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In August 2001, the Aerodyne Mobile Laboratory simul-
taneously measured NO, NO,, and CO, within 350 m of a
taxiway and 550 m of a runway at John F. Kennedy Airport.
The meteorological conditions were such that taxi and
takeoff plumes from individual aircraft were clearly resolved
against background levels. NO and NO; concentrations
were measured with 1 s time resolution using a dual tunable
infrared laser differential absorption spectroscopy
instrument, utilizing an astigmatic multipass Herriott cell.
The CO, measurements were also obtained at 1 s time
resolution using a commercial non-dispersive infrared
absorption instrument. Plumes were measured from over
30 individual planes, ranging from turbo props to jumbo jets.
NO, emission indices were determined by examining the
correlation between NO, (NO + NOy) and CO;, during the
plume measurements. Several aircraft tail numbers were
unambiguously identified, allowing those specific airframe/
engine combinations to be determined. The resulting NOy
emission indices from positively identified in-service
operating airplanes are compared with the published
International Civil Aviation Organization engine certification
test database collected on new engines in certification
test cells.

Introduction

The growing volume of commercial air traffic has raised
concerns about the impact of aircraft exhaust emissions on
atmospheric properties. Since commercial aircraft spend
most of their flight time and expend much of their fuel in
cruise mode in the upper troposphere and lower stratosphere,
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research over the past decade has focused on the current
and projected impact of their exhaust emissions on regional
to global scale ozone chemistry and the climate impact of
light scattering and absorption of contrails and associated
high altitude clouds. In 1999, an international assessment
concluded that, while the impact of commercial aircraft on
stratospheric ozone depletion was likely to be modest, the
impact of ozone formation in the upper troposphere plus
contrail and related cirrus cloud formation might lead to
significant atmospheric warming over the first half of the
21st century (I, 2).

Concerns about the impact of aviation emissions on the
global atmosphere motivated advances to improve the
measurement of gaseous and particulate aircraft engine
emissions in both engine test cells that can simulate operation
at altitude (3—9) and at cruise altitudes utilizing instrumen-
tation on “chase” aircraft (10—12). Much of this effort has
focused on quantifying NO, (NO + NO,) emissions because
of their critical role in ozone chemistry, sulfur oxide emissions
because of their role in triggering sulfate aerosol formation,
and direct fine particulate emissions because of their role in
contrail and cloud formation.

At the same time, attention has turned to the impact of
aircraft emissions on local and regional air quality in the
vicinity of airports (13,34,35). Here a primary focus is on NO,
emissions as initiators of photochemical smog and on fine
particle emissions that can contribute to regional haze and
directly impact human health (14). Unfortunately, much of
the cruise operation emissions data gathered to assess the
impact of aircraft emissions on the global atmosphere are
of limited utility in assessing the airport emissions issue.
Most of the airport emissions arise from gate, taxi, takeoff,
and landing activities that are not well represented by cruise
condition emissions. Only a few studies of aircraft emissions
under normal airport operations have been published. The
study by Popp et al. (15) measured NO/CO, emission ratios
from in-use commercial aircraft at Heathrow Airport using
open path IR and UV sensors developed for on-road motor
vehicle emission measurements. Less directly relevant to
normal operation emissions, Heland and Schifer (16) and
Schifer et al. (8) analyzed Fourier transform infrared (FTIR)
exhaust plume emission spectra taken for several cooperating
commercial and military aircraft during run-up tests per-
formed at German airports to yield CO,, H,O, CO, and NO
exhaust mixing ratios used to compute CO and NO emission
indices (EIs) as a function of engine power settings. Schifer
et al. (I17) have also analyzed idle emissions from in-service
airplanes and added NO, to the measurement suite. While
the time a typical aircraft spends at idle is considerable, both
the total fuel consumed and the NO, emissions per fuel
burned increase greatly during takeoff. Emissions need to be
well characterized over these different modes of operation
to fully assess their combined impact on air quality.

The present study has measured NO, emissions for both
idle and takeoff for in-service airplanes during routine
operation atJohn F. Kennedy Airport. By sampling downwind
of a taxiway and a runway, diluted exhaust plumes from
individual airplanes were measured in both idle and takeoff
modes, with “nudging” accelerations at above idle conditions
also occasionally being observable. The data were collected
in a totally noninterfering fashion, with no inconvenience to
the observed airplane and no special considerations for the
airport. By simultaneously measuring NO and NO,, a better
estimate of the NO, EI can be computed, and some insight
into the plume’s chemical evolution can be gained.
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FIGURE 1. Approximate layout of the John F. Kennedy Airport site where these measurements were performed. The wind direction was
a consistent 14 knots from the south throughout the measurement period. Aircraft moved across the wind field on the nearest taxiway,
then turned, and took off on the runway. The mobile laboratory was positioned between the Port Authority Administration building and

a maintenance building.

The Aerodyne Mobile Laboratory (18) was deployed in
New York City as part of the PM, 5 Technology Assessment
and Characterization Study (PMTACS-NY). One component
of the over all mission was the CNG/CRT Emission Pertur-
bation Experiment (CEPEX) (19), which directed the Aerodyne
Mobile Laboratory to “chase” curbside passenger buses along
their routes in order to obtain real-world emission ratios
over a representative drive cycle (20). Another goal of the
CEPEX experiment was to attempt to measure an effective
emission ratio for LaGuardia Airport. The prevailing weather
during the scheduled time, however, did not afford the
opportunity to sample downwind from La Guardia so we
moved to John F. Kennedy Airport. Though other emission
sources were observed (for example, ground support vehicles
and helicopter takeoff), the focus of this work is on the in-
use commercial aircraft emission ratios.

Experimental Section

On August 2, 2001, the Aerodyne Mobile Laboratory was
positioned within 350 m of an in-use taxiway at John F.
Kennedy Airport in New York City, with the cooperation of
the Operations Director at the airport. The prevailing wind
was a steady 7 m s7! (14 knots) at a slight angle across a
runway being used for takeoff and nearly normal to the
taxiway accessing the end of this runway. A depiction of this
layout is given in Figure 1. During takeoff, the wind carried
exhaust plumes from the aircraft to the Aerodyne Mobile
Laboratory when the aircraft had traveled approximately 300
m or the first tenth of the runway distance.

The Aerodyne Mobile Laboratory from which these
measurements were conducted has been described in a
previous publication (18), so only the specific instrumentation
deployed on this mission will be discussed. The mobile
laboratory was configured (20) with the gas phase and
particulate instrumentation sharing a common sample inlet

through the bulkhead of the truck located above the driver.
Alin. o.d. stainless steel tube protruded forward at a height
of ~2.4 m above the road level. The total flow at the inlet tip
was measured to be 20 200 standard cm?. Inside the truck,
this flow was isokinetically split to provide sample to the
various instruments. This paper focuses on the measurements
of NO and NO; by Tunable Diode Laser Differential Absorp-
tion Spectroscopy (TILDAS) and of CO, using a commercial
non-dispersive infrared absorption technique (Licor model
6262). The ability to take simultaneous measurements of
other gaseous species and fine aerosol has been utilized in
experiments measuring trucks and busses but was not fully
exploited in the tests described here.

After the first isokinetic split, the TILDAS instrument and
the Licor drew sample through 3.8 and 4.6 m lengths of !/,
in. PFA Teflon, respectively. The mass flows through the
TILDAS and CO; analyzer were ~9000 and ~500 standard
cm?, and each flow was regulated by a critical pressure drop
across an adjustable needle valve. In the TILDAS system, the
needle valve is “upstream” from the instrument as the cell
is operated at low pressure. The Licor instrument was
operated at near ambient pressure, and its flow regulating
needle valve was located “downstream” from the instrument.
Lag times for CO, and NO were measured by makinga “good
to the second” note in the data stream by an operator inside
the van at the moment an operator outside briefly opened
and closed the cap on a sample of generator exhaust.
Calculations of the lag time from the inlet to the two
instruments using bulk flow velocity matched the measured
lag times within 15% (3.8 and 4.8 s for the TILDAS and Licor,
respectively).

The TILDAS technique has been described thoroughly
elsewhere (21, 22) and has been employed in several field
measurement campaigns (6, 7, 9, 23, 24), but the specific
instrument used for these measurements will be described.
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IR light beams from two tunable lead-salt diode lasers (for
NO and NO,) were directed through an astigmatic multipass
cell (21) and imaged onto separate detectors. The total
number of passes for each beam through the cell was 174,
for a total path length in the absorption cell of 153.5 m and
avolume of 5 L. The laser frequency was swept over a narrow
region (less than 1 cm™!) at a repetition rate greater than 3
kHz with synchronous detection of the transmitted light.
The resulting rotation—vibration transmission spectra were
co-added for 1 s and fit using a Voigt line shape model (25,
26) and line parameter data from the HITRAN database (27).
For each of the diode lasers employed in these measurements,
the laser line width is estimated to be less than 0.001 cm™.
The pressure in the absorption cell was measured using a
calibrated capacitance manometer, and for the measure-
ments presented here, the pressure was 34—35.5 Torr. The
temperature in the absorption cell was measured using a
calibrated thermocouple. The optical table component of
the TILDAS instrument was covered and heated to 31 °C to
provide thermal stability. Temperatures of the gas in the
absorption cell were within 0.5 °C of this temperature. Using
bulk flow calculations, the response time of this instrument
is estimated to be 0.92 s for 9 standard L min~! at 35 Torr.

NO, was detected using an absorption feature at 1585.282
cm~!. Of the species in the HITRAN database in this
wavelength region, the next strongest absorber (CH4) has
nearby absorption lines which are 6 orders of magnitude
weaker than the NO, lines used in these measurements.
Therefore, the measurements of NO, by tunable diode laser
spectroscopy are interference-free. Similarly, NO was de-
tected using the cluster of lines at 1930.056 cm™!, without
any known interferences. As operated during these mea-
surements, the 1 s root mean square (rms) precisions for
NO; and NO were 190 and 550 ppt, respectively. The mode
purity of the diode was verified by measuring NO or NO, in
a reference cell along another optical path present in the
instrument. The accuracy of the concentrations measured
by TILDAS is largely determined by how well the line strengths
are known. For the absorption lines used in the two
instrument channels, the presently accepted band strengths
for NO and NO; are known to within 6% and 4%, respectively
(28).

The Licor (model 6262) non-dispersive IR absorption
instrument detects CO, absorption in the 4.3 um band. The
precision in the 1 s Licor measurement was ~0.05 ppm rms,
determined by sampling background that was apparently
free from local combustion sources. The reproducibility of
the CO, mixingratio, estimated using an onboard calibration
tank (600 ppm) and periodic measurements (2/week), is
better than 0.8% (peak to peak). The manufacturer’s quoted
accuracy is +£0.5% under the conditions of instrument
operation in the mobile laboratory. The measured response
time of the Licor instrument to flooding the inlet tip with
CO,-free nitrogen gas results in an exponential decay with
a time constant between 0.9 and 1.2 s.

In addition to the instruments, time-coded notes were
recorded by the operators in the truck. A webcam automati-
cally captured images of the upwind field of view every other
second with a time code synchronized to the operator notes
and the instrument data-logging. The NO, NO,, and CO,
mixing ratios were displayed in near real-time to the operators
to facilitate proper positioning of the Aerodyne Mobile
Laboratory.

Data Analysis. Let the concentration of a given species
being emitted at the engine exit be represented by y, and the
ambient levels represented by y.. Likewise, let the concen-
tration of carbon dioxide (CO,) be given by c, and c, (engine
exit and ambient, respectively). When plumes are advected
from taxiway or runway to the mobile laboratory, the sampled
concentration will be represented by some combination of
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the emitted concentration and the ambient level depending
on the dilution. Let f be defined as the volume fraction of
exhaust plume for a given sampled volume in the measure-
ment period (~1s). If the subscript m refers to the measured
concentration, it can be shown that

Ym = 0 = )y, + fix 8]

If f=1, this implies that pure exhaust is being measured,
and when f= 0, strictly ambient levels are being sampled.
We are interested measuring the emission ratio (ER) for
species y defined in this context as

ER(y) =J§ (&)

X

Solving eq 1 for f, we obtain the following:

Ym ™ Va
= 3)
f Vi = Va

This expression will hold for the dilution of CO, as well, giving
the main equation for the determination of ERs:

- Ccpy — C,
ym ya — m a (4)
Yx = Va Cy — Gy
Equation 4 assumes that the response times for the mea-
surement of species y and CO, are well matched. With the
concentration of CO; in engine exit plume in excess of 2%
(29) and ambient levels generally below 400 ppm, the

following approximation is good to better than 2%:

—c,=c ©)

Using the approximation eq 5 and either using the analogous
approximation for yy, following eq 5 or using the knowledge
that cm/cyis generally smaller than 0.05, eq 4 simplifies to the
intuitive expression:

ER() (¢, — €) = (Vi — Ya) (6)

If the concentration yn is plotted against ¢, a very simple
diagnostic arises that resembles alocus of points around the
ambient concentrations of y and CO, with rays extending
toward higher concentrations of CO, when a plume is
sampled. The slope of the correlation is indicative of the ER
for species y under the conditions that emitted the partially
sampled plume.

For the NO, NO,, and CO, measurements presented in
this work, the flow the response times of the instruments are
well matched and the lag times well characterized. The
measurements are continuous and the wind field steady. As
air mixed with variable exhaust content advected to and past
the sampling point, “plumes” were recognized by a con-
comitantrise in NO, NO,, and CO;. The duration of the aircraft
plumes as they were blown to and past the sample inlet was
between 18 and 32 s. Because the plumes are long relative
to the 1 s response time of the instruments, the measured
concentrations are used in eq 6 without any further averaging,
convolution, or manipulation.

Emission Ratio and Emission Index. When the data
acquired in this work is analyzed using eq 6, the quantity
derived is an emission ratio with units of moles of NO, per
mole of CO,. Generally, the International Civil Aviation
Organization (ICAO) database and other industry measure-
ments of NO, use emission index (EI), in units of grams of
NO, (as NO,) per kilogram of fuel. Al NO, EIs reported in this
work are derived from the sum of the measured NO and NO,
emission ratios and reported as grams of NO; per kilogram
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FIGURE 2. Temporal profile of takeoff and taxiway plumes arriving at the mobile laboratory. CO; is shown in red, NO; is in blue, NO is
green, and the sum of NO and NO, (measured independently) is depicted as NO, in black. Note the different scale for CO, and for the
nitrogen oxide species. Pastel-shaded periods shown on the data vs time graph are shown with a letter corresponding to the lines in
the inset graph. The inset graph lines show 1 Hz data for NO, against CO; for different activities observed. Letters a, d, and e correspond

to airplanes taking off; letters b and c represent airplanes taxiing.

of fuel. To convert the emission ratios measured in this work
to EIs, a CO; EI is required. Spicer et al. (29) report that a
CFM-56 jet engine at 7% idle emits roughly 97% of the fuel
carbon as CO,; with increasing throttle settings, this efficiency
is increased to 99+%. For all conversions in this work,
however, the value of the CO, EI is assumed to be 3160 g of
CO, (kg of fuel)™!, irrespective of throttle setting. This
corresponds to 13.7% hydrogen content in the fuel.

Results

The Aerodyne Mobile Laboratory sampled downwind from
the taxiway and runway as depicted in Figure 1 for two periods
from about 7:00 pm to 9:30 pm in September 2001. All of the
data presented is from this period. Fifteen minutes of data
have been invalidated while a liquid nitrogen dewar, cooling
the lasers and detectors, was replenished. An example of the
measured data in time is shown along with the correlation
plot in Figure 2. Review of the webcam images and time-
coded notes allowed an accurate activity log to be con-
structed. The wind speed, distance from the taxiway and
runway, and apparent delays based on the plume arrival
times are consistent with the activity log (57—64 s for taxiway
plumes and 87—102 s for runway plumes). For example, in
Figure 2 the activity log indicates the plumes at 21:13, 21:19,
21:24, and 21:26 are all takeoff plumes while those at 21:18,
21:22, and 21:23 are plumes resulting from the aircraft rolling
past on the taxiway. The principal reason it is important to
have a firm understanding of the activity that resulted in the
plume is hinted at in the inset of Figure 2, which shows the
total NO, (NO + NO,) versus CO, for each of the 1 s
measurements for the period shown by the time trace. The
different emission ratios present in the plumes is a strong
function of whether the aircraft was taxiing or operating near
maximum throttle for takeoff. An intermediate activity was

defined as “taxiway acceleration”. This occurred when the
number of aircraft waiting to takeoff on the taxiway ap-
proached 6. The line of aircraft would essentially be stationary,
but then upon a takeoff, each of the aircraft would move
forward.

The distribution of emission ratios determined during
this 2 h sample period is shown in Figure 3. A clean taxi
plume was actually most discernible when there was no
taxiway “stop-and-go” activity. When a single aircraft moved
past on the taxiway, the observed exhaust plume was what
was deemed a taxi plume. When there was stop-and-go, there
would be considerable nudging forward bit by bit—and this
iswhat defined the intermediate condition, denoted taxiway
acceleration in Figure 3. A takeoff plume was also easily
discerned due to the very episodic nature and regularity with
which the plume arrived. Because the sampled plumes
originated fairly close to the beginning of the runway, the
engines may not be completely equilibrated at full takeoff
power. Also, the actual power condition chosen for takeoff
may be dependent on the passenger and cargo loading on
a particular airplane. Direct comparison with engine certi-
fication data may need qualification. On the other hand, the
measurements do represent the emissions of NO, under
actual engine operation and demonstrate the potential to
obtain such data in an operating airport without interfering
with either the airplane or the airport itself.

Plume Evolution Model. In addition to measuring the
total NO,, the speciation between NO and NO, was also
determined. It was observed that the ratio of NO to total NOy
was not uniform throughout the entire plume. This observa-
tion is consistent with the conversion of NO to NO, taking
place via reaction with ozone.

A kinetic model was used to determine if ambient O
oxidation of NO to NO, in the plume is consistent with

VOL. 38, NO. 22, 2004 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 6081



Mass NO, Emission Index ( g NO, kg'1 Fuel)
0 10 20 30 40

I|IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

w
g 15 Turbine Engine Aircraft
= == Taxiway ldle
2 == Taxiway Acceleration
© e=m= Runway Take-Off
s 10—
=
S
g st
£
z

1 IIIIIIIIIIIIIIlII

0 2 4 6 8 10 12 14 16
Molar NO, Emission Ratio (ppb ppm'1)

FIGURE 3. Frequency distribution of the measured emission ratios
from in-use aircraft at John F. Kennedy Airport. The lower axis is
the actual measured emission ratio while the upper axis assumes
the engine conditions produced 3160 g of CO; (kg of fuel)~'. Three
different types of plumes are discerned: those due to takeoff are
shown in blue (41 aircraft); the taxiway plumes representative of
an idling engine are shown in red (25 aircraft); while intermediate
plumes are shown in green (20 aircraft). See text for additional
details on how the different types of plumes were determined.

measured NO,/NO, ratios. This model is a one-dimensional
model for an evolving packet of aircraft engine exhaust gas
that was developed based on a detailed microphysical model
for gas-phase kinetics and aerosol particle dynamics in gas
turbine engine exhaust plumes (30). This model was used to
characterize the chemical evolution of engine emissions as
they are carried toward the detector by a cross wind and
proceeded in three steps.

First, the Standard Plume Flowfield (SPF) model (31) was
used to characterize the evolution of engine emissions as a
function of downstream distance from the engine exit plane.
SPF is an axisymmetric parabolic Navier—Stokes flow code
with embedded finite rate chemical kinetics. While it is not
capable of treating wing—vortex interactions, it can simulate
chemical changes in the exhaust gas from an aircraft engine
with time (or downstream distance from the engine exit).
This provides initial species conditions in the absence of any
cross-wind interactions.

With cross-wind interactions, the flow field is exceedingly
more complicated and was not rigorously treated. Rather,
for the second stage of the calculation, it was assumed that
an initial state could be defined in which a parcel of engine
exhaust gas (i.e., gas dynamic properties and species mixing
ratio from SPF) at some downstream distance from the engine
exit was instantaneously diluted with ambient air. The
speciation in this diluted parcel of exhaust gas provides the
initial conditions for the one-dimension model calculation.

For the third and final step in the calculation, this diluted
engine exhaust gas parcel was then allowed to evolve due to
advection toward the detector. Further air entrainment was
treated using a simple one-dimensional mixing profile with
finite-rate NO oxidation chemistry included.

For the procedure described above, the initial mixing and
one-dimensional mixing profile were adjustable model
parameters that collectively are constrained by the engine
emission level of CO, at the engine exit and the measured
level of CO; at the detector. Thus the overall dilution was
specified while the dilution time history was adjusted by
varying the initial mixing state and one-dimensional mixing
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profile. The concentration of Os in the diluent air was assumed
to be 30 ppb. Monitoring stations at Queen’s College and the
Queensboro Community College show the ozone concen-
tration falling from 44 to 23 ppb over the course of these
experiments (32).

Figure 4 shows the calculated NO,/NO, ratio based on
assuming a fast and slow dilution rate at selected times
between 50 and 100 s. Initial engine exit emission levels were
selected to be representative of emissions for a B757. The
model calculations yield NO,/NO; ratio ranging between 32
and 36%. For shorter times, a faster mixing produces a little
higher NO to NO, conversion. However, the differences in
NO oxidation due to differences in dilution rates are relatively
small for time scales on the order of several tens of seconds.
For the present case, after approximately 95 s, details of the
dilution history have been washed out. The modeled
conversion fraction is sensitive to the concentration of Og;
a 10% change in Os (about 30 ppbv) results in a 4% change
in the fraction of NO,/NO,.

The measured NO,/NO, ratios range between 28 and 35%.
These calculation results are consistent with measured NO,/
NO, ratios and suggest that the measured ratios reflect NO
to NO; conversion due O; oxidation in parcels of engine
exhaust gas as they advect toward the detector.

Discussion

For three airplane measurements, the specific airplane model
and the airplane/engine combination were identified. Due
to limitations of data extraction from the webcam video and
due to difficulties in identifying international traffic, the other
airplanes in our data set could not be identified post facto.
In future studies, however, tail numbers could be specifically
recorded during measurement to aid in this identification
process. In the current study, the identification of the three
engines allowed a comparison of the measured Els with those
determined during the certification tests for those types of
engines, which are recorded in the ICAO database. These
comparisons are made in Table 1 for takeoff and idle. The
top section of the table shows the results, while the bottom
section of the table provides additional information on the
engine. To discuss the comparison between these measure-
ments and the ICAO certification values, it is important to
consider the expected variability and experimental uncer-
tainty. A review of the expected engine-to-engine variability
(~7%) and modeled estimate of the aging effects (—1 to 4%)
on NO, emission ratio (33) suggests that the ICAO certification
values in Table 1, when compared with a specific measure-
ment, should be good to ~10%. The individual 2¢ precision
uncertainties are listed with each measurement in Table 1,
but generally for “takeoff” the experimental noise is <7%.
The absolute accuracy of the instrumentation and estimates
of other sources of error results in a systematic uncertainty
of ~8%. An additional uncertainty present in the reported
NO, EI computed from the measured emission ratios involves
the CO; EL In this work, an EI of 3160 g of CO, (kg of fuel) !
has been assumed for all throttle settings. On the basis of
previous measurements (29) of CO, as a function of fuel flow
and engine operating condition and the variability of field
observations of CO Els (17), the assumption of a constant
CO, EI introduces an additional 4% error in the computed
NO, EL Given the expected variability and measurement
uncertainty, the agreement between the ICAO database and
these measurements is very good. To improve future studies,
other EIs such as those for carbon monoxide or total
hydrocarbons could aid in determining the appropriate
throttle setting. Measurements at various locations along
the runway could address uncertainties in the throttle settings
used during takeoff.

The taxiway or idle plume comparison is also made in
Table 1. Each of the taxiway plumes is lower than the ICAO
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TABLE 1. Comparison of Measured Emission Indices to ICAQ
Reference Values

ICAO g of NO, measd®c g of NO,
aircraft? state (kg of fuel)’ (kg of fuel)~" (as NO2)
A taxiway? 3.15 29+04
takeoffe 17.1 19+ 1.1
B taxiway 3.6 1.6 £ 0.2
takeoff 27 29 +2
C taxiway 4.7 3.4+1
takeoff 26.5 25.2+0.9
aircraft? engine mfg airframe mfg aircraft
A Pratt & Whitney Douglas DC-9-30
JT8D-7B stage 3
B Pratt & Whitney Boeing DC-9-83
JT8D-219
C International Aero. Airbus Industrie A320-200

2 For these three measurements (A—C), the specific airplane model
and the airplane/engine combinations were identified (34) via their tail
number. ? Conversion of measured emission ratio NO,/CO, (mmol
mol~") assumes a constant 3160 g of CO, (kg of fuel)~" for each aircraft.
¢ Error limits determined from 2 in the precision of the fit. ICAO Engine
Exhaust Emissions Data Bank data defines “idle” to be 7% throttle (see
text for description of taxiway idle vs taxiway acceleration). ¢ ICAO
Engine Exhaust Emissions Data Bank data taken for “takeoff” or 100%
power.

certification value. It is likely that the engine condition for
the sampled plumes was less than the 7% throttle specified
by the ICAO certification process for “idle”.

The NO, emission ratios determined in this work agree
with the NO EIs measured by Popp et al. (15) at Heathrow
Airport. Though the distribution of the results of the individual
aircraft is not shown in their paper, the overall summary
cites a breakdown of the measured aircraft into three
categories; El less than 5 gkg ™!, between 5 and 15 gkg ™}, and
greater than 15 gkg™!. The authors note that aircraft measured
in this last category were observed to be increasing power
as they turned from taxiway to runway for immediate takeoff.
Their results have a character similar to the data in Figure
3. The wind information and video record present in this
work allows facile identification of the aircraft and activity
producing the observed plumes.

Conclusion

Emissions from airplanes are assessed in environmental
impact studies of airports, and Els are used in conjunction

with models of airport operations to estimate the contribution
airplanes make to the local emissions inventory. One
uncertainty in performing these studies is the accuracy of
the Els used for the airplanes represented in the airport
operations. The emissions measured during certification of
new airplane engines at four nominal power conditions in
an engine test cell, which are normally used in such
environmental assessments, may not be representative of
emissions during routine operation of in-service airplanes.
The measurement approach demonstrated in the present
study shows that an intercomparison between certification
data and in-service emissions can be made with little or no
interference with airport operations. Also, for the small
sample of three airplane/engines analyzed here, the com-
parison between ICAO and in-service engines is very good.
Alarger sampling of engine types and more sampling points
within the airport would allow a much broader and more
detailed comparison to be carried out to better evaluate the
applicability of ICAO data to in-service airplanes.

These measurements have demonstrated that itis possible
to measure real world emission ratios from in-use commercial
aircraft with no disruption to service and modest cooperation
from airport officials. For the three aircraft that were
unambiguously identified, comparison of the measured
emission ratio to the ICAO EI agrees within the expected
engine-to-engine variability, aging effects, and experimental
uncertainty for three somewhat different engine types. The
agreement is a promising first result, but additional mea-
surements would be required to examine the potential
differences between emission ratio during engine certification
and in-use conditions. This technique could potentially get
simultaneous data on the EI during different operating
conditions and the averaged duty cycle for an airplane
departure: idle time, taxiway time, and takeoff duration, for
example. Experiments designed with this technique could
be used to obtain results that may aid modeling efforts to
assess airport emissions in an urban air quality context.
Although this work has focused on the NO, emission ratio
measurements, this general measurement approach would
allow additional gaseous species and particulate to be
determined using other measurement technologies.
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