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Abstract

The chemical composition of non-volatile emission from aircraft engines was investigated
using single particle time-of-flight mass spectrometry. The exhaust from several engines was
sampled and analyzed. The soot particulate matter was sampled directly behind the
dismounted turbines running in a test cell at Zurich Airport. Single particle analyses focused
on the identification of the particle types with focus of metallic compounds. The particles
analyzed herein represent a subset of the emissions composing of the largest particles due to
instrumental restrictions. A vast majority of the analyzed particles were shown to contain
elemental carbon, and depending on the engine and the applied thrust the total carbon to
elemental carbon ratio ranged from 83 % to 99 %. The detected metallic compounds were
all internally mixed with the soot particles. The most abundant metals in the exhaust were
Cr, Fe, Mo, Na, Ca and Al; V, Ba, Co, Cu, Ni, Pb, Mg, Mn, Si, Ti and Zr were also detected.
We further investigated potential sources of the ATOFMS-detected metallic compounds
using Inductively Coupled Plasma Mass Spectrometry. The sources to be considered were
kerosene, engine lubricant oil and engine debris. An unambiguous source apportionment was
not possible because most metallic compound were detected in several of the analyzed
sources. Cobalt and zirconium were found to originate solely from engine wear. Non-volatile
aircraft engine emissions are an important anthropogenic source of soot particles in the upper
troposphere and in the vicinity of airports. They influence climate and contribute global
warming. In addition, they impact air quality and thus human health and the environment.
We provide fundamental information by presenting a chemical characterization of freshly
emitted particulate matter from aircraft engine exhaust useful for further research in these
fields.

1 Introduction

The continuous increase of commercial air traffic has led to rising public awareness and
concerns about the associated Particulate Matter (PM) emissions. The annual future growth
rate is estimated to be 3.4 % — 6.1 % (ICAO, 2013) in terms of passenger revenue kilometers.
Since it is much more complex and expensive to measure the mass and number based
emissions from aircraft engines than from other combustion sources (e.g. road traffic), the
legislation regarding aircraft emission are lagging behind general emission regulations. Up
to now, the standard way to regulate PM emissions for aircraft engines manufactured after
1983 is to limit smoke number (ICAO, 2008). Smoke number is a unit derived from filter
measurement using its change in reflectance after sampling a known volume of exhaust. In
the course of recent attempts to develop a new measurement standard for engine emission
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certification, the Aviation Particulate Regulatory Instrumentation Demonstration
Experiment (A-PRIDE) campaigns were initiated. The A-PRIDE campaigns were conducted
at Zurich Airport in Switzerland. Previous studies from the A-PRIDE campaigns focused
primarily on the physical characterization of the exhaust particles (Durdina et al., 2014;
Abegglen et al., 2015) and evaluation of the entire system in order to demonstrate its
suitability for aircraft emissions (Lobo et al., 2015). Herein, we focus on the chemical
characterization of PM aircraft exhaust. The presented measurements were mainly
conducted during A-PRIDE 5 in 2013 investigating a CFM56-7B26/3 engine, using an
Aerosol Time-of-Flight Mass Spectrometer (ATOFMS, TSI Model 3800-030). The
ATOFMS allows to investigate the chemical composition of single particles, and the A-
PRIDE campaigns offered a great and rare opportunity to sample and study unaltered
combustion products from aircraft engines.

The emitted PM from aviation is of interest because it represents a unique anthropogenic
source of soot particles in the upper troposphere and in the vicinity of airports. These
particles alter the Earth’s radiation budget in various ways depending on their physical and
chemical properties. Based on findings presented in the special report on aviation and the
global atmosphere (IPCC, 1999) and IPCC AR4 WGI1 (IPCC, 2007), Lee et al. (2009)
divided the climate effects from aircraft PM on climate into three radiative forcing
components: soot aerosol, linear condensation trails (contrails), and induced cirrus
cloudiness, which are all believed to result in a warming. In addition, the emitted particles
could act as Ice Nucleating Particles (INP) and affect natural clouds.

Freshly emitted soot aerosol particles directly absorb and scatter solar radiation, primarily
due to their opaque appearance. The magnitude however depends (besides size and
morphology) on the chemical composition. A higher Elemental Carbon (EC) content for
example enhances absorption of radiation whereas a lower EC content leads to an increase
of the single scattering albedo (Qiu et al., 2014). Linear contrails form just behind aircraft
due the emission of heat and water vapor and formation depends on the ambient temperature
and humidity as well on the exhaust temperature and mixing processes after emission. The
cooling of the exhaust stream causes the water vapor to condense onto a fraction of the
emitted particles and to freeze subsequently if the temperature is sufficiently low. Contrails
result in a positive radiative forcing due to their occurrence in high altitudes. Similarly to
thin cirrus clouds, they reflect little incoming solar radiation back to space absorb terrestrial
infrared radiation. Their global coverage for the year 2006 was detected via satellite to be
0.07 % (Duda et al., 2013). Research on occurrence and formation of contrails dates back
almost 100 years and is well summarized in the review article from Schumann (1996). If the
ambient air is supersaturated with respect to ice, the formed ice particles continue to grow
and can form a persistent contrail. The largest radiative forcing arises from the induced cirrus
cursed by the possible evolution of linear contrails into persisting cirrus clouds (Burkhardt
& Karcher, 2011). These spreading cirrus clouds can also become undistinguishable from
naturally (e.g. synoptically or orographically) evolved cirrus clouds. With a confidence of
90 %, the aviation-induced radiative forcing in 2005 was estimated to be in the range of 23
mW/m? — 87 mW/m? without aviation-induced cirrus and 38 mW/m?-139 mW/m? including
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cirrus cloud formation, corresponding to a contribution to the anthropogenic forcing of 4.9
% (2 % — 14 %) (Lee et al., 2009).

Moreover, it has been found that some fraction of carbon-containing particles are efficient
Ice Nucleating Particles (INP) (Cozic et al., 2008). Thus, aircraft emissions can lead to
regionally increased INP concentration affecting natural cirrus clouds even in the absence of
contrail formation (Kércher et al., 2007), including changes in optical properties, delays of
onsets and replacements (Burkhardt & Kércher, 2011). This is explained by additional
heterogeneous INP inhibiting the homogeneous freezing of the background aerosol particles,
due to the decreased water content available. The magnitude of this effect remains uncertain
because it depends heavily on the ice-nucleating efficiency of the emitted soot particles and
of the background aerosol particles which are not yet completely understood (Zhou &
Penner, 2014). A study performed by Cziczo et al. (2013) tackling the properties of INP in
the upper troposphere showed that a dominant fraction of Ice Residuals (IR) collected in
cirrus clouds contain metal compounds such as sodium, potassium, copper, lead and iron.
These compounds have also been found in aircraft emissions by sampling the exhaust
(Agrawal et al., 2008). Also, Cziczo et al. (2009) showed that lead-containing are efficient
INP, as a consequence, lead- or metal-containing particles might increase the INP number
in the atmosphere. Thus, a thorough chemical characterization of single particles from fresh
aircraft PM emissions provides information to study the link between aircraft emissions and
ice formation processes in the atmosphere.

The radiative and ice-nucleating properties change over time as the soot particles undergo
aging by the uptake of water and/or secondary volatile species and oxidation. These
processes are partly influenced by the particle’s initial composition (Rudich et al., 2007).
The Organic Carbon (OC) components on the particle surface were found to be important
for the aging process of soot and may even alter the Cloud Condensation Nuclei (CCN) or
IN activity when they oxidize by O under solar radiation and turn into soluble organics (Han
et al., 2012). The initial chemical composition of the single particles is therefore of
importance because it influences their aging process and also changes in their ability to act
as CCN and INP.

Aviation PM emissions are also of importance as PM in general is known to cause adverse
health issues. The emitted particles have been shown to be small with a geometric mean
diameter well below 100 nm (Abegglen et al., 2015) and therefore fall mainly into the
particle class described as ultrafine PM (PMo.1). Ultrafine particles can penetrate deeper into
the human respiratory system and are less likely to be removed than larger particles and may
be able to enter the blood stream (Terzano et al., 2010). Health effects in general seem to be
more associated with Black Carbon emission (BC) than with PMio or PM> 5 alone (Janssen
et al., 2012), but it was not possible to show that EC directly is a toxic component. Janssen
et al. (2012) therefore summarizes that BC probably acts as a carrier for toxic substances.
This supports findings from an earlier study showing that particles containing metals such
as vanadium, iron, copper and nickel can cause epithelial injuries (Pagan et al., 2003). It
seems intuitive that the largest respiratory health effects caused by aircraft emissions are
found in the vicinity of airports, especially for workers at airports (Touri et al., 2013).
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However, emissions can cause health effects not only in the vicinity of airports but also on
larger spatial scales (Yim et al., 2015).

Earlier studies on PM aircraft emissions focused primarily on the particle size and
concentration in proportion to the thrust applied to the engine (Petzold & Schroder, 1998;
Rogers et al., 2005; Corporan et al., 2008; Herndon et al., 2008; Onasch et al., 2009).
Investigations on the composition in terms of organic content have also been performed
(Onasch et al., 2009; Timko et al., 2010; Lobo et al., 2015). Kinsey et al. (2011) sampled
exhaust plume from commercial aircraft at a distance of ~30 m behind the engine using
optical instruments to provide data on BC concentrations and gravimetric analysis of filters
to investigate the elemental composition quantitatively. However, the investigation of
aircraft PM emission in terms of chemical characterization from single particles is still in an
early stage and few studies exist. Demirdjian et al. (2007) sampled soot particles emitted by
an aircraft gas turbine engine directly behind the engine duct in order to investigate the
composition of soot agglomerates. The sample was then deposited on copper microgrids and
analyzed. They have found impurities of Fe, O, S, K and Mn. Mazaheri et al. (2013) collected
PM; samples on filters and membrane grids 200 m from an airfield runway in order to
perform elemental analysis on discrete particles using energy dispersive X-ray spectroscopy.
They found C, O, S, CI, Na, Al, Si, Ca, Ti, Cr, Fe, Co, Ni, Cu, Zn, and Pb but attributed them
not only to engine exhaust but to a diverse range of sources such as tire wear, dust and traffic.
Especially studies on fresh aircraft exhaust sampled directly behind the engine remain scarce
and no study exists to our knowledge that investigates the chemical composition of freshly
emitted aircraft exhaust particles using in-situ single particle mass spectrometry. Our study
focuses on a general chemical characterization of single particles sampled directly behind
the engine with emphasis on metallic compounds in the particles.

2 Methods

2.1 Measurement Campaigns and Location

The majority of the measurements presented herein were conducted during the dedicated
Aviation - Particle Regulatory Instrument Demonstration Experiment 5 (A-PRIDE 5)
campaign conducted in July and August 2013. Additional data was collected during A-
PRIDE 7 conducted in October 2014 and during piggyback measurements in June 2013 and
in Mai 2015. The campaigns took place at the airport Zurich where the measured were
conducted in a test cell. The facility is located in the southeastern corner of the airport area.
A tram route and a road are going by in the east of the test cell at a distance of <50 m and a
freeway at ~100 m. The engine under investigation during A-PRIDE 5 was a CFM56-
7B26/3, widely used in commercial aircraft including Boeing aircraft. This engine has a
single annular combustor and a maximum rated thrust of 117 kN. Two additional engine
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types were investigated during piggyback tests, namely a CFM56-5B4/P and a CFM56-5C4.
The CFM56 series are high-bypass turbofan engines. The CFM56-5B4/P engine has a dual
annular combustor for reduced NOx emission, whereas the CFM56-5C4 engine has a single
annular combustor, having a maximum rated thrust of 120 kN and 151 kN, respectively. The
CFM56-7B26/3 and the CFM56-5B4/P engine are both core flow engines where is the
exhaust does not get mixed with bypass air from the ambient before leaving the engine duct,
whereas the CFM56-5C4 is a mixed flow engine whose exhaust is diluted with bypass air at
a ratio of ~1:6. All engines were fueled with commonly used Jet A-1 kerosene.

2.2  Experimental Set-up
The emitted particles were sampled by a probe oriented parallel to the exhaust flow

. The sampling probe was positioned at a distance of ~0.7 m behind the engine duct,

guiding the emissions through an 8 mm inner diameter stainless steel pipe to the sampling
system. A tee was used to split the sample into two main measurement lines referred to as
the PM line and the Annex 16 line. The line was mainly used for measurements of non-
volatile PM number and mass whereas the Annex 16 line was mainly used to measure
gaseous species. Both lines were conductive PTFE and ~25 m in length before leading to the
measuring instruments. Both lines were heated in order to prevent condensation of volatile
species onto the sampled particles. The PM line was diluted by a factor of ~8—12 with
synthetic air (grade 5.0) using a Dekati ejector dilutor (Dekati, Model DI 1000, Dekati Ltd.,
Kangasala, Finland). This line was heated to 160 °C for the first ~7 m upstream of the ejector
dilutor and then to 60 °C. This line was used for the PM instrumentation and the ATOFMS.
The Annex 16 line was also heated to 160 °C leading to the Annex 16 instrumentation. A
tee in this line was used to guide the sample through a 60 °C heated line through a Nafion
(Perma Pure, Model PD-100T-24 (MSS), Perma Pure LLC, Toms River, USA) dryer to the
ancillary Annex 16 instruments and a Scanning Mobility Particle Sizer (SMPS, TSI, Model
3936, TSI Inc., St. Paul, USA) system. See Lobo et al. (2015) for a more detailed overview
of the additional instruments and first results from this experimental set-up.

— 160°C PM line N X .
—_—— Ejector dilutor | Neutralizer H ATOFMS |
60°C

— unheated PM Instrumentation |

— = Spill

-
! I Annex 16 line .é— —_———— —-| Annex 16 instrumentation (gas) |
ﬂ%mple probe

Ancillary Annex 16 instruments |
Nafion dryer

Engine

Figure 1 Simplified schematic of the experimental set-up used.
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2.3 Instruments

2.3.1  Aerosol Time-of-Flight Mass Spectrometer

An Aerosol Time-of-Flight Mass Spectrometer (ATOFMS, TSI Model 3800-030) was used
to investigate the single particle chemical composition of non-volatile fresh emissions from
aircraft engines. The ATOFMS is a mass spectrometer that measures the chemical
composition of single particles and their vacuum aerodynamic diameter (di.) (Gard et al.,
1997) and has the capability to resolve refractory material such as EC as well as metallic
compounds. Each mass spectra obtained allows the chemical analysis of this particle.

The ATOFMS works at low pressures which draws the sample flow into the instrument. It
consists of three main regions with decreasing working pressures: 1) the particle sampling
region (~270 Pa), 2) the particle sizing region (~107 Pa), and 3) the mass spectrometry
region (~107° Pa). The sample flow rate into the instrument was 0.1 1/min, set by a critical
orifice. A backup flow between 1 1/min and 3 1/min (depending on the flow needed by other
instruments) was used to shorten the response time. Downstream of the critical orifice, the
particles pass through an Aerodynamic Focusing Lens (AFL) that aligns the particles into a
narrow beam and then into the sampling region. For this study, an AFL optimized for an
aerodynamic particle size range from 30 nm to 300 nm was used (TSI, 2004). Once the
particles are in the sizing region, they accelerate due to the pressure drop depending on their
size and are detected by two consecutive continuous, orthogonally oriented wave diode-
pumped lasers (A = 532 nm). The time they need to travel between the sizing lasers is used
to determine their aerodynamic size and to trigger the ionization laser in the following. The
particles then enter the mass spectrometry region where the particles are ionized by the
ionization laser (Nd:YAG, A =266 nm), set to an energy of ~1 mJ/pulse. If the particle is hit
by the ionization laser, it gets ablated and ionized, resulting in ions and molecules, both
positive and negative. They are then separated according to their mass-to-charge ratio (m/2)
by their mass-dependent acceleration in positive and negative electromagnetic fields in the
flight tubes. The time (of flight) the individual constituents need to travel through the
electromagnetic fields until they reach detector plates is recorded and converted into mv/z
values. The output is a positive and negative mass spectra for each ionized particle, revealing
its aerodynamic size and chemical composition.

Before the particles entered the ATOFMS they were treated with a 210" neutralizer in order
to minimize their electric charge increasing the hit rate (fraction of sized/registered particles
that are ionized). This is because electrostatic forces can cause deviation of the particle’s
trajectory within the instrument.

The ATOFMS data itself 1s not quantitative because of several reasons. For example, the
coating of a particle with secondary species were shown to decrease the ionization efficiency
resulting in changes in the measured ion peak areas (Hatch et al., 2014). Moreover, different
chemical species in the same particle can influence each other’s ionization efficiencies due
to the so-called matrix effects (Liu et al., 2000). Nevertheless, analysis of spectra from the
same particle type using relative peak areas can reduce matrix effects to a certain extent
because of lower spectrum to spectrum variability (Gross et al., 2000). Thus, average relative
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intensities from a large number of similar particles can be used to gain some information on
relative differences in the mass of compounds in the particle when comparing different
conditions.

2.3.2 Inductively Coupled Plasma Mass Spectrometry

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is an offline method often used
to measure metals from a bulk sample. It is very sensitive to the concentration of the analyzed
compounds which can be as low as one part in 1071, It uses argon treated with a high
frequency current in order to heat it up to 10 000 K, turning the argon into a plasma. The
sample is introduced with argon as carrier gas into the argon plasma where it is vaporized,
atomized and ionized. (J. H. Gross, 2011). The resulting ions are accelerated by an
electromagnetic field and subsequently registered by detectors, and quantification is
achieved by comparison with certified reference materials.

2.4  Data Analysis

2.4.1 Identification of particle types and components

The mass spectra were analyzed using MS-Analyze and ENCHILADA (Environmental
Chemistry through Intelligent Atmospheric Data Analysis) (Gross et al., 2010), two software
programs designed to analyze ATOFMS data. This allowed further size resolved analysis of
the particles or subclasses of particles using queries. Queries allow the identification of the
compounds of particles by searching for the corresponding nmvzvalues.

ENCHILADA was used for a cluster analysis of the analyzed particles. It groups similar
spectra into clusters using different clustering algorithms (Giorio et al., 2012). Each resulting
cluster is representative for a particle types that show specific mvz values and ratios of
intensities. This study used k-means because only a small number of clusters were expected
due to the high resemblance of the spectra. Similar clusters were manually merged together.
The data presented in this study were analyzed with respect to engine thrust if enough data
was obtained, i.e. the A-PRIDE 5 measurements. The particles were characterized with
emphasis on the occurrence of metallic compounds. If interference with other peaks from
other ions was observed, peaks from isotopes of the metallic compounds were used to
discriminate.

Ratios of Elemental to Total Carbon (EC/TC) ratio were derived from ATOFMS data
adopting a method using the sum of relative peak areas associated with EC and TC presented
by Ferge et al. (2006). TC is defined as the sum of Organic Carbon and EC. After subtracting
peaks from known inorganic compounds from the average spectrum, TC was calculated by
adding up all remaining peak areas. The list of inorganic compounds from Ferge et al. (2006)
was modified by adding the metallic compounds found during our analysis. EC was
calculated from the average spectrum by adding up all peak areas at m/z12i, 12i + 1, 12i +
2 and 12/ + 3 (with i = 1, 2, etc.). The ratio of the obtained peak areas for EC and TC then
yielded the presented EC/TC values. This method was found to agree with a standardized
thermo-optical approach using the NIOSH 5040 method and a thermo-coulometric methods,
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especially for samples with low inorganic content. Additionally, the particles were classified
into ‘EC” and ‘ECOC”’ using criteria such that the ‘EC’ class composed particles with no OC
whereas the ‘ECOC’ class composed particles showing both EC and OC. This was done by
applying an “exclusive” classification query on the obtained positive spectra in MS-Analyze.
This means, if particles are sorted into the first class for which they meet the prescribed
requirements, they are then excluded from further classification. The first class comprised
the ‘EC’ particles. In order to define the ‘ECOC’ class, two additional classes, ‘EC + K’ and
‘K noEC noOC’, had to be defined and classified in advance because of the ambiguous
association of the m/z+39 peak with organic compound and potassium. This excludes the
possibility of having particles in the ‘ECOC”’ class that contain EC and potassium and no
OC. The first additional class labelled as ‘EC + K’ was defined to show a peak at m/z+39
and the EC peaks. The second one labelled as ‘K noEC noOC’ was defined to show solely
m/z+39 while not showing the other peaks associated with OC. Note that the presence of
EC in the ‘K noEC noOC’ class is excluded due to the previous classification. Eventually,
the ‘ECOC’ class was defined to consist of the remaining particles showing any combination
of the OC and EC markers.

2.4.2 Particle size analysis

The vacuum aerodynamic diameter (dla) of the aircraft soot particles was measured by the
ATOFMS. di. was converted into electrical mobility diameter (dh) in order to compare Gha
to continuous size measurements performed by a Scanning Mobility Particle Sizer (SMPS,
TSI, Model 3936, TSI Inc., St. Paul, USA) system, which measures dn. The calculation was
done using equation [50] in DeCarlo et al. (2004):

dyy = p_pd_m

Po )(3/ 2
pp and po are the particle density and unit density respectively and yv is the dynamic shape
factor in the vacuum or free molecular regime. p, was assumed to be equal to the particle
material density of soot. This holds for aggregates with no internal voids such as freshly
evolved unaltered soot particles, and is supported by TEM pictures from aircraft soot (Liati
et al., 2014; Boies et al., 2015). A value for p,, of 1.87 g/cm? as estimated from our previous
effective density measurement on aircraft exhaust (Abegglen et al., 2015) was assumed.
Other reported values of p, range from 1.7 g/cm® + 0.7 g/cm® for non-volatile components
of diesel soot Park et al. (2004) up to 2.03 g/cm?® (Braun et al., 2004) also for diesel soot. yv
was calculated using equations [2.1] and [2.2] as described in Shapiro et al. (2012) with the
information on particle mass and d, also measured during A-PRIDE 5. Because the mass at
a certain size additionally depends on the engine’s thrust setting the mass was averaged. The
value of yy is size-dependent and was calculated using a power law fit taking into account

values obtained at different dj.
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3 Results and Discussion

This chapter first gives an overview on the size of the investigated particles from aircraft
engine exhaust. Information on the chemical composition of the identified particle types is
provided, followed by Elemental Carbon (EC) to Total Carbon (TC) ratios determined from
ATOFMS data. Lastly, the occurrence of metal compounds detected in the particles are
presented and potential sources thereof are discussed. The latter is supported by ICP-MS
analyses of the most likely sources that are engine jet fuel, lubricant oil and engine wear.

During the A-PRIDE 5 campaign, the ATOFMS was not able to record both the positive and
the negative ion spectra because of instrumental restrictions. Thus, the vast majority of the
data consists of positive spectra. It was possible to measure negative spectra during the last
two days of the campaign, by switching the polarities of the high voltages applied to the
flight tubes of the ATOFMS.

3.1 Size of investigated particles

The upper panel of depicts the averaged thrust dependent SMPS measured size
distributions shown in represent of the mobility diameter emitted by the CFM56-7B26/3
engine collected via both, the PM line and the Annex 16 line. The lower panel shows the
mobility diameter, calculated from the measured aerodynamic size as explained in of
the hit (i.e. chemically analyzed) particles by the ATOFMS during A-PRIDE 5.

107F 1
ml'_' F 1
£ 3
'E'Q 10° E |——T % Thrust .
o) F —+—30 % Thrust
8 E 65 % Thrust |3
2 10°F ——85% Thrust |-
Z ; =~100 % Thrust

101 t 1 I

Particle count

10" 10? 10°
Particle mobility diameter, dm [nm]

Figure 2 Size distributions measured by SMPS on the sampling line (top) and the calculated size of the
chemically analyzed particles by the ATOFMS (bottom).
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The mode of the SMPS size distribution lies between 20 nm and 50 nm. By extrapolating
the data, the measured mobility size ranges from <10 nm to ~600 nm. The size distribution
of particles that were hit by the ATOFMS, however, shows a mode at ~400 nm and ranges
from ~100 nm to ~700 nm. The exact mobility size distribution of the hit particles remains
unknown because the material density was assumed, and if it was higher, then the values
calculated for dn would be lower. Nevertheless, the size distributions would still differ in
their modes, and the results show that the ATOFMS primarily sampled and analyzed the
largest particles emitted by the aircraft engines. The reason for the surprisingly large
difference in the particle size distribution remains unclear. Although, within the investigated
size-range differences in the chemical composition of the investigated particles were not
observed, our results cannot be reliably extrapolated towards smaller particles. Thus, the
results presented in the following are only representative for the largest particles in the
exhaust.

Experimental studies on the ice nucleating ability of soot showed that larger particles
generally are more efficient IN than smaller ones (Paul J. DeMott, 1990; Diehl & Mitra,
1998). Thus, assuming that particles emitted by aircraft engines are IN active, their
efficiency to act as IN probably also increases with increasing particle size. Because we
sampled the largest particles with the ATOFMS, they can be considered the fraction that is
likely to be the most important regarding the contribution of aircraft emissions to INP.

3.2 Chemical characterization

321 CFM56-7B26/3 engine

For the spectra recorded during A-PRIDE 5 the clustering and the subsequent interpretation
of the particle types were affected by the lack of negative mass spectra. In total 9875 positive
spectra were obtained. The analysis of the mass spectra obtained from particles emitted by
the CFM56-7B26/3 engine yielded six clusters.

The mass spectra of the three major clusters represent >99 % of the particles, the
most prominent of which comprised ~93 % of all chemically analyzed particles. They were
classified as: (1) EC-Na-metal particles with a strong EC signature (m/z+12, +24, +36, +48,
+60, +72, +84) and small peaks of inorganic compounds from sodium (m/z+23) and metals
such as chromium (m/z+52) and iron (mM/z+56). A small hydrocarbon peak (m/z+37 (C3H))
indicates the presence of organic carbon (Spencer & Prather, 2006). The K-Na-Ca-EC
particle type (2) has a dominant potassium signal (m/z+39, +41) and a sodium peak while
including the EC pattern. This cluster comprises ~5 % of the particles. The Ca-Al-K-metal
particle type (3) comprises ~2 % of the particles. It is dominated by a calcium peak at mvz
+40 followed by an aluminum peak at m/z+27, a potassium and an iron peak. The peak at
m/z+27 could also be attributed to organic carbon e.g. CoH3 (Silva & Prather, 2000; Pastor
et al., 2003). However, from our EC/TC determination (see and the fact that other
possible markers OC such as m/z+29, 37, 43, 51 and 63 (Spencer & Prather, 2006) are very
weak, we assume the influence of OC to be smaller than from aluminium. The peak at vz
+56 is probably a mixture of Fe and CaO because of the small peak at m/z+57 that indicates
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378  the presence of CaOH. The three remaining clusters comprised 16 or less particles each and
379  showed mainly one single peak at m/z+41 or +42 or +43. As a consequence, these clusters

380  were assigned as unclassified.
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Figure 3 The three major clusters (i.e. particle types) identified for particles emitted by the CFM56-

7B26/3 engine during A-PRIDE 5.

By switching the polarities of the ATOFMS’ flight tubes, we were able to analyze negatively
charged ions and constituents, though the small number of spectra meant a cluster analysis
was not meaningful. Instead, the average spectrum of the negative ions is presented in
Although it cannot be used to identify the individual particle types, it provides insight into
most abundant chemical compounds of the analyzed particles. The average spectrum in
terms of relative peak area mainly shows the presence of EC (peaks at m/z+12, +24, +36,
etc.) and a prominent sulfate signal (m/z+97) which is a typical marker for sulfuric acid. The
average negative spectrum agrees with the positive ions that also indicate a prevailing
presence of EC.

Because all three major positive ion clusters indicated the presence of EC, we conclude that
the detected inorganic and metallic compounds were all internally mixed with soot particles.
This is also supported by the average negative spectrum and the fact that only 2.5 % of the
spectra did not show at least one peak associated with EC. Considering that some fraction
of soot can effectively act as INP (Cozic et al., 2008) and that a dominant fraction of ice
residuals in cirrus clouds contain metal compounds (Agrawal et al., 2008) the presented
findings support the assumption that aircraft engine emissions can act as INP.
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Figure 4 Average negative spectrum from the spectra collected from the CFM56-7B26/3 engine.

3.22 CFM56-5B4/P engine

The cluster analysis resulted in nine clusters, of which five were considered to represent the
main particle types . Although the total number of spectra recorded was only 317,
we still discuss the similarities to the particles sampled from the CFM56-7B26/3 engine.

The EC-S-metal (1) was the most abundant particle type (~44 %). Besides the very
prominent sulfate ion peak at m/z—97 and the EC pattern, this cluster also shows the presence
of metal compounds such as aluminium (mM/z+27), chromium (1nm/z+52), iron (m/z+56) and
molybdenum (m/z+92 —+100). The metal-N particle type (2) is made up from ~16 % of the
particles, and shows mainly metal compounds with the most pronounced peaks arising from
magnesium (M/z+24 — +26), iron, barium (mM/z+138) and calcium (m/z+40). Magnesium
was identified due the absence of other EC peaks and the matching isotopic ratio. Nitrate
was identified by the peak at m/z—46. Here, the EC pattern is only present in the negative
spectrum. The EC-Na-metal (3) particle type comprises ~25 % of the particles, and is
similar to cluster (1). However, this cluster includes a more intense sodium ion peak at m/~z
+23 and a lower intensity of the sulfate peak thus the negative EC pattern is relatively more
pronounced. The Ca-metal-Na-EC particle type (4) shows combined features of EC, metal
compounds and sodium. This cluster comprises ~8 % of all particles, and contrary to the
other clusters it shows strong signals of both barium and barium oxide. The peak at m/z—95
assigned to CH3SO3 is ambiguous due to the absence of other peaks from sulfates. Also, this
peak has not been observed in other clusters. The peak at m/z—95 could potentially be
associated with PO4 or NaCl,, however both are unlikely. The presence of phosphate is
implausible because no peaks from PO; and PO3; at m/z—63 and —79 were detected. For
NaCly, an additional peak from its isotopes at m/z—93 would be expected. The EC-S-K-
metal particle type (5) comprises ~6 % of the particles. This cluster has very similar features
to cluster (1) and (3), despite its dominant sulfate peak at m/z—96 instead at m/z—97. The
spectra of the remaining four clusters make up ~1 % of the total. These clusters all showed
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431  peaks associated with EC except for one. This cluster only contained one spectra with a
432 major peak at m/z+90 potentially from zirconium and a peak at m/z—17 (OH).
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Figure 5 Cluster analysis from the particle spectra measured from the CFM56-5B4/P engine, including
both positive and negative spectra.
323 CFM56-5C4 engine

The cluster analysis of the spectra obtained from the particles emitted by the CFM56-5C4
engine yielded six clusters, three of which already identified for the CFM56-5B4/P engine.
One cluster comprised only one particle. The two new clusters, metal-S-EC cluster (2) and
metal cluster (5), are depicted in The total number of particles chemically analyzed
from the CFM56-5C4 engine was 466.

The EC-Na-metal (1) particle type was very similar to cluster (3) from the CFM56-5B4/P
engine. Also, contribution by this cluster, 23 %, is comparable. The metal-S-EC (2) particle
type comprises 18 % of the particles. This cluster shows similar peaks to cluster (1), with
less pronounced EC and more intense sulfate peaks. Moreover, it has more pronounced peaks
from vanadium (nm/z+51) and molybdenum (m/z+92 — +100). The EC-S-metal particle type
(3) looked like cluster 1 from the CFM56-5B4/P engine. Both the clusters comprised the
same number fraction of particles (44 %). The metal-N particle type (4) made up of 12 %
of the total particles and was similar to cluster (2) for the CFM56-5B4/P engine with a
distinct presence of barium. The metal particle type (5) comprised ~3 % of the particles. As
shown, a combination of metal compounds was detected in the positive spectrum, though
the negative spectrum has major peaks that cannot be unambiguously assigned. The peak at
m/z —43 is assigned to C2H30 thus organic carbon (Spencer & Prather, 2006). The peak at
m/z—42 was assigned to CNO, which could emerge due to the simultaneous occurrence of
nitrogen and carbon in the particle (Mauney et al., 1984; Kolaitis et al., 1989). The peak at
m/z—184 could not be assigned. This cluster does not have peaks associated with EC in
either of the spectra. The sixth cluster (one spectra) had a dominant sulfate peak at mvz+97
and a peak at m/z—25 that could not be assigned.
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Figure 6 Cluster analysis from the particle spectra measured from the CFM56-5C4 engine.

3.2.4 Ambient background particles

ATOFMS measurements of ambient background particles were conducted in order to
investigate if ambient aerosol particles could influence the engines measurements. The 325
background particles were sampled overnight from 6:00 p.m. to 9:00 a.m. without an engine
running following the test run of the CFM56-5C4 engine which ended at 2:30 p.m. The
sampled particles represent the aerosol particles that enter the test cell with the air that is
consumed by the engine as it is running. During the overnight sampling, the airlocks of the
test cell were left open to allow a passive exchange of the outside air with the test cell air.
The sampling conditions did not fully reflect the situation during engine runs due to the flow
of air through the test cell during engine runs caused by the thrust of the engine.
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In total, the analysis yielded seven clusters. The two main particle types are displayed in
The K-N-Na particle type (1) made up ~54 % of the analyzed particles and has
dominant potassium peaks at m/z+39 and +41 and a smaller sodium peak. Calcium (m/z
+40) is also present though this peak can be the result of the potassium signal at m/z+39
(especially if it is very intense) to which the ATOFMS is very sensitive (Healy et al., 2013)
that sometimes causes a peak to be registered at m/z+40. The negative spectra are dominated
by ion peaks from nitrate at m/z —46 and —62. A likely association with K, Na and N is dust
(Jeong et al., 2011) probably from the road and the freeway nearby. The S-Fe-K particle
type (2) comprises ~18 % of the spectra. This cluster is dominated by a strong sulfate (1mvz
—97) signal and the presence of iron (M/z+56) and potassium ions (mM/z+39). This cluster
also has a weak EC signature in the positive mass spectra. Consequently, these particles
could be aged remainders from aircraft exhaust emitted during previous engine tests or soot
particles from sources nearby. The K-N-EC particle type (3) was made up of ~7 % of the
total spectra, and differed from the other clusters by its EC pattern up to Co (m/z—108)
mixed with potassium and nitrate. Additionally, it showed the metal compounds manganese
(mM/z+55) and iron (m/z+56). The Fe-N particle type (4) comprised ~7 %. In contrast to the
other clusters it displayed a prominent iron peak in the positive spectrum. The negative
spectrum was dominated by a strong nitrate signal and a smaller sulfate peak. The Ca-N-Na
particle type (5) comprised ~6 % of the particles. Except for the presence of calcium instead
of potassium, it had similar features than the K-N-Na particle type (1). The EC-Ca-K-S
particle type (6) made up ~5 % of the total particles. It depicted low intensities of
carbonaceous peaks from EC mixed with potassium, calcium and sulfate, and in contrast to
the other clusters, phosphate was detected, mainly at m/z—79 (PO3) and to a smaller extent
at mz—63 (PO.). These peaks are commonly associated with soil dust (Silva et al., 2000).
The K-CN-N particle type (7) only comprised ~2 % of the total particles. This cluster had a
strong potassium peak in the positive mass spectrum and peaks from organic nitrogen (nmvz
—26 (CN), —42 (CNO)) and nitrate (m/z—46, —62) in the negative spectra.
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Figure 7 Main clusters from the spectra collected during the ambient background measurements

performed in the test cell without an engine running.

3.25 Comparison of the identified particle types
The particle types identified as described in the previous sections are summarized in

The legend depicts the particle types that are detected in more than one engine type. As

mentioned, only small differences were recognized between cluster (1), (3) and (5) from the
CFM56-5B4/P and cluster (1) and (3) from the CFM56-5C4 engine. They are similar to the
EC-Na-metal particle type (cluster 1) presented for the CFM56-7B26/3 engine with respect
to the positive ion spectra. Also, the common particles types from The CFM56-5B4/P and
the CFM56-5C4 engine were similar in terms of number fractions. Together, these particle
types made up more than 75 % of the particles for both engines. These engines mainly
differed from the CFM56-7B26/3 engine because the metal-N particle type was not
observed. However, this is probably due to missing the negative spectra.

The analysis of the ambient particles revealed that they do not resemble the exhaust particles
sampled during engine runs. None of the particle types identified for ambient background
aerosol were found in the aircraft exhaust, and only ~12 % of the background particles
depicted a clear EC pattern in both the positive and the negative spectrum. These particles
were assumed to be remainders from previous engine tests or from sources in the vicinity
such as landing and starting aircraft or cars. Most similarities exist between the K-N-EC
(cluster 3) from the ambient background particles and the EC-Na-metal particle type from
the engines, though the K-N-EC particle type clearly differs by the presence of nitrate and
markers for organics. Nitrate however, is found in the metal-N particle type from the aircraft
engines. As all ambient particle types contained nitrate, it is possible that nitrate from
ambient aerosol is partly responsible for the nitrate detected in the particles emitted by the
engines. The opposite is the case for the metallic compounds, especially aluminium,
magnesium, vanadium, chromium, iron, manganese, molybdenum and barium. These are
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detected in most particle types of the engine emissions but only in cluster 2 and 4 from the
ambient background particles.

We conclude that, for metallic compounds the engine emissions have influenced the ambient
background particles and not vice versa. This is also supported by the fact that zirconium
was found in ambient background particles but not in those emitted by the CFM56-7B26/3
engine (see . Moreover, most metal compounds do not vaporize in the engine
combustor according to their boiling points that exceed the maximum combustor
temperature. Thus, the redistribution of the metal compounds from ambient particles onto
the soot particles in the aircraft engine could only happen by coagulation. However, this
would require the metallic compounds to be externally mixed in the ambient aerosol and the
cluster analysis showed that this was not case. Possible exceptions are calcium, sodium, and
magnesium that have boiling points potentially allowing their vaporization within the
combustor. Calcium and sodium are both abundant in ambient atmospheric aerosol and they
possibly can be redistributed from the gas phase onto the soot particles within the engine.
However, considering the large difference in particle concentration between ambient and
exhaust their influence is thought to be minor.

CFMS56-7B26/3 CFM56-5B4/P

(3) Ca-Al-K-metal 2 % (2) K-Na-Ca-EC 5 % . (5) EC-S-K-metal 6 %
(4) Ca-metal-Na-EC 8 %

(3) EC-Na-metal 25 %

(2) metal-N 16 %

(1) EC-S-metal 44 %

-EC-Na»melal
-EC-S-me‘ral

I vetarn

CFM56-5C4 Background
_ (5)metal 3 % (T)K-CN-N2 % (6) EG-Ca-K-S 5 %
(2) metal-S-EC 18 % i (5) Ca-N-Na 6 %
(4)Fe-N7 %

(1) EC-Na-metal 93 %

(1) EC-Na-metal 23 %

(3) K-N-EC 7 %
(4) metalN 12 % (1) K-N-Na 54 % )

(2) S-Fe-K 18 %
(3) EC-S-metal 44 %

Figure 8 Major particle types of the investigated aircraft engines and from the ambient background
aerosol. The number in parentheses is the cluster number as described in the corresponding
chapter.

3.3 Elemental Carbon to Total Carbon Ratio

Elemental Carbon to Total Carbon (TC) ratios were obtained from positive ATOFMS
spectra by adapting the method presented in Ferge et al. (2006). The thrust-dependent EC/TC
ratios for the CFM56-7B26/3 engine are displayed in The thrust percentage refers
to the predicted thrust at sea level. Depending on the applied thrust, the EC/TC ranged from
0.96 to almost 1. The EC/TC ratios for the emissions from the CFM56-5B4/P and CFM56-
5C4 engines were averaged over all measured thrust levels because the majority of the
spectra were obtained at thrust <30 %. These were 0.89 and 0.83 respectively, considerably
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lower than for the CFM56-7B26/3 engine. Thus, for this engine the relative contribution of
OC to TC is lower than for the other two engines. We attribute these differences to the
different combustion technologies of the engines. For comparison, Ferge et al. (2006)
reported EC/TC values for soot samples of two different sizes of 0.90 (£0.05) and 0.89
(£0.03) from a diffusion flame generator using setting for high organic loadings and 0.94
(£0.01) and 0.93 (£0.02) using setting for low organic loadings.

For comparison, we calculated the number of particles associated with EC, classed as
particles with peaks at m/z—36, —24, —12, +12, +24 and +36. The number fractions of EC-
containing particles emitted by the CFM56-7B26/3, the CFM56-5B4/P and the CFM56-5C4
engine were 97.5 %, 94.5 % and 96.7 %, respectively. Though the CFM56-5C4 engine is a
mixed flow engine where bypass air is mixed with the exhaust this did not to influence the
fraction of EC-containing particles. This may be explained by the relative low particle
concentration in the bypass air compared to the emitted soot particles.

1 T T T
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Figure 9 Thrust dependent elemental carbon to total carbon values measured by the ATOFMS for the
CFM56-7B26/3 engine.

For more detailed information on the carbon-containing particles, MS-Analyze was further
used to classify the particles into ‘EC’ and ‘ECOC’ classes for the CFM56-7B26/3 engine,
depicted inaccording to the applied thrust. The additional classes, ‘K noEC noOC’
and ‘EC + K’ were used in order to unambiguously identify the ‘ECOC’ class. The ‘K noEC
noOC’ class consisted mainly of spectra from particles that showed a dominant potassium
peak. The number fraction of the ‘ECOC’ class defined in this way has to be considered as
the lower limit because of the possibility that some of the particles from the ‘EC + K’ class
are actually ‘ECOC’.

The number fraction of the ‘EC’ class ranges from ~0.5 to ~0.9 % where the highest values
are found to occur in the high thrust range (85 % — 120 %). The ‘K noEC noOC’ class and
‘unclassified’ particles are the only ones not associated with EC, and were generally higher
at thrust <30 %. For the same engine type at thrust >30 %, Brem et al. (2015) found that the
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influence of aromatic species from the Jet A-1 fuel on soot emissions decreases with
increasing thrust. They attributed the observed maximum influence at 30 % thrust to the less
efficient combustion of aromatics, due to lower combustor temperatures and pressures. If
this applies to organics in general, more organic material would remain unburnt at low thrust
than at high thrust, which would explain the generally higher fraction of particles in the ‘EC’
class at higher thrust.
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Figure 10 Thrust dependent fraction of the particles from the CFM56-7B26/3 engine classified into ‘EC’
and ‘ECOC’. The ‘EC+K’ and the ‘K noEC noOC’ classes were needed to define the ‘ECOC’
class.

3.4 Metals

This section provides information on the abundance of individual metal species that were
detected in the emitted soot particles. This is of importance because metal-containing
particles are shown to potentially act as INP (Cziczo et al., 2013) and thereby impact the
global radiation budget. Moreover, they can cause adverse health effects (Pagan et al., 2003).
Further, we analyzed potential sources of metallic compounds, which include kerosene,
lubricant oil, grease and engine wear. Knowledge of the origin of the individual metallic
compounds is crucial for appropriate attempts to reduce their emissions.

3.4.1  Occurrence of metallic compounds

The following metallic compounds were detected to be internally mixed with the exhaust
soot particles: molybdenum, calcium, sodium, iron, copper, barium, chromium, aluminium,
silicon, magnesium, cobalt, manganese, vanadium, nickel, lead, titanium and zirconium.
These metallic compounds were detected for all three engines investigated except for
zirconium that was not found in particles from the CFM56-7B26/3 engine. Also, indium,
boron, selenium, arsenic, tin, wolfram, antimony and gadolinium were analyzed, but they
were not detected except for antimony, boron and wolfram that were identified on only four
or less particles each. In general, one or more metallic compounds were detected in a single
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particle, and the fraction of particles emitted by the CFM56-7B26/3 engine containing at
least one, two, three and four metals was 36.3 %, 19.9 %, 10.5 % and 3.2 %, respectively.

Although the ATOFMS is a non-quantitative instrument it provides relative peak areas of
the identified ions. These give some information on the quantity of chemical species within
individual aerosol particles as differences because the matrix effects of the ionization process
are minimized by using relative peak areas (Gross et al., 2000). The metals, number fractions
and peak areas are listed in The fractions are sorted according to the applied thrust
to reveal variations between the different phases during the flight of an aircraft. The relative
peak area value given in parenthesis is normalized for each metallic compound so that the
largest peak area measured corresponds to 1 for that metal. The number fraction of particles
containing the individual metallic compound emitted by the CFM56-5C4 and the CFM56-
5B4/P engine and sampled from the ambient background measurements. The data for these
two engines were averaged over all measured thrusts because not enough particles were
sampled for a thrust-dependent analysis. However, ~80 % of these particles were sampled at
thrusts <30 % corresponding largely to the low thrust range.

For the CFM56-7B26/3 engine the fraction of particles containing molybdenum is largest at
the high thrust range. Also within this range, the fraction was found to increase with
increasing thrust. For calcium, sodium, iron, copper and barium the corresponding fractions
of particles containing the metal are largest at low thrust and decrease with increasing thrust.
A reason for this behavior could be the increasing total particle concentration with increasing
thrust. If the total amount of these metallic compounds did not increase with increasing
thrust, then relatively less particles are affected by them. For chromium, aluminium, silicon,
magnesium, cobalt, vanadium, nickel, lead and titanium the corresponding fractions of
particles containing the metal are largest at medium thrust. In contrary to the other
compounds the peak area values from calcium and barium are not largest at that thrust range
where the fraction of calcium- and barium-containing particles are largest. This indicates
that the amount of calcium and barium present on each particle is largest at medium thrust
despite the smaller number fractions.

The fractions of metal-containing particles were generally higher for the CFM56-5B4/P and
the CFM56-5C4 than for the CFM56-7B26/3 engine with the largest differences found for
molybdenum, barium, chromium, aluminium, manganese, magnesium, vanadium, nickel
and lead. As discussed in the next section, kerosene, lubricant oil, grease and engine wear
are potential sources of these metals. One reason for the larger fractions is the possible
difference in oil and grease consumption. The CFM56-5B4/P and the CFM56-5C4 engine
generally have a higher oil consumption than the CFM56-7B26/3 engine. Another reason
for the differences in the measured metal-containing fractions are variations thereof over
time for the same engine. Alloys sometimes consist of heterogeneously distributed
compounds. Thus, if wear takes place and an engine alloy frets, its individual compounds
are unevenly released.

The presented fractions of particles that contain metallic compounds are lowest for the
ambient background particles except for silicon, lead and aluminium of which the latter
shows similar values than the CFM56-7B26/3 engine. It is likely that the ambient
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656  background measurements were influenced by previous engine test runs, especially by the
657 last test run engine beforehand conducted on the CFM56-5C4.

658 Table 1 Number fraction in percent of spectra from particles emitted by the CFM56-7B26/3, the CFM56-
659 5C4, the CFM56-5B4/P engine and from ambient background showing peaks indicating the
660 presence of the corresponding metal compound. For the CFM56-7B26/3 engine the values are
661 pooled into low (3 % — 7 %, idle/taxi), medium (20 % — 65 %, cruise) and high (85 % — 120 %,
662 take-off) thrust range, and the value in parenthesis is the average peak area normalized to the
663 largest value for each metal.
CFM56-7B26/3
Element CFM56-5C4 CFM 56-5B4/P Background
Low thrust Medium thrust High thrust
Molybdenum 5.3(0.52) 5.9(0.73) 9.6 (1.00) 55.9 36.7 1.9
Calcium 32.4 (0.61) 16.2 (1.00) 1.8 (0.04) 223 39.1 23.1
Sodium 29.1(1.00) 22.6 (0.41) 4.3 (0.06) 50.2 511 345
Iron 22.5(1.00) 8.4 (0.49) 0.7 (0.06) 33.0 35.5 11.1
Copper 2.9 (1.00) 0.4 (0.50) 0.0 (—) 2.6 6.7 2.5
Barium 0.5 (0.16) 0.3 (1.00) 0.1 (0.08) 3.7 16.5 22
Chromium 2.7 (0.10) 17.2 (1.00) 3.6 (0.18) 723 52.0 5.2
Aluminium 3.1(0.21) 8.4 (1.00) 1.0 (0.03) 8.3 13.5 15.1
Silicon 0.4 (0.36) 2.1 (1.00) 0.1 (0.15) 02 0.9 43
Magnesium 0.6 (0.46) 1.7 (1.00) 0.3 (0.04) 16.6 20.8 3.1
Cobalt 0.5 (0.83) 1.4 (1.00) 0.4 (0.93) 1.7 2.8 1.5
Manganese 0.3 (0.84) 0.9 (1.00) 0.1 (0.02) 17.5 17.4 8.9
Vanadium 0.4 (0.89) 0.7 (1.00) 0.1 (0.04) 9.4 9.2 34
Nickel 0.4 (0.12) 0.6 (1.00) 0.1 (0.04) 10.7 19.3 83
Lead 0.1 (0.36) 0.4 (1.00) 0.0 (—) 1.3 0.9 25
Titanium 0.0 (—) 0.2 (1.00) 0.0 (—) 0.0 0.9 0.0
Zirconium 0.0 (—) 0.0 (—) 0.0 (—) 0.9 0.6 03

664 3.4.2 Potential Sources of Metals

665  ICP-MS was conducted to investigate potential sources of the metallic compounds identified
666 in the exhaust particles of aircraft engines. It was applied as quantitative element screening
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on a) kerosene (Jet A-1 Fuel), b) engine lubricant oil (Mobile Jet II) and c) engine wear
collected from debris within the engine.

Kerosene and oil samples were taken from the batch actually consumed by the aircraft engine
during the A-PRIDE 5 campaign. As a reference for material from engine wear, a sample of
debris collected on the blades of the High Pressure Turbine (HPT) of another CFM-7B
engine type was used. The HPT is located downstream of the combustor where the collected
debris was carried and accumulated by combustor air. The influence of oil on the emissions
is thought to be less important compared to kerosene because of the much smaller amounts
consumed. The ratio of kerosene to oil consumption is estimated to be ~5000 + 1500 for a
CFM engine at cruise condition. Another potential source of the identified metal compounds
in the exhaust not analyzed herein is grease mainly applied to rotating engine parts.

The detection of silicon in kerosene and oil samples using ICP-MS was not possible because
of the analytical procedure applied. The concentrations in milligram per kilogram [mg/kg]
of the most abundant metallic elements in Mobile Jet A-1 Fuel and Mobile Jet II Oil are
shown in ‘Others’ comprise compounds with >0.1 mg/kg each, including barium,
manganese, arsenic, tin, nickel and molybdenum detected in both fuel and oil, whereas
indium and boron were solely detected in fuel, and selenium solely in oil. Besides the
metallic elements, sulphur and phosphor were also detected in both samples.

Table 2 Concentrations in milligram per kilogram [mg/kg] of the most abundant metallic elements in
Mobile Jet A-1 Fuel and Mobile Jet I Oil detected using ICP-MS.

Element Mobile Jet A-1 Fuel Mobile Jet 11 Oil
Calcium 113.15 30.82
Vanadium 3.59 1.82
Aluminium 3.08 4.35
Lead 1.98 >0.1
Iron 1.69 1.77
Magnesium 1.46 2.25
Titanium 1.45 6.01
Sodium 1.05 1.28
Copper 0.96 (—)
Antimony >0.1 1.15
Chromium (—) 1.09

Others 491 53

The elements that were detected in the solid HPT debris using ISP-MS are shown in[Table

in percentage of mass [wt%]. It only lists the elements detected in the exhaust particles as
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well, covering 98.2 % of the mass of the HPT debris sample. The debris was stored in 95 %
ethanol and 5 % isopropyl alcohol after sampling and a potential contamination from the
solvent cannot be excluded. The suspension was homogenized and dried directly before the
analysis.

Table 3 Mass fractions in percentage of mass [wt%] and 95 % Confidence Intervals (CI) of elements in
solid residue from the HPT debris obtained using ICP-MS.

Element Massfraction, Cl (95 %)

Silicon 60.1, [59.6, 60.6]
Calcium 12.2,[11.4,13.0]
Sodium 5.03,[4.88, 5.18]
[ron 5.00, [4.65, 5.35]
Aluminium 4.90, [4.60, 5.20]
Magnesium 4.00, [3.90, 4.10]
Nickel 3.43,[3.39, 3.47]
Chromium 0.90 [0.86, 0.94]
Titanium 0.63 [0.61, 0.65]
Manganese 0.3910.39, 0.40]
Lead 0.39[0.37,0.41]
Copper 0.48 [0.45, 0.51]
Cobalt 0.32[0.32, 0.33]
Barium 0.20 [0.17, 0.23]
Molybdenum 0.18 [0.17,0.19]

Vanadium 0.051 [0.049, 0.053]

Zirconium 0.017[0.012, 0.022]

The ICP-MS of the HPT debris was used to reveal compounds that are probably from engine
wear. Although the identified compounds were part of the combustion air, the actual
composition of the HPT debris as it was collected has not contributed to the combustion
process like kerosene and oil. From empirical values the HPT debris was accumulated in the
engine over an estimated engine operation time of about 20 000 hours to 30 000 hours.
During this time, huge amounts of air passed through the HPT, allowing the accumulation
of compounds not only from engine processes such as wear or kerosene and oil residues and
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but probably also from ambient aerosol collected during flight. We assume silicon, calcium
and sodium from ambient to cause the large weight fractions of in the HPT debris.

A potential source of aircraft engine wear are the so-called honeycomb structures that are
built into in the compressor region of the engine downstream the combustor. The honeycomb
structures are a wearing part made out of ‘Hastelloy X’. The chemical composition and the
corresponding weight fractions in percentages (in parenthesis) according to the specification
sheet (Haynes, 1997) is: Ni (47), Cr (22), Fe (18), Mo (9), Co (1.5), W (0.6), Mn (1), Si
(<1), B (20.008). It was suggested that wear from ‘Hastelloy X’ contribute to debris collected
in the HPT. However, the relative large amounts of molybdenum in ‘Hastelloy X’ and the
large fractions of exhaust particles containing molybdenum are not reflected in the small
mass fraction of molybdenum found in HPT debris. Thus, the amount of ‘Hastelloy X’ in
HPT debris is probably rather small. Nevertheless, this does not exclude the possibility of
wear from ‘Hastelloy X’ to contribute to the metals identified in the exhaust particles. Below,
we discuss potential sources for each individual metal compound identified in the emitted
engine particles based on the ICP-MS analyses.

Exclusively engine wear :

Zirconium was detected in small amounts in HPT debris but not in kerosene or oil. It is
known to be used as thermal barrier coating in aircraft engine parts (Miller, 1997). Cobalt
was detected in small amounts in HPT debris and it is used in ‘Hastelloy X’ but not in
kerosene or oil.

Mainly engine wear :

Iron was detected in substantial amounts in HPT debris and in ‘Hastelloy X’. It was also
found in kerosene and in oil. Compared to other metallic compounds such as vanadium, lead,
magnesium and titanium the number fraction of iron-containing particles was relatively high
whereas the amounts detected in kerosene and oil were similar. Thus, we assume this
difference in the fraction to be caused by the higher iron content in HPT debris and in
‘Hastelloy X’. Copper was detected in kerosene and it is used in ‘Hastelloy X’. Copper was
not detected in oil. It was detected in the exhaust particles mainly in combination with iron
indicating engine wear as a major source. Chromium was detected in HPT debris and
‘Hastelloy X’ contains a weight fraction of 22 %. Chromium is widely used in engine parts
e.g. aircraft turbine blades and alloys. It was detected in oil but not in kerosene. Nickel is
the most abundant constituent of ‘Hastelloy X’ and it shows a substantial weight fraction of
3.4 % in HPT debris. Only very low concentrations of nickel were detected in kerosene and
in oil. Molybdenum is a main constituent of ‘Hastelloy X’. However, in aerospace,
molybdenum disulfide is widely used in grease for lubricant applications where metal to
metal contact exists. It can be converted directly to molybdenum metal when heated
(Epshteyn & Risdon, 2010). The highest number fraction of molybdenum-containing
particles was measured at maximum thrust when grease consumption and engine wear are
likely to be highest. Only small quantities were detected in kerosene and oil. We therefore
assume molybdenum to originate mainly from engine wear and grease.

Mainly kerosene:
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Barium was detected in kerosene and in oil. It is not supposed to be present in any engine
parts. As a side note, it was earlier used in kerosene as a nucleation core for soot in order to
reduce the smoke number. Vanadium was detected in kerosene and in oil. Engine wear as
source of vanadium is not significant due to the very small amount detected in HPT debris.
Lead was mainly detected in kerosene and only small amounts were detected in oil and in
HPT debris. Lead is not used in any engine parts. Titanium was detected in kerosene and in
oil. Small amount were also detected in HPT debris may be from alloys used in the
compressor of aircraft engine upstream of the combustor. Calcium and sodium were both
detected in kerosene and in oil. Especially calcium was detected in relatively large
concentrations. Both kerosene and oil probably contribute to their existence in the exhaust
particles. Calcium and sodium originating from engine wear can be excluded because they
are not used in any engine part. However, ambient aerosol as an additional source is also
possible because of the large fraction of ambient background particles containing calcium
and/or sodium and the possibility that these compounds are redistributed onto the exhaust
particles via gas phase processes.

No main source identified:

Aluminium was detected in kerosene, in oil and in HPT debris. Also, it is used in many
engine parts. Silicon could not be searched for using the ICP-MS method applied to the
kerosene and oil samples. Small amounts of silicon are used in many materials used in
aircraft engines. Magnesium was detected in oil, kerosene and HPT debris which are all
potential sources. Manganese was detected in small amounts in oil, kerosene and HPT
debris. Similar to silicone, it is commonly present in engine parts.

4  Summary and Conclusions

We investigated the chemical composition of single particles from three different aircraft
engine emissions using an ATOFMS. Namely, a CFM56-7B26/3, a CFM56-5B4/P and a
CFM56-5C4 turbine were investigated. The CFM56 series are high-bypass turbofan engines.
The CFM56-7B26/3 and the CFM56-5B4/P are core flow engines whereas the CFM56-5C4
is a mixed flow engine. Particle types were identified using a data mining software enabling
the analysis of atmospheric mass spectra. The bulk EC/TC ratios were determined.
Furthermore, we determined the fractions of particles that contained metallic compounds. In
order to identify sources of the metallic compounds ICP-MS was performed on samples from
Jet A-1 fuel, Mobile Jet II and engine wear debris. The particles that were analyzed by the
ATOFMS represented a subset of the non-volatile emissions composing only the largest
particles due to instrumental restrictions.

Depending on engine type, 94.5 % to 97.5 % of the particles contained EC. Particles were
grouped into particle types according to their chemical compositions and interpreted. The
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particle types emitted by all three engine types showed similar chemical composition and
number fractions. The thrust-dependent TC/EC ratio of the emissions from the CFM56-
7B26/3 engine ranged from 0.96 up to more than 0.99 depending on the applied thrust. The
TC/EC ratio of the emissions from the CFM56-5B4/P and the CFM56-5C4 engine were 0.89
and 0.83, respectively. These results were not influenced by whether the engine was a core
flow engine or a mixed flow engine.

Particles containing metallic compounds were all internally mixed with the soot. The
following compounds were detected in particles from all engines: Cr, Fe, Mo, Na, Ca, Al,
V, Ba, Co, Cu, Ni, Pb, Mg, Mn, Si and Ti. Zr was only detected for the CFM56-5B4/P and
the CFM56-5C4 engine. The fraction of metal-containing particles was lower for the
CFM56-7B26/3 engine than for the CFM56-5B4/P and the CFM56-5C4 engine. To identify
sources of the metallic compounds ICP-MS analyses were carried out. Traces of all
compounds were detected in kerosene and/or in oil except for Co and Zr. We conclude that
cobalt and zirconium can possibly be used as tracers for aircraft exhaust because they solely
originate from engine wear. This accounts especially for cobalt because it was detected in
the emission from all of three engines investigated. However, this would require further
research because other combustion sources of cobalt- and zirconium-containing soot
particles cannot be completely excluded. Nevertheless, the usage of cobalt and zirconium is
rather limited. To use the other detected compounds as tracers is not possible because diesel
and petroleum are produced from crude oil just like kerosene. Thus, the metallic compounds
detected in kerosene can be expected to be found in other fuels and emissions, too.

In general, an unambiguous source apportionment of the metal compounds detected in the
engine exhaust particles is difficult because of multiple reasons. Most importantly, many
metals are detected at least in small amounts in multiple potential sources. Further, it is
difficult to quantitatively relate the sources to the compounds detected in the particles. On
the one hand, the relative extents of the contribution from the individual sources are not
exactly known. This is partly because aircraft engines are a complex system where
exploration of chemo physical processes of trace elements within the engine is difficult
because no direct observations are possible. On the other hand, the ATOFMS data is non-
quantitative and represent only the largest exhaust particles. Moreover, engine wear and oil
and grease consumption are not constant over the lifetime of an aircraft engine.

The implications of our results are of importance due to the potential of metal-containing
particles to act as INP and consequently impact cirrus cloud properties and thus global
climate (Cziczo et al., 2013). As a minimum value among the three engines, 36 % of the
particles emitted by the CFM56-7B26/3 engine contained at least one metallic compound. If
this applies to the smaller particles as well, these finding suggest that aircraft engine
emissions are a considerable source of potential INP in the atmosphere. The assumption that
smaller particles show similar chemical composition than larges ones is supported by the
fractions of metal-containing particles which did not show a size-dependence in our
investigated size-range. Also, Demirdjian et al. (2007) has not observed appreciable
differences in the chemical composition between small and large soot particles sampled
directly behind an aircraft gas turbine engine. The majority of the actual aircraft emissions
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take place in the upper troposphere where they mainly are at cruise condition that
corresponds to the herein presented medium thrust range. Our thrust-dependent analysis
revealed that for most of the metallic compounds, the measured averaged relative peak areas
were found to be largest at medium thrust. This indicates that also their contents in the soot
particles are largest at medium thrust. If the presence of a metallic compound is responsible
for the IN activity of a soot particle, a larger content probably enhances its effectiveness to
act as INP. At medium thrust range, measurements of the emissions showed high particle
concentrations of >10° cm™> (Abegglen et al., 2015) for the CFM56-7B26/3 engine. In the
upper troposphere the concentration of INP is typically in the order of <0.01 cm™ (P. J.
DeMott et al., 2003) where additional INP would contribute substantially to the total number,
potentially resulting in significant cirrus modifications (Hendricks et al., 2005). Therefore,
to understand the connection between metal-containing particles from aircraft exhaust and
ice nucleation, we recommend investigation of the ice-nucleating properties of non-volatile
aircraft emissions.
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