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In April 2004, the Aerodyne Mobile Laboratory measured trace gas and particle emissions from a CFM56-2C1
high-bypass-ratio turbofan engine used to power the NASA DC-8 aircraft as part of the Aircraft Particle Emissions
Experiment (APEX). This article focuses on the measured hydrocarbon species which include formaldehyde,
ethylene, acetaldehyde, benzene, toluene, and several higher aromatic species. Formaldehyde and ethylene were
measured by tunable-infrared-laser differential absorption spectroscopy, and the other species were measured by
proton-transfer reaction mass spectroscopy. Continuous samples were taken at 1, 10, and 30 m downstream of the
engine-exit plane of the grounded aircraft and analyzed at a frequency of up to 1 Hz. The engine power was scanned
from ground-idle up to takeoff power, and three fuel types (a baseline JP-8, a high-aromatic fuel, and a high-sulfur
fuel) were investigated. Fuel type and plume age were shown to have only a minor impact on hydrocarbon emissions
within the ranges studied in this experiment. However, ambient temperature was shown to have a substantial effect
on these emissions. The sum of these speciated measurements agreed favorably with separate measurements of the
total hydrocarbon emissions by flame ionization. The fast time response of the speciated measurements revealed

interesting variability and transient behavior on a several-second timescale.

Introduction

EASUREMENTS of total hydrocarbons from commercial

aircraft engines, which are required for certification by the
International Civil Aviation Organization (ICAO), have been
reported for a broad range of engines [1]. However, measurements of
individual chemical species which contribute to the total
hydrocarbon emissions are rare. These speciated measurements are
important for understanding the impact of air travel on global climate
and local air quality [2—4]. The most comprehensive previous study
of speciated hydrocarbons was performed by Spicer et al. [3,6], who
studied ten turbine engines in the 1980s including the CFM56
engine. Those experiments examined grab samples of aircraft
exhaust using gas chromatography. Slemr et al. [7] measured a
number of hydrocarbon species from an in-flight DLR research
aircraft using Fourier-transform infrared spectroscopy. Vay et al. [8]
also measured trace gases, including CO and CH,, from several in-
flight aircraft using differential laser absorption. More recently,
Anderson et al. [9] measured hydrocarbons from the Rolls Royce
RB211 turbofan engine using grab sampling and gas chromatog-
raphy. Also recently, Herndon et al. [10] measured formaldehyde,
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acetaldehyde, benzene, and toluene, as well as other hydrocarbons,
from in-use aircraft at Boston Logan airport using tunable-infrared-
laser differential adsorption spectroscopy (TILDAS) and proton-
transfer reaction mass spectroscopy (PTR-MS).

This study represents the first real-time, ground-level measure-
ments of speciated hydrocarbon emissions from a dedicated
commercial aircraft engine. A good deal of information about the
variability and transient nature of these emissions is available from
these measurements because of the fast response time of the
instruments. Also, ground-level tests allow a detailed examination of
different power conditions in addition to the cruise conditions
studied during in-flight measurements. Results are represented as
emissions indices (mass of pollutant formed per mass of fuel
consumed), which are deduced from the hydrocarbon concentrations
and the measured concentration of CO, from a nondispersive
infrared instrument.

The instruments and sampling system are briefly discussed in the
Experimental Section along with a discussion of the data analysis
procedure. The Results and Discussion section describes the effect of
fuel type, downstream distance, and engine power on hydrocarbon
emission indices. Also discussed is the variability in measured
hydrocarbons, the interfering effects of ambient temperature, and the
transient behavior of these emissions during changes in engine
power.

A detailed description of the APEX measurement campaign and
sampling system is presented elsewhere [11]. More details about the
PTR-MS measurement procedure and analysis of data are given by
Knighton et al. [12]. Concurrent measurements of nitrogen oxides
[13] and particulate species [14] using the Aerodyne Mobile
Laboratory are addressed in separate publications.

Experimental Section

During 23-29 April 2004 the Aerodyne Mobile Laboratory was
parked on a pad at Dryden Field on Edwards Air Force Base (Mojave
Desert, California) next to the NASA DC-8 aircraft and
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approximately 100 ft from the CFM56-2C1 engine that was
measured. Trailers belonging to other researchers including the
University of Missouri—Rolla, Arnold Engineering Development
Center, and U.S. Environmental Protection Agency were lined up
next to the Aerodyne vehicle. The airplane remained grounded and
stationary during these tests. Sample gases were taken continuously
from different positions downstream of the engine exit. Three fuels
were examined: 1) abaseline JP-8 fuel from Edwards Air Force Base,
2) a high-sulfur fuel (1600 ppmm sulfur) obtained by doping the
baseline fuel with tertiary butyl disulfide, and 3) a high-aromatic Jet
A fuel purchased from a California refinery. Sampling, measure-
ment, and data analysis procedures used during APEX are described
next.

Sampling System

Probe stands were located at 1, 10, and 30 m downstream of the
engine-exit plane. The 1 and 10 m probe stands supported rakes of six
conventional gas probes and six dilution probes aligned vertically.
After some preliminary testing of the spatial variability of the
emissions, one central probe tip was selected for the 1 and 10 m probe
rakes. All speciated hydrocarbon measurements reported here used
samples drawn from the dilution probes, however, the total
hydrocarbon measurements used samples drawn from the gas
probes. The stainless steel sample lines running from the dilution
probes were unheated and the majority of the approximately 100 ft of
line length was %—in.-o.d. tubing. The sample gas was diluted at the
probe tip with dry nitrogen to a dilution ratio of approximately 10:1.
Even for the most challenging sampling conditions (i.e., 1 m
downstream location and takeoff power), the dilution gas quickly
reduces the sample gas temperature to <150°C based on simple
thermodynamic calculations, and so measurement bias caused by
chemical conversion in the sampling system is expected to be
minimal. Two valve boxes were used to select (or gang) the probe
tips and to distribute the sample gas among researchers. The 30 m
probe stand consisted of a single undiluted probe tip and a %—in.-o.d.
unheated stainless steel sample line. The sample residence times
were estimated by bulk-flow calculations to be 6.2 s (1 m probe), 5.4 s
(10 m probe), and 2.7 s (30 m probe) [15].

Gaseous Measurements

Formaldehyde (HCHO) and ethylene (C,H,) were measured by
tunable-infrared-laser differential absorption spectroscopy. The
TILDAS instrument directs an infrared laser beam through a
multipass cell and onto a detector. The light source was a tunable
lead-salt diode laser (TDL) for the HCHO measurement and a
quantum-cascade laser (QCL) [16,17] for the C,H, measurement.
The frequency of the lasers was swept over a narrow region of the
spectrum (<1 cm™") at a high-repetition rate (>3 kHz). Features of
the resulting rotational—vibrational transmission spectra were fit to a
Voigt line-shape model using line strengths and other line parameters
from Herndon et al. [18] for HCHO or the high-resolution
transmission molecular absorption (HITRAN) database [19] for
C,H,. The spectral feature used to measure HCHO was located at
1725.8 cm™!, and several individual features in the range of
954-958 cm™! were used to measure C,H, on different days of the
experiment. The 1 s root mean square (rms) precision for these
measurements was 700 pptv (HCHO) and 2 ppbv (C,H,). Numerous
factors influence the accuracy of these measurements, including the
laser line width, interferences in the transmission spectra from other
species, and uncertainties in the reported line strengths used to fit the
spectra. The laser line widths for these experiments (<0.001 cm™")
were acceptably narrow, and the most significant spectral
interference reported in the HITRAN database was approximately
1000 times smaller than the features of interest, and so the largest
source of error is believed to be the uncertainty in the reported line
strengths. Smith et al. [20] report estimated uncertainties of 7%
(HCHO) and <10% (C,H,) for these compounds and these values
give an idea of the accuracy of these measurements. The response
time of this instrument is determined by the flow rate through the

sample cell under the conditions of this experiment and is estimated
to be approximately 1 s.

Acetaldehyde, benzene, toluene, and other aromatic compounds
were measured by proton-transfer reaction mass spectrometry. The
PTR-MS (Ionicon Analytic, GmBH) employs a chemical ionization
mass spectrometer that uses hydronium ions (H;O") to ionize
species in the sample gas that are then mass selected and analyzed by
a quadrupole mass spectrometer. The H;O™ ions transfer an HT via
proton-transfer reactions to species having a proton affinity greater
than that of water. Species present in aircraft exhaust which meet this
criterion for detection by PTR-MS include unsaturated hydro-
carbons, carbonyls, and aromatics. Aromatic species are particularly
well resolved by PTR-MS because they resist fragmentation when
ionized and have little interference at the mass-to-charge ratios where
they are detected. The assignment of species to mass-to-charge (m/z)
ratios drew on measurements of fragmentation patterns, proton
affinities, and prior gas chromatographic analysis of exhaust from a
CFMS56 engine performed by Spicer et al. [6]. Some m/z ratios
cannot be attributed to a single chemical species and in those cases
the several species most likely to contribute to that signal are given.
Twenty-one signals have been attributed to 26 chemical species (or
sets of isomers) using PTR-MS including propene, acetaldehyde,
benzene, and toluene. The detection limit, defined as three times the
rms precision of a measured background signal, was found to be in
the range of 0.3-1.2 ppbv for the compounds reported here. The
detection limits of methanol (2.8 ppbv), propene (3.4 ppbv),
acetaldehyde (2.7 ppbv), and acetic acid (3.4 ppbv) are slightly
higher due to higher persistent instrument noise for these ion masses.
The time response of the PTR-MS was approximately 4 s during this
measurement campaign.

Carbon dioxide (CO,) was measured using a commercial
nondispersive infrared instrument (LI-COR 6262) to allow
calculation of emission indices for the measured hydrocarbons.
The published calibration range of this instrument is 0-3000 ppmv,
and the manufacturer’s quoted accuracy is +0.5% under the
conditions of this experiment. The LI-COR instrument was
calibrated with an 800 ppmv gas standard tank. Occasionally the CO,
mixing ratio in the diluted exhaust stream exceeded 3000 ppmv, and
in those cases a correction was applied to the LI-COR-measured
mixing ratio based on a high-range CO, measurement performed by
NASA Langley Research Center. This correction was always less
than 5% (the value at 5000 ppmv) and usually less than 3% (the value
at 4000 ppmv). The time response for the LI-COR instrument was
approximately 1 s.

Data Analysis

The emission index (mass pollutant formed per mass fuel
consumed) is the accepted form for reporting emissions from aircraft
and it is calculated using the following formula.

EI ,[g x/kg fuel]
= ER,[mol x/mol CO,](MW,/MWc,)(3160 g CO,/kg fuel)
(Y]

Equation (1) uses above-ambient concentrations of CO, as a tracer
for the exhaust plume [21-23]. The conversion factor of 3160 g
CO,/kg fuel is based on complete combustion of a jet fuel with a
C/H ratio of 1.9 and is good to three significant figures for the fuels
used in this experiment. Because the combustion efficiency of the
measured CFM56 engine was always greater than 96% and usually
greater than 99%, the error associated with assuming complete
combustion is small. The emission ratio (ER) can be calculated in one
of two ways. First, a simple average (corrected for background
signals) can be computed over the time period corresponding to a
given experimental condition using

Ex - Cx,h/d

ER, =——"—"
Cco, — CCOZ.b/d
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Fig. 1 Concentration of HCHO, C,H,, and CO, sampled at 10 m downstream of engine-exit plane (7% engine power; high-sulfur fuel).

where ¢, and ¢, are the average concentrations of species x and
CO,, ¢, and cco, 5, are the background concentrations of species x
and CO,, and d is the dilution ratio in the sample line. Because the
background concentrations of HCHO and C,H, are small compared
with the levels in the aircraft exhaust, the ¢, ;, term was neglected. For
the 1 m probe location, the correction for background CO, was also
neglected because it is of minor importance. As a result, the dilution
ratio d was not needed for the 1 m data. Also, the 30 m probe was not
diluted, and so d =1 for that data. For the 10 m probe, d was
estimated by comparing the measured CO, concentration to an
average undiluted CO, concentration 10 m downstream of the engine
at the specified engine power.

An alterative to this averaging method is to plot ¢, vs cco, and
perform a linear least-squares regression; the resulting slope being an
estimate of ER,. This approach, which has recently been applied to
advected aircraft plume measurements by Herndon et al. [24], has
two potential advantages. First, apparent variability in the measured
mixing ratios caused by changing winds is removed. As a result, the
calculated uncertainties are a better measure of the variability in the
instrument and emissions source rather than the weather conditions.
Second, the dilution ratio and background concentrations are not
needed for this method. Figure 1 demonstrates the slope method of
determining emission ratios for a 7 min period of data from the 10 m
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Fig. 2 Comparison of HCHO emission ratio calculated by two methods
(10 and 30 m downstream; all fuels).

probe when the engine was at idle (7% engine power). Notice that the
CO, concentration varies over a substantial range from 1000 to
2200 ppmv and the accuracy of the slope is quite good. This wind-
induced variability is not seen for the 1 m probe, and so the averaging
method is used exclusively to analyze that data. The slope method
can also give least-squares fits of unsatisfactory accuracy at the 10
and 30 m locations when the winds are steady. For this data set, the
slope method was only used when the Pearson’s R value was greater
than 0.75. This criterion resulted in standard deviations (o) of the
slope that were always smaller than the standard deviation resulting
from the averaging method, which was obtained by propagating the
uncertainties in the CO, and hydrocarbon mixing ratios.

It should be noted that the ER calculated by the two methods agree
quite well, and only the error bars are noticeably different because the
slope method removes artificial variability caused by the wind. This
remark is addressed by Fig. 2, which shows a parity plot comparing
the methods. The horizontal error bars (averaging method) are larger
than the vertical error bars (slope method), but the regression line is
quite close to the line y = x.

Results and Discussion
Effect of Fuel and Downstream Distance

Fuel type was not expected to have a significant effect on
hydrocarbon emission indices because of the similar C/H ratios of
the fuels, and that was confirmed by this data set. Downstream
distance in the range studied (1-30 m) also did not have a noticeable
effect on hydrocarbon emissions. Figure 3 demonstrates these
observations by showing the emission ratio of HCHO, generally the
most abundant hydrocarbon in aircraft exhaust, as a function of
distance downstream and fuel type at 4% engine power (ground idle).
The data points are shaded by ambient temperature, which varied in
the range of 11-34°C during the measurements, and this shows a
strong correlation between temperature and the emission ratio of
formaldehyde. Any small dependence of hydrocarbon emissions on
distance downstream or fuel type is obscured by the effect of ambient
temperature. Figure 4 shows the dependence of ERycyo on ambient
temperature explicitly for three engine power settings. Most likely,
the ambient temperature 7, is affecting the hydrocarbon emissions
by influencing 73, the combustor-inlet temperature. Combustion
efficiency generally increases with increasing 75, which is directly
proportional to T,.,. And so, it is reasonable that hydrocarbon
emission indices decrease with increasing ambient temperature, and
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Fig. 3 Emission ratio of formaldehyde at ground idle plotted vs
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Fig. 4 Effect of ambient temperature on formaldehyde emission ratio
for three engine powers (all fuels; all downstream distances).

it is noteworthy that the temperature effect is greater than two of the
factors explored under this campaign.

Variation with Engine Power

Spicer et al. [5,6] and others have shown that hydrocarbon
emissions from aircraft are a strong nonlinear function of engine
power. This behavior was also observed for the CFMS56 engine
during these measurements. Figure 5 shows that the HCHO emission
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Fig. 5 Variation of formaldehyde emission ratio with fuel flow (or
engine power) for the CFM56-2C1 engine.

ratio decreased by two orders of magnitude as the engine power is
increased from 4% power (ground idle) to 93% power (takeoff). The
scatter in the data at high engine powers (>30%) show that the
HCHO mixing ratios were approaching the detection limit of the
TILDAS instrument, as operated at APEX. At low engine power
(< 15%), fluctuations in ambient temperature appear responsible for
some of the variability in the data, however, the effect of engine
power was larger than that of ambient temperature. The top axis
shows several of the nominal power conditions sampled during the
APEX campaign and the lower axis shows the fuel flow rate. The
horizontal scatter in the data points shows that the fuel flow rate for a
given nominal power condition varied for the different test cycles.
This variability in fuel flow likely contributes to the observed scatter
in Figs. 3 and 4 in addition to variability in ambient temperature. The
behavior of the other hydrocarbons was qualitatively similar to that
of HCHO.

Speciation of Engine Exhaust

This section summarizes all the hydrocarbon emissions that were
measured by the TILDAS and PTR-MS instruments during the
APEX measurement campaign. Because the effects of downstream
distance and fuel type on hydrocarbon emissions were not significant
relative to the temperature effect, the data were averaged over all
fuels and all probe locations. Table 1 shows 20 hydrocarbon
emissions at4, 5.5, 7, and 15% engine power. The emissions reported
in the table are averages over several measurement periods, and the
standard deviations and fractional errors are also given. The reported
uncertainty quantifies variability caused by the ambient conditions,
engine operating conditions, and measurement precision. The
emissions at engine powers greater than 15% were usually below the
detection limit of the instruments, as operated at APEX. When an ion
mass from the PTR-MS could not be assigned to a single
hydrocarbon compound, the set of compounds or isomers
corresponding to that ion mass is given. The results are presented
as a carbon emission ratio ER. (moles of carbon in a given HC
emitted per mole of CO, produced), which was calculated by
multiplying the ER calculated by Eq. (2) by the number of C-atoms
per hydrocarbon N . [To calculate the emission index, divide ER
values from Table 1 by N, and use the resulting ER in Eq. (1).] For
ion masses where the number of carbons per molecule is not clear
(e.g., m/z 57 can be C;H,0 or C,Hg), N was assigned based on the
more abundant species as measured by Spicer et al. [6] for the
CFMS56 engine. Because the combustion efficiency of the engine is
always close to unity, the carbon emission ratio (units of
ppbCHC/ppm CO,) is essentially 1000 times the fraction of carbon
atoms in the fuel that are emitted as a given hydrocarbon. In terms of
carbon emission ratio, ethylene is the most abundant hydrocarbon at
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Table 1 Hydrocarbon speciation for the CFM56-2C1 engine (all fuels; all downstream distances) as carbon emission ratios (ppbC/ppm CO,)

Engine power, % rated thrust

Species or signal 4% 5.5% 7% 15%
HCHO? 0.6 £ 0.3 (46%) 0.22 4 0.09 (39%) 0.16 % 0.08 (48%) 0.04 £+ 0.03 (61%)
C,H, 1.0 £ 0.5 (47%) 0.4+£0.3 (82%) 0.2+ 0.4 (187%) —

m/z 41¢4 0.2+0.1 (53%) 0.09 + 0.03 (36%) 0.07 £ 0.04 (67%) 0.02 + 0.01 (49%)
m/z 43¢ 0.4 £0.2 (56%) 0.15 £ 0.06 (37%) 0.12 £ 0.08 (64%) 0.04 £ 0.02 (57%)
acetaldehyde¢ 0.2+0.1 (38%) 0.11 £+ 0.03 (30%) 0.08 & 0.04 (48%) 0.02 +0.01 (51%)
m/z 57¢f 0.6 £0.3 (47%) 0.22 + 0.08 (35%) 0.2 £ 0.3 (120%) 0.06 % 0.03 (48%)
m/z 59¢¢ 0.10 £ 0.05 (45%) 0.04 + 0.02 (43%) 0.04 £ 0.03 (63%) —_—

higher alkenes$! 0.4 £ 0.2 (50%) 0.15 £ 0.06 (41%) 0.12 £ 0.07 (59%) —

m/z 73¢ 0.07 £ 0.03 (39%) 0.03 +0.01 (28%) 0.03 £ 0.01 (55%) 0.008 % 0.004 (53%)
benzenef 0.2 £0.1 (50%) 0.08 £ 0.02 (29%) 0.06 £ 0.03 (50%) 0.015 £ 0.007 (46%)
m/z 83¢ 0.13 £ 0.08 (63%) 0.04 + 0.01 (36%) 0.03 = 0.02 (66%) 0.007 % 0.004 (52%)
toluene 0.09 £ 0.05 (59%) 0.02 £ 0.01 (51%) 0.02 £ 0.02 (63%) —_—
phenol¢ 0.09 £ 0.05 (59%) 0.03 £ 0.01 (52%) 0.02 £+ 0.02 (76%) e
styrene¢ 0.04 £ 0.02 (53%) 0.015 % 0.006 (41%) 0.010 % 0.005 (54%) —

m/z 107¢% 0.12 £ 0.06 (51%) 0.04 + 0.02 (39%) 0.03 +0.02 (67%) 0.007 % 0.005 (67%)
m/z 121¢} 0.12 4+ 0.07 (59%) 0.04 £ 0.02 (46%) 0.03 £ 0.02 (68%) 0.008 =+ 0.006 (73%)
m/z 135¢! 0.08 £ 0.05 (65%) 0.03 £ 0.01 (50%) 0.02 + 0.02 (74%) 0.006 % 0.005 (73%)
m/z 149¢! 0.04 £ 0.03 (78%) —_— 0.01 £ 0.01 (127%) —
naphthalene$ 0.03 £0.02 (51%) 0.015 % 0.007 (47%) 0.01 £ 0.01 (80%) 0.004 % 0.003 (71%)
methyl naphthalenet 0.02 £0.01 (61%) 0.009 % 0.004 (47%) 0.007 % 0.006 (81%) 0.003 % 0.002 (70%)
Sum?® 4.65 £ 0.73 (16%) 1.76 £ 0.37 (21%) 1.31 +£0.49 (37%) 0.28 £ 0.21 (75%)

“measured by TDL-TILDAS; number of replicates: 53 (4%), 8 (5.5%), 72 (7%), 8 (15%)
measured by QCL-TILDAS; number of replicates: 22 (4%), 4 (5.5%), 24 (7%), 4 (15%)
‘measured by PTR-MS; number of replicates: 51 (4%), 8 (5.5%), 72 (1%), 8 (15%)
dfragment of propene

propene and fragments of pentene isomers

facrolein + butenes

£glyoxal 4 propanal 4 acetone

"sum of m/z 71, 85, 99, 113, and 127 representing pentene isomers through nonene isomers

imethyl glyoxal + butanal/crotonaldehyde

Jpossibly hexnal, cyclohexene, or hexadiene

*benzaldehyde + xylene

Ivariously substituted benzene isomers

"includes some high-uncertainty data indicated by a long dash in the table

idle, followed by formaldehyde (the most abundant on a simple
molar basis), m/z 57 (acrolein 4 butenes), and m/z 43
(propene + fragments of petenes). These measurements show
that the hydrocarbon emissions are dominated by carbonyls and
olefins at idle power conditions where hydrocarbon emissions are
most important.

The sum of the individual HC emissions measured by TILDAS
and PTR-MS was compared with the total nonmethane hydrocarbons
(NMHC) emissions data measured by NASA with a continuous
flame-ionization detector (FID). Both techniques show that the
hydrocarbon emissions decrease steeply with increasing engine
power (see Fig. 6). The sum of the TILDAS/PTR-MS hydrocarbons
agrees with the total NMHC measured by FID to within about 10%.
The carbon emission ratio ER is particularly useful for comparing
speciated HC measurements to total HC measurements because the
continuous FID is essentially a carbon-counting instrument. At
higher engine powers (> 30%), the signals are below the detection
limit of the TILDAS and PTR-MS instruments, as operated at APEX.

Engine-Related Hydrocarbon Emissions Variability

Because of the high time-resolution of the instruments, the 1 m
probe measurements elucidated some interesting characteristics of
the engine, which are discussed in the next two figures. Unlike the 10
and 30 m locations, wind has a negligible effect on the measurements
at the 1 m probe, and so the variability at 1 m can be attributed to the
engine itself.

Figure 7 shows a 3 min segment of 1 s HCHO and CO, data
sampled from 1 m downstream of the engine while the engine was at
the ICAO idle condition (7% engine power). The peaks in the CO,
trace correspond quite well to the troughs in the HCHO trace, and it
appears that the two signals are strongly anticorrelated. The HCHO
concentration varies by approximately 10% during this interval,
which results in a 10% or larger variability in the HCHO emission
index. This high-frequency oscillation in Elcpo Was not obvious in

—@— Total HC (FID)

PTR-MS:

methyl naphthalene
naphthalene

m/z 107,121,135,149
styrene

phenol

toluene

m/z 83

higher alkenes —
benzene

m/z 73

m/z 59

m/z 57

acetaldehyde

m/z 43
m/z 41
AS:

BB C,H,
=2 HCHO

DOROCEBOREEEEON

Carbon Emission Ratio, ER, (ppbC/ppm CO,)
w
=
—
o

4 55 7 15 30 40 60 65 70 75 85 93

Engine Power (% rated thrust)

Fig. 6 Comparison of sum of speciated hydrocarbons from TILDAS
and PTR-MS with total hydrocarbon measurement from NASA
continuous FID (all fuels; all downstream distances).
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all the 1 m probe data, and it is unclear what causes this variability.
However, we believe the variability is engine-related rather than
instrument/sampling-related because CO, and HCHO are measured
on separate instruments and follow opposite trends. To our
knowledge, this is the first time that this several-second variability in
hydrocarbon emissions has been reported in the literature. Also,
assuming HCHO emissions are indicative of total hydrocarbon
emissions, the periods of low-HCHO and high-CO, emissions (e.g.,
14:41:00) correspond to periods of relatively high combustion
efficiency, and so there could be noticeable variability in the
combustion efficiency of the engine on this several-second
timescale.

The high time-response of the instruments (1 s for TILDAS, ~7 s
for PTR-MS) also allowed the hydrocarbon emissions to be analyzed
for transient engine powers between stable measurement points.
Figure 8 shows the emissions of benzene, toluene, formaldehyde,
ethylene, and CO, during a transition from 7% engine power (ICAO
idle) to 4% engine power (ground idle), measured at 1 m

downstream. During this 15 s transient period, the emission ratios for
the four hydrocarbon species peak at a value that is approximately
twice as high as the steady-state value for 4% engine power. Peaks for
hydrocarbon emission indices were not observed for all changes in
power conditions, and the degree of the excursion during the
transient varied. Further measurements are needed to determine
whether emissions during transient power conditions are
consistently different from the emissions at steady-state power
conditions bounding the transient powers levels.

Conclusions

Emissions of formaldehyde, ethylene, acetaldehyde, benzene,
toluene, and other hydrocarbons from a commercial high-bypass-
ratio turbofan engine (CFM56-2C1) have been measured for various
fuel formulations, plume ages (distances downstream), and engine
powers using sensitive, fast time-response, trace gas analyzers.
These speciated measurements provide information about the
individual air toxics and greenhouse gases emitted by aircraft, and
the sum of these speciated measurements agrees favorably with
separate measurements of the total hydrocarbon emissions.

Fuel sulfur and aromatic content did not have a quantifiable effect
on hydrocarbon emissions in the range studied (400-1600 ppmm
sulfur, 18-22 vol % aromatics). Similarly, plume age (or distance
downstream) did not have a quantifiable effect on hydrocarbon
emissions in the range studied (1-30 m downstream of the engine-
exit plane). Ambient temperature was shown to have a significant
effect on hydrocarbon emissions, which obscured any lesser effects
of fuel composition or plume age.

Hydrocarbon emission indices are highest at idle and decrease
rapidly at higher engine powers. Variability in the measured
emission index at a given nominal engine power was mostly due to
variability in the ambient temperature, most likely through its impact
on combustor-inlet temperature.

Fast time-response measurements of the individual hydrocarbon
species emitted by the engine led to some interesting observations
about the transient behavior of the engine. Variations in
formaldehyde emissions (£10%) at 1 m downstream of the
engine-exit plane were strongly anticorrelated with CO, emissions
on a several-second timescale. Also, hydrocarbon emissions during
transients in engine power were occasionally observed to be higher
than the emissions in both the stable beginning and ending states.
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