "dry exhaust" equivalents. Since
the Taurus on-board instrumentation does not include a real-time water analysis, the
results were corrected using the amount of water predicted by the combustion
equation. This calculation was performed assuming the C/H ratio of fuel to be 1.85,
and correcting for additional air-to-fuel ratio effects.

ANALYTICAL PERFORMANCE OF THE ON-BOARD FTIR

During the past year several tests were conducted to evaluate and verify the
performance of the Aerostar on-board emissions equipment. These tests include
comparison studies with gas standards and correlations with conventional
dynamometer instrumentation for both steady-state and modal driving (UDDS).

Details and specific results of all tests are given in the CRC VE-11-1 Final Report. The
following is a summary of the information contained in that report.
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Analyses of gas standards using the on-board FTIR and associated software gave
results within 4% of the standard values for NO and CO, in all cases. The analyses of
the CO standards indicate that the FTIR performs quite well at ~ 100 ppm range
(average error <3%), but the errors in the FTIR analyses increase slightly with
increasing CO concentration levels (average error ~ 6%). While the errors associated
with the FTIR analyses of NO standard gases are fairly random, the errors associated
with the FTIR analyses for CO and CO, are consistently positive, resulting in FTIR
analyses which are slightly higher than the label values for the standard gases.

Results of the cruise and modal studies show that for CO, the differences between the
OBE system and the conventional analyzers is less than 6% in all cases. The error
associated with the OBE analyses of CO, emissions were fairly random, but on the
average the OBE results were 1% lower than the conventional analyzer results. In the
case of CO, the agreement between analyzers is better than 6%, and for all cases
except one, the OBE results were higher than the conventional analyzer results,
averaging 3% higher for the OBE system. Finally, for NO, the agreement between the
analyzers is within 13%. The OBE results for NO are, in all cases, consistently lower
(an average difference of 10%) than the conventional analyzer results.

As mentioned earlier, prior to the analysis of the raw exhaust samples by the
conventional means the samples are chilled and filtered to remove any water and
particulate matter in the exhaust. Losses of NO might occur during these processes.
Similarly, if the OBE sampling and dilution system were condensing water in any area
of the system prior to proper dilution, similar losses might occur. It is important to
note that no evidence for condensation of water in the raw exhaust was found in the
OBE sampling system. The variable agreement between the conventional analyses
and the OBE analyses of NO in vehicle exhaust is currently under further investigation.

TAURUS DYNAMOMETER TESTS

The Taurus was tested on a chassis dynamometer where a comparison of the Taurus
on-board NO instrument to a conventional chemilumenscence instruments was
conducted. Figure 6 shows the result of the dynamometer intercomparison. The
slope of 0.8 arises because on-board measurements are of "wet exhaust" whereas
dynamometer measurements are on a dry basis, and the on-board dilution flow, which
may be pressure dependent, was calibrated in Denver. The correlation (R? = 0.97)
shows that the on-board system has noise less than + 100 ppm (one sigma) at low
NO levels (<1000 ppm). :



INTERCOMPARISON OF ON-BOARD TAURUS MEASUREMENTS AND NO REMOTE
SENSOR

Figure 7 shows NO comparison data (vs. time) from the Taurus drive-bys on Wed.
April 22. More than 90% of the vehicle passes resulted in the system reporting valid
NO readings. The Taurus RCON/VDAS instrumentation was configured to provide a
10 Hz sample rate on all parameters. Emission data points were averaged over a time
corrected three second window that occurred as the vehicle passed the remote
sensing beam. Real-time displays of vehicle operating conditions and emissions were
available to the driver to provide consistent drive cycles. The Taurus NO emissions
were varied by commanding different air-to-fuel ratios through the on-board computer
and connecting/disconnecting the EGR vacuum hose. In spite of every effort to
maintain a constant driving condition, the exact value of the on-board emissions
readings varied with load from less than 1,000 ppm to over 3,000. The Taurus was
also tested in closed-loop controlled operation with the EGR connected, where the on-
board readings never exceeded 450 ppm. The Taurus had a large range of control
over its NO emissions from a low on-board reading of 50 ppm to a high of 5400 ppm.

The upper points and line in Figure 7 are the Taurus data displaced upwards by 3,000
ppm. The emissions were maintained approximately constant for ten runs, then
intentionally altered. The jumps can be clearly observed. The lower points and line
are the reported remote sensor NO readings. The lines are added to guide the eye
and have no scientific meaning. From this graph it is apparent that the remote sensor
can distinguish between low and high emitting modes. However, the FEAT NO
readings show considerably more scatter than the on-board. The last few points, for
instance, show low and consistent on-board readings while the FEAT NO readings
vary from 800 to -750 ppm. Despite this variability it is apparent that the FEAT NO
detector can distinguish an individual vehicle’s high NO (3,000 ppm) passes from low
NO passes (<1,000 ppm).

INTERCOMPARISON OF ON-BOARD AEROSTAR MEASUREMENTS AND NO
REMOTE SENSOR

As was detailed in the "ON-ROAD TESTS" section above (refer to Figure 5), the test
condition was maintained constant from point "B", past the remote sensor site on to
point "C", where the vehicle was slowed to a stop. Data from the Aerostar on-board
instrumentation was collected while driving from point "B" to point "C", with the OBE
FTIR collecting an integrated sample every three seconds, The distances from point
"B to the actual "pass point" and in reverse from point "C" to the actual "pass point
were selected to insure sufficient numbers of three second samples to establish a
confident data set. Figures 8, 9, and 10 show the individual three second analyses for
NO, CO,, and CO for a typical slight acceleration drive-by. (The steady-state drive-bys
are typically more stable.) These figures clearly show stable emissions, + 100 ppm for
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NO and CO and 0.1% for CO,, during the drive-by.

Since the sampling rate of the remote sensor is high, 100 Hz averaged for 0.5 second,
the question arose as to the short term stability of the NO emissions from the
Aerostar. To address this issue, dynamometer tests were conducted where the
second-by-second NO emissions were measured using the dynamometer cell
chemilumenscence analyzer (CLD). These measurements were made while the
vehicle was operated at a steady-state condition for approximately 100 seconds, then
accelerated to a new steady-state speed 5 mph greater. The range of vehicle speeds
were from 25 mph to 40 mph. The results are shown in Figure 11. Again the
variability in NO emissions during the steady state modes is about 200 ppm
confirming that the variability in the FTIR three second integrated measurements
shown in Figure 8 is probability representative of the vehicle NO emissions.

The FEAT NO sensor measures the ratio NO/CO, in the exhaust plume and the
concentration of NO in the exhaust is calculated from the "dry" combustion equation
as discussed in the section above (Water and Air /Fuel Corrections). The most direct
and accurate comparison of results from the Aerostar on-board measurements to the
FEAT NO sensor is accomplished by comparing the NO/CO, ratio from the FTIR
analysis of the vehicle exhaust to the FEAT measured NO/CO, ratio. This not only
avoids corrections for air dilution and exhaust water concentrations but eliminates
assumptions for engine/vehicle operating parameters. The results comparing these
ratios is shown in Table 3. This table gives the vehicle drive-by conditions, the on-
board NO and CO, measurements, the corresponding remote sensing data, and a
comparison of the ratios measured by the two techniques. Under the heading
"Vehicle Conditions" is given the vehicle velocity at the "pass point", the pre-set air/fuel
ratio as lambda, and the test conditions: steady-state or slight acceleration (ss or sa),
the transmission gear (2nd or 3rd), the engine control condition [open loop (o) or
closed loop (c)], and the number of drive-by tests averaged for each condition. The
data given for the last two conditions in Table 3 [20 mph, A = 1.1, slight acceleration,
2nd gear] was directionally dependent and was treated as separate points
northbound (n) and southbound (s) (discussed later). Also shown in Table 3 are the
individual averaged on-board emissions measurements for both NO and CO, and
percent standard deviations in those measurements based on the number of drive-by
tests shown in the column labeled condition. From these emissions data are
calculated the NO/CO, ratios and the percent standard deviation for the ratios ( This
value is based on the standard deviation of the individual ratio of NO/CO, for each
drive-by test point). The column labeled RS Data gives the average NO/CO, ratio
measured by the FEAT NO sensor for each condition and the corresponding percent
standard deviation. The last column ratios the measured OBE NO/CO, to the Remote
sensor measured NO/CO, ratio. Finally the average of the ratios of the two
techniques along with the standard deviation and percent standard deviation is given.
The average shows that the two techniques agree to within 10% for all conditions
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tested but the standard deviation is large (39%). The major contributor to the large
standard deviation is the remote sensor measurements, where the percent standard
deviation averages 23%. The complete test data for the Aerostar Proving Ground
study is given in Appendix 1.

Figure 12 shows the agreement of the two techniques as a function of the Aerostar
NO emissions. The remote sensing technique overestimates the NO emissions at the
lowest Aerostar emissions levels (754-1134 ppm, i. e. 20 mph, A = 1.1, slight
acceleration test condition), but underestimates the NO emissions at the highest
emissions rate (1941 ppm, i. e. 35 mph, A = 1.1, slight acceleration). Examining the
agreement with respect to vehicle speed (Figure 13) shows the remote sensor
“measurement of NOx from the Aerostar appears to be vehicle speed dependent.

CORRELATION FROM ALL VEHICLE TESTS

The data from both the Taurus and Aerostar are combined in Figure 14. The Aerostar
had a smaller range of emissions available, from a low of 750 to a high of 2660. The
Taurus NO emissions ranged from ~ 50 ppm to as high as 5500 ppm. The slope of the
regression analysis of the data is 0.757. The departure from unity is likely due to
differences in the calibrations. The stated uncertainty from the regression is R? =

0.54 (uncertainty is + 860 ppm) which we believe is mainly attributable to uncertainty

in the remote sensing readings.

NO EMISSION VARIABILITY

The concentration of NO in the raw exhaust of the uncatalyzed vehicle is far more
variable with cruise speed than are the concentration levels of CO or CO,. The NO
levels in the raw exhaust samples ranged from ~ 850 to 2850 ppm. Similarly, the
uncertainty associated with the OBE analyses of NO in the dilute exhaust samples
(ranging from ~ 85 to 285 ppm NO) were quite variable, ranging from 1 to 13%. This
was not the case for the OBE analyses of the gas standard containing NO, where the
uncertainty associated with the NO analyses were no greater than 4%, and varied little
at any given concentration level (< 1% rsd). Several factors might contribute to the
variable uncertainty of the OBE or the dynamometer cell analyses of NO in vehicle
exhaust samples. One factor is water condensation effects. NO is more reactive than
CO or CO,, and in the presence of high concentrations of water or other reactive
compounds, such as those typically found in vehicle exhaust, chemical and/or
physical losses of NO might be possible. A second effect may be variable emission
rates due to fluctuating catalyst/engine temperature.

THE EFFECT OF CATALYST/ENGINE TEMPERATURE ON NOx EMISSIONS

The NOx emissions observed with the Aerostar during the on-road tests were less
reproducible than expected based on dynamometer calibration studies. Additional
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Aerostar dynamometer tests were conducted with the RCON/VDAS system to
investigate the relationship between exhaust gas temperature and NOx emissions. As
expected higher NOx emissions were produced at higher exhaust gas temperatures.
These higher NOx emissions occurred under conditions similar to the test track
studies, namely at constant air/fuel, speed, and load conditions. Figure 15 shows the
NOx emissions measured by the Aerostar on-board FTIR as a function of engine
exhaust temperature. A blank catalyst was also used in these studies and, therefore,
the temperature shown as pre-catalyst is the actual exhaust gas temperature. Figure
16 shows the vehicle speed and measured exhaust gas temperature as well as the
on-board measured NO emissions and CO emissions. The NO emissions are highly
sensitive to exhaust gas temperature, more than CO emissions, suggesting that driver
variability (stability) could greatly affect the consistency of NO emissions even under
steady-state conditions. This is not true for the observed CO emissions under the
same conditions, and therefore CO would not be a good indicator of low or constant
NO emissions.

Similar information was available from the Taurus (Figure 17). The Taurus was
equipped with a production catalyst and the changing emissions effects are different
the the Aerostar with a blank catalyst. The more slowly changing thermal inertia
followed by a rapid increase when the catalyst is over burdened further confuses the
effect.

CONCLUSIONS

The Intercomparison study performed at the Dearborn Proving Ground leads to
several conclusions. The first is that the FEAT system measures vehicle NO emissions
with an error of about 860 ppm. Since the reported error bars during calibration are
less than 50 ppm and instrument vibration is not a problem during calibration, it may
be that further attention to eliminating vibration will lower the on-road measurement
uncertainties. The second is that 860 ppm noise on an individual reading is small
enough that high emitting vehicles (>3,000 ppm) can be distinguished from low
emitting vehicles (<1,000 ppm).

Based upon the remote sensing data, it was not possible to drive the Taurus in a
closed-loop mode which measured NO greater than 1,000 ppm. When the Taurus
was intentionally malfunctioning (EGR disconnected), NO measured above 3,000 ppm
in some driving modes and less than 1,000 in others. This suggests that the remote
sensor would predict that malfunctioning vehicles could be measured either as high
or low emitters (i. e. , they would be "flippers"), whereas a properly controlled vehicle
would never be identified as malfunctioning.

The third conclusion is that discrepancies between the on-board and remote sensing

techniques may be the result of vehicle speed and yehicle aerodynamics (exhaust
plume dispersion). Descrepancies were more pronounced with the Aerostar where a
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correlation between remote sensor estimation of NO emissions and the on-board
instrumentation shows a speed dependency.

Finally it can be concluded that NO emissions from a well tuned vehicle are sensitive
to minor perturbations in driving patterns and engine/catalyst conditions. Slight
changes in acceleration (i.e., engine speed, throttle position, and load) have significant
effects on the NO emissions. A clear example of this was the directional dependence
of the 20 mph tests conducted with the Aerostar, where a brisk wind from the north
changed the NO emissions from 1148+ 23 ppm (headwind direction) to 748+ 49 ppm
(tail wind direction). This behavior, in combination with the effect of engine/catalyst
temperature, suggests that the location of the NO remote sensing site, which impacts
test vehicle driving condition and history, may be a more important consideration than
it is for CO and hydrocarbon remote sensors.

The study also suggests there is a consistent discrepancy between the on-board NOx
instrumentation, whether it be UV (Taurus) or FTIR (Aerostar) , and the conventional
dynamometer chemiluminescence analysis, even after "wet" exhaust corrections. The
source(s) of these differences should be investigated further especially if dynamometer
chemilumenscence data is to be used in real-world models.
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Table 1: List of Components and Detection Limits as Measured by FTIR.

Component Detection Limit Detection Limit
Gas Phase (ppm) FTP (mg/mi)
Formaldehyde (CH,0) 0.54 23
Methanol (CH,OH) 18 8.0
Carbon Monoxide (CO) 8.9 34
Carbon Dioxide (CO,) 470 2900
Nitric Oxide (NO) 0.39 1.4
Nitrogen Dioxide (NO,) 2.8 15
Nitrous Oxide (N,O) 0.10 0.6
Nitrous Acid (HONO) 24 14
Methane (CH,) 1.7 3.7
Acetylene (C,H,) 0.62 22
Ethylene (C,H,) 1.3 49
Ethane (C,H,) 0.54 23
Propylene (C,H;) 4.2 24
Isobutylene (i-C,H,) 1.3 10
1,3-Butadiene 1.8 14
Acetaldehyde (CH,CHO) 3.6 22
Ethanol (C,H0) 0.62 3.9
Formic Acid (HCOOR) 0.39 25
Sulfur Dioxide (SO,) 0.73 6.5
Water (H,0) 3200 7900
Hydrogen Cyanide (HCN) 0.44 _ 1.6
Ammonia (NH,) 0.85 | 2.0
Non speciated HC 57 11
SUM Hydrocarbon 19 37
SUM NO, 3.6 20




Table 2: Vehicle and Engine Operating Parameters Monitored by VDAS/RCON .

Parameter Name Significance of Parameter

time Time in seconds since start of data set
Vs Vehicle Speed (MPH)

n Engine RPM

apt Throttle mode flag

load , Air charge per cylinder/standard air charge
lambse1 | Calculated air/fuel equivalence ratio
am Air Mass

tp_rel Throttle position

ect Engine Coolant temperature (°F)

act Air charge temperature (°F)

fuelpwi Fuel pulse width

accflg Air conditioner clutch flag

precat Exhaust gas temperature (°F)

midbed Catalyst temperature (°F)

lambda Measured air/fuel equivalence ratio
flow_in 'Nz diluent flow (LPM)

olfig Open loop flag
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Figure 3
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APPENDIX 1: AEROSTAR AND REMOTE SENSOR DATA ACQUIRED AT THE DEARBORN
PROVING GROUNDS

Speed (mph)
STD AVG STD
0.22 27.13 0.73
0.16 31.30 0.93
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