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a b s t r a c t

The mass and electrical mobility size of nascent soot generated by aircraft turbine engines
were measured using a Differential Mobility Analyzer, a Centrifugal Particle Mass Analyzer
and a Condensation Particle Counter in series. The measurements were conducted with a
commonly used engine at a maintenance facility at airport Zurich, Switzerland. The
aircraft engine under investigation was a CFM56-7B26/3. The used standardized sampling
system conforms to the emission certification regulations captured by the “Society of
Automotive Engineers, Aerospace Information Report 6241”. Effective densities of the
aircraft soot were derived using measured power-law relationships between mass and
electrical mobility size. The values ranged from 530 kg/m3 to 1865 kg/m3 depending on
the particle mobility size and applied engine thrust. Trends in these effective densities
suggest that the size of primary particles in the soot aggregates increase with increasing
thrust. The mass-mobility exponents associated with these engine thrusts ranged from
2.54 to 2.79 and 1.86 to 2.32 for thrust levels above 30% and below 30%, respectively.
Comparison with a second engine, a CFM56-5B4/2P, revealed higher effective densities for
particles smaller than 40 nm.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Knowledge of soot particle morphology is of major research interest because it influences several factors, such as the
particles transport behavior, radiative properties (Bond et al., 2013; Zhang et al., 2008) and health effects (Lighty, Veranth, &
Sarofim, 2000; Maricq & Xu, 2004). The most important aerosol‐radiation interaction of soot is its ability to absorb solar
radiation over a broad range of wavelengths and thereby directly cause a warming in the atmosphere and a dimming at the
surface (Bond et al., 2013). This light absorption stands in contrast to most other atmospheric aerosol particles, which
mainly scatter solar radiation. Furthermore, aerosol-cloud interactions lead to indirect radiative effects by altering cloud
properties, such as changing the albedo and lifetime of clouds (Boucher et al., 2013). The overall effects of soot on the global
.
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radiation budget are likely to be positive but they still remain uncertain (Bond et al., 2013; Myhre et al., 2013) due to the
variety in morphology amongst soot particles (Burtscher, 2005). Thus, morphology is one of the key quantities influencing
soot aerosol optical and cloud forming properties (Boucher et al., 2013). Also, the morphology of soot particles does not
remain constant over their atmospheric lifetime (Miljevic, Surawski, Bostrom, & Ristovski, , 2012) which is typically one to
two weeks (Cape, Coyle, & Dumitrean,, 2012). Regarding health effects arising from soot, several epidemiological studies
have concluded that diesel engine soot is likely to be carcinogenic to humans (Ris, 2008). Recently, the importance of a
better characterization of diesel exhaust from cars for investigating effects on humans was mentioned and targeted
(Wierzbicka et al., 2014).

Carbonaceous aerosol particles formed during various combustion processes largely differ in their physical properties
such as size, mass, and morphology. The term soot will be used hereafter to describe the carbon containing particle
agglomerates from fossil fuel combustion, excluding any organic species chemically combined with carbon such as
hydrogen, nitrogen, oxygen, phosphorus, sulfur, chlorine, etc. (Petzold et al., 2013). Soot particles grow from nearly spherical
primary particles into fractal-like aggregates. The primary particles emerge by nucleation and combine by coagulation to
form chain-like structures. Hence, their morphology depends on the number and size of the primary particles as well as on
the degree of compaction. A value often used to describe the morphology of fractal particles is the fractal dimension (Maricq,
2007; Shapiro et al., 2012). It relates the number of primary particles to the radius of gyration of the aggregate (Friedlander,
2000).

The combustion process itself determines the initial morphology of soot particles. Once emitted, changes in the
morphology of soot particles take place as the particles age due to atmospheric processing (Zhang et al., 2008). This involves
condensation of secondary organic substance and/or water onto the particles as well as the collapsing of the chain-like
primary structure, which results in a more spherical and compact aggregate (Ghazi & Olfert, 2013; Ma, Zangmeister, Gigault,
Mulholland, & Zachariah, 2013; Zhang et al., 2008). Therefore, information on the initial fundamental properties of these
particles is needed to understand these changes in the atmosphere and their effects on the Earth’s radiation budget.

Aircraft soot emissions have been increasingly studied because of the above mentioned issues, combined with the fact
that air traffic is steadily growing. In terms of revenue passenger kilometers, commercial air traffic is predicted to increase
from 5 billion in 2010 to 13 billion in 2030 (ICAO, Environmental Report, 2013). During taxiing and takeoff, the emissions are
released in the vicinity of airports in large quantities, directly affecting the local air quality and thereby the airport personnel
and local population. During flight, emissions take place in the upper troposphere where they are a unique source of fresh
soot. These emissions can lead to contrail formation and cirrus-cloud initiation, influencing the radiative budget of the Earth.
These processes are still little studied due to the difficulties in collecting such particles (Popovicheva & Starik, 2007). To
properly capture, quantify, and explore the implications of such aircraft emissions, it is important to know how physical
properties such as effective density and morphology of the soot particles change at various thrust levels.

The physical properties of fresh combustion generated particulate matter (PM) have been investigated for diesel engines,
emissions from which are thought to be similar to aircraft emissions regarding their physical properties: Onasch et al.
(2009) conducted measurements on fresh exhaust from a CFM56-2-C1 aircraft engine. The soot particles showed a similar
morphology and fractal nature as diesel and premixed flame soot of the same mobility diameters. The measured size range
however, was significantly lower for the aircraft engine than for diesel cars.

Limited data is available on the effective density of the PM emitted by aircraft engines. Onasch et al. (2009) calculated an
effective density of �1000 kg/m3 for particles from a CFM56-2-C1, using combined measurements of the aerodynamic
diameter in the free molecular regime and mobility diameter at rated thrusts 456%. The same method was applied by
Timko et al. (2010) investigating a PW308 turbine. Values for the effective density found ranged from 710 kg/m3 to 840 kg/
m3 for rated thrusts o50%. However, as both of these measurements were based on aerodynamic diameters in the free
molecular regime, the calculated effective density is differently defined than the hereinafter presented effective density
resulting in an error when estimating particulate mass (DeCarlo, Slowik, Worsnop, Davidovits, & Jimenez, 2004, Eq. (45)). A
need for mobility based effective density measurements therefore remains.

To derive morphological information of aerosol particles such as radius of gyration, number of primary particles, density
and fractal dimension, the most common techniques use light scattering measurements (Khalizov, Xue, Wang, Zheng, &
Zhang,, 2009; Kiselev et al., 2010; Sorensen, 2001) and/or Transmission Electron Microscopy (TEM) (Mathis et al., 2005;
Mazaheri, Bostrom, Johnson, & Morawska,, 2013). Effective density measurements may also provide information on
morphology if the particle material density is known. Moreover, mobility based effective densities allow commonly
available mobility size measurements to be translated into mass based PM emission indices. Various other studies have
characterized aircraft PM (Cheng et al., 2008; Rogers et al., 2005; Williams et al., 2012). Still, it remains challenging to
sample exhaust from an aircraft engine at a distance close enough to avoid mixing with ambient aerosol and associated
condensation of organic substances onto the soot particles. For instance, Petzold et al. (2005) simulated an aircraft engine
using a modified combustor which had the same thermodynamic data and emissions.

Here, we present comprehensive size selected mass measurements on freshly emitted soot particles, sampled directly
(�0.7 m) behind a CFM56-7B26/3 engine, which is widely used on commercial aircraft. The engine has a single annular
combustor for improved emissions and is applied in Boeing 737 aircraft. In order to measure fresh, non-aged aircraft
exhaust, a distance of 1 m behind the engine exit plane has been previously shown to sample only refractory carbon soot
particles (Onasch et al., 2009). Two different sampling probes, a single-point and a multi-point probe, were used which span
the entire thrust and measured size distribution range. The measurements were conducted at an engine maintenance
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facility at Zurich airport, Switzerland. The test facility is run by SR Technics, a company that provides technical solutions to
airlines. The presented measurements were performed during the so-called “dedicated” tests. This means that a rented
aircraft engine was run according to the needs of the scientific staff. The measurements provide information on the effective
density and the mass-mobility exponent, which is associated to the fractal dimension. Note that Durdina et al. (2014) also
used effective density values of the CFM56-7B26/3 engine exhaust particles to derive thrust dependent PM line losses for
the presented experimental set-up and discussed them accordingly. We also compare with literature data (Johnson et al.,
2015) for the same engine type and effective density measurements from a CFM56-5B4/2P engine, a dual annular combustor
turbofan for low NOx emissions.

2. Fractal aggregates

Objects with infinite dilation (self-similarity) symmetry are called fractal. Real objects are also termed fractal if they show
self-similarity over the scale of their size. Soot particles often display self-similarity on different length scales, and are
therefore often described by a fractal scaling law relating aggregate size and number of primary particles to describe their
morphology (Schmidt-Ott, 1988).

Equation (1) defines a relationship for fractal aggregates (Sorensen, 2011) consisting of spherical primary particles. It
relates the number of primary particles (Npp) to the radius of gyration (dg) normalized to the diameter of the primary
particles (dpp). This implies self-similarity of the agglomerates over a certain range for Npp.

Npp ¼ k ðdg=dppÞDf ð1Þ
where Df is the fractal dimension and k is a scaling prefactor.

Assuming the electrical mobility size scales with Npp, it can analogously be written:

Npp � dDm
m ð2Þ

In which dm is the electrical mobility diameter and Dm is the mass–mobility scaling exponent.
As the primary particles are formed in the same environment, their size and density can be assumed constant (Schmidt-

Ott, Baltensperger, Gäggeler, & Jost, 1990), the particle mass (mp) is then directly proportional to Npp:

mp ¼ Cndεm ð3Þ
C is a constant with units [kg/mε], and is called the mass–mobility prefactor. ε is the mass–mobility exponent, which is

related to the arrangement of the primary particles within the agglomerate such that ε¼1 and 3 correspond to an infinite
long straight chain-like structure and a compact sphere-like structure, respectively (Friedlander, 2000).

When reporting densities of fractal aggregates, the effective density is a convenient quantity because it can be
determined experimentally. Knowledge of dm and the corresponding mass yields the effective density ρeff (DeCarlo et al.,
2004):

ρeff ¼
mp

d3m

6
π
¼ Cndεmn6

d3mnπ
¼ C'ndðε�3Þ

m ð4Þ

C and C0 are related such that:

C0 ¼ Cn
6
π ð5Þ

where C0 is a constant with the same units as C [kg/mε]. It is called the density–mobility prefactor. Hereafter, we always refer
to the mass–mobility prefactor C.

3. Experimental methods

The Aviation Particle Regulatory Instrumentation Demonstration Experiment 5 (A-PRIDE 5) was conducted in the aircraft
engine test cell at SR Technics, Zurich airport. We present data collected from 3rd to 24th of August 2013 during the
dedicated measurement tests.

3.1. Measurement procedure

A dedicated measurement run consisted of a warm-up (WU) procedure typically comprising four thrust levels including
ground idle (GI) followed by a sequence of up to 12 thrust levels on a decreasing power curve (Table 1). Prior to each
measurement run, the engine must perform a warm up procedure consisting of a sequence of ascending thrust levels. The
purpose was to heat up the probe by stabilizing the engine at these values for about 5 min. The engine test points were set
using the combustor inlet temperature T3. T3 was used to predict the thrust at sea level (static thrust the engine would
produce at 1 atm ambient pressure and 15 1C) and can therefore exceed 100%. Here, we report this predicted thrust. Because
the ambient temperature and pressure varied between engine runs, the actual thrust produced by the engine varied at
constant T3. Note that different definitions of thrust exist which are reported in other publications referenced later herein.
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Table 1
Overview of test points, predicted thrust levels and number of measurements per selected mobility size conducted. Ground idle (GI) and warm ups (WU)
are conducted in addition to the desired test points.

Test point Thrust level [%] Number of measurements per thrust level at the selected mobility size [nm] (columns) and engine thrust (rows)

20 30 40 50 60 75 90 100 125 150

GI 2.570.5 1 4 1 3 1 3 1 – – –

WU7 771 1 1 – 2 – 2 – 1 – –

WU65 6672 1 4 1 6 1 3 1 3 – –

WU85 8472 1 3 – 4 1 3 – 2 1 –

0 11876 – 3 2 – 1 2 – 2 – 2
1 104.576 3 9 4 12 6 6 2 10 2 10
2 99.574 1 2 4 4 – – – 2 1 6
3 9476 4 13 8 10 4 5 2 8 8 7
4 8571 1 3 1 3 1 2 2 3 1 5
5 6771 3 10 13 9 4 6 2 8 3 5
6 3372 3 6 4 9 2 7 1 7 – –

7 2671 – 2 3 8 1 2 – – – –

8 2271 – 1 2 8 1 1 – – – –

9 771 – 1 3 8 2 1 – – – –

10 671 – 3 3 18 – 1 – – – –

11 371 – 4 3 17 2 2 – – – –

Ejector dilutor PM Instrumentation

Annex 16 instrumentation (gas)

Nafion dryer

Ancillary Annex 16 instruments

DMA CPMA CPC2×

160 °C
60 °C

unheated

PM line

Annex 16 line

Sample probe
Engine

SMPS

T
RH

Spill

Fig. 1. Schematic of the experimental set-up during A-PRIDE 5. The effective density measurements were performed using the two identical DMA–CPMA–
CPC systems.
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Durdina et al. (2014) and Lobo et al. (2015) used a definition of thrust that corresponds to a thrust corrected to International
Standard Atmosphere (ISA) conditions at sea level (p¼101,325 Pa, T¼288.15 K) whereas Johnson et al. (2015) used the
uncorrected measured thrust in the test cell.

The observed ranges for each engine thrust level are given in Table 1. At each thrust level a number of mass scans were
performed at different particle mobility sizes (see Section 3.3). The number of test points measured varied from day to day
because the engine test cycles varied in duration and thrust settings. In addition to the dedicated measurement runs,
measurements were taken during post-maintenance engine runs of customer engines.
3.2. Sampling system

Figure 1 shows a schematic of the experimental set-up during the campaign. The used standardized sampling system
conforms to the emission certification regulations captured by the “Society of Automotive Engineers, Aerospace Information
Report 6241” (SAE, 2013). Exhaust was sampled by either of two 8 mm ID sample probe at a distance of �0.7 m behind the
engine and then distributed to the different instruments. The probe inlet was oriented to sample parallel to the exhaust
stream. The probe was vertically movable to adapt to different types of engines. In addition to the earlier used single point
probe, a multipoint probe was introduced on the 17th of August. It consisted of 24 selectable sampling nozzle positions in a
cruciform pattern. Twelve of them were used to provide a representative sample directly at the engine exit plane according
to the emissions certification requirements (ICAO, 2008). The sampled engine exhaust was drawn through tubing heated to
160 1C in order to prevent condensation and/or evolution of secondary organic aerosol in the sampling system.

The sampling system consisted of two main measurement lines: the PM line and the Annex 16 line. The PM line was
diluted with synthetic air (grade 5.0) by a factor of ten using a Dekati ejector dilutor (Dekati, Model DI 1000, Dekati Ltd.,
Kangasala, Finland) and was kept at 60 1C. This line was primarily used to measure non-volatile PM number and mass.
“Annex 16” refers to the standard: “International Civil Aviation Organization Annex 16: Environmental Protection, vol. 2 –
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Aircraft Engine Emissions” (ICAO Annex 16 VOL II; ICAO, 2008), which prescribes standards and procedures for the
certification of aircraft emissions. The undiluted Annex 16 line was heated to 160 1C and was primarily used for
measurements of gaseous emissions.

For our measurements, a split was installed in the Annex 16 line leading into a 60 1C heated line. The advantages of
measuring on the Annex 16 line were a stronger signal due to a higher particle concentration as well as being unaffected by
changes in the dilution ratio in the PM line during some experiments. Downstream of the Nafion dryer (Perma Pure, Model
PD-100T-24(MSS), Perma Pure LLC, Toms River, USA) the flow was no longer heated. The conditions for nucleation were
monitored by measuring temperature (T) and relative humidity (RH) downstream of the dryer.

The flow was then distributed into ancillary Annex 16 instruments, into a Scanning Mobility Particle Sizer (SMPS, TSI,
Model 3936, TSI Inc., St. Paul, USA) system, and into the two identical Differential Mobility Analyzer (DMA; TSI, Model 3081,
TSI Inc., St. Paul, USA)–Centrifugal Particle Mass Analyzer (CPMA; Cambustion Ltd., Cambridge, UK)–Condensation Particle
Counter (CPC; TSI, Model 3776; TSI Inc., St. Paul, USA) systems. The two DMA-CPMA-CPC systems described below sampled
from the Annex 16 line except for the two first dedicated measurement days.

3.3. DMA-CPMA-CPC systems

Performing one DMA-CPMA-CPC scan at a fixed particle size and aircraft engine thrust eventuating in one mass
distribution takes between 4 and 7 min. The exact duration depends on the resolution of the scan and the average mass of
the single particles under investigation. Due to time restrictions on the engine runtime and scarcity of repetitions, it was
only possible to scan a limited number of sizes (see Table 1). In order to record a more comprehensive data set, two DMA-
CPMA-CPC systems were set up in parallel. During the entire campaign, the monitored T and RH downstream of the dryer
ranged from 22 1C to 28 1C and 20% to 38%, respectively. This results in a maximum dew point temperature below 12 1C
when taking the extreme values, so that condensation of liquid water is unlikely to have taken place.

The DMA was used to select particles of a desired electrical mobility size. The sheath and the aerosol flow rates were set
to 12.0 l/min and 1.5 l/min, respectively. The DMA was part of an electrostatic classifier model 3080 (TSI Inc., Shoreview,
USA). Before the particles entered the systems they were treated with an aerosol neutralizer (model 3077, TSI Inc.,
Shoreview, USA) to apply a known charge distribution to the particles (Wiedensohler, 1988). This ensures an accurate
measurement when using instruments operating with an electrostatic principle, as it is the case for the DMA and the CPMA.

The CPMA classifies particles according to their mass to-charge-ratio (Cambustion, Cambridge, UK; Olfert & Collings,
2005; Olfert, Symonds, & Collings, 2007). Within the CPMA, the particles pass between two rotating concentric cylinders
with an applied voltage. Only particles in a narrow mass-to-charge ratio range are transferred through the instrument. The
particle concentration downstream of the CPMA was recorded by a CPC at a flow rate of 1.5 l/min using an external pump.

3.4. Measurement uncertainty

From our measurements we obtained standard deviations for the size- and thrust-selected measured mass of maximum
16.6% for particles r40 nm and 11.0% for particles 440 nm. An exception was the data point of lowest thrust level (3%) and
dm¼40 nm that showed an exceptionally high standard deviation of 23.6% and was therefore excluded from further
analysis. Reasons could be the variations of thrust (371%) when setting this test point and the possible changes in the size
distribution (see Fig. 2). The number of measurements performed for the same particle size and at the same thrust level
Fig. 2. Typical PM distributions measured on the 28th of August using an SMPS system on the Annex 16 line after the Nafion dryer.
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varied from one to nine. If less than three mass scans were performed for a given size and thrust, the above mentioned
maximum standard deviation was applied to these data points as well. The data between individual test days vary mainly
due to different ambient conditions affecting the engine operation.

3.5. Effective density and mass–mobility exponent calculation

The effective density was calculated from the selected mobility size and the respective measured particle mass using the
mass-mobility relationship shown in Eq. (4). The mass was determined as the mode of a lognormal function fitted to the
mass distributions recorded by the CPMA. The particle mass was averaged for the same particle size and engine test
conditions. The averaged mass was then fitted for each test point using Eq. (3). This was done using units such that the
values (mass and mobility size) were close to one in order to avoid reaching limitations of the fitting program. The fitting
procedure was then repeated in SI units holding the beforehand derived ε constant. It was not possible to derive ε for thrust
levels consisting of three or less different sizes measured because of the few number of data points available for fitting. The
precision in terms of effective density of the DMA–CPMA–CPC system itself was determined to be 79.4% (Johnson,
Symonds, & Olfert, 2013).

4. Results and discussion

4.1. Mass–mobility relationship

Figure 2 shows exemplary size distributions measured on the 28th of August representative for the effective density
measurements conducted after the Nafion dryer during A-PRIDE 5. The particle size distributions were lognormal for all test
points. The geometric mean diameter (GMD) had a local maximum of �20 nm at engine idle and then monotonically
increased with thrust reaching 60 nm at maximum thrust. The particle number concentration followed the same trend
showing a local maximum at idle, a minimum at 7% thrust and then an increase with increasing thrust. The broadening of
the size distribution and the increase in particle concentration therefore allowed to select a wider range of particle size at
higher thrust levels. At thrust levels below 30% the investigated size range spanned mobility sizes from approximately
30 nm to 75 nm in diameter whereas for higher thrusts the range spanned from 20 nm to 150 nm in diameter.

The mass-mobility relationship for the CFM56-7B26/3 engine at 3%, 7%, 22%, 33%, 67%, 95% and 105% thrust is shown
in Fig. 3. The x- and y-axis show the selected mobility size and measured mass, respectively. The error bars represent the
standard deviation derived from the modal mass measurements at constant DMA and thrust conditions (see Section 3.4).
The data points are grouped into boxes each showing the measured masses for a certain dm at different thrust. They are
depicted with a slight offset in x-direction such that the thrust in one box increases from left to right. The mass at a certain
size is generally increasing with increasing thrust. This implies a more compact arrangement of the primary particles that is
also supported by values of the mass mobility exponents discussed below or a bigger primary particle size.

The measured particle mass ranged from 5.5�10�3 fg to 1.4 fg for particles with dm¼20 nm and 150 nm, respectively.
With increasing width of the size distribution the applied power law fit generally improves with respect to the 95%
confidence interval of the coefficients C and ε.

Figure 4 summarizes the mass mobility exponents obtained for the dedicated runs (full circles) and for warm up (empty
circles). The mass mobility exponent was found to be significantly lower at low thrust than at high thrust. At thrust levels
below 30% it ranged between 1.85 and 2.32 and at thrust levels between 67% and 120% it ranged from 2.57 to 2.79. At 105%
thrust, the measurements performed on particles smaller than 30 nm exceptionally showed a decrease in effective density
(see Section 4.2) compared to the value measured at 30 nm and were therefore not taken into account for the calculation of
ε. This behavior was also observed by Johnson et al. (2015) and needs further investigation.
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The general increase of the uncertainty in εwith decreasing thrust is assigned to the decrease in number of selected sizes
and decreasing size range. The relative high value of ε (42.50) for thrust higher than 60% indicates that the particles have a
more spherical shape and are less fractal than observed in other combustion sources. Olfert et al. (2007) determined mass
mobility exponents from a diesel oxidation catalyst using a similar DMA–CPMA–CPC system. The values ranged from 2.22 to
2.48 at engine loads where the sulfate level was low enough to neglect condensation onto the particles. Park, Cao, Kittelson,
& McMurry (2003) found values ranging from 2.33 to 2.41 at different loads for a diesel engine (John Deere 4045, 4
cylinders, 4.5 L, 75 kW). Table 2 summarizes this study’s mass mobility exponents and mass mobility prefactors derived at
the different engine loads and corresponding size ranges.

Due to the set-up of two parallel DMA-CPMA-CPC systems, it was possible to perform enough mass scans to derive the
mass-mobility relationship at 7%, 66% and 85% thrust during warm up. Except for 7% thrust during warm up, the particles
show very similar ε during the warm up as compared to the dedicated runs. This indicates similar particle morphology and
comparable combustion process. The difference in ε at 7% thrust during warm up and ε at 7% during the dedicated runs can
be explained by the fact that the temperature inside of the engine influences the combustion process. This temperature was
still near ambient conditions just after the cold start when the warm up procedure was initiated.
4.2. Effective densities

Figure 5 shows that the effective density decreases with increasing particle size. The decrease of effective density with
mobility size was observed for all measured thrust levels. Hence, these particles can be considered to follow the concepts of
fractal aggregates. For particles with dm¼30 nm, the effective density ranged from 1075 kg/m3 to 1490 kg/m3, with the
exception of the high value of 18657291 kg/m3 at 118% thrust. At dm¼75 nm, measurements spanning the whole thrust
range were conducted and ρeff ranged from 530 kg/m3 to 1020 kg/m3. With increasing thrust the effective densities
generally increase for all selected sizes due to changes in the combustion process. Excluding 118% thrust, this increase in
effective density is smaller for smaller dm. For particles larger than 100 nm only measurements at thrusts levels Z67% were
possible and ρeff approaches �800 kg/m3 for dm¼150 nm.

The mass distributions used to determine the mass of the size selected particles show a single mode for particles with a
dmZ30 nm. For particles o30 nm, the distributions are not always unimodal. In this case, it is assumed that the selected
mobility size was close to the size of the primary particles and the number of primary particles was close to the limit of one
single primary particle. For a diesel engine, the measured dpp ranged from 24 nm to 28 nm with a standard deviation of
�25% (Rissler et al., 2013), i.e. were observed with a similar value within the uncertainty range. Furthermore, the possible
increase in aircraft engine primary particle size with increasing engine thrust is consistent with similar studies on
combustion engine exhaust particles. Mathis et al. (2005) found values for dpp of a heavy-duty diesel engine to vary between
17.5 nm and 32.5 nm depending on engine power and injection pressure with larger dpp at high engine load.

The effective density is equal to the material density if the number of primary particles reaches the limit of one. If at 118%
thrust the primary particle size was reached at dm¼30 nm, the material density of the particles investigated in this study
would correspond to 18657291 kg/m3. Within its uncertainty, this value is consistent with the density of 1700770 kg/m3

found by Park, Kittelson, Zachariah, & McMurry (2004) for preheated (in order to avoid condensation of organics) diesel soot
particles. In addition, a primary particle size of 30 nm is consistent with the measurements of Vander Wal, Bryg, & Huang
(2014), where primary particles larger than 25 nmwere observed at 85% thrust for a different aircraft engine, namely a CFM-
56-3 aircraft engine. Despite the effort taken to avoid condensation of volatile and semi-volatile species by heating and
drying the sample during A-PRIDE 5, an influence thereof on the measured effective density cannot completely be excluded
because no corresponding measurements were performed.

Since the effective densities obtained at different thrust levels do not converge to one single mobility size, it is possible
that the primary particle size changes with changing thrust. By extrapolating the fits towards smaller sizes, the above
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Table 2
Coefficients ε and C (see Eq. (3)), and the corresponding valid size range at different thrust levels.

Thrust level [%] ε C [kg/mε] size range [nm]

3 2.2170.32 810 �10�6741 �10�6 30–75
7 1.8670.37 20.7 �10�670.2 � 10�6 30–75
22 2.1870.28 400 �10�6730 �10�6 30–75
26 2.3270.17 5.48 �10�370.20 �10�3 30–75
33 2.5470.29 220 �10�3710 �10�3 20–100
67 2.7670.09 7.2870.13 20–150
85 2.6270.04 1.0670.007 20–150
94 2.7170.08 4.0670.059 20–150
99.5 2.7270.20 4.8670.13 20–150
104.5 2.5770.08 0.4670.008 30–150
118 2.7970.07 15.1770.18 30–150
Warmup: Thrust level [%]
7 2.8870.17 57.1271.52 20–100
66 2.7370.10 5.1670.10 20–140
84 2.7070.16 3.3270.083 20–140
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assumed material density would be reached at smaller sizes for lower thrusts. Thus, our data imply that the primary particle
size decreases with decreasing thrust. Consistent with this hypothesis, Vander Wal et al. (2014) have also observed smaller
primary particle sizes at lower thrust conditions for aircraft-turbine soot. Moreover, this hypothesis is confirmed by findings
of Liati et al. (2014) who analyzed TEM pictures of aircraft engine exhaust particles sampled during the same A-PRIDE 5
campaign. The primary particle size was found to increase from 1373 nm at low thrust (7%) to 2479 nm at high thrust
(100%) conditions using the same definition of thrust as presented in this study. The authors attributed the increase in size
with increasing thrust to a decrease in air-to-fuel ratio and a shorter residence time of the combustion products within the
combustor; both processes probably lead to a reduction of the soot oxidation rate and thus to larger primary particle sizes.
Changes in the combustion temperature within the engine may also have played a role. It is worth noting that Dastanpour
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Fig. 7. Comparison of effective densities derived by our measurements (triangles) from a CFM56-7B26/3 (full) and a CFM56-5B4/2P (open) engine to
literature values measured by Johnson et al. (2015) (circles) from a CFM56-5B4/2P engine at similar thrust levels.
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and Rogak (2014) have observed that soot aerosols tend to be external mixtures of soot aggregates, with smaller aggregates
containing smaller primary particles and vice versa. In the present sample, such an effect would have to be secondary to
thrust effects for the trends observed herein and by Liati et al. (2014) to be true.

We also calculated effective densities for particles o30 nm at thrust levels above 100% but these effective densities did
not follow the fractal nature observed for the larger particles and the uncertainty range was exceptionally high and were
therefore excluded from analysis.
4.3. Comparison of the single vs. multi-point probe

Figure 6 shows a comparison of the two probes. Depicted are the residuals of the measured masses predicted from the
overall best fit to Eq. (3) and using all valid mass measurements. Residuals represent the error of a measured data point to the
mathematically derived value using a fit function. The thrust range is colored in blue and red for the single point and the
multi-point probe, respectively. To visually separate the measurements from the two probes, the data points from the single
and multi-point probe have been arranged with a negative and positive offset from the actual value on the x-axis. Due to the
lack of measurements of particles having the same size and thrust conditions when comparing both probes, only few
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overlapping data points exist. The residuals are within 740% for the majority of measurements. The residuals generally
increase with decreasing thrust for a given dm. Hence, residuals would be smaller if only data from one thrust level was fitted.
That is, the thrust-dependent mass-mobility relationships discussed in Section 4.1 provide a more accurate mass prediction
than this overall fit.

No systematic difference in terms of particle size and corresponding mass can be found between the single- and the
multi-point probe. Consequently, data from both the probes were combined for the effective density analysis as
presented above.

In a similar way, size selected particle masses measured from the Annex 16 line were compared with those measured
from the PM line (cf. Fig. 1). No significant or systematic differences were revealed. This indicates that the particles
experienced negligible restructuring and/or condensation of secondary material in either of the sampling systems after
emission. If this had been the case, significant differences would have been expected to arise due to the different
temperatures in the two sampling lines. As a consequence of these results, the comparison of two engines as discussed in
the next section includes all measurements, regardless of sampling probe or sampling line.

4.4. Comparison to the CFM56-5B4/2P engine

In addition to the measurements conducted on the CFM56-7B26/3 engine during A-PRIDE 5, we performed 22 DMA–
CPMA–CPC scans for a CFM56-5B4/2P engine at 3 different thrust levels in the range of 21–40% during A-PRIDE 4 in
November 2012. Corresponding size distributions for the same CFM56-5B4/2P engine can be found in Lobo et al. (2015) that
shows that the emitted particles are generally smaller. This engine has a unique dual annular combustor with two rings of
fuel injection points designed for low NOx emissions. The CFM567B26/3 has a commonly used single annular combustor.
Both engines are turbofan engines and do not mix the air from the engine core with bypass air before the exhaust duct.
Johnson et al. (2015) performed effective density measurements on the same CFM56-5B4/2P engine at the same SR-Technics
facility during SAMPLE III.2 in April/May 2012 (EASA, 2012). The measurements were also conducted using a CPMA,
sampling from both, the PM line and the undiluted Annex 16 line. In this section, we compare these two data sets for
overlapping thrust levels. However, Johnson et al. used actual measured test cell thrust for which the corresponding
combustor inlet temperature linked sea level thrust for Zurich can be up to 15% higher depending on the different ambient
conditions.

Figure 7 shows this study’s measurements (triangles) for both engines in addition to the University of Alberta (UoA) data
from Johnson et al. (2015) (circles). The data are grouped into three thrust categories: 2171%, 2571% and 3575% thrust (a,
b and c). Figure 7a includes an additional UoA measurement performed at 17.4% thrust (empty circles). UoA used a CPMA
and a modified Differential Mobility Spectrometer (mDMS) system to derive effective densities (Johnson et al., 2015). The
CPMA preselected particles with a certain mass-to-charge ratio. The mobility size distributions of the preselected particles
were then obtained from the mDMS. Data was recorded from both lines with and without a Catalytic Stripper (CS). The CS
was used to remove the gas-phase and semi-volatile fraction of the soot particles. In contrast to our findings, Johnson et al.
observed a significant difference in the effective density measured from the diluted and the Annex 16 line. Therefore, we
compare our data only to data recorded at the Annex 16 line without a CS.

Comparison of the two CFM56-5B4/2P engines (circles and open triangles) reveals that the UoA data is generally higher
but within the uncertainty range. The most striking difference is that except for the lowest thrust shown in Fig. 7a, the
measured UaA-effective densities show maxima for particle sizes between 30 nm and 40 nm whereas our data depict a
steady increase towards smaller sizes. Possible reasons for these differences could be different experimental set-ups as
outlined above, the different ambient measurement conditions, or differences in the engine/combustion process. The UoA
data were recorded in April/May, whereas our measurements took place in the month of August (A-PRIDE 5) and November
(A-PRIDE 4). The ambient temperature and pressure can influence the combustion process and thereby particle formation.
As a consequence, the season when the experiment took place might have to be considered as well for the interpretation of
the results. However, due to the lack of data from different seasons no conclusions are drawn regarding the effect of ambient
T and RH on particle effective densities. Additional reasons for the observed differences could be due to different
measurement techniques and engine wear.

The comparison of the CFM56-7B26/3 to the CFM56-5B4/2P engine in Fig. 7a and b indicates that the CFM56-5B4/2P
engine yielded lower effective densities than the CFM56-7B26/3 engine for particles o40 nm. We assume that these
differences are attributed to the different combustor systems described above that likely produce different primary particle
sizes as well that could affect the measured effective density.

To infer similar information from the data presented in Fig. 7c is less appropriate since herein, non-overlapping thrust
levels of 40% and 33% are compared. The effective density however, was shown to increase with increasing thrust.
Consequently, the effective density of particles from the CFM56-7B26/3 engine is likely to be higher if it would have been
measured at the same 40% thrust level rather than at 33%. For particles with a mobility diameter Z40 nm, the effective
density of particles from both engines lies within the uncertainty range. The change in effective density with mobility size is
smaller for the CFM56-5B4/2P engine for all thrust levels.

Johnson et al. (2015) calculated a mass-mobility exponent for the measurements at 17.4% of 2.72 and 2.75 as shown
in Fig. 7a. At the closest thrust level of our measurements of 22%, the mass-mobility exponent for particles from the CFM56-
7B26/3 engine was only 2.1870.28. This indicates that the particles from the CFM56-5B4/2P engine were more spherical in
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the range of these low thrust levels. In our measurements, similar values of ε (�2.74) were only observed at thrust 460%
(see Fig. 4) for the CFM56-7B26/3 engine.

5. Summary

To measure the effective density of non-volatile particles emitted by a CFM56-7B26/3 aircraft engine, a DMA–CPMA–CPC
system was used in the framework of the A-PRIDE 5 campaign. The measurements were performed for 12 different thrust
levels and spanned the mobility size range from 20 nm to 150 nm depending on the corresponding size distribution and
instrument restrictions. Mobility-based effective densities decreased with increasing mobility size. The effective density
increased with increasing engine thrust due to changes within the combustion process. It ranged from 1075 kg/m3 to
1865 kg/m3 for dm¼30 nm including all thrust levels. The mass-mobility exponents ranged from 1.85 to 2.32 for thrust
levels o30% and from 2.54 to 2.79 for thrust levels 430%. For particles larger than 100 nm, only measurements at thrusts
levels Z67% were possible because of size distribution and instrument limitations. ρeff approached �800 kg/m3 for
dm¼150 nm.

A comparison of two engines revealed that for particles with dm440 nm the effective densities from the CFM56-7B26/3
and the CFM56-5B4/2P are within the uncertainty range. For smaller particles the CFM56-5B4/2P engine showed lower
effective densities than the CFM56-7B26/3 engine. The values for the mass-mobility exponents at thrust levels higher than
60% (2.54–2.79) from a CFM56-7B26/3 were similar to literature values of �2.74 measured from a CFM56-5B4/2P at 10%
thrust. A new sampling probe introduced during A-PRIDE 5 did not show a systematic difference between the two sampling
probes with regard to our density measurement.

Information on the physical properties of engine emission particles in general can be used in emission protocols. For
instance, if only information about the particle size distribution is available the effective densities shown can be used to
estimate the total emitted mass. Since the particle’s initial size, mass and information on morphology is provided, these
properties can also be compared to those of aged particles. Aged particles can be collected from ambient in the vicinity of
airports or artificially be aged in the laboratory by coating the particle and/or treat them with UV-light. The results can also
be of interest for investigations addressing the combustion process with respect to the engine PM emissions.

From an atmospheric science perspective the presented values as well as a possibly improved knowledge of the ageing in
terms of conversion speed and rate could be applied in climate models. The values found in this study could be used as a
starting point to investigate atmospheric ageing of turbine emission particles from the source. The ageing then influences
the particle scattering and absorption properties which are important for the Earth’s radiation budget.
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