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Abstract. A detailed understanding of the climate and air 1 Introduction

quality impacts of aviation requires measurements of the

emissions of intermediate-volatility and semi-volatile or- ) ) )

ganic compounds (I/SVOCs) from aircraft. Currently both The climate (Unger, 2011), air quality (Hsu et al., 2012;
the amount and chemical composition of aircraft I/Svoc Stettler et al., 2011; Unal et al., 2005) and health impacts
emissions remain poorly characterized. Here we charactedATunachalam et al., 2011; Levy et al., 2011) of aircraft
ize 1/SVOC emissions from aircraft, using a novel instrument €Missions have come under increasing scrutiny over the past
for the online, quantitative measurement of the mass loadinglecade. Aircraft emissions will likely play an increasingly
and composition of low-volatility organic vapors. Emissions Important role in local and regional air quality due to con-
from the NASA DC8 aircraft were sampled on the ground tinued growth in global commercial aviation (FAA, 2010)
143 m downwind of the engines and characterized as a funccoupled with emission reductions in non-aviation transport
tion of engine power from idle< 4 % maximum rated thrust) ~SE€Ctors. .Of parti.cular impqrta}nce to both the air qqality ar_1d
through 85 % power. Results show that I/SVOC emissionsclimate implications of aviation are organic species emit-
are highest during engine idle operating conditions, with de-t€d from the evaporation, oxidation, and/or pyrolysis of fu-
creasing but non-zero 1/SVOC emissions at higher enginéals and Iubr!cants. These emitted organic species include
powers. Comparison of I/SVOC emissions with total hydro- Nazardous air pollutants (HAPS), serve as precursors to tro-
carbon (THC) measurements, VOC measurements, and apeSPheric ozone, and are key components of primary and
established emissions profile indicates that I/SVOCs comSecondary particulate matter (PM). A challenge in under-
prise 10-20% of the total organic gas-phase emissions a}tandmg_these effects mvolyes the high chemical complexity
idle, and an increasing fraction of the total gas-phase organi€f 0rganic compounds. Emitted non-methane hydrocarbons
emissions at higher powers. Positive matrix factorization of(NMHCS) include a very large number of organic species,
online mass spectra is used to identify three distinct types ofVN0Se amounts and properties are strongly dependent on en-
I/SVOC emissions: aliphatic, aromatic and oxygenated. Thedine power, fuel type, engine design, and environmental con-
volatility and chemical composition of the emissions suggestditions (ambient temperature, background pollutant concen-
that unburned fuel is the dominant source of I/SVOCs at idle,[rations, etc.) (Knighton etal., 2007; Yelvington et al., 2007).
while pyrolysis products make up an increasing fraction 0fThqs,_to ful!y.understand the air quallty impacts of aviation
the I/SVOCs at higher powers. Oxygenated I/SVOC emis-8MiSsions, itis necessary to obtain a comp_rehen_sw_e charac-
sions were detected at lower engine powets30%) and  terization of gas- and particle-phase organic emissions as a

may be linked to cracked, partially oxidized or unburned fuel function of engine operating conditions. _
components. Over the past decade, several studies have improved our

understanding of aircraft emissions of particulate- and gas-
phase organic species. These include in-flight studies (Slemr
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et al., 2001, 1998) ground-based research programs (Wegnd requires steady-state engine operating conditions dur-
et al., 2007), and plume studies at active airport terminalsng sample collection. Nonetheless, results from these stud-
(Herndon et al., 2006, 2009). Measurements of volatile or-ies indicate that low-volatility organic emissions make up
ganic compounds (VOCSs) and particulate matter, using both~ 20 % of the total NMHC emissions at engine idle, with
offline and online (real-time) techniques, have shown thatthe vast majority ¢ 90 %) of compounds classified as un-
VOC and PM emissions are highly dependent on enginaesolved complex matter (UCM), presumed to be a mix of
power. Emissions of VOCs and non-refractory PM (sulfate branched and cyclic alkanes (Presto et al., 2011). Presto et
and organics) are highest at engine idle and sharply deal. (2011) showed that intermediate-volatility organic com-
cline with increasing engine power (Beyersdorf et al., 2012),pounds (IVOCs) dominate the low-volatility organic emis-
whereas refractory PM (soot) emissions are greatest at higkions at 4% and 7 % power, and attribute the IVOCs to un-
engine power (Onasch et al., 2009; Timko et al., 2010b;burned fuel. The prevalence of I/SVOC species in aircraft ex-
Williams et al., 2012). The chemical composition of the VOC haust, the complexity of I/SVOC chemical composition, and
emissions also changes with power, switching from predom-the challenges associated with offline characterization tech-
inately short-chain (€ 4), unsaturated hydrocarbons and niques highlight the need for an ensemble-based, online char-
aldehydes at low power to longer-chain, higher-molecular-acterization method that targets I/SVOCs.
weight aliphatic and aromatic hydrocarbon emissions at pow- The main goal of this investigation is to characterize
ers> 15 % (Anderson et al., 2006; Beyersdorf et al., 2012). I/SVOC emissions from aircraft exhaust, using a novel in-
While most emissions characterization studies have fostrument for the online, quantitative measurement of the
cused on emissions of VOCs and PM, there is also strongnass loading and composition of low-volatility organic va-
evidence that aircraft emit lower-volatility gas-phase organicpors. A description of the instrument and overview of the
species that are not routinely measured using online analytsampling configuration used during the study are provided
ical techniques (Presto et al., 2011; Robinson et al., 2010in the following section. Measurements of I/SVOC volatil-
Spicer et al., 1994, 1992). Such low-volatility species areity, emission index and chemical characteristics taken dur-
classified as either (1) intermediate-volatility organic com-ing a power sweep of two engines on a chocked aircraft are
pounds (IVOCs), species with saturation vapor concentratiorthen presented. I/SVOC emissions are examined as a func-
c* of 10-1CPugnT 3, present entirely in the gas phase, or (2) tion of engine power, with highest emissions of I/SVOC dur-
semi-volatile organic compounds (SVOCs), species with ing engine idle operating conditions, and decreasing but non-
of 10-1-10? pgn3, that partition between the gas and parti- zero 1/SVOC emission at higher engine powers. Compari-
cle phases. These species are generally not measured in VO0n of I/SVOC emissions with upstream total hydrocarbon
characterization studies, due to their low volatilities (leading (THC) measurements, VOC measurements, and an estab-
to enhanced losses on inlet surfaces) and/or their chemicdished emissions profile is used to assess the contribution of
complexity (so that the concentration of any one individual I/SVOCs to the total organic gas phase emissions from the
compound is below the detection limit for that compound). engine. Differences in the magnitude, volatility, and chem-
Both IVOCs and SVOCs play important roles in PM emis- ical composition of the I/SVOC emissions are examined as
sions from aircraft. Primary organic aerosol (POA) is com- a function of engine power. Results are used to identify po-
posed largely of SVOCs (Robinson et al., 2010), and thetential sources of I/SVOC emissions during routine aircraft
more volatile components of the POA will likely undergo operation.
substantial evaporation during dilution. Further, because of
their low vapor pressures, I/SVOCs are likely to be efficient
precursors to secondary organic aerosol (SOA) (Robinson ¢ Experimental
al., 2010, 2007), a key secondary pollutant arising from air-
craft exhaust. Recent studies have shown that the oxidatio@.1 Measurement overview
of diluted aircraft exhaust leads to PM that is predominantly
SOA, most of which appears to be produced from IVOCs andMeasurements were made as part of the Alternative Aviation
SVOCs (Miracolo et al., 2012, 2011). Because these com¥uels Experiment I (AAFEX-I1), conducted from 26 March
pound classes likely make up a substantial fraction of theto 2 April 2011 at the Dryden Aircraft Operations Facility
total organic emissions by aircraft, a predictive understand{DAOF) at Edwards Air Force Base in Palmdale, CA. Emis-
ing of the air quality and climate implications of aviation re- sions from two high-bypass-ratio turbofan CFM56-2C1 en-
quires their detailed measurement and characterization.  gines on the NASA DC8 were characterized. During the test-
Measurements of low-volatility organic emissions from ing, the DC8 was chocked on a concrete testing pad adjacent
turbine engines are limited to a few studies, all of which haveto a taxiway near the DAOF hanger. The inboard right en-
employed offline analysis techniques to characterize organicgine (Engine #3; E3) and inboard left engine (Engine #2; E2)
collected on sorbents or quartz filters (Agrawal et al., 2008;were operated from ground idle (4 % maximum rated thrust)
Presto et al., 2011, 2012; Spicer et al., 1992, 1994). This apthrough take-off powers (100 % thrust) with additional test
proach limits the temporal resolution of the measurementgoints at 7 % (taxi), 30 % (approach), 65 % (cruise), and 85 %
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(climb out) power. With the exception of ground idle (4 %)

and cruise (65 %), the power settings tested correspond tc
the International Civil Aviation Organization (ICAO) landing s e N |
takeoff (LTO) cycle. The exact sequence and duration of the
engine power sweeps did not follow the standard ICAO LTO

Time-of-Flight Mass Spectrometer

Ultra Zero Air

3 £
cycle. In this experiment, each load was held for approxi- Egz 23 ‘;
mately 10-15min with the exception of the 100% power ) 5%
condition, which was held for 2min. The duration of each g, & R
test was determined by sampling considerations at the 1 m L E j

inlet which was translated across the exhaust plume over the | capiiary
course of each test point. In this study we focus on the morn-
ing of 30 March 2011. For these measurements, E2 burnec
Jet Propellant 8 (JP-8) fuel and E3 burned Sasol low-sulfur
Fischer-Tropsch (FT) fuel. The aliphatic-to-aromatic content
of the JP-8 fuel was 72: 25.8 (wt. %), whereas for the FT
fuel the ratio was 9% : 0.5 (wt. %). The olefin content of the  Fig. 1. Schematic of the I/SVOC instrument and inlet as configured
FT fuel was twice as high as that of the JP-8, 1.4 % versusluring the AAFEX-II campaign. The inset shows the 6-way valve
0.7 % (E. Corporan, personal communication, 2012). orientation for collection (blue) and desorption (red) modes of op-
The 1/SVOC measurements described here were maderation. See text for details.
143 m downwind of the aircraft, from inside of a sampling
trailer positioned approximately 30 m from the centerline of
the runway (on the E3 side of the DC8). This is sufficiently blanks with ultra-zero air (UZA) and syringe calibration with
far away from the aircraft that the plumes from both E2 (JP-known hydrocarbon standards throughout the experiment.
8) and E3 (FT) were likely well-mixed. Thus, in the present
study we generally cannot determine the detailed role of fueR.1.1  I/SVOC measurement technique
type on I/SVOC emissions. However, as described in a later
section, one plume hit at the end of the power ramp appear8/OCs and SVOCs were measured using a new instru-
to be sampling E3 only, providing insight into how the use ment (Fig. 1), which involves the cryogenic collection (pre-
of FT fuel affects I/SVOC emissions. A more detailed inves- concentration) of organic species, followed by temperature-
tigation of the role of fuel type on low-volatility emissions, programmed desorption (TPD) into a stream of ultra high
which requires a different experimental setup than was usegburity (UHP) helium, and finally detection and quantifica-
here, is an important area of future research. tion by high-resolution electron impact mass spectrometry
The custom inlet for I/SVOC measurements, shown in(EI-MS). This detection and quantification step is the same
Fig. 1, consisted of a 3.5m length of 1/4-inch o.d. stainlessmass spectrometric approach used in the Aerodyne Aerosol
steel tubing, coated with SilcoNert 2000 (Silcotek, Inc.), andMass Spectrometer (AMS), an established technique for on-
held at 250C to reduce condensational losses. The samiine, quantitative measurement of PM mass and chemical
pling tip of the inlet was positioned- 1 m above the roof composition (Canagaratna et al., 2007; DeCarlo et al., 2006;
of the trailer along the edge closest to the runway. Heatlayne et al., 2000). Thus the present instrument’s acquisi-
tape composed of fiberglass-insulated nichrome wire wagion and analysis of El high-resolution mass spectra is sim-
used to maintain a uniform temperature (280 for all in- ilar to the AMS, but with a redesigned inlet system for
let components, with an additional layer of fiberglass insu-the collection (rather than the exclusion) of gas-phase or-
lation wrapped around all inlet components to avoid coldganic species. During sample collection, air is pulled at
spots. The inlet temperature was monitored with K-type ther-0.4 L min~! through the sample loop via a six-port valve
mocouples and set/maintained using commercial PID con{VICI Valco Instruments Co. Inc.) held at 28Q. The valve
trollers (Omega Engineering). A SilcoNert-coated (SilcoTek, and rotor are coated with Inertium coating AMC-18 (AMCX
Inc.), heated metal filter was placed in line to prevent re-L.L.C.) to protect the heated, rotating components from ex-
fractory soot particles from clogging the instrument inlet. cess wear. All other surfaces are coated with SilcoNert, in
At a temperature of 25TC, the more volatile components order to minimize interactions between the organics and
of POA will evaporate, so that both particulate- and gas-metal surfaces. The collection loop itself is a 6-inch length
phase organic compounds are measured with the techniquef 1/16-inch o.d., 0.02-inch i.d., coated stainless steel tub-
The sampling flow rate through the I/SVOC inlet was held ing, wrapped tightly around a copper rod (1/2-inch diame-
at 1.2L mim?, using a small diaphragm pump (UN86KTP ter, 4-inch length) for rapid cooling and heating. Cryogenic
KNF Neuberger, Inc.). SilcoNert-coated, heated Swagelokcooling of the loop is achieved with a periodic spray of lig-
tee connections at the inlet tip were configured to allowuid nitrogen (LN2, from a 230L, 22 PSI Dewar) directed at
the base of the copper rod, holding the temperature of the

Electron Impact

1 inlet ump. ¢ i i Transfer Line
Ionization
Q ’ Liquid N,
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collection loop constant at6+ 2°C during collection. Af-  ing through the entire inlet length, thereby including any po-
ter the collection period (2 min in the present study), the LN2tential wall effects in the quantification of the IVOC/SVOC
flow is stopped, the valve is rotated to the desorption con-measurement. Mass loading calibration data points are ob-
figuration, and the collection loop is heated. In this mode,tained by varying the injection rate (10-600 nL min of
the UHP helium flow (1 crdmin~1), which during collec-  the calibration standard and relating the known mass con-
tion is sent directly into the mass spectrometer, is now sententration (ug m3) of organics to the total high-resolution
through the sample loop before entering the mass spectrom@rganic ion signal intensity. This is determined by fitting
ter, transferring desorbed organics directly into the ionizationand summing all ionsn{/z < 120) associated with organic
region. The desorption of the collected organics occurs acspecies in each mass spectrum (DeCarlo et al., 2006), with
cording to the volatility of the species, resulting in the most the exception of ions with exceedingly high background lev-
volatile species desorbing at the lowest temperature, allowels (H,O", CO}L). Within each desorption, the total organic
ing for volatility-resolved measurements. The transfer line signal was summed between®Dand 280 C (see for exam-
to the mass spectrometer is made of coated stainless steple the lower panel of Fig. 2). Summing the organics within
(30cm in length, 100 um i.d.) and is kept at 280 Heat-  this temperature region allows unambiguous separation of
ing of the collection loop is achieved with a 100 W heater any collected solvent (hexane, which desorbs at temperatures
cartridge located in a bored hole in the center of the cop-<50°C) and the larger-alkane calibration species.
per rod. The heating/cooling cycle is fully automated, us- In addition to the mass calibration, an empirical relation-
ing a computer-controlled PID that is programmable with re- ship between the observed peak desorption temperature and
spect to the collection temperature, collection time, desorp-volatility can also be determined from the known vapor pres-
tion ramp rate and final desorption set and soak temperaturesures of the individual hydrocarbons in the calibration stan-
The mass spectrometer is an electron impact high-dard. The upper panel of Fig. 2 shows the clear relation
resolution time-of-flight mass spectrometer (ToF-MS) between saturation vapor concentratiefi) (and peak des-
equipped with a quadrupole mass filter (Tofwerk). The orption temperature for a laboratory calibration prior to the
quadrupole mass filter was tuned to prevent helium ions fromAAFEX-II deployment. Unfortunately, because of changes
reaching the detector. For all measurements discussed here the sampling line and an apparent loading dependence
the ToF-MS was in the “V” ion flight path mode, with a mass- of the ¢*—T relationship, we were unable to obtain a robust
resolving power of~ 2000. Data acquisition and analysis volatility calibration during AAFEX-II. Therefore we do not
programs developed for the AM&t{p://cires.colorado.edu/ assign precise values of to specific temperatures, and in-
jimenezgroup/ToFAMSResourgeare used to save and ana- stead define the general volatility bounds of the IVOC and

lyze the data. SVOC species, as illustrated at the top of Fig. 2 based on
During the AAFEX-II campaign, a collection/desorption previous laboratory calibrations.
cycle was completed every 9 min, consisting of a 2min These approximate volatility ranges are strongly supported

collection at—6+2°C, a 4min linear ramp of temperature by the desorption profiles of pure FT and JP-8 fuels, shown
up to 280°C, and a 1 min hold at 280. On average it took in Fig. 3. These measurements were taken in the labora-
~ 2 min to cool the sample loop from 28Q back to the col-  tory following the AAFEX-1I campaign from aliquots of fuel
lection temperature set point, at which time the next collec-identical to those used in the field experiment. For each col-
tion cycle would begin. During each desorption cycle, masslection the neat fuel of interest was continuously injected
spectra were saved at a rate of 2 Hz, allowing for the straight{25 nl min~1) into a flow of 2.0 Lpm of UZA. Each sample
forward alignment of mass spectra and desorption temperaeollection lasted 60 s with the sample loop held-&t+ 2°C.
tures (which were measured at 1 Hz) and enabling presentd-or these experiments, a shortened inlet system was used rel-
tion of data as thermograms (ion intensities as a function ofative to the field-deployed AAFEX-II inlet, so the correspon-
desorption temperature). dence of neat-fuel and exhaust-plume volatility distributions
Instrument response was calibrated with syringe injec-may not be perfect. The fuel data, however, still provides an
tions (10-600nL mint, 250 uL syringe, Harvard Appara- approximate relationship between the known volatility and
tus Syringe Pump) of ag=Cyg straight-chaim-alkane stan-  observed desorption temperatures for unburned fuel. These
dard (40 mg m? of each alkane in hexane solvent; Sigma- fuels fall squarely in the IVOC range, as expected for hydro-
Aldrich Co. LLC) connected via a tee-junction at the sam- carbon species with 12-16 carbon atoms. Additionally, we
pling inlet tip (see Fig. 1). Calibrants were introduced into the note that the measured chemical composition of the species
instrument using an overflow of heated ultra-zero air (UZA,; identified as “fuel” in the mass spectrum is broadly consistent
AirGas, Inc.). The air was sent past the syringe tip in slightwith the known chemical makeup of the fuel, with desorp-
excess (+ 0.3Lmin') of the demand flow of the down- tion profiles of marker ions for aliphatic (,HE, m/z85.102)
stream instrumentation, with the majority of the flow enter- and aromatic (GH;, m/z 115.055) compounds, showing a
ing the inlet (and the excess flow escaping to the air surroundfar lower aromatic content for FT than JP-8.
ing the sampling inlet tip). This configuration ensures that
the calibrant organic species are measured only after pass-
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2.0x1 |:J6 m Fig. 3. Desorption profiles for representative aliphatiog(-(ﬁ) and
aromatic (@H;F) ion fragments obtained from neat fuel injections
of JP-8 and FT. As expected based on their chemical compositions,
ol aliphatic signal is high for both fuels, whereas aromatic signal is
Lz significant only for JP-8.
8
5 1.0
o gine idle operating conditions), confirming that inlet surfaces
& i did not serve as a significant source of organic contamina-
5 0.5 tion during the experiment. Ambient background pollutant
= concentrations varied throughout the experiments and were
0.0 typically highest during the early morning periods, due to in-
T T I I creased fuel truck activity in the immediate vicinity of the
0 20 40 60 DC8 prior to starting the aircraft engines. Following start-
3 up, the wind field produced by the aircraft engines provided
Hg C/m sufficient flow to purge the diesel truck emissions from the

. N ) sampling area.
Fig. 2. Laboratory calibration results for the I/SVOC instrument,

using syringe injections of known straight-chairalkanes. Top
panel: empirical relationship between desorption temperature an

saturation vapor concentrations of4$5Cyg alkanes. A robust field- Other instrumentation in the 143m trailer included a non-
based calibration for the*—T relationship was not obtained during

AAFEX-Il. Therefore, we define the general volatility bounds of d'slperS'Ve infrared at.)sorp.non Q@nomtor (LI'COR Bio-
the IVOC and SVOC species with the grey-scale bar shown alongSciénces LI-840A), to identify plume hits and quantify plume
the top of the figure. Bottom panel: total mass spectrometric signadilution, and a custom-built weather station for monitoring
for different mass concentrations of injected straight-chain@o  ambient temperature, relative humidity, dew point, baromet-
n-alkane standard, demonstrating the linearity and sensitivity of theric pressure, wind speed, wind direction and solar flux. The
instrument. weather station was mounted on the roof of the 143 m trailer
~ 1 m above the sampling height of the I/SVOC inlet. In ad-
dition to the stationary platforms, the Aerodyne Mobile Lab-
During AAFEX I, blanks with UZA were performed reg- oratory (Kolb et al., 2004) was used throughout the experi-
ularly to confirm that the inlet walls do not act as a sourcement to intercept and sample the exhaust plume over a range
of low-volatility organics. For the measurements discussedof spatial/temporal scales, to better interrogate the downwind
here, UZA blanks were collected at the beginning and endprocessing of the aircraft emissions. Instruments inside the
of the engine power ramp and used as background subtragnobile lab relevant to the current study included a Quan-
tions for the jet exhaust desorption profiles. In all cases, theaum Cascade Tunable Infrared Laser Differential Absorp-
total organic signal measured during UZA runs was very lowtion Spectrometer (QC-TILDAS), Proton Transfer Reaction
(less than 1 % of the total organic signal measured under enMass Spectrometer (PTR-MS) and non-dispersive infrared

3.2 Other AAFEX Il measurements
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Fig. 4. Timeline showing the sample collection/desorption cycles during the 30 March 2011 power sweep: jet engine power setting, measured
COs, level at 143 m, collection temperature, collection period and total organic ion signal. Elevajeldéve® recorded at the 143 m inlet
position are shown in the middle panel, with the dashed line demarcating the ambigba€kground concentration.

CO;, detector. To assess the relative contributions of VOCbars in the figure designate the time period during which the
and I/SVOC emissions to the total organic emission profilelow-volatility organic vapors were collected.

from the engine, THC measurements from a flame ionization For the series of power conditions tested, 4O, values
detector (FID) are also utilized, which made measurementat 143 m do not systematically increase with increasing en-
1 m behind the engine exit plane. Results from these compargine power, likely due to the different entrainment and dilu-
isons are presented in the following section. tion with ambient air at different engine powers. The distance
between the sampling inlet and the aircraft engines also in-
troduces more run-to-run variability for a given engine power
condition as compared with emissions data captured from up-
stream (1 m, 10 m) inlet positions. As mentioned earlier, it is
generally assumed that emissions from both E2 and E3 were
mixed prior to reaching the 143 m position. This appears to
, , , be the case for the upward power ramp on 30 March, but
Given the distance between the aircraft and the 143 m samy,q transition from 100 % power to 7% power at the end of
pling inlet, the semi-continuous nature of the collection €y- e test cycle coincided with a shift in the wind direction.
cles, variability in ambient wind speed and direction, and cqnsidering the orientation of the aircraft with respect to
the limited time assigned to each specific engine operatinghe 143 m sampling inlet, it is likely that the last 7% col-
condition, not all collection cycles coincided with defini- |oction exclusively measured the emissions from E2 (burn-
tive aircraft exhaust plume hits at 143m. Figure 4 providesjng he alternative Sasol low-sulfur FT fuel). This is further
a summary of the 143 m data collected over the course Ofsupported by the observed drop ACO, by factor of~ 2

the early morning power sweep on 30 March 2011. Exhausteative to earlier 7% collections. For this reason, the final
plume hits are characterized by elevated,@Oncentrations 7o, power condition will be discussed separately from the

(ACO, ~ 70-200 ppm relative to ambient background), as miyeq-plume data. In addition, two of the collection peri-

shown in the middle panel of Fig. 4. Engine powers are desyqg oyerlapped at least partially with a transition in engine

ignated along the top of the figure along with the temperaturepow(_:,r (from 7 % to 30 % and from 65 % to 85 %). It is likely
cycle (dashed line) of the collection/desorption cell (collec-

tion: —6°C; desorption ramp~ 280°C). The grey shaded

3 Results and discussion

3.1 Overview of sampled plumes

Atmos. Chem. Phys., 13, 7845858 2013 www.atmos-chem-phys.net/13/7845/2013/
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in the jet plume correspond to unburned fuel emitted from

Engine Power . . . .

1004 | T 4% 11 6 the aircraft engine at idle. The correspondence is not exact,
— possibly because of differences between the inlet systems,
"";gg/n[Zl 4 but the general correspondence is consistent with previous

809 | — 65% 2 investigations of unburned fuel emissions.

i i - A second, higher-temperature mode is observed for the

60 0 5'0 3 1;’0 2(')0 zéo first 4 % power collection but not for the second 4 % power

collection. The source of this difference is not clear, and may
be related to variability in engine emissions and/or environ-
mental factors such as shifts in the transport of the exhaust
plume to the 143 m sampling location. At slightly higher
engine power (7 %), the desorption profiles are broader and
shifted to slightly higher temperatures (lower volatilities).
These may include some contribution from unburned fuel
— e (mode below 150C), but also suggest contributions from
50 100 150 200 250 other combustion processes such as pyrolysis. At 30% en-
Desorption Temperature (°C) gine power, a minor high-volatility mode corresponding to
unburned fuel is still detected, though this may well be a tran-
Fig. 5. Desorption profiles of total organic signal, divided by £0  sient from the recent power increase from 7 %. There is an in-
enhancement to account for dilution, for each engine power Conditreasing contribution from lower-volatility organics at 30 %
tion. Inset shows the desorption profiles for engine poweg$ %. power, potentially resulting from the formation of pyrolysis
products from the higher temperatures and pressures of this
engine operating state. At the highest powers studied, organic
that during these collections, both transient and steady-statsignal is observed only at the highest desorption temperatures

40

Total Organic lon Signal (Hz) / ACO,

20

I/SVOC emissions were captured. (lowest volatilities), indicating no measurable emissions of
unburned fuel but rather newly formed low-volatility organ-
3.2 Dependence of loading and volatility on engine ics.
power

3.3 Contribution of I/SVOCs to total aircraft emissions

Total I/SVOC emissions were measured by the total organic . o )
mass spectrometric signal, integrated over the desorption. ABY Summing total organic signal over a full desorption cycle
with the calibration experiments, total organic signal was de-21d @pplying the measured calibration factor, we can esti-

fined as the sum of all high-resolution organic ions, with the Mate total I/ISVOC concentrations for each captured jet ex-
exception of HO* and Cq due to their high backgrounds. haust plume mtercepted at 143 m. An emission index (El, in
In this experiment, approximately 90% of the organic ion M9 of emitted organic material per kg fuel combusted) can

signal is found atz/z < 100. Absolute organic signal inten- then be determined, via
sities for each desorption during the power ramp are shown AM T
in the bottom panel of Fig. 4. =25, 7 4478 (1)
Trends in both the amount and volatility of I/SVOC or-
ganic emissions as a function of engine power are examwhere AM is the measured I/SVOC mass concentration in
ined more closely in Fig. 5. To compare emissions frompugn3, ACO; is the difference between the sample and am-
different collections, the total organic ion intensity is nor- bient CGQ concentrations (in ppmvy; is the sampling tem-
malized to averagA CO, measured during each collection perature in Kelvin, andP is the ambient pressure in Torr.
interval, yielding an emission ratio. Changes in both theThe constant (4478) incorporates an emission index fof CO
amount and volatility of the emissions are strongly depen-of 31609 CQ kg1 fuel, which assumes 100 % combustion
dent on engine power. Emissions are highest at 4% poweefficiency and a fuel hydrogen-to-carbon ratio of 1.9. This
(idle), and decrease substantially at higher powers, with approach is consistent with the methodology used in the E-
particularly large decrease between 7% and 30 % (inset 081 El calculator (Herndon et al., 2006; Timko et al., 2010a).
Fig. 5). The volatility distribution of the organics is also  Figure 6 displays I/SVOC emission indices as a function
power-dependent, with the lowest-volatility organics tend- of engine power (grey circles), and shows the dramatic de-
ing to dominate at the highest powers. Organics emitted atrease in emissions with increasing power. Also shown are
4% power (idle) desorb at relatively low temperatures (cor-THC emissions as a function of power, determined from
responding to higher-volatility species); the major desorp-flame ionization detection (FID) at the 1 m inlet position for
tion peak at~ 120°C corresponds reasonably well to that E2 (burning FT) and E3 (burning JP-8) (data courtesy of
of pure fuel (Fig. 3), suggesting that the IVOCs measuredChanglie Wey, NASA). In addition, total organic emissions
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to inlet surfaces may contribute to lower THC values mea-
o ¥ /SVOC + ¥ VOC [C;-Cq scaled from C,H,] sured with the FID.
0~ 5 ISVOC (This Method) The bottom panel of Fig. 6 shows the ratio of I/SVOC
il e thi Lo emissions to the average measured THC emissions. At low
~ LEFT ENGINE (JP8) engine power the 1/SVOC emissions make +4pl0—20 %
of the total hydrocarbon emissions. This is qualitatively
similar to the results of Presto et al. (2011), which indi-
cated that~ 20% of the NMHC emissions at idle engine
power were IVOCs. In addition, we find that as the engine
power increases, the I/SVOC fraction also increases, reach-
O ing 100 % of the THC emissions at 65 % and 85 % power.
Care must be taken to not over-interpret these results given
uncertainties in the FID THC detection limit and the low
overall organic emissions at high power. Nonetheless, non-
zero I/SVOC emissions at these operating conditions sug-
gest that pyrolysis-derived low-volatility organic compound
(1B [ v o ——— emissions remain present in the exhaust plume at high power.
S ASARE AR AR AR AR RRRER Evaporated POA may also serve as a source of the low-
0 20 40 60 80 volatility organics measured at high engine powers. A sig-
Engine Power (% Rated Thrust) nificant fraction (5—100%) of aircraft engine POA is at-
tributed to lubricating oil emissions (Yu et al., 2012), but
Fig. 6. Emissions of I/ISVOCs as a function of engine power. Upper the thermal and chemical stability of the lubricants suggest
panel: power-dependent emission indices of I/SVOCs (measureghat these species will remain in the condensed phase even

with the present method), THC (measured W'th. FID at 1 m) for within the heated inlet of the I/SVOC instrument. Lubricant-
each engine, and the sum of total VOCs (as estimated from mea-

surements of gH, using the SPECIATE inventory) and /SVOCs derived POA Would' therefore remain trapped in the PM fil-
as a function of engine power. Lower panel: power-dependent raler of the I/SVOC _|nlet system and not reach our collec-
tios of measured 1/SVOCs to total organic emissions. Two ratiostor- Further, analysis of the I/SVOC mass spectra collected
are displayed, one based on the measured THC values and a secofi@re do not show enhancement in the rationd85 tom/z
estimate from the scaled,84 measurements. 71, which has been observed as a characteristic feature of
electron-impact mass spectra of lubricant-derived POA (Yu
etal., 2010, 2102).
are estimated from known emission profiles. Total VOC
emissions (@&-Cg hydrocarbons) are estimated by scalingup 3.4 Chemical features of emitted I/SVOCs: 7 % plume
measurements of ethene (obtained using the QC-TILDAS in-
strument in the Aerodyne mobile lab, which was adjacent towhile the thermograms in Fig. 5 provide information about
the 143 m inlet during these tests) using the SPECIATE or-the amount and volatility of the emitted IVOCs and SVOCs,
ganic gas emission profile for aircraft (SPECIATE databasethey offer little insight into the chemical nature and sources
profile #5565). To ensure that the scaled VOC and meaof these lower-volatility organics. However, a strength of the
sured IVOC quantities did not overlap (and therefore to avoidmass spectrometric approach used here is that it also provides
double-counting), all hydrocarbon specie€ginthe SPE-  chemical information about the sampled organic species,
CIATE profile were excluded from the scaled VOC quantity. which can be used to better constrain the properties and ori-
The sum of scaled VOC and measured I/SVOC measuregins of engine emissions. Electron impact ionization results
ments is then compared to the average THC measuremenis fragmentation of parent molecules, generating character-
for E2 and E3. At low powers the two techniques generallyistic ions for different classes of organics such as aliphatic,
agree, though at higher powers the scaled VOC + I/SVOCaromatic or oxygenated hydrocarbons. As an example, Fig. 7
total is consistently higher than the THC measurement. Thisshows thermograms for several marker ions at one of the 7 %
may arise from the fact that oxygenated organics are not meggower conditions. Different ions exhibit distinct desorption
sured efficiently with FID (no corrections for oxygenates are profiles, with desorption maxima at different temperatures;
applied to the FID measurements). Oxygenated HCs meathis is in strong contrast to the total organic desorption profile
sured by the I/SVOC instrument at 30 % power may explain(also shown), which consists of a broad volatility distribution
part of the enhancement observed in Fig. 6. Also, all THCthat lacks defined peaks. This single desorption mode is thus
values were obtained at steady-state conditions, and it is pos combination of a number of different classes of organics,
sible that the I/SVOC measurement at 30 % power was in-spanning a range of composition, properties, and sources.
fluenced by transient emissions (changing from 7 to 30% The C};H‘f3 ion (M/z85.102) is representative of aliphatic
power). Finally, the loss of lower-volatility organic species hydrocarbons, and the desorption profile (with a peak at

Emission Index (g C/kg fuel)

O

mimn |/SVOC / THC [FID]
=O= |/SVOC [ THC [C,H, SPECIATE]

5 (I/SVOC) / THC
o
~
|
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3.5 Chemical features of emitted I/SVOCs: all engine
powers

TR RV RS S VSRS TS S ¥ 9

N [ Engine Power: 7% ]

8000 | = Nromatc Chte s [
] :g'fyﬂiéilg’c:;‘,of £ % - 200 The examination of key marker ions as a function of des-
*+ = Total lon Signl : k i orption temperature (Fig. 7) yields insight into the nature
and sources of different organic types. However, that ap-
proach relies on a small fraction of the chemical informa-
tion available with the instrument described here. Each des-
orption shown along the bottom panel of Fig. 4 is com-
prised of more than 1000 high-resolution mass spectra, each
I with >250 identified ions. In order to better characterize the
o0 chemical makeup of the different classes/sources of I/SVOC
i emissions, we use positive matrix factorization (PMF), a
o o el W} factor analysis technique (Paatero and Tapper, 1994) that
0 50 100 150 200 250 has seen widespread use in identifying components of or-
Desorption Temperature (°C) ganic aerosol from AMS data (Lanz et al., 2007; Ulbrich et
al., 2009; Zhang et al., 2011). The PMF analysis of time-
Fig. 7.Sele9te_d de;orption profilgs at7%engine_power. Right agis:dependent (temperature-dependent) mass spectra allow for
total organic ion signal. Left axis: key marker ions of aliphatic ongine |/SVOC emissions to be described in the same way,
éi%?clgi)’eacrizr;anc (@R, C7Hi7), and oxygenated @140, ) or- in terms of key classes of organics, with characteristic mass
' spectra and dependences on volatility and engine power.
Results from the PMF analysis are summarized in Fig. 8a

140°C) indicates the parent alkanes are relatively volatile.2nd b (a more detailed description of the PMF analysis
Both the chemical signature and volatility are consistentProcedures is provided in the supplemental material). After

with unburned fuel (Fig. 3). The total organic ion signal evaluation of mass spectral prlofiles and time (temperature)
peaks at a similar temperature, suggesting that unburnef@ces, a four-factor PMF solution was chosen (FPEAK = 0;
fuel makes up a substantial portion of the total IVOC emis-Q/Qexp = 0.06) to describe the variability of the data.
sions at this power. However, the importance of other typeg*mongst the four-factor solution, one factor was invariant
of ions, mostly at higher desorption temperatures, strongly/Vith changing engine power and had common spectral ion
suggest additional sources of I/SVOCs as well. TQH;: signatures as the UZA blank, including siloxane fragment
and GHZ ions, associated with aromatic hydrocarbons, ap_ions. Based on this evidence, this factor was assigned as

pear at somewhat higher temperatures, with a multi-modaP@ckground and is not included in the analysis of the air-
volatility distribution. A portion of these emissions may be craft engine I/SVOC emissions. The remaining three factors

from unburned fuel, since the aromatic content of JP-8 fuelreveal distinct I/SVOC signatures that can be attributed to
is high (see Fig. 3). Additionally, aromatics can be formed tNrée general chemical classes, aliphatic, aromatic, and oxy-
from pyrolysis within the combustor burning either JP-g or 9€Nated organics. The power-specific desorption profiles of
FT fuel. The widths of the volatility distributions for the aro- t€se three factors are shown in Fig. 8a. The corresponding

matic ion fragments suggest that both sources (unburned fuépass_ spectra f.or eac_h fact_or are sh_own_ in Fig. 8b. Estimates
and pyrolysis) may be important at 7% power. Further, theOf H:C and O: C ratios (displayed in Fig. 8b) are obtained

higher desorption temperatures suggest that aromatic pyroffoM the high-resolution mass spectra using the approach of

ysis products may be lower in volatility (higher in molec- Aiken etal. (2007, 2008), though without any empirical cor-
ular weight) than the aromatics in unburned fuel. The final rection accounting for effects of El fragmentation. Such ap-
ion fragment shown in Fig. 7 is 1407, an oxygenated or- proximations may influence the absolute elemental ratios, but

ganic ion. Thision is present at lower concentrations than thdhe qualitative d|ffere.nces inH:C and O:C among the dif-
aliphatic and aromatic fragment ions and occupies the lowesterént PMF factors will not be affected. o

volatility range of organics measured for this particular 7% 1€ /SVOC volatility distributions shown in Figure 8a
power condition. The source of this class of compound is un-SUmmarize the variability in aliphatic, aromatic, and oxy-
clear, though it may be related to the partial oxidation of fuel 9€nated I/SVOC emissions with increasing engine power.
within the combustor. It is important to note that using sin- In the upper panel of Fig. 8b, the aliphatic factor mass

gle ions as proxies for entire compound classes has inhererfPectrum has major ion fragments ratz 41.039, 43.055,
limitations. For a more complete chemical characterization,22-09%: 57.070, 69.070, 71.086, 83.086, and 85.102 show-

the full mass spectral profiles and multiple power conditions"9d the characteristic “picket fencen/z = 14) fragmen-
must be examined as described in the following section.

tation pattern indicative of alkanes. High-resolution analy-
sis reveals that the aliphatic factor has low oxygen content
(O:C = 0.03) and high hydrogen content (H:C = 2.07),

150

100

Total Organic lon Signal (Hz)
(zH) sreubis uoj [enpiApu|
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consistent with the saturated aliphatic constituents in the
fuel. At low engine powers (see the left side of Fig. 8a), the
aliphatic hydrocarbon (HC) factor makes up the largest frac-
tion of I/SVOC emissions from the aircraft. At 4 % power, the
primary mode of aliphatic HCs appears betweei20 and
130°C. As the engine power is increased to 7 %, the aliphatic
HC emissions shift to slightly higher temperatures (lower
volatilities) with a broad peak centered around40°C. The
volatility and chemical characteristics of the aliphatic HC
emissions strongly suggest that unburned fuel is the source
of these emissions. The slight shift to higher temperatures
for the 7% power compared to the 4 % power may be in-
dicative of fuel fractionation or a transition from unburned
fuel emissions to formation of pyrolysis products with the
increased temperatures and pressures at 7 % power, but addi-
tional study is necessary before definitive conclusions can be
drawn. The aliphatic HC emissions at engine powe0 %

(see right side of Fig. 8a) are much lower than at engine idle
as the overall combustion efficiency of the engine increases
at higher powers. At 30 % power, there is a bi-modal volatil-
ity distribution with a higher-volatility mode at 120°C and

a lower-volatility mode at~ 240°C. The higher-volatility
mode is likely unburned fuel, potentially emitted during the
_transition from 7 % to 30 % power and re-entrained into the
30 % plume. The lower-volatility feature may arise from the
formation of larger aliphatic HC formed via pyrolysis in the
higher temperatures and pressures of the combustion process.
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This feature dominates the aliphatic HC emission profile at
65 % and 85 % power, which exhibit no sign of the volatile ]
unburned fuel mode. ]
The aromatic factor represents the second-most abundan—~
component of the engine idle exhaust. The aromatic fac-
tor mass spectrum with major ion fragmentsvaiz 55.055,
67.055, 77.039, 91.055, 105.070 and 115.055 indicate the
presence of unsaturated HCs. This factor also has a very lown
O:C (0.04) but also a low H: C (1.36), consistent with aro-
matic species. The aromatics could have an unburned fue
source (in the case of JP-8 fuel) or be formed via pyroly-
sis during the combustion process. At 4% power the aro- ]
matic I/SVOC emissions have a primary volatility mode at ]
~ 120-130C, co-incident with the aliphatic HC volatil- ]
ity feature attributed to unburned fuel. Since aromatic com- 1
pounds make up- 25% of the JP-8 fuel used here, it fol- 50 100 150 200 250
lows that such compounds should make up a large fraction Desorption Temperature (°C)
of the exhaust at engine idle. The transition from 4% to
7 % power shows a clear change in volatility of the aromatic Fig. 9. Desorption profiles of emissions from a single engine burn-
I/SVOC emissions resulting in a broad distribution centeredind FT fuel only (7% power). The three PMF factors are the same
around~ 190-200°C. While a high-volatility feature sug- S Shownin Fig. 8.
gesting contributions from unburned fuel is seen in one des-
orption, the vast majority of aromatic emissions at 7 % power
are found in this lower-volatility mode. This suggests that thearomatic species (such as oxygenated PAHs), which might
I/SVOC emissions observed at 7% power are newly formedde enhanced during engine power transients. Additional stud-
products of pyrolysis in aircraft engine, which may be im- ies are required to further understand the role of oxygenated
portant intermediate species in the formation of soot (whichl/SVOC emissions from aircraft.
is formed at higher power engine emissions (Onasch et al.,
2009). The 30 %, 65%, and 85 % power aromatic I/SVOC3.6 7% Power FT-only emissions
emissions show similar trends as seen with the aliphatic HC
emissions, with a bimodal distribution at 30 % power and As mentioned previously, the decreaseAi@O, observed at
only the lower-volatility mode present at the higher enginethe transition from 100 % to 7 % power shown in Fig. 4 co-
powers. incided with a shift in the wind direction, causing only the
The oxygenated factor comprises a smaller fraction ofemissions from E2 (which burned FT fuel) to reach the sam-
the I/SVOC engine idle emissions compared to the aliphatigpling inlet during that specific collection interval. These mea-
and aromatic contributions. The major ion fragments in thesurements thus offer an opportunity to assess the I/SVOC
mass spectrum of the oxygenated factor inclode43.018,  emission profile from the use of FT fuel only (though only
44.998, 57.070, and 60.021. This factor has a higher oxygeiat the 7 % power condition). Figure 9 displays the aliphatic,
content than the aliphatic and aromatic factors (O : C = 0.26aromatic, and oxygenated factor desorption profiles from
H:C = 1.46). The factor mass spectrum and elemental comthis plume. This profile is fundamentally different from the
position are suggestive of partially oxidized fuel. Consistentmixed JP-8/FT 7 % power emissions. The aliphatic desorp-
with partially oxidized fuel, at 4 % power, the oxygenated tion profile is similar to that observed for aliphatic emis-
factor has a volatile mode between 100 and 4@ Pwhich sions at 4% power in the mixed plume, with the higher-
is slightly higher in volatility than the volatile aliphatic and volatility mode likely due to unburned fuel. The source of
aromatic modes. A distinct, low-volatility oxygenated com- the lower-volatility aliphatic compounds could potentially be
ponent between 200 and 280 °C is present for engine poweue to the formation of higher-molecular-weight species in
ers < 30%. This feature may be indicative of oxidized lu- the combustion process. Unlike the idle power mixed plumes,
bricant or evaporated constituents of POA expected to havéowever, a high-volatility (unburned fuel) aromatic factor
lower volatilities. At 30 % power, the oxygenated factor ex- is absent in the FT-only 7% plume. Instead, aromatics ap-
ceeds the aliphatic and aromatic emissions. This observatiopear only at the lowest volatilities. This result is fully con-
suggests that the increase in engine power from 7 % to 30 %istent with expectations, since FT fuel is largely free of
may have resulted in transient emissions with higher oxy-aromatic species (Fig. 3) and thus any aromatic emissions
gen content. The oxygenated factor includes ion fragmentdrom the FT combustion must be formed during the combus-
associated with aromatic species/t 77.039, 91.055, and tion process. Another important feature of the FT-only 7 %
115.055), suggesting the possible importance of oxygenategower emissions is the prevalence of the oxygenated factor,

[ 7% Power FT-only ]

] = Aliphatic HC Factor
b Aromatic HC Factor
6000 i i Oxygenated HC Factor

Total Organic Signal (Hz
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